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Abstract

This report contains the proceedings of the EuCARD-AccNet-EuroLumi Workshop on a High-Energy Large
Hadron Collider, ‘HE-LHC101,’ which was held on Malta from 14 to 16 October 2010. This is the first work-
shop where the possibility of building a 33 TeV centre-of-mass energy proton–proton accelerator in the LHC
tunnel is discussed. The key element of such a machine will be the 20 T magnets needed to bend the par-
ticle beams: therefore much space was given to discussions about magnet technologies for high fields. The
workshop also discussed possible parameter sets, issues related to beam dynamics and synchrotron radiation
handling, and the need for new injectors, possibly with 1 TeV energy. The workshop searched for synergies
with other projects and studies around the world facing similar challenges or pushing related technologies,
revisited past experience, and explored a possible re-use of existing superconducting magnets. Last not least,
it reinforced the inter-laboratory collaborations within EuCARD, especially between CERN and its European,
US, and Japanese partners.

1The HE-LHC10 workshop was sponsored and supported by the European Commission under the FP7 “Research Infrastructures”
project EuCARD, grant agreement no. 227579.
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Preface

The HE-LHC10 Workshop surveyed the development of 20 T magnets for the High-Energy Large Hadron
Collider (LHC); the physics motivation for such a collider; fast cycling superconducting magnets and other
options for a new injector including a re-use of the present LHC; Nb3Sn and high-temperature superconductor
(HTS) accelerator-magnet development in Europe, the US, and Japan; the consequences of increased syn-
chrotron radiation; beam parameters and beam dynamics in the presence of strong radiation damping, beam–
beam interaction and intrabeam scattering; the possible redeployment of magnets from the Tevatron or HERA;
intensity limits; cryogenic system and cooling capacity available; impedance effects; machine protection; vac-
uum system; injection; beam dump; radioprotection issues after 20 years of LHC operation; and relevant past
studies from the Very Large Hadron Collider (VLHC) and Superconducting Super Collider (SSC).

HE-LHC10 was attended by 56 participants from Europe, the Americas, and Japan, including 26 from
CERN and 13 from the United States of America. The workshop scope, programme, and speakers had
been defined by a programme committee comprising Oliver Brüning (CERN), Antoine Dael (CEA), Steve
Gourlay (LBNL), Jean-Pierre Koutchouk (EuCARD & CERN), Steve Myers (CERN), Eric Prebys (US-LARP
& FNAL), Gijs de Rijk (EuCARD & CERN), Lucio Rossi (CERN), Nicholas Sammut (MCST), Walter Scan-
dale (EuCARD-AccNet & IN2P3), Vladimir Shiltsev (FNAL), Peter Spiller (EuCARD-AccNet & GSI), Ezio
Todesco (EuCARD-AccNet & CERN), and Frank Zimmermann (EuCARD-AccNet & CERN).

The general goals of the HE-LHC10 Workshop were

• to investigate critical questions for HE-LHC and to propose solutions or follow-up,

• to document the HE-LHC concepts for future reference,

• to initiate and strengthen the collaboration within EuCARD, including CERN, GSI, US, Japanese, and
Maltese partners, and

• to generate and/or to identify synergies with FAIR and to learn lessons from past VLHC and SSC studies.

Further information on the HE-LHC10 Workshop can be accessed from its home web site
http://indico.cern.ch/contributionListDisplay.py?confId=97971

The compilation of these proceedings would not have been possible without the help of the conveners
and speakers, and the precious support of the Scientific Text Processing service. The hospitality and help of
Nicholas Sammut, Vice Chairman and CEO of the Malta Council for Science and Technology, and the excep-
tional organizational support by the workshop secretary Merethe Morer-Olafsen are most gratefully acknowl-
edged. Last not least, we would like to thank all the participants for their stimulating contributions and lively
discussions. The HE-LHC10 Workshop was sponsored and supported by the European Commission under the
FP7 “Research Infrastructures” project EuCARD, grant agreement no. 227579.

Geneva, 8 April 2011

S. Myers, L. Rossi, E. Todesco, F. Zimmermann
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ELEMENTS OF A PHYSICS CASE FOR A HIGH-ENERGY LHC

James D. Wells, Cavendish Laboratory, University of Cambridge, United Kingdom

Abstract

I outline the elements of a physics case for a high-energy
upgrade to the LHC. The motivations are centered around
the perspective of “blue chip” ideas that solve the hier-
archy problem: technicolor-like theories, supersymmetry,
and extra dimensions. In each case there is the prospect that
going to higher energies is not only desirable but needed
for discoveries. Nevertheless, the results from experiment
over the next few years, most especially at the LHC, will
sharpen the arguments and enable a more enlightened de-
cision between the various experimental options for the fu-
ture. (Based on an October 14, 2010 presentation at the
Malta HE LHC meeting.)

PRINCIPLES OF MOTIVATION

It is not possible to say with precision what physics ideas
we will wish to study more than a decade from now, espe-
cially given that the LHC has just begun and we do not
know what surprises it has in store for us. When dis-
cussing motivations for a collider experiment that is to be-
gin decade(s) from now, there is the risk that everything
said will be of little value in the future.

However, one thing is clear, and that is the energy fron-
tier has been kind to us historically. We go up in energy,
with appropriate luminosity gains, and we find new things.
The first element of any physics case for the ramping up
of energy is precisely the issue that gave us anxiety in the
paragraph above: we do not know what is there, so let’s go
there.

One is tempted to end there. However, there is a second
level of motivation needed beyond just increasing the en-
ergy. We need to ask ourselves what positive contributions
could this new collider make if one of our main ideas of to-
day is correct, and LHC does its job splendidly. Of course
it is possible that none of our “ideas of today” are correct,
but there are at least four good reasons for applying this
approach anyway.

First, any other attitude (e.g., “who knows, let’s see what
happens without pre-conceived prejudices”) is too specu-
lative to support. Second, the knowledge gained through
studying “theories of the day” likely will transfer to the
study of the emergent theories refined by discoveries of to-
morrow. Third, detectors and accelerator R&D must be
guided by our best physics ideas now, with an eye toward
inclusiveness to cover the possibilities. And fourth, this
approach is a stable “physics case” strategy which by its
formulation can change in the details and take into account
further insights from theory and discoveries by experiment
along the way, including those results that will come from

LHC operation over the next few years.

HIERARCHY PROBLEM AS GUIDE

What ideas or “theories of today” shall we consider
when discussing the case of the high-energy LHC (HE
LHC)? There is subjectivity in that, and the answer will
depend at least in small part on the person you are listen-
ing to. But you have me here, and I shall give my views,
accompanied by a discussion somewhat centered on work
I have done, yet which I believe are not out of step with the
community’s collective sensibilities.

There is no better place to look than in the proposed an-
swers to the biggest question of our time because it is deep,
important and ripe for answering: How did elementary par-
ticles get their masses at a scale so much lower than the
Planck scale? This is the mass problem and the hierarchy
problem jointly stated. The simplest idea for mass gen-
eration, the Standard Model (SM) Higgs boson, does not
answer the question because it yields a weak scale that is
unstable to quantum corrections.

Corrections to the Higgs mass are quadratically diver-
gent according toδm2

h ∼ Λ2, and thus is highly unstable
to the existence of a high scale that couples to the Higgs.
Gravity, with its intrinsic large scaleMPl ∼ 1019GeV,
couples to the Higgs boson and the problem is laid bare.
Our most important theories of the day attempt to rectify
this problem and give a full answer to the question above.
The three main directions our efforts have taken us are

• Technicolor: disallow all scalars in the theory (“Higgs
vacuum expectation value” is〈ψLψR〉).

• Supersymmetry: cancel quadratic divergence through
symmetry (δm2

h ∼ m̃2).

• Extra Dimensions: disallow higher mass scales (Λ ∼
TeV).

The basic point I would like to make is that the HE LHC
has the prospect of playing a decisive role in each of these
three theory directions. There is no guarantee at this point
that the HE LHC would be needed even if we knew that
nature has chosen one of these three directions – there are
too many free parameters of the theory that can be adjusted
in and out of HE LHC relevance – but there is a strong
plausibility argument that HE LHC could be needed, and
the LHC results will likely tell us if that is indeed so.

TECHNICOLOR

Let us take first the idea of technicolor. I use the term
“technicolor” very broadly here to mean any theory with
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strong dynamics that induces electroweak symmetry break-
ing and has no inherit hierarchy problem. The quintessen-
tial example is that of a bilinear operator of technifermions
condensing to break electroweak symmetry in a manner
similar to ordinary quark bilinear condensation breaking
chiral symmetry (and also electroweak symmetry, albeit
very weakly). In the past, when the community discussed
the potential need for a very high energy hadron collider,
often this was the primary case it made. However, given
developments of experiment over the last decade, there is
an argument that today it no longer should be considered
the leading motivation for a higher energy hadron collider.

First, traditional technicolor ideas suffer from some stan-
dard problems such as how to get all the fermion masses
out of the theory without causing problem in flavor chang-
ing neutral currents. Another challenge is what to do about
the non-discovery of pseudo-Nambu-Goldstone bosons ex-
pected in the symmetry breaking. Yet another challenge is
the precision electroweak constraints, which do not suggest
correct values for theS parameter. These challenges, and
potential solutions, are discussed in [1].

Regarding precision electroweak, there is an additional
point that steers us away from traditional technicolor the-
ories and their cousins. Back some time ago, there was
very little experimental input to the question of electroweak
symmetry breaking (EWSB). For example, if we assume a
simple SM Higgs boson explanation for EWSB there were
not even decent range limits to what this mass could be.
Thus, EWSB could be just as much of a “strong” phe-
nomenon (i.e., Higgs boson, or equivalent dynamics, quite
massive) as a “weak” phenomenon (i.e., Higgs boson mass
aroundmZ). Today we know it is a weak phenomenon
– the best fit Higgs boson mass is aroundmZ with upper
limit not more than about2mZ at 95% CL. This, I believe,
is telling us that whatever is accomplishing EWSB it is less
likely to be a strongly coupled theory at the weak scale.

The traditional argument for a very high-energy hadron
collider machine was to first state that EWSB is completely
unknown, and then to suggest that if it is “strongly coupled”
then unitarization of the longitudinalW scattering, for ex-
ample, would manifest itself by wiggles and wobbles in the
very high energy scattering of those states. Perhaps aρ-like
resonance would come in at a TeV or two to save the uni-
tarity of the theory, and the high-energy collider would see
it. Today, that motivation is less appealing for the reasons
given above.

Nevertheless, there can be mild conspiracies with preci-
sion electroweak, and proponents like to suggest this direc-
tion is no worse than others when it comes to making a full
theory of the weak scale. These protestations might even
be fair, and so it behooves us to at least state that if nature
chooses this path it will be crucial to have HE LHC. It is ob-
vious that to find a very heavyρ-like resonance a dramatic
increase in energy and/or luminosity would be needed. But
energy is more important. I do not go into it in more detail
here but to highlight this fact by an extended quote from
the Barklow et al. report [2], where these issues have been

studied:

There has been some discussion of upgrading the
LHC in luminosity and energy after the300 fb−1

run is complete. A possible (though unlikely)
doubling of the energy has been considered along
with a tenfold increase in instantaneous luminos-
ity. Since the LHC detectors were not designed
for these conditions only jet and muon infor-
mation is likely to be useful. Such an upgrade
could double the reach for aZ ′ (mZ′ ≃ 10 TeV)
and compositeness (Λ ≃ 80 TeV), and signifi-
cantly increase the sensitivity for excited quarks
(mq∗ ≃ 9 TeV) and the scale ofWW scatter-
ing available (

√
ŝ ≃ 1.5TeV, assuming that for-

ward jet tagging is still possible).Unfortunately,
most of these gains come from the energy in-
crease which is less plausible than a simple lu-
minosity upgrade. [italics are mine]

My summary: inasmuch as strong dynamics ideas are
worth pursuing, higher energy may be critical for success.

SUPERSYMMETRY

The second approach to discuss is supersymmetry. Su-
persymmetry solves the hierarchy problem via a posited
symmetry between fermions and bosons (for a review
see [3]). The quadratic divergence of a top quark loop in the
self energy of the Higgs boson,y2fΛ

2/4π, is exactly can-
celled by a top squark loop,−y2fΛ2/4π, in the supersym-
metric limit. For softly broken supersymmetry this can-
cellation is not exact, but effective up to supersymmetry
breaking massesδm2

h ∝ m̃2
t , wherem̃t is the supersym-

metry breaking mass contribution to the top squark. For
the hierarchy problem to be solved, the masses of the su-
perpartners of the Standard Model states need to be in the
neighborhood of the weak scale.

I cannot be anything more than vague about the expecta-
tions of supersymmetry partner masses. Some people make
admirable and non-frivolous attempts to quantify the fine-
tuning of the hierarchy when supersymmetry masses get
heavier than the weak scale [4], but I have a difficult time
taking any precise criteria seriously. Nevertheless, I do take
the hierarchy problem seriously. What to do?

In the case of supersymmetry, we can confidently say
that the lighter the superpartner masses are, the larger role
supersymmetry plays in stabilizing the hierarchy. Whether
the maximum tolerable superpartner masses should be
1 TeV, 10 TeV, or 1000 TeV, I do not know. I am not sure
our finetuning sensibilities are accurate enough to strongly
discount any of these scales. Furthermore, there is some ad-
vantage to having superpartner mass scales climb to larger
values. In particular, there are advantages to having all the
scalar superpartner masses be very heavy [5, 6, 7]. The rea-
son is that their large masses can squash unwanted contri-
butions to flavor changing neutral currents and CP violating
observables, such as electric dipole moment of the neutron.
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On the other hand, gauge coupling unification and
dark matter considerations prefer the fermion superpart-
ner masses to be much smaller. The lightest neutralino,
if a wino or a higgsino (i.e., superpartner ofW boson or
Higgs boson), can be an excellent dark matter candidate
with mass as high as 2 TeV but not higher. Restrictions on
the bino (i.e., superpartner of the hypercharge gauge bo-
son) are even tighter. Thus, a∼ TeV limit on the fermion
superpartners is a reasonable assumption. In most models
of supersymmetry breaking the gluino (i.e., superpartner of
the gluon) is a factor of∼ 2 to 10 higher in mass than the
LSP. Thus, the gluino mass gets restricted to less than about
15 TeV by these considerations.

We have already established that a liberal attitude toward
the hierarchy problem enables scalar superpartner masses
to be well above LHC energy reach, and even a 33 TeV
HE LHC collider reach. We must focus on the fermion
superpartners, which have a more restricted range of possi-
bilities. It is well-known that at the LHC with several tens
of fb−1 of integrated luminosity, none of the fermionic su-
perpartners over a TeV in mass has a chance of being found
directly except the gluino. The limit on the sensitivity to the
gluino is around2.5 TeV with less than50 fb−1 of data [8]
in this scenario.

Given the dark matter considerations stated above and
the usual limit ofmg̃ < 10mLSP ≃ 15TeV, the LHC sen-
sitivity is far below the range of mass that would cover the
“full parameter” space of these ideas. A 33 TeV HE LHC
clearly will do better, all other considerations equal, and
that is the crux of the supersymmetry argument: deeper ex-
ploration into the high-mass lands. Determining precisely
how much better the HE LHC can do over LHC, and over
a high-luminosity LHC, when the parameters of the col-
lider luminosity and detector performance are better under-
stood, would contribute an important element to the case
for the HE LHC. It should be noted that a high-energy
e+e− collider may very well enable the complementary
probing of the lighter electroweak superpartner fermions,
in which case it could compete well with a HE LHC for
discovering supersymmetry at the highest mass scales.

EXTRA DIMENSIONS

We now come to a third motivation which is extra di-
mensions. My discussion will be about the flat extra dimen-
sions of Arkani-Hamed, Dimopoulos and Dvali (ADD) [9],
but there are analogous and extended arguments one could
make with the Randall-Sundrum case of warped extra di-
mensions [10]. The warped case even has some phe-
nomenological overlap with the technicolor theories, which
can be understood qualitatively through the AdS/CFT cor-
respondence (AdS is the warped extra dimension theory,
and CFT is the walking technicolor theory). Due to lack
of time I will forego that interesting discussion and focus
on the flat extra dimensions of ADD, where the value of
higher energy is immediately transparent.

If we assume that there existsn extra spatial dimensions

compactified on a torus of radiusR, the relationship be-
tween the fundamental scale of gravityMD (∼ TeV scale)
and the ordinary Planck scale as measured by Newton’s
constant for gravitational attraction of bodies separatedby
a distance much greater thanR isM2

Pl = RnMn+2
D . The

graviton is allowed to propagate into the extra dimensional
space, and since it is a compact space, the momentum com-
ponents in the extra dimensions are quantized. Momen-
tum in extra dimensions looks like mass in our ordinary
3 + 1 dimensions, and thus the graviton looks like a series
of Kaluza-Klein excitations with massesm2

~n = ~n · ~n/R2.
The details of this theory can be found in many review

articles (e.g., see [11]). Many observables in this game
are not calculable, but only qualitatively given with ig-
norance parametrized. A good example of that is virtual
graviton exchange. When contemplating the effects of low-
scale gravity contributions to Drell-Yan scattering for ex-
ample, one must sum over the infinite tower of KK states
in qq̄ → G(~n) → e+e− which is generally divergent. The
divergence can be regularized arbitrarily and the amplitude
can be represented by energy momentum tensor squared
with a coupling constant ofΛ−4

T to get the dimensionality
correct. The value ofΛT is expected to be nearly the value
of MD but the precise numerics are unknowable.

However, there are two observables that are calculable in
this framework. One is the rate of external graviton emis-
sion in the limit ofE ≪ MD, and the other is the eikonal
regime of very high energyE ≫ MD elastic scattering.
The HE LHC has much to offer in both of these limits.

Let’s take graviton emission to begin with. The cross-
section to produce one KK graviton in a production cross-
section such asqq̄ → G(n)g is σKK ∼ 1/M2

Pl. It
would take many orders of magnitude beyond the lifetime
of the universe to produce even one of these KK states
with energy above a GeV. However, there are very many
of these gravitons spaced closely to each other. Below
the energyE there are(ER)n, a truly staggering num-
ber of gravitons when one realizes how largeR must be
to seesawMPl down all the way toMD ∼ TeV. The
probability of producingany one graviton then goes up to
σany KK ∼ (ER)n/M2

Pl. But with Rn = M2
Pl/M

2+n
D ,

the total summed cross-section is

σany KK ∼ 1

M2
D

(
E

MD

)n

. (1)

Note that in the equation above the cross-section climbs
steeply with energy. This is in contrast to most other high-
energy cross-sections that usually decrease with energy
σ ∼ 1/E2. This is one of the core reasons why it is some-
times stated “energy is everything” for extra-dimensional
theories. Large increases in luminosity pale in comparison
to what can be accomplished by even moderate increases in
energy of the collider. The high-power scaling of this ob-
servable with respect to energy means that as one dials en-
ergy up it can be the case that nothing is seen, until a small
turn of the energy knob yields an explosion of events. The
HE LHC is just such an energy knob that could possibly do
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this for us.
The above scenario presupposes that the LHC finds noth-

ing, and that as we increase the energy for HE LHC a signal
develops. However, it could be the case that the LHC does
find a signal already for external graviton emission. Per-
haps it will not know with certainty that it is graviton emis-
sion, and perhaps it does not have other phenomenological
handles to pin down more details of the theory. How could
going to higher energies help?

In that case going to higher energies enables us to reach
another perturbative regime of the scattering. Seeing a sig-
nal of gravition emission at the LHC means thatMD is not
more than a few TeV. Scattering at 33 TeV center of mass
energy at the HE LHC then would enable us to probe cen-
ter of mass collisions with energy much greater thanMD.
At small momentum transfer, the glancing blows of par-
tons scattering at energies well aboveMD is a computable,
classical amplitude. The two-parton to two-parton eikonal
approximation is used for this kind of analysis [12, 13].

The corrections to this eikonal ampitude scale as−t̂/ŝ
and(M2

D/s)
1+2/n, and thus serve as expansion parameters

for the eikonal resumation perturbation theory. When the
expansion parameter−t̂/ŝ is small that is correlated with
the impact parameter being less than the Schwarzschild
radius, thereby avoiding the risk of producing a black
hole [14]. When the expansion parameterM2

D/s is small
that is correlated with the impact parameter remaining in
the classical regime, with minimal quantum corrections.
There may be model-dependent string corrections as well,
or other new physics contributions, but we do not consider
them here as we are dealing only with the well-defined
gravity scattering amplitude.

To give a visual representation of the computability of
two-to-two scattering in the high-energy eikonal regime,
we introduce the parameterǫ, defined to be

ǫ =

∣∣∣∣
t̂

ŝ

∣∣∣∣+
(
M2

D

s

)1+2/n

, (2)

and then compute thisǫ and the scattering rates for LHC at
14 TeV and 33 TeV [13]. For two-to-two scattering, there is
a direct correspondence between−t̂/s and∆η = η1 − η2,
the difference in rapidities of the two jets:

−t̂
ŝ

=
1

1 + e∆η
. (3)

The larger the∆η separation of jets the smaller−t̂/ŝ and
thus the more accurate the eikonal computation.

In Fig. 1 we have plotted the differential two-jet cross-
section dσ/d∆η as a function of∆η for three differ-
ent values of the fundamental gravity scaleMD =
1.5TeV, 3TeV and 5TeV in n = 6 extra dimensions.
The background is also shown, here calculated from the
leading order2 → 2 QCD scattering processes. The
plot was made for the dijet invariant mass greater than
Mjj > 9TeV, which means that for all collisionŝs >
M2

jj,min = (9TeV)2. In addition,pT > 100GeV and

|η| < 5 are required for acceptance of each jet. The signal
lines have three colors, green (light solid) line meaning the
most calculable region withǫ < 0.15, blue (dashed) line
for 0.15 < ǫ < 0.3 and red (dotted) for0.3 < ǫ < 0.5.
We do not extend the lines any further leftward forǫ > 0.5
as there is no reliability to speak of for that region. We see
that for very high∆η the signal is computable but the back-
ground dominates, and for very low∆η the signal com-
putation is not reliable. Thus, an intermediate region of
2 < ∆η < 6 is ideal from the standpoint of calculable
signal to background advantage. Note, theMD = 5TeV
signal line never has a green (light solid) line component
since theM2

D/s correction takesǫ > 0.15 always.

At higher center of mass energy afforded by the HE
LHC, we can set the dijet invariant mass cut to be much
higher while at the same time boosting the total rate for the
signal. We illustrate that in Fig. 2 which is the same plot
as Fig. 1 except the center of mass energy of the collider
is 33TeV and the dijet invariant mass has been raised to
Mjj > 15TeV. We see that not only has the event rate in-
creased while keeping the signal to background similar, but
theMD = 5TeV line has now “turned green”, meaning
that we have trust in the eikonal amplitude’s appropriate-
ness for the computation, and thus the result is calculable.

MD=1.5TeV

MD=3TeV

MD=5TeV

0.3 < ǫ < 0.5
0.15 < ǫ < 0.3

ǫ < 0.15

.

-

∆η

d
σ
/d
∆
η
[p
b
]

1086420

0.1

0.01

0.001

0.0001

Figure 1: The differential two-jet cross-sectiondσ/d∆η at
14 TeV LHC as a function of∆η for three different values
of the fundamental gravity scaleMD. The dijet invariant
mass cut isMjj > 9TeV.

It is unlikely that the first discovery of physics beyond
the Standard Model would come through high energy two-
to-two eikonal scattering well above the Planck mass. In-
stead, the example here serves to illustrate just one of the
many ways that building a much higher energy collider can
lead to complementary information inaccessible to what
came before. LHC is good for cis-Planckian and perhaps
Planckian physics, and the HE LHC could then access the
Planckian and trans-Planckian regions to teach us more
about the underlying theory of gravity, and perhaps fill in
the phase diagram of gravitational scattering [15].
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Figure 2: The differential two-jet cross-sectiondσ/d∆η at
33 TeV LHC as a function of∆η for three different values
of the fundamental gravity scaleMD. The dijet invariant
mass cut isMjj > 15TeV.

TOMORROW’S WORLD

What I have presented are some elements of a physics
case based on what we know today. That case can be re-
fined by more detailed statements of collider performance
and would-be detector characteristics. Simulations can be
done, and cost-benefit plots can be made. Comparisons can
and should be made between a HE LHC option and other
options that are before us as a community: ILC, CLIC,
high-luminosity LHC, eLHC, muon collider, VLHC, etc.

However, it is equally obvious and important to make
another point. It may be unlikely that any of the details of
the justification that we can make today will be the reason
why physicists will be happy to throw the on switch for HE
LHC. The results of the LHC will change everything, one
way or another. There will be a new “theory of the day”
at each major discovery, and the arguments will sharpen in
some ways and become more divergent in other ways. Yet,
the need to explore the high energy frontier will remain. We
will always be able to make that case, today and tomorrow.
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CERN ACCELERATOR STRATEGY  

S. Myers 

CERN, Geneva, Switzerland 

Abstract 
The CERN strategy for future accelerator projects is 

outlined and the role of the HE-LHC inside this strategy 

is described.    

INTRODUCTION 

The EuCARD-AccNet workshop HE-LHC’10 on a 

higher-energy LHC (HE-LHC) had invited a presentation 

on motivation, status, and strategy for HE-LHC studies. 

The motivation for the HE-LHC should come from the 

users, i.e. from the particle physicists, and it was already 

described by the previous speaker [1]. The present HE-

LHC status covering magnets, detectors, cryogenics, 

vacuum, beam dynamics, injectors, etc. should come from 

the four main workshop sessions. The accelerator 

strategy, indeed, should come from the CERN 

Directorate. It is sketched in the following. 

STRATEGY 

CERN has been, is, and will be the world’s energy 

frontier laboratory. Presently, the LHC is being 

commissioned with beam. The LHC, with finally 

7 TeV/beam, will be the highest energy collider on the 

planet for the foreseeable future. The higher-luminosity 

LHC (HL-LHC) is a proposed luminosity upgrade for 

installation in 2020 2021 and operation until around 

2030. The HL-LHC also includes an upgrade of the LHC 

injector complex. 

A study for an electron proton collider based on the 

LHC, namely a Large Hadron electron Collider (LHeC) is 

supported by NuPECC and ECFA, and a Conceptual 

Design Report (CDR) is due to be finalized at the end of 

2010 or early in 2011. 

On the electron positron front, the CLIC linear 

collider study will complete a CDR by 2011 and the 

CLIC Technical Design Report (TDR) by 2016 2020, 

depending on funding. 

In the long-term strategic view of CERN, a Linear 

Collider would be constructed probably after the HL-LHC 

(>2030). BUT the question arises what will happen if the 

Linear Collider “does not fly” (e.g., for reasons of 

politics, finances, governance, energy and climate 

situation). What alternatives would exist in such a case? It 

seems there are two, namely HE-LHC and neutrinos. A 

project on the scale and innovation level of the HE-LHC 

has a long preparation lead time. Therefore, the HE-

LHC’10 workshop appears timely. It complements the 

studies by a small HE-LHC working group which has 

been active at CERN since April 2010, and recently 

published its first considerations on the HE-LHC [2]. 

SUMMARY 

The CERN accelerator strategy comprises the 

following ingredients: 

 LHC operation at 7 TeV/beam up to design 

luminosity;  

 HL-LHC for installation in 2020/2021; 

 Linear collider TDR for 2016 2020; 

 Investigation of the HE-LHC as a feasibility 

study; 

 R&D on high power proton drivers; and 

 CDR for a LHeC (with ring ring and 

ring linac options). 
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HE-LHC BEAM- PARAMETERS, OPTICS AND BEAM-DYNAMICS ISSUES 

O. Brüning, O. Dominguez, S. Myers, L. Rossi, E. Todesco, F. Zimmermann 

CERN, Geneva, Switzerland 

Abstract 
The Higher-Energy LHC (HE-LHC) should collide two 

proton beams of 16.5-TeV energy, circulating in the LHC 

tunnel. We discuss the main parameter choices, as well as 

some optics and beam dynamics issues, in particular the 

time evolution of emittances, beam-beam tune shift and 

luminosity, with and without controlled emittance blow 

up, considering various constraints, and the quadrupole-

magnet parameters for arcs and interaction regions. 

MAIN PARAMETERS 

The HE-LHC beam energy of 16.5 TeV corresponds 

to a dipole magnet of about 20-T field (see Table 1). 

These values should be compared with the LHC design 

parameters of 7 TeV and 8.33 T. They assume an 

identical geometry and the same bending-magnet filling 

factor. It should be noted that the 20 T operational field 

level is the upper limit of a 16-20 T range being 

considered and must be understood as design target value. 

Only a thorough global optimization study can indicate 

the most convenient, or simply the possible, field strength 

for the main dipoles. 

The target peak luminosity at 33 TeV c.m. energy is 

chosen as 2 × 10
34

 cm
-2 

s
-1

[1], i.e. equal to twice the LHC 

design luminosity. At this luminosity value the radiation 

effects in the interaction region (IR), e.g. for the final 

triplet magnets and the detectors, are similar to those for 

the High-Luminosity LHC (HL-LHC) at 7 TeV beam 

energy with a target peak luminosity of  5 × 10
34

 cm
-2 

s
-1

. 

The IR radiation sensitivity, related to the collisions, is 

taken to scale with the product of beam energy and 

luminosity. We assume that the IR solutions found for the 

HL-LHC will also suit the HE-LHC IR. The HL-LHC 

already pushes the requirements to near - or beyond - the 

present state of the art.  

The interaction-point (IP) beta functions are set to 

values between 0.4 and 1.0 m, which is comparable to the 

0.55 m of the LHC design, and larger than for the HL-

LHC (where proposed values range between 7 and 30 

cm). Differently from LHC, the HE-LHC IP beta 

functions and emittances may be unequal in the two 

transverse planes. 

The normalized transverse emittances at the start of a 

physics store are assumed to be in the range 1.8-3.8 m  - 

possibly different in the horizontal and vertical plane - 

and, hence, similar to those of both the nominal and the 

present LHC.   

A total number of 1404 bunches is considered, at 50 

ns spacing, at slightly more than the LHC design bunch 

intensity. The smaller than nominal number of bunches 

limits the beam-screen heat load from synchrotron 

radiation and image currents, keeps the stored beam 

energy at 480 MJ, close to the 360 MJ design value of  

LHC, which is important for machine protection, and has 

the additional benefit that the electron cloud is more 

benign than for a bunch spacing of 25 ns. The HE-LHC 

will feature additional electron-cloud mitigation measures 

like coatings or distributed clearing electrodes. An 

alternative scenario with 2808 bunches per beam, at 25 ns 

spacing, could operate at half the bunch charge with half 

the transverse emittance, with the same stored beam 

energy. This scenario would, however, be more 

challenging for machine protection and collimation, due 

to the increased transverse energy density, and is also 

likely to give rise to stronger electron-cloud effects. 

The arc-dipole coil aperture is taken to be 40 mm, 

which is the same value as the original design value of the 

Superconducting Super Collider (SSC) [before it was 

increased and the project ultimately cancelled]. For 

comparison, the LHC coil diameter is 56 mm. 

Taking into account margins for beam tube and beam 

screen, the related beam half aperture is reduced from 20 

mm for the LHC to 13 mm for the HE-LHC. This 

represents a reduction of about 30%. The arc maximum 

aperture is needed at injection. A reduced aperture is 

acceptable since the HE-LHC injection energy will be 

higher than for the LHC. 

 Specifically, the HE-LHC injection energy is 

assumed to be equal to, or higher than, 1 TeV. This 

energy is chosen to confine the HE-LHC energy ramp to a 

factor of not much more than 16-20, similar to the present 

LHC. The beam energy of the SPS, serving as LHC 

injector, does not exceed 450 GeV. For the HE-LHC a 

new injector with beam energy above 1 TeV will be 

required.  

 With the assumed number of bunches and peak 

luminosity, the maximum number of events per crossing 

comes out to be about 4 times the nominal LHC, or 76, 

which is below the peak pile up considered for the HL-

LHC. In this estimate, the total inelastic cross section at 

33 TeV c.m. energy is assumed to be similar to the one at 

14 TeV, i.e. about 60 mbarn.   

The longitudinal emittance damping time from 

synchrotron radiation can be computed to be 1 hour, 

which is to be compared with 13 h for the nominal LHC. 

The synchrotron radiation leads to a rapid shrinkage of all 

three emittances, which can be controlled by noise 

injection in order to stabilize the beam with regard to 

impedance-driven instabilities or the beam-beam 

interaction.             
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Table 1: Flat and round-beam HE-LHC parameters [1]. 
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The emittance shrinkage allows for a natural and easy 

way of leveling the luminosity or the beam-beam tune 

shift, simply by controlling the amount of noise injected 

to blow up the beam, without any changes of optics, orbit 

or crab-cavity voltage.  

The synchrotron-radiation heat load is approximately 

2.8 W/m/aperture, significantly higher than the value of 

0.17 W/m/aperture for the nominal LHC, and slightly 

above the maximum local cooling available with the 

present beam-screen capillaries. The total synchrotron 

radiation power per beam is 66 kW, almost a factor 20 

higher than the 3.6 kW for the nominal LHC, but still 

close to the capacity limit of the existing LHC cryogenic 

plants [1,2]. 

The 400-MHz RF voltage is taken to be 32 MV, 

which is twice the nominal value of 16 MV. This value 

had been chosen to keep the synchrotron tune 

approximately the same as for the present LHC (which 

might be important for beam and particle stability). A 

value of 16 MV as for the nominal LHC is also possible, 

however [3]. In order to maintain Landau damping the 

longitudinal emittance (4 z E) is increased with the 

square root of the beam energy [4], to about 4 eVs at 

16.5 TeV, starting from a value of 2.5 eVs at 7 TeV. 

Together with the assumed RF voltage this yields an rms 

bunch length of 6.5 cm not much shorter than the nominal 

value at 7 TeV of 7.55 cm. With 16 MV RF voltage, and 

for the same longitudinal emittance, the rms bunch length 

would be 8.0 cm. 

The beam lifetime due to proton consumption is 

about 13 h, to be compared with 46 h for the nominal 

LHC and about 10 h for the HL-LHC. For both energies a 

total cross section of 100 mbarn is considered. The 

optimum run time is about 10 h assuming a 5-h 

turnaround time. This is somewhat shorter than the 15-h 

run time for the nominal LHC, due to the higher 

luminosity. The optimum average luminosity per day is 

about 0.8 fb
-1

, or some 60% larger than an optimistic 

value of  0.5 fb
-1

 for the nominal LHC. 

The maximum total beam-beam tune shift for 2 IPs 

varies between 0.01 and 0.03. The maximum value can be 

restricted through transverse emittance control by noise 

injection. Without such external noise, the transverse 

emittance would result from the interplay of synchrotron 

radiation damping, intrabeam scattering, and the beam-

beam interaction, which is a topic to be further 

investigated (see also [5]). 

Both flat-beam and round-beam HE-LHC scenarios 

exist, as is illustrated in Table 2. The two scenarios 

promise similar luminosity performance.  

The crossing angle for the nominal LHC corresponds 

to a separation of 9.5 x,y at the parasitic long-range 

collision points around the IP. For the HE-LHC the 

crossing angles chosen provide an initial separation of 

12 x0 at the close-by parasitic encounters and an even 

larger normalized separation after emittance shrinkage. 

Therefore, long-range beam-beam effects should not be 

important for the HE-LHC. Table 1 presents a more 

complete list of HE-LHC parameters [1]. 

 

Table 2: Flat & round-beam scenarios for the HE-LHC. 

 nominal 

(round) 

HE-LHC 

Flat round 

 ( m) 3.75 3.75 (x), 1.84 (y)
 

2.59 (x&y) 

* (m) 0.55 1 (x), 0.43 (y) 0.6 (x&y) 

* [ m] 16.7 14.6 (x), 6.3 (y) 9.4 (x&y) 

c [ rad] 285  175  188 

 

LUMINOSITY TIME EVOLUTION  

Figure 1 shows the emittance evolution, for both flat 

and round beams, during a physics store with and without 

controlled emittance blow up. The luminosity evolution 

for the case with controlled blow up, in order to limit the 

total beam-beam tune shift to a value of 0.01, is illustrated 

in Fig. 2, which also demonstrates the equivalent 

performance of flat-beam and round-beam collisions. 

Figure 3 presents the time evolution of the corresponding 

integrated luminosities. 

 

 
Figure 1: Evolution of the HE-LHC emittances, for flat 

and round beams, during a physics store with controlled 

blow up and constant longitudinal emittance of 4 eVs plus 

constant crossing angle (the thicker lines at the top), and 

the natural transverse emittance evolution due to radiation 

damping and IBS only (the thinner lines at the bottom) –

still for constant longitudinal emittance and constant 

crossing angle, which might lead to excessive tune shifts. 

 

What happens if we drop the constraint Qtot≤0.01? 

This question is legitimate as the LHC has already 

reached a value of Qtot~0.02 (about twice the design 

value) without evidence for a beam-beam limit, and since 

LHC strong-strong beam-beam simulations by K. Ohmi, 

e.g. in [5], predict the LHC beam-beam limit at 

Qtot>0.03.  
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Figure 2: Time evolution of the HE-LHC luminosity, for 

both flat and round beams, including emittance variation 

with controlled blow up and proton burn off. Curves with 

constant or varying crossing angle lie on top of each other 

if the beam-beam tune shift is kept constant as assumed 

here. 

 

 
Figure 3: Time evolution of the HE-LHC integrated 

luminosity, for both flat and round beams, during a 

physics store including emittance variation with 

controlled blow up, keeping Qtot≤0.01, and proton burn 

off. 

 

Figure 4 shows the predicted tune shifts as a function 

of time during a physics store in the presence of 

synchrotron radiation damping and proton burn off, 

without any transverse emittance blow up, for flat and 

round beams, respectively. With flat beams the peak tune 

shift exceeds 0.03, with round beams it is about 0.02. In 

view of this difference, the round-beam option appears to 

be more conservative, with more than 30% lower beam-

beam tune shift.  

Figures 5 and 6 present the corresponding time 

evolutions of instantaneous and integrated luminosity, 

respectively, again with synchrotron-radiation and proton 

burn off, but without any controlled blow up. The gain in 

integrated luminosity of about 10% for the flat-beam case 

is much smaller than the increase in the peak beam-beam 

tune shift. 

 
Figure 4: Time evolution of the HE-LHC tune shifts, for 

flat and round beams during a physics store including SR 

emittance shrinkage without controlled transverse blow 

up, and including proton burn off. 

 

 
Figure 5: Time evolution of the HE-LHC instantaneous 

luminosity, for both flat and round beams, including SR 

emittance shrinkage and proton burn off, without 

controlled transverse blow up. 

 
Figure 6: Time evolution of the HE-LHC integrated 

luminosity, for both flat and round beams, including SR 

emittance shrinkage and proton burn off, without 

controlled transverse blow up. 

 

The sensitivity of the integrated luminosity to some 

of the assumptions has been investigated. For the baseline 
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HE-LHC we have 0.8 fb
-1

/day as optimum average 

luminosity value (without any downtime and 100% 

availability). Without longitudinal blow up the average 

luminosity would be 5-20% lower, and without transverse 

blow up 10-20% higher. Another 25% increase of the 

average luminosity could be obtained, for round beams, 

with the ultimate bunch intensity of 1.7 × 10
11

 protons, 

along with a larger initial transverse normalized emittance 

of  3.6 m, and * ~ 0.8 m (instead of 0.6 m). 

 

QUADRUPOLE MAGNETS  

     How do the interaction-region magnets scale with 

energy and *?  Can one hope to get a * of 0.5-0.6 m, 

similar to the nominal LHC, at 2.36 times higher beam 

energy? Figure 7 illustrates the interdependence of the 

peak beta function in the final quadrupoles, the 

quadrupole gradient, the magnetic field at a radius of 

16.5  plus 11 mm (margin for beam screen, orbit and 

alignment errors, etc), and the IP beta function for 7 TeV 

beam energy, considering a triplet configuration [6]. 

Figure 8 converts Fig. 7 to 16.5 TeV beam energy, where 

the gradient scales with the beam energy, and the beam 

size with the square root of the energy and with the square 

root of the normalized emittance. For example, in order to 

achieve *=0.55m at 16.5 TeV, a gradient of 400 T/m 

results in a peak beta function of about 4 km. With a 

normalized emittance =2.64 m, the full beam aperture 

needed (33 ) is about 26 mm. This point is indicated by 

a blue star in the parameter plane of Fig. 8.  

 

 
Figure 7: Peak beta function as a function of quadrupole 

gradient (horizontal axis), * (red curves) and magnetic 

field at 16.5 +11 mm (black curves) for 7 TeV beam 

energy [6]. 

 

For the arc quadrupoles we assume a full coil 

aperture of 40 mm as for the arc dipole magnets. If the 

length of the arc quadrupoles is the same as in the present 

LHC, their gradient must increase in proportion to the 

beam energy, from 223 T/m at 7 TeV to 526 T/m at 

16.5 TeV. These scaled arc quadrupoles would then be 

more demanding the IR quadrupoles. Most probably the 

gradient of the arc quadrupoles needs to be lowered, or 

their aperture reduced. Aperture reduction is more 

attractive since lowering the gradient will probably lower 

the dipole field margin or the operating field and, in 

consequence, the beam energy. Clearly this point needs a 

thorough investigation. 

 

 
Figure 8: Peak beta function as a function of quadrupole 

gradient (horizontal axis), * (red curves) and magnetic 

field at 16.5 +11 mm (black curves), obtained by 

extrapolating Fig.8 to 16.5 TeV beam energy [the scaled 

values for 16.5 TeV are printed in bold face on top]. 

 

 
Figure 9: Operational gradient as a function of coil 

aperture for LHC  and US-LARP quadrupoles (markers), 

scaling laws for limits in Nb.Ti and Nb3Sn (solid curves) 

[7], and expected values for HE LHC arc and IR (stars). 

 

Figure 9 illustrates the location of the HE-LHC 

quadrupoles with respect to the LHC and LARP 

quadrupoles in the gradient-aperture plot  [7]. The HE-

LHC IR quadrupole still looks feasible with Nb3Sn. 

However, a 40 mm aperture quadrupole for the arcs with 

500 T/m is above the possibilities of Nb3Sn. We would 

propose to aim for 400 T/m, which is at the limit of 

Nb3Sn, and to compensate this lower gradient by a 20% 
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increase in arc-quadrupole length (from 3.1 to 3.6 m). The 

integrated quadrupole strength required in the arcs also 

depends on the optical cell length, which sets the values 

for the beta functions. One should consider the possibility 

of changing the cell length with respect to LHC in order 

to find at a better optimization between long cell length, 

implying less quadrupoles and more space for bending, 

and short cell length, yielding lower beta functions and 

smaller aperture in the arcs. 

MISCELLANEOUS OPEN ISSUES 

     A larger number of points, mostly related to the higher 

beam energy, are outstanding and require further studies, 

e.g.  

 the required cleaning efficiency assuming nominal 

quench levels; 

 estimates of expected local radiation levels and 

implications for the dog-leg magnets in the cleaning 

insertions, and for the TAS and TAN designs; 

 the required power converter tracking accuracy and 

potential implications if the HL-LHC features ca. 30-

40 independent sectors (higher stored electro-

magnetic energy in the magnets); 

 stronger kicker elements for beam disposal (doubling 

the number of 15 dump kicker elements will have an 

impact on space and reliability), for beam diagnostics 

[tune measurements] and for generating large 

oscillation amplitudes [AC dipole, aperture kicker]), 

injection kickers & beam transfer with higher 

injection energy; 

 beam diagnostics limits, e.g. for the use of beam 

screens and wire scanners;  

 a closer inspection of the loss of longitudinal Landau 

damping; and the associated trade-off between bunch 

length and longitudinal impedance; 

 persistent-current effects and field quality at injection 

which might, or might not, constrain the minimum 

injection energy required;  

 the best gradient/aperture/length parameter set for the 

arc quadrupoles; and 

 the use of crab cavities for HE-LHC: are crab cavities 

needed for HE-LHC? And/or could they be useful 

(e.g. suppose they are inherited from the HL-LHC)? 

SUMMARY 

The proposed key parameters for the Higher-Energy 

LHC have been reviewed and justified.  A few beam-

dynamics and optics issues have been highlighted, such as 

the fast radiation damping, the resulting potentially high 

beam-beam tune shifts, the implied need for transverse 

and longitudinal emittance control, and the requirements 

for quadrupoles in the arcs and in the IRs. The realization 

of the HE-LHC project will depend on the future 

availability and affordability of high-field dipole magnets.   
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CONCEPTUAL DESIGN OF 20 T DIPOLES FOR HIGH-ENERGY LHC 

L. Rossi, E. Todesco, CERN, Geneva, Switzerland

Abstract 
Availability of 20 T operational field dipole magnets 

would open the way for a 16.5 TeV beam energy 

accelerator in the LHC tunnel. Here we discuss the main 

issues related to the magnet design of this extremely 

challenging dipole: main constraints, superconductor 

choice, coil lay-out, iron, forces and stresses, and field 

quality. A tentative cost estimate is also given. The 

present technology, based on Nb-Ti and now near to be 

extended to Nb3Sn superconductor, would allow reaching 

15 T operational field. To reach 20 T, HTS conductors 

capable to carry 400 A/mm
2
 at 15-20 T under transverse 

stress of 150-200 MPa are an essential element. 

INTRODUCTION 

The LHC main dipoles [1] are today running at 4.15 T, 

i.e., about 0.1 T less than Tevatron dipoles [2], which are 

based on the same Nb-Ti superconductor, and were built 

more than thirty years ago. After the consolidation of the 

splices in the magnet interconnects [3], the LHC main 

dipoles will be in conditions for reaching the design field 

value of 8.3 T. This will not happen before 2013. 

Presenting today a study for a 20 T dipole for a new 

machine to be installed in the LHC tunnel may seem, and 

actually is, a huge leap.  

Indeed, the timeline of development of superconducting 

magnets for accelerators is long: for Nb-Ti based 

magnets, which is a well assessed technology for 

accelerators, the experience gained in the construction of 

several accelerators shows that five years are needed from 

day-zero, when aperture and field are decided, to 

installation and commissioning. For more performing and 

complex technology, like the one based on Nb3Sn 

technology, the time is longer: the vigorous LARP 

program [4] took more than five years to successfully 

build a 3.4-m-long model quadrupole [5], which is a bare 

quadrupole with no cryostat and other integration features 

and, as magnet, only partly satisfies the requirements 

needed for installation in the LHC. Whereas for Nb3Sn 

the conductor with the many – although not all – required 

properties is today available, in the case of high 

temperature superconductors (HTS), substantial 

improvement of the basic performance of the conductor 

itself is needed, both in terms of current density and strain 

degradation [6]. This implies even much longer times. 

Therefore for making credible the High Energy LHC 

(HE-LHC) as one of the options for CERN after the LHC, 

i.e., around 2030, it is necessary starting now to explore 

the main issues related to the magnet design, and to drive 

the R&D in the needed superconductors. 

The maximum field reached in an accelerator-type 

dipole is around 14 T at 4.5 K [7], using Nb3Sn conductor, 

in an aperture similar to the HE-LHC requirements 

(40 mm). It should be noted that in more than 10 years no 

dramatic improvement happened after the 13.5 T at 2 K in 

a 50 mm bore reached in 1997 by the D20 dipole [8]. Due 

to the shape of the critical surface, the maximum field 

attainable with Nb3Sn accelerator magnets is around 18 T. 

May be 19 T could be reached with an optimized 

superconductor lay-out. Taking 18 T as solid figure, for 

the HE-LHC this gives 15 T operating field after 

imposing the 20% margin, that at this stage we assume as 

reasonably needed for a series production of more than 

1000 magnets. Of course this assumption can be 

challenged: however the experience of past accelerators 

(see Table 1) shows that a solid margin in the design is 

needed to compensate inevitable non-homogeneity of 

about 10% in performance.  

 

Table 1: Operational dipole field, current and 

operational margin in high energy physics accelerators 

 
SSC was cancelled in 1993 after 10 years of R&D and prototypes, 
HERA operation field was increased at 5.5 T (limiting margin 

reduction by lowering temperature down to 3.9 K) in 1998 [9]. 

 

Superconducting cables based on HTS are able to 

withstand fields larger than 15 T: they have been 

successfully used in high-field solenoids [6] but not in 

accelerator dipoles.  

From the point of view of magnet design, a 20 T dipole 

for the LHC poses two big challenges: (i) obtain such a 

high field with a compact coil, and shield it with enough 

iron without exceeding the transverse dimensions 

imposed by the LHC tunnel; (ii) manage the stresses 

induced by electromagnetic forces to avoid degradation of 

the conductor. 

Nb3Sn is more than a factor five more expensive than 

Nb-Ti. Similarly, HTS is another factor 3-5 more 

expensive than Nb3Sn. It is unlikely that the large 

difference in price between the three superconductors will 

disappear, even in the time scale of a production of the 

HE-LHC magnets (2025, i.e., 15 years from now). For 

this reason, a hybrid coil is required to minimize the cost 

of the conductor, which is a large fraction of the whole 

project. The construction of a hybrid coil poses the third 

difficult challenge: each material needs different heat 

treatments, needs different approach to stability and 

mechanical structure, and there is very little experience in 

building hybrid magnets for accelerators [10]. 

The proposal of an „LHC energy upgrade‟ dates back to 

early 2000 [11] and a lay out for a 24 T (short sample, i.e., 

with no operational margin) hybrid magnet was proposed 

Operational 

field (T)

Operational 

current (kA)

Operational margin 

(%)

Tevatron 4.4 4.3 ~26%

HERA 4.7 5.0 ~31%

RHIC 3.5 5.5 ~33%

SSC 6.7 6.6 ~15%

LHC 8.3 11.8 ~16%
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in 2005 [12]. The new name HE-LHC looks more 

appropriate, since here we are talking about replacing at 

least all the LHC magnets, i.e., building practically a new 

machine, since many other systems will have to be 

upgraded or modified [13]. However, the main 

infrastructures of the tunnel (the 27 km of LHC machine 

and the 6 km of injection transfer lines with many of the 

technical services) would be kept or just consolidated, 

giving a major advantage w.r.t. other projects needing 

new tunnels and new infrastructure. 

CONSTRAINTS AND ASSUMPTIONS 

Aperture 

The LHC accelerates particles from 450 GeV to 7 TeV, 

i.e. a factor 15.6 [14], to be compared to a factor 6 in 

Tevatron [2] and 25 in HERA [15]. Acceleration from 

450 GeV to 16.5 TeV in the HE-LHC would imply more 

than a factor 30 of acceleration. Injection at 1.2 TeV 

brings the energy increase to a factor 14, and allows 

reducing the aperture of the machine, which is a critical 

parameter both in terms of cost and transverse size. About 

1/3 of the 56 mm aperture of LHC main magnets is used 

for beam tubes, beam screen and clearance, while the rest 

are available for the beam. The beam size scales with the 

square root of the inverse of the energy. Increasing 

injection energy from 0.45 to 1.2 TeV, the aperture 

available for the beam can be reduced by ~40%: therefore 

the total aperture of the main magnets can go to ~40 mm. 

Certainly a study and subsequent optimization can 

indicate how much the aperture can be further reduced, 

below 40 mm. However this is a reasonable guess, 

especially for 15-m-long and curved dipoles. With an 

injection at 1.2 TeV an aperture of 40 mm is considered. 

Magnet size and current density 

The 3.8 m diameter of the LEP tunnel where the LHC 

is located is a strong constraint on the magnet transverse 

size, despite the space saving due to the twin design. In 

the LHC, the cold mass has a diameter of 570 mm. This 

size dcm is given by  

 

dcm= db+2(r+ct+st+it+St) 

 

where db = 192 mm is the beam separation,  r=28 mm is 

the aperture radius, ct=31 mm is the coil thickness, 

st=40 mm is the structure (collar) thickness, it=80 mm the 

iron thickness, and St=10 mm the shell thickness (see the 

sketch shown in Fig. 1).  

The field in a dipole is proportional to the coil thickness 

and to the current density. For a 60º sector coil one has  

 

B[T]=0.00069 jo [A/mm
2
] ct [mm] 

 

An analysis of the relation coil thickness vs. operational 

field in accelerator magnets shows that they are not so far 

from the line corresponding to a overall current density of 

400 A/mm
2
, i.e., as in the LHC (see Fig. 2). 

 
Figure 1: Schematic cross-section of the LHC dipole, 

one quarter shown. 

 
Figure 2: Operational field versus coil width in Nb-Ti 

accelerator magnets. For Nb3Sn models the maximum 

reached field is given. The straight line fit has a slope 

consistent with j0= 400 A/mm
2
. 

 

Taking for the HE-LHC dipole the same current density 

as in the LHC as a first guess, the coil thickness should be 

increased by a factor 2.5 from 30 to 75 mm, and the iron 

needed to shield scales with aperture and field from 80 to 

130 mm. This gives a cold mass diameter ~300 mm larger 

than the LHC dipoles: this is close to the upper limit fixed 

by the requirements for installation and transport. This 

first estimate suggests that the current density cannot be 

much lower than in the LHC coil, i.e. 350-400 A/mm
2
. 

Cost 

The cost of the conductor in the LHC main dipoles is 

approximately one third of the cost of the magnet 

(300 kCHF out of 1 MCHF). A coil with a thickness of 

75 mm and an aperture of 40 mm has 3.2 times the 

surface of the LHC coil. The 8 T operational field is the 

upper limit of what can be reached with Nb-Ti. Nb3Sn 

allows reaching operational fields in the range of 15 T, 

as foreseen for the High Luminosity LHC on the 2020 

horizon, but today it is at least 5 times more expensive 

than Nb-Ti. A coil made of Nb3Sn would cost about 

3.2 5=16 times the LHC dipole coil, i.e., about 5 MCHF 
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per magnet, and would not reach the 20 T. High 

temperature superconductors are 5 times more expensive 

than Nb3Sn (with large variations): a coil made only of 

HTS would cost the stellar price of 3.2 5 5, i.e. 80 times 

an LHC coil (24 MCHF per magnet!). We assume that 

even in the time scale of the HE-LHC (i.e., 20 years from 

today) the large difference in price will not disappear. 

Therefore, following what is done in high field solenoids, 

one has to build a hybrid coil, where cheaper 

superconductors are used in the lower field regions.  

Margin 

We assume that the magnets will operate at 80% from 

the critical surface, i.e. a 20% operational margin. This 

may appear a rather conservative assumption: LHC 

magnets have a 14% operational margin (see Table 1). 

However, they still have to reach, in the machine, the 

operational field (and most probably a long training is 

needed [16]).  With Nb3Sn, there is not enough experience 

to firmly establish the needed margin, which is a rather 

controversial parameter, and could range between 10% 

and 20%: here we take a conservative estimate.  

Stress 

Both Nb3Sn and HTS materials can undergo a severe 

degradation due to strain [17]. For this reason, the level of 

stress in the coil due to electromagnetic forces is a critical 

issue. In the LHC, the coil stress due to electromagnetic 

forces is of the order of 70 MPa [18]. Since the force 

scales with the field times the current density, going to 

20 T with the same current density brings stresses to 150-

200 MPa, which is the range where considerable 

degradation of  Nb3Sn starts (actually for certain type of 

Nb3Sn serious degradation occurs even above 120 MPa). 

Therefore, the stress constraints prevent from using 

higher current densities than what we have in the LHC 

dipoles. 

THE HYBRID COIL LAY-OUT 

In the lower field region, the first 8 T are obtained with 

Nb-Ti conductor as in the LHC coils. We assume an 

overall current density (i.e., the current density of the coil, 

including voids and insulation, but not copper wedges) of 

380 A/mm
2
. This corresponds to a filling factor of 0.35 

(i.e., 35% of the cross section of the coil is made of 

superconductor, and the rest is stabilizer, passive 

elements, void and insulation). For comparison, the LHC 

dipole inner cable has a 0.33 filling factor with a copper-

superconductor ratio of 1.65. Using these parameters, one 

can reach 8 T in the Nb-Ti coils, with a 20% operational 

margin (see Fig. 3), similarly to the LHC case.  

For Nb3Sn we assume a rather conservative estimate for 

the superconductor current density of 2500 A/mm
2 

at 12 T 

and 4.2 K, or 1250 A/mm
2 

at 15 T and 4.2 K. This 

corresponds to 480 A/mm
2 

at 16 T and 1.9 K of overall 

current density, with a filling factor of 0.3. These values 

allow reaching 13 T with a 20% operational margin (see 

Fig. 3). To further reduce the quantity of HTS, we suggest 

using a lower current density of 200 A/mm
2
 in the field 

region beyond 13 T. This makes the coil larger, but allows 

reaching 15 T (see Fig. 3, lower loadline), besides helping 

to reduce mechanical stresses.  

 

Figure 3: Overall current density in Nb-Ti and Nb3Sn 

(curves), loadlines (straight lines) and operational points.  

 

The last 5 T must be provided by HTS: a further 

reduction of a factor two in Nb3Sn current density would 

give about 100 A/mm
2
, and to gain another 2 T one would 

have to add 40-mm-thick coil, that would probably 

increase the transverse size beyond our constraints.  

Among the HTS, Bi-2212 has the advantage of being 

available in form of round wires, but has low engineering 

current density and large strain degradation. The 

alternative is YBCO, which has a much lower 

degradation, higher current density but no round wire. 

Independently of this choice, we assume to have a cable 

operating with 380 A/mm
2
 overall current density. This is 

about twice of what can be obtained today for Bi-2212, 

however there is consensus that with a vigorous R&D this 

value can be obtained in industrial scale, very much like 

Nb3Sn that, by means of the US-DOE program [19] has 

more than doubled its current density in 10 years.  

A cross-section with 11 blocks drawn according to the 

above guidelines is shown in Fig. 4. The two outer blocks, 

where the field reaches 8 T, are made with Nb-Ti. Then 

one has four blocks with Nb3Sn, three blocks with Nb3Sn 

at half current density, and two blocks with HTS. With 

this highly optimized cross-section the fraction of HTS is 

about 1/6, almost 1/3 is Nb-Ti, and more than half is 

Nb3Sn (see Table 2). We use the cable geometry of HD2, 

with 28 2 0.8 mm strands, 22.2 mm width and 1.62 mm 

thickness, and with an insulation of 0.11 mm. A total of 

150 turns are needed. Operational current for 20 T, with 

the iron described in next section, is 6.9 kA in the low 

density Nb3Sn region and 13.8 kA elsewhere. 

With respect to the pioneering work presented in [12] 

(see Fig. 5), where the current density was set at 800 

A/mm
2
, based on an optimistic guess of the progress in 

the Nb3Sn and HTS development, and on the principle of 

stress management that removes one constraint, here we 

are at half of the current density. This doubles the quantity 

of superconductor, see Table 2. Indeed, thanks to the 

optimization of the grading and to the use of Nb-Ti, we 

manage to end up with 25% less HTS conductor w.r.t. 

[12]. With respect to the layout shown in Fig. 5, our 

proposal leaves no space for a support structure between 
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the blocks (see Fig. 4): this aspect should be carefully 

considered and could be critical. We consider a two-in-

one geometry as in the LHC; the common coil option 

[20,21] should be also investigated. 

 

 
Figure 4: Block lay out of the coil (one quarter of one 

aperture only is shown).  

 

  
Figure 5: Block lay out of the coil proposed in [11] (one 

quarter of one aperture shown). 

 

Table 2: Coil cross section (for one aperture) for layouts 

shown in Fig. 4 and 5.

 

  

 THE IRON 

We use a 120 mm thick iron, placing it as close as 

possible to the coil. In this structure, collars are replaced 

by spacers, and the forces are kept by the iron-shell part. 

Self-supporting collars would need additional space.  

The peak field in the coil blocks, in presence of iron 

with an external diameter of 800 mm and at operational 

field of 20 T in the bore, is shown in Fig. 6. The iron is 

placed at a larger distance in the inner part of the coil (i.e., 

the part towards the centre of the magnet) to reduce the 

influence of one aperture on the other (see Fig. 7). In fact 

the two-in-one structure induces higher peak field in the 

side of the coil which points at the centre of the magnet, 

and the iron can be used to partially compensate this 

effect. This cross-talk also requires to have some space 

between the coils of the two apertures, and brings the 

beam separation from the 192 mm of the LHC to 

300 mm. Eliminating this space one could save 100 mm 

in the magnet size, but the margin would be largely 

reduced. The iron contributes to about 7% of field for a 

fixed current. Computations were done with ROXIE [22]. 

 

 
Figure 6: Peak field in the blocks at 20 T field. 

 

Iron is largely saturated at 20 T operational field (see 

Fig. 7). The fringe field at 200 mm from the cold mass is 

20 mT, which is within the specification for the LHC 

tunnel (50 mT). The iron thickness should be reduced in a 

more refined design, since for example we have not yet 

considered the thickness of the restraining cylinder. Since 

the 800 mm here given for the iron yoke is considered the 

maximum allowable diameter (and maybe even beyond!) 

to stay in a cryostat compatible with the LHC tunnel, this 

means that the 50 mT threshold should be either reached 

or passed. A solution may be in considering anti-coils to 

shield the field demagnetizing the outer iron: this solution 

is routinely used in MRI solenoids, but may be very 

difficult in dipoles. In alternative, a different lay-out of 

the cryostat and cryogenic system must be explored: for 

example reconsidering integrating the cryolines inside the 

magnet cryostat, like in the original LHC design [23] and 

in all other accelerators. This would allow larger cryostat 

and larger cold mass. Clearly this is a critical point to be 

addressed with a deep and wide investigation. A summary 

of the main parameters is given in Table 3. The very large 

stored energy (13 times the LHC dipoles) represents a big 

challenge for magnet protection. 
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Figure 7: Cross-section of the magnet (coil, structure and yoke), showing field in the iron (color code is in tesla). The 

horizontal axis is in mm. 

 

Table 3: Main parameters of the HE-LHC and LHC 

dipole 

 

FIELD QUALITY 

The proposed dipole layout has a ratio between the coil 

width and the aperture radius of ~4 (see Fig. 8). This ratio 

is a relevant parameter for field quality: the larger it is, 

the lowest are the high order multipoles, since a good part 

of the coil is „far‟ from the beam, and therefore 

contributes only to the main component and not to the 

high order harmonics. This is why the multipole 

optimization is easier w.r.t. accelerator magnets which 

have a much lower ratio (see Fig. 8). In our case, the 

cross-section shown in Fig. 7 has all field harmonics 

within 2 units without the need of any copper wedge! The 

horizontal position of the three layers provides three free 

parameters which are enough to minimize all harmonics. 

The large saturation of the iron should pose no particular 

problems for operation, and the impact on b2 could be 

corrected through quadrupoles. 

On the other hand, persistent current will create large 

components at injection. The filaments in Nb3Sn and HTS 

are at least a factor seven larger w.r.t. Nb-Ti, and since 

these components scale with the filament size, they will 

be much more relevant than in the present LHC dipoles.  

 This could induce a large change of b3 during the 

ramp, to be corrected through spool pieces. Surprisingly 

Nb3Sn has neither decay nor snapback [24]: this feature, 

which is not yet understood, would greatly ease operation. 

Cable effects needs have not yet been studied: interstrand 

resistance is more difficult to control than in Nb-Ti.  

 

 
Figure 8: Operational field versus ratio coil 

width/aperture radius in Nb-Ti accelerator magnets. For 

Nb3Sn models the maximum reached field is given.  

STRESS 

The use of a low current density has the drawback of 

giving a less compact coil, but the advantage of giving 

less stress. With respect to the 800 A/mm
2
 used in [12], 

with half current density we manage to keep stresses at a 

HE-LHC LHC

Operational field (T) 20.0 8.3

Operational current (kA) 13.8/6.9 11.8

Operational margin (%) 20 14

Magnetic lenght (m) 14.3 14.3

Total stored energy (MJ) 100 7.0

Distance between beams (mm) 300 194

Total number of turns (adim) 150 40

Cable width (bare) (mm) 22.2 15.1

Cable thickness (bare) (mm) 1.62 ~1.9/1.5

Insulation thickness (mm) 0.11 0.12

Maximum coil thickness (mm) 97.3 31

Coil height (mm) 72.2 -

Cold mass diameter (mm) 800 570
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lower level. Here we give a first estimate [25] based on a 

coil where the block are completely glued one to the 

others, without structure around, and not pre-stressed (see 

Fig. 9). In this zero-order case one sees that the higher 

stresses of about 220 MPa are in the Nb-Ti region, that in 

Nb3Sn stress is below 180 MPa and even lower in the 

HTS. 

 

 
Figure 9: Estimate of horizontal stress at operational 

current, glued case without preloading.  

 

Indeed, one has to take into account that the coil needs 

to be pre-stressed with a horizontal load which usually is 

80%-100% of the maximum stress in operational 

conditions. Therefore, if we stay on the lower side, during 

assembly a uniform horizontal stress of 180 MPa should 

be envisaged. This is tolerable for Nb-Ti and just 

acceptable for Nb3Sn. It is well beyond what Bi-2122 can 

withstand, but we can hope it can (or it will be) tolerated 

by YBCO based superconductors which are intrinsically 

quite robust, thanks to the steel substrate. However, 

compression stress limit in HTS needs to be addressed by 

a proper R&D program.  

COST 

As we are talking about prices in 2025, the cost 

estimate is a difficult and acrobatic exercise. Indeed, this 

is an essential ingredient of the story! To avoid writing 

something that becomes outdated or simply wrong 

tomorrow, one has to clearly state the hypothesis of our 

estimate. For the conductor, we consider 200 $/kg for Nb-

Ti, that is the present cost. The Nb3Sn price ranges today 

between 1000 and 1300 $/kg: we assume a price of 

800 $/kg., i.e., a 20% improvement w. r. t. the cheapest 

price. For HTS we assume 3000 $/kg, which is the lower 

edge of today price, but for a material not reaching our 

required performances. Under these assumptions, the total 

cost of the conductor per magnet is 3.8 M$, half of which 

is for the last 5 T with HTS (see Table 4). 

On the top of this, the manufacturing cost has to be 

added. For the LHC we had, as rough figures, 300 kCHF 

of components, 300 kCHF of conductor, 300 kCHF of 

assembly, and 100 kCHF of cryostat, testing, etc. The 

main difference for a 20 T magnet would be the coil 

manufacturing (100 kCHF out of 300 kCHF for the 

LHC). Doubling this component and keeping the same 

value for the other items, we would reach 800 kCHF of 

assembly, components and cryostats. This gives a final 

cost of 4.6 M$ per magnet (at the moment, 

1$~1CHF~0.77 euro). At this level of a very preliminary 

budgetary estimate, choosing dollars, euros or Swiss 

francs (and guessing the exchange rate in 15 years …) is 

within the error of our estimate. Having 1200 magnets, 

the total cost of magnet would be around 5500 M$. 

 

Table 4: Estimate of the cost of the conductor for a 14.3 m 

coil length two-in-one dipole. 

 

 

This may seem, and it is, a very high cost. Indeed, it is 

interesting to compare it with what could be done 

tomorrow with present technology: an accelerator with 

dipoles at 8 T, whose arcs are 2.5 longer than in the LHC. 

This machine would need 3000 LHC magnets for a total 

cost of 3000 M$. On the top of this, one should add the 

cost of the 65-km-long tunnel which can be estimated 

between 1000 and 2000 M$: this brings the total in the 

same range. A larger machine would then need new 

cryogenics, and infrastructures, whereas the HE-LHC 

would need an additional injector, the cost of the second 

being probably lower. Finally one would probably need 

new infrastructures for experiments.  

A clear drawback shown by this preliminary analysis is 

that the cost of this project would be largely dominated by 

two components: the Nb3Sn cable and the HTS cable, 

sharing each of them about one third. This is a risk for a 

large project, taking into account that at the moment very 

few producers are present on this market: for instance, the 

Nb3Sn cable of the LARP, which is leading the high field 

magnet research, all comes from the same manufacturer. 

Lowering the target from 20 T to 15 T would 

considerably reduce the price, possibly by 30%. 

Nevertheless, given the long timeline we are considering, 

we believe that there are considerable margins for HTS 

improvement, also in term of cost reduction. A recent 

DOE program on Bi-2212 goes in this direction. As a 

matter of facts, the development of HTS material has 

been mainly driven by applications that are far away from 

high energy physics, and a different strategy could lead to 

relevant improvements in the direction useful for the HE-

LHC. 

CONCLUSION 

In this paper we explored the possibility of having 20 T 

operational field dipole magnets in the LHC tunnel. Other 

($/kg) m
3

Kg M$ % Field (T)

Nb-Ti 200 0.12 960 0.19 5% 8

Nb3Sn - h 800 0.16 1300 1.0 28% 13

Nb3Sn - l 800 0.10 850 0.7 18% 15

HTS 3000 0.07 620 1.9 49% 20

0.45 3730 3.8Total
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important magnets, like main quadrupoles have not been 

studied and are shortly addressed in another paper [26].  

Main constraints are (i) the transverse size of the 

magnet, limited by the tunnel, (ii) the stress in the coil 

induced by electromagnetic forces, and (iii) the cost. All 

these constraints call for a design based on hybrid coils 

that allows using cheaper conductor in the lower field 

regions.  A hybrid layout, based on Nb-Ti, Nb3Sn and 

HTS, that meets all basic requirements (including 20% 

field margin) is then proposed and examined. With 

respect to previous work [12] we reduced the overall 

current density from 800 A/mm
2
 to 400 A/mm

2
, plus a 

special region at 200 A/mm
2
 to allow reaching 15 T with 

Nb3Sn. This gives lower stresses, at the limit of what is 

manageable for Nb3Sn, and allows using the HTS only in 

the 15 to 20 T field regions. This layout requires an HTS 

cable based on round wire, capable of carrying 

400 A/mm
2
 overall current densities at 15-25 T under 

180 MPa compressive stresses, not yet available today. 

The main targets for future R&D should be directed 

toward the 13-15 T region, where Nb3Sn good results on 

small coils need to be consolidated and oriented toward 

accelerator quality, and toward a basic improvement of 

HTS in term of critical current, stress tolerance and 

suitability to be assembled large current compact cable. 

The R&D on HTS is critical, also in term of time, if the 

goal of 20 T for 2030 has to remain credible; if in a few 

years new results will not be available, the HE-LHC 

should be reduced its target to 15 T (may be 16 T with a 

suitably optimized design) for the main dipole field. 
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WHAT CAN THE SSC AND THE VLHC STUDIES TELL US FOR THE
HE-LHC?

U. Wienands�

Stanford Linear Accelerator Center; Menlo Park, CA 94025, USA

ABSTRACT

In the SSC and the VLHC machine designs a num-
ber of accelerator physics and technology challenges were
present. These challenges and the ways they were ad-
dressed are relevant also for the high-energy upgrade of the
LHC that is contemplated in this workshop. In this paper I
will highlight these challenges and the mitigation strategies
pursued, and I will attempt to demonstrate the commonali-
ties and lessons for the HE-LHC.

INTRODUCTION

The SSC

The Superconducting Super Collider (SSC)[1, 2] was
under construction when the project was terminated by US
Congress in the fall of 1993. The top-level parameters of
the SSC collider are listed in Table 1.

Table 1: SSC Parameters
Parameter Unit Value
Energy/beam TeV 20
Circumference km 87
Luminosity cm����� �� ����

Intensity ppb ����� ����

Trans. emittance �m rad 1.0
Bunch spacing ns 16.7
Stored Energy GJ 0.4
Inj. energy TeV 2
Dipole field T 6.7

A diagram of the machine plus injectors is shown in
Fig. 1.

Compared to the LHC the bunch intensity is more than a
factor of 10 lower, with smaller beam emittance by a factor
of three, while the bunch spacing is comparable. The stored
beam energy is fairly similar, but in a machine almost four
times the size of the LHC. The bending field of 6.7 T was at
the time the highest field in any series-produced accelerator
dipole magnets.

The VLHC

The conceptual design for the the “Very Large Hadron
Collider” (VLHC)[3] was a 200+ km machine with two

�Supported in part by the US DOE under the LARP framework

Figure 1: Diagram of the SSC Site.[2]

Table 2: VLHC Parameters

Parameter Unit VLHC I VLHC II
Energy/beam TeV 20 87.5
Circumference km 233 233
Luminosity cm��s�� �� ���� �� ����

Intensity ppb ���� ���� ���� ����

Trans. emittance �m rad 1.5 0.04 [0.2]
Bunch spacing ns 18.1 18.8
Stored Energy GJ 3.0 3.9
Inj. energy TeV 0.9 10
Dipole field T 2 9.8

stages, a first stage for 20 on 20 TeV collisions and a sec-
ond stage for 87.5 TeV on 87.5 TeV p-p collisions. For
this paper, only the second stage is considered. This ma-
chine had a proposed bending field of close to 10 T, causing
the machine parameters to be affected significantly by syn-
chrotron radiation. Table 2 shows the top-level parameters
for the VLHC collider, Fig. 2 shows a layout of the design.
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Figure 2: Diagram of the VLHC Site.[3]

DESIGN ISSUES

Magnet aperture

The aperture of the SSC was subject to several revi-
sions, increasing the dipole aperture from 40 mm in the
CDR[1] to 50 mm in the SCDR[2] and later increasing the
quadrupole aperture to 50 mm as well. The arguments for
this were based mostly on tracking studies, only late in the
project the need to consider a liner in the vacuum system
also affected the aperture discussion.

Fig. 3 shows the result of a dynamic-aperture study for
the SSC with 40 mm dipoles. Machine acceptance for ���

turns is about 0.6 cm initial amplitude. With 50 mm this
opens up significantly, see Fig 4. A different look at the

Figure 3: Survival plot for the SSC with 40 mm aperture
dipole magnets.[2] Note the error on the horizontal scale
(0.5 misprinted as 1.5).

Figure 4: Survival plot for the SSC with 50 mm aperture
dipole magnets.[2] Note the error on the horizontal scale
(0.5 misprinted as 1.5).

Figure 5: SSC Tracking for different injection energies. 50
mm quadrupole and dipole aperture.[4]

machine acceptance is shown in Fig. 5, with acceptance
vs injection energy for the machine with 50 mm dipoles
and quadrupoles. The 5 to 6 � acceptance at 1 TeV was
considered inadequate while the nearly �� � acceptance at
2 TeV was more than sufficient, leaving room to lower the
HEB energy to 1.5 TeV as was considered.[4]

It is instructive to compare these with LHC tracking re-
sults. In Fig. 6 an LHC survival plot is shown, published
in 1998.[5] It appears that the machine has an acceptance
of about �� �, which would correspond to the SSC with
50 mm aperture in dipoles and quadrupoles, and which is
also consistent with the rather linear behavior the LHC has
exhibited in beam commissioning in 2010. In the earlier
versions of the SSC lattice with smaller magnet apertures,
various field-correction schemes were devised to deal with
the field harmonic at injection due to the persistent cur-
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Figure 6: Survival plot for the LHC.[5]

Figure 7: Mid-cell correction of dipole field errors.[6]

rents, e.g. the mid-cell corrector elements, also known as
“Neuffer-Simpson” correction.[6] It consists of correctors
at either end of a half-cell plus a corrector of twice the
strength in the middle of the half cell, between two dipoles.
This correction minimizes the introduction of extra higher-
order terms arising from the correction elements, which
can defeat simpler correction schemes. Sextupole and oc-
tupole correctors were foreseen. Fig. 7 shows a schematic.
The 50-mm aperture design did not require these somewhat
complicated mid-cell corrector packages, omitting which
offset in part but not fully the increased cost of the dipoles.

The VLHC design envisaged 40 mm magnet aperture,
but at a higher injection energy of 10 TeV (from the stage-
1 ring in the same tunnel). At this energy the beam size is
sufficiently small that the smaller magnet aperture would
be sufficient (from a field-quality point of view).

Synchrotron Radiation

Synchrotron radiation will be significant in the HE-LHC.
Table 3 compares the relevant parameters for the four ma-
chines considered here. The two lower-energy machines,
LHC and SSC, have s.r. power density of a fraction of
a W/m and damping times of 25 to 30 hours, compara-
ble to the luminosity lifetime. VLHC and HE-LHC on the
other hand have power densities of a few W/m and damp-
ing times of a couple of hours, significantly shorter than
the luminosity lifetime. Therefore the radiation damping

Figure 8: Photon desorption fit to data taken at DCI.[7]

dominates the beam parameters (unless specific counter-
measures are taken). The power density to a certain extent
is a question of effort to carry away in cooling, although re-
liability may suffer if the heat load on the cryo system gets
too high.

In the SSC, the vacuum and cooling system were de-
signed to absorb the power. Photon desorption became a
subject of intense study as it became evident that the hy-
drogen frozen at the walls could cause unacceptable values
of the photon-induced desorption coefficient � if allowed to
form a monolayer or more. To this end, a diffusion model
was created based on then-available photon-desorptiondata
from BNL, the DCI collider at LAL, and BINP.[7] A fit
is shown in Fig. 8 as an example, for oxygen-free high-
conductivity copper (OFHC). The model in turn was used
to predict the behavior of the SSC vacuum system. It was
found that OFHC copper performed better than copper de-
posited onto a stainless-steel pipe—probably due to bet-
ter surface smoothness. However, none of the surfaces as
tested could be expected to clearly last longer than the 4000
hour required before a warm-up was necessary in order to
boil off the hydrogen from the wall. The alternative solu-
tion of a liner (beam screen) was being considered; there
would have been enough space in the 50-mm magnets.

For the VLHC with its potentially high gas load the
pumping surface behind the liner still may not have suf-
ficient capacity. To increase capacity, a getter behind the
liner was considered.[8] The liner in turn has its own cool-
ing carrying away the radiation energy. The temperature of
the liner is chosen to avoid on one hand to much radiative
power into the low-temperature beam pipe, to maximize on
the other hand the cooling efficiency which favors a higher
liner temperature. In the VLHC, 80 to 100k was antici-
pated. In this context the possibility of dedicated, warm
photon stops was considered and even some engineering
studies initiated[9]; however, in the HE-LHC context this
approach does not work as the bending in each magnet is
too large and the radiation fan hits the wall before leaving
the magnet.

THE HIGH-ENERGY LARGE HADRON COLLIDER, MALTA, 2010

22



Table 3: Synchrotron radiation Parameters for the machines considered

Parameter Unit LHC SSC VLHC HE-LHC
Energy/beam TeV 7 20 87.5 16.5
Energy loss/turn MeV 0.01 0.053 15.3 0.2
Radiation power/beam kW 5.8 9 1050 255
Power density/beam W/m 0.3 0.15 4.7 2.8
crit. Energy keV 0.044 0.284 8.03 0.575
Transverse damping time h 26 30 2.5 2

Table 4: VLHC IR Parameters for a flat- and a round beam
Parameter Unit Flat beams Round beams
Peak Luminosity cm��s�� �� ���� �� ����

Aspect ratio 0.1 1
Beam-beam parameter (�=�) 0.008 0.008
Intensity ppb ����� ���� ����� ����

Horizontal emittance �m rad 0.161 0.082
Vertical emittance �m rad 0.016 0.082
��� m 3.7 0.71
��� m 0.37 0.71
��� km 7.84 14.58
��� km 10.75 14.58
��� �m 2.53 0.79
��� �m 0.25 0.79
��� �m 116 113
��� �m 43 113
���� �r 0.68 1.11
���� �r 0.68 1111
Total crossing angle �r 10 10
Separation distance m 30 120
# parasitic crossings per IR 20 84

Electron-Cloud Effect

The threshold for electron-cloud build-up was deter-
mined for the VLHC to be about 	��� ���� ppb, later re-
vised down to � � ����.[10] These values were arrived at
in light of results obtained at the SPS around 1999. While
there were details to be considered, the threshold appeared
safely above the bunch intensity of ���� ����. An SEY of
1.3 (peak, at 400 eV) was assumed in these studies, a value
one might expect for a well-scrubbed stainless-steel or cop-
per surface. With its relatively low bunch population this
machine design is in a different region of parameter space
w.r.t. the electron-cloud effect than the HE-LHC.

Luminosity profile, beam dynamics, etc.

In the VLHC—as in the HE-LHC—the nominal damped
emittance in all three planes is much smaller than the in-
jected emittance. Thus luminosity and beam-beam param-
eter will increase as the beams damp. With a flat beam,
the optical design of the IR can deviate from the antisym-
metric triplet IR often used in round-beam hadron colliders

and adopt the symmetric doublet focusing scheme used in
flat-beam lepton colliders. Besides simplifying the IR de-
sign, it offers the chance for a much earlier separation with
a dipole as the first magnet after the IP, without causing
excessive ��. In case of the VLHC, the separation distance
for a particular set of parameters (Table 4) is 30 m for the
flat-beam IR vs 120 m for the round-beam IR. As a result
the number of parasitic crossings is reduced by about a fac-
tor of 4. An optical design for a flat-beam IR is shown in
Fig. 9.

Once the beam-beam limit is reached, it is necessary to
stop the damping process (e.g. by injection of noise in
two or all three planes) and maintain the tune shift. In the
VLHC this happens in the horizontal plane first, saturating
	�. Once 	� saturates as well it was foreseen to vary the
crossing angle to maintain 	�. Figure 10 shows the re-
sultant luminosity profile, Fig. 11, the beam-beam parame-
ters vs time. These profiles have built-in an assumption of
longitudinal heating of the beam to maintain a momentum
spread of about ��� � ����. The beam is left to assume a
flat shape with about a 1:10 aspect ratio.
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Figure 9: Optical design for a flat-beam Interaction region.[7]

Figure 10: VLHC Luminosity vs time, flat beams.[7]

With radiation damping times of about 2 hours, it may be
argued that the beam-beam limit should be higher than for
present-day hadron colliders. A comparative study of dif-
ferent machines was attempted for the VLHC and shown in
Fig. 12. The exponent of 1/3 for the fitted equation has been
found before by Assmann & Cornelis in LEP data.[11]
VLHC and HE-LHC have a damping decrement of about
����, which indicates that the gain in 	 by damping will be
moderate at best, on the order of 0.0025. It does have to be
noted, however, that there are newer data for the Tevatron
as well as the LHC, indicating that even at negligible damp-
ing the beam-beam parameter can significantly exceed the
0.006 used in Fig. 12.

Figure 11: VLHC beam-beam parameter vs time, flat
beams.[7]

Longitudinal parameters

Table 5 gives a comparison of some of the longitudi-
nal parameters of the machines considered here. Shorter
bunch lengths can be a potential heating issue as the loss
factor tends to increase with decreasing bunch length. In
the VLHC II this is mitigated by the small bunch charge.
In the HE-LHC, however, the combination of somewhat
shorter bunches and somewhat higher bunch charge (than
LHC nominal beams) may increase power loss in—or leak-
age through—the screen by a significant amount. Note
that for VLHC and HE-LHC, a longitudinal beam-heating
mechanism is assumed to keep the energy spread at a value
near �������� in order to prevent bunches from becoming
too short and/or beam instability.
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Table 5: Longitudinal parameters.

Parameter Unit LHC SSC VLHC II HE-LHC
Bunch length mm 75 � �� 26 65


�
 1 ���� ���� ���� ���� ���� ����

Bunch Charge ppb ���� ���� ����� ���� ���� ���� ��	� ����

Rf frequency MHz 40 60 55 40

Table 6: VLHC Impedance Budget. ���
� is given for the mode with the lowest frequency

Machine R(m) b(mm)
���

�
�
� ���� ��	



� ��	� ��	



� ���� ��	



�

FNAL MI 529 25.4 1.6 - 26
LHC 4243 18 0.66 28 1.5 124
SSC 13866 16.5 0.68 54 21 4200
VLHC II 36924 10 0.6 390 90 55000

Figure 12: Fit of Beam-beam parameter vs damping decre-
ment for various machines.[7]

Impedance

A rough impedance budget was drawn up for the VLHC,
scaled from SSC, LHC and the FNAL Main Injector, see
Table 6. The longitudinal impedance for all machines is a
similar ����
 near � 
; while the transverse components
scale up with a certain power of the length. For the HE-
LHC the impedance will be comparable to that of the LHC;
however, to assess the beam stability one needs to also
take into account the beam parameters, in particular bunch
length, energy spread, and also the slip factor of the lattice,
see Table 4. It may be argued (from scaling by ��
� � ��)
that the HE-LHC (at top energy) is up-to 3 times closer to
instability limits than the present LHC.

SUMMARY

The SSC studies and the VLHC studies can give use-
ful insight in the HE-LHC context due to the similarity in
energy and—in case of the VLHC—both machines being
dominated by synchrotron radiation. The possibility of flat
beams may be an interesting option to explore. The aper-
ture debate of the SSC may help in setting the right aper-
ture for the HE-LHC, and the vacuum investigations done
for the SSC should, if properly updated for the newer data
available now, be useful in estimating vacuum performance
and the details of the liner and pumping system needed to
avoid excessive photon desorption and pressure bumps.

It may be instructive to review here the main R&D issues
identified in the VLHC Accelerator Physics Report[12],
given here in very abbreviated form:

1. Energy deposition in the IRs.
2. Operational aperture.
3. Instabilities.
4. Diffusion as a mechanism counteracting the radiation

damping.

For HE-LHC it appears that the first and last items are the
most significant ones, whereas items 2 and 3 are more-
or-less addressed using operational data from the present
LHC. But the radiation generated in the IRs will already be
a problem at the LHC, limiting the lifetime of the IR mag-
nets. The problem of diffusion overcoming the radiation
damping at some point still remains to be studied, although
the LHC, once it is operating at 7 TeV beam energy, may
give an indication of the strength and even nature of such
processes. In addition to these, a number of areas needing
further were identified in the VLHC report:

1. Diffusion, ground motion, IBS and other mechanisms
of emittance growth.
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2. Lattice design incl. details of the IR.
3. Simulations and particle tracking.
4. Instabilities and the need for feedback systems.
5. Energy scaling, limits of luminosity.
6. Beam experiments designed to assess possible VLHC

issues.
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A HIGH ENERGY LHC MACHINE. EXPERIMENTS ‘FIRST’ 

IMPRESSIONS 

M. Nessi, CERN, Geneva, Switzerland 

 

Abstract 
These days, while the landscape of discoveries at LHC 

has yet to be unveiled, planning for upgrades twenty years 

or more in advance towards a possible experimental 

scenario, might sound very imaginative and ambitious. 

Nevertheless, as plans are being worked out for the High 

Luminosity LHC upgrade, it is possible to plan keeping 

the  ATLAS and CMS detectors operational for the 

following High Energy phase. The natural and radiation-

induced aging of some components, calorimeters 

especially, needs to be carefully addressed. Even planning 

for a very new detector might not be unreasonable. 

INTRODUCTION 

Trying to extrapolate a possible experimental scenario 

twenty years or more in advance, might sound very 

ambitious and imaginative, in particular today before 

knowing the discovery landscape of the present LHC.  

At some point, while scanning through the possible rare 

physics signals, luminosity at LHC will not buy more 

statistics. Cross-sections will become simply too small 

and will drop by many orders of magnitude, in particular 

as a function of mass. Energy will buy much more, 

because rare physics cross-sections, and in particular if 

large mass objects are involved, will be boosted by the 

larger amount of energy available to create heavy objects. 

We assume that this possible changeover of strategy 

between high luminosity and high energy will become 

interesting around 2000-3000 fb
-1

 of collected integrated 

luminosity. At that time, probably around 2030-2032, 

both multi-purpose detectors, ATLAS [1] and CMS [2], 

will be still operational. 

POSSIBLE DETECTOR REQUIREMENTS 

In today’s scenario, while no discoveries have been 

announced yet, the kind of physics we will be exploring at 

high energy will basically be the same we are 

investigating now (see Fig 1.), but with some “nuances”. 

• Discovery of high mass new particles (beyond what 

will be explored at the HL-LHC, m ~ 2.5 TeV). 

• Precision measurements of known Standard Model 

physics (heavy flavors precision measurements and 

rare decays). 

• Measuring in detail properties of newly discovered 

phenomena  (masses and couplings of sparticles as 

an example). 

• Precision measurements of LHC discoveries (Higgs 

spin, self- couplings, rare decays, ...). 

• Searches for new phenomena, not anticipated by 

theory. 

It is therefore hard to guess which parameters in today’s 

detector properties might be relaxed. Today probably 

none. If we will still be looking for SUSY-type  

phenomena, with large multiplicities of leptons, jets and 

heavy flavor decays and missing transverse energy, then 

the detectors will have to count on: 

• Lepton identification (in particular electrons versus 

jets), photon and muon identification. 

• b and c quark decay tagging, via secondary vertex 

tagging. 

• Excellent missing energy resolution, which implies 

detector coverage down to large pseudo-rapidity 

values. 

• Excellent calorimeters performance in terms of   

resolution and energy scale. 

• Excellent tracking efficiency (>98%). 

 

 
Figure 1: Example of a recently recorded top event in 

ATLAS, showing the various detectors components 

involved. 

 

On top of this, and after a few years of enthusiasm for 

the high-energy regime, the community will certainly ask  

(because of the positive experience at HL-LHC) to run 

with high luminosity too. This will reopen the issue and 

stress even further the detector requirements. 

 A high number of pile-up events with many tracks 

and a large risk of fake hits/tracks association (see 

Fig. 2). 

 An important cavern background, in particular 

from slow neutrons captured in the detector 

materials. 

 Unprecedented levels of radiation and track 

densities, in particular in the forward detectors, that 

will limit their effectiveness.    

It is therefore impossible today to assume that some of 

the present detector properties or requirements will be 

relaxed. This means that presently we have to assume that 

in 20 years from now we will be able to operate and 

maintain the existing detectors as we do today, after an 
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important upgrade of the innermost components which we 

are planning for the HL-LHC. 

    

 
Figure 2: High tracks density in the vertex detector with 

just 50 pile-up events associated. 

DETECTORS CONCERNS 

After the HL-LHC experience, the detectors will be old in 

their structure and constituent materials. From the time of 

construction (1996-2008) about 30 years will have 

elapsed. Some more critical parts like rubber components, 

O-rings, PCBs, cables and connectors, optical fibers, 

cryo- and vacuum infrastructure will need a careful 

analysis and probably will need to be replaced. 

A large part of the electronics (front-end and back-end) 

will be obsolete and no longer possible to keep 

operational. The procurement of electronics spare 

components will be an issue. 

   Some components will have been heavily irradiated. 

The innermost parts will be already classified as potential 

nuclear waste. Access will be very limited in the regions 

around the beam pipes (~ 2 m radius) and near to the 

TAS. The main issue will be the irradiation of services 

and electronics. In the region around the beam pipe we 

will probably be at the level of a few mSv/h. Today, 

running at a peak luminosity of 3 to 5 × 10
31

 cm
-2 

s
-1

, we 

observe online an activation level around the ATLAS 

beam pipe well in line with the calculations obtained by 

simulation. 

   Activation and radioactive contamination, and Radio 

Protection (RP) issues in general will become 

fundamental from 2016 on, and on the very long term 

they will represent a real problem. We have in any case to 

change our culture and be more proactive in this domain. 

 Inner Detectors 

For the HL-LHC both collaborations will have 

constructed a new inner detector with very high 

granularity and with radiation-harder sensors and front-

end electronics (~2020). R&D on a new generation of 

Silicon- or Diamond-based sensors has already started. 

For example, 3D Silicon strip detectors represent a very 

promising technology if the industrialization process will 

be effective (see Fig. 3). 

Having in mind to use the same layout for the HE 

phase, one has now to introduce in today’s upgrade 

requirements the possibility to upgrade and exchange 

inner detector (ID) components continuously as a function 

of time. This is particularly true and valid for the 

innermost layers (b-layer and pixel detector in general). 

We have also to add to our 2020 specifications a radiation 

resistance up to  ~6000 fb
-1

. The alternative is to assume a 

new upgrade of the entire inner detectors in the early 

thirties, as we will have done for the HL-LHC.

 
Figure 3: principle of function of planar versus 3D Silicon 

strip detectors. In the 3D case, the drift time, as well as 

the active edge dimension, are reduced considerably. 

  

Calorimeters 
Calorimeters using scintillating dopants risk being 

completely irradiated and therefore will have changed 

their transparency property regarding optimum light 

collection. No idea about what to do in such a case. 

Especially in the ATLAS case, it is practically impossible 

to extract and replace the calorimeters without 

dismounting most of the detector. This might be the 

critical problem we will have to face. Either one accepts a 

reduced light collection and a bigger constant term in the 

energy resolution, or one needs to start replacing 

components. All present light detectors (photomultipliers 

or diodes) will have reached the end of their life cycle and 

will need to be replaced. 

 For example the ATLAS Tile calorimeter 

performance will need to be evaluated as a 

function of radiation. Its injection-molded 40 tons 

of scintillator might be fully aged in its properties 

and compromised by radiation. No way to 

dismount it without dismounting a major part of 

ATLAS. Maybe something can be done in the end-

caps. If not, one has just to accept a reduced 

performance. 

 Similar reasoning for the CMS calorimeters 

(crystals + hadronic scintillators). In particular in 

the end-cap regions, radiation will compromise the 

crystals light transmission, probably to a point 

where crystals need to be replaced. Differently 

from ATLAS, here the access is simpler and it 

might be easier to replace end-caps components 

(i.e. crystals) 

 The ATLAS LAr calorimeter will be very 

radioactive and will be polluted with material, 

which one can consider as dust and might be a 

source of electrical shorts in the electrodes, 
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producing HV breakdowns. Here solutions have 

envisaged on how to solve the problem if one 

comes to a showstopper. Such an intervention will 

require opening the cryostats underground to gain 

access to the active components (probably just in 

the end-caps). The intervention will be very 

difficult, because of the radiation levels and will 

require at least 3 years of downtime. 

Muon Spectrometers and Magnets 

All experimental magnets, should still be fully 

operational. Over the years the operating fields may have 

been increased by 10-15%, increasing the resolution 

capability to the trackers. The controls and all peripheral 

services will be obsolete in their technology. An effective 

upgrade will be easy. Probably it will happen already in 

the mid twenties. 

For the muon spectrometer (trigger and precision 

chambers) the problem lies in the natural aging of the 

critical components and of the base materials in general. 

Most of the active components have been designed for a 

lifetime of 15-20 years. These are gaseous detectors, 

therefore less robust and more subject to stresses in terms 

of mechanics and services (gas leaks, gas distribution 

infrastructure, connectors, resistive materials,…). 

Already for the High Luminosity upgrades we foresee to 

replace the end-cap chambers in the high rapidity regions 

with more granular and trigger-effective components. 

New technologies will be adopted. In the same spirit, it is 

likely possible to start replacing around 2030 most or all 

of the muon stations during regular shutdowns. In the 

case of ATLAS, for some chambers a direct replacement 

will not be possible, access being the problem. An 

unconventional approach will be needed. 

As for the ID, the muon spectrometer strategy should be a 

continuous upgrade over time, profiting from all 

shutdowns of the LHC machine, while keeping the 

technology up to date. 

A NEW DETECTOR 

Why not to think and plan for a very new detector in 

general, in parallel to ATLAS and CMS? 

If we go the HE-LHC way, probably it means no Linear 

Collider for a while! A large detector community 

preparing today already for the Linear Collider is in 

standby, with plenty of new ideas and several new 

technologies to be deployed.  

A new detector could be tuned from the beginning to 

the type of new discoveries the LHC will make and go 

beyond in a more effective way. It will take 16-18 years to 

achieve a fully functional new detector, and this means 

that a green light to move in this direction should be given 

around 2015. A new detector might imply new civil 

engineering work to prepare a new experimental cavern in 

today’s LHCb or ALICE location. 

                      CONCLUSIONS 

Thinking about the ATLAS and CMS evolution in the 

HE-LHC scenario, the following arguments might apply: 

 Most of the electronics will need to be rebuilt and 

upgraded. This will partially happen already for the 

HL-LHC, leaving therefore no reason not to do it 

later as well. This would solve the problem of 

obsolete technologies. 

 Inner detectors will be upgraded after 2020, and 

there is no reason not to continue doing it further, 

maybe just in a modular way. The story is similar 

for the muon spectrometer. Consolidation/upgrade 

can be continuous. 

 The calorimeters are the more critical items, 

needing a particular evaluation, possibly 

representing a serious showstopper. 

 Over time, the trigger hardware and strategies will 

be revisited. Doing this already for the HL-LHC. 

Physics will guide us! 

An experimental program based only on the existing 

detectors might be risky, also giving the fact that the 

investments needed for a new LHC machine with more 

energy will be substantial. Planning for a fully new 

detector might be a more rational approach. It might take 

more time to conceive a new detector than to upgrade the 

accelerator. Thus, a strategical decision might due in just 

a few years from now. 
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Abstract 
 

The maximum magnetic field available to guide and 

focus the proton beams will be the most important factor 

driving the design of the High Energy LHC. The US LHC 

Accelerator Research Program (LARP) is a collaboration 

of US National Laboratories aiming at demonstrating the 

feasibility of Nb3Sn magnet technology for application to 

future colliders. While LARP is primarily focused on the 

requirements of the High-Luminosity LHC (HL-LHC), it 

is also directly relevant to the High-Energy LHC (HE-

LHC). Program results and future directions will be 

discussed. 

INTRODUCTION 

A series of upgrades to the LHC and its injectors is 

under study to achieve a significant increase of the 

luminosity with respect to the baseline design [1]. 

Replacing the first-generation IR quadrupoles with higher 

performance magnets is one of the required steps in this 

direction. Although designs based on NbTi conductor are 

being considered, the intrinsic properties of Nb3Sn make 

it a strong candidate to meet the ultimate performance 

goals in terms of operating field, temperature margin, and 

radiation lifetime. Under typical upgrade scenarios, the 

new magnets will provide increased focusing power to 

double or triple the luminosity, and at the same time will 

be able to operate under radiation loads corresponding to 

a 10-fold increase in peak luminosity, and with radiation 

lifetime consistent with a 3000 fb
-1

 integrated luminosity 

goal.   

Starting in 2004, the LHC Accelerator Research 

Program (LARP) collaboration has led the US effort to 

develop Nb3Sn quadrupole magnets for the LHC 

luminosity upgrade [2]. The program is founded on the 

knowledge base and infrastructure of the DOE General 

Accelerator Development programs at BNL, FNAL and 

LBNL. With respect to these programs, it provides 

specific focus and resources to select the best available 

technologies for the luminosity upgrade and bridge the 

gap from proof-of-principle models to fully developed 

prototypes incorporating all features required for 

operation in the LHC accelerator. Significant progress has 

been made to date and the program is well positioned to 

complete the technology demonstration by 2014 and 

initiate a construction project. A successful luminosity 

upgrade based on Nb3Sn will represent a significant step 

toward a High-Energy LHC and open the way to other 

applications within and outside high energy physics. 

HIGH FIELD MAGNET TECHNOLOGIES 

Excellent mechanical and electrical properties of multi 

filamentary NbTi have made it the conductor of choice in 

all superconducting accelerators to date. However, the 

intrinsic properties of NbTi limit its field reach in 

practical accelerator applications to about 8 T. In order to 

surpass this threshold, superconductors with higher upper 

critical field are needed. Niobium-Tin (Nb3Sn) is 

currently the most advanced material for practical 

applications. It carries current densities similar to NbTi at 

more than twice the field, and is available in long lengths 

with uniform properties. Nb3Al offers lower strain 

sensitivity with respect to Nb3Sn, but its manufacturing 

process is not sufficiently well developed to support 

magnet fabrication. The low-temperature properties of 

HTS materials such as Bi-2212 are far superior to both 

Nb3Sn and Nb3Al. However, many technology challenges 

need to be addressed before practical designs can be 

developed and implemented in prototypes. 

All superconductors suitable for high field applications 

are brittle and strain sensitive, requiring new approaches 

to magnet design and fabrication to complement or 

replace those established for NbTi. In particular, because 

of their brittleness, high field superconductors cannot be 

drawn to thin filaments like NbTi, but have to be formed 

in the final geometry by high-temperature heat treatment. 

In the fully reacted state, the filaments are extremely 

sensitive to strain. Therefore, attempting to wind pre-

reacted cables in accelerator-type coils would result in 

unacceptable critical current degradation at the ends. 

Instead, coils are wound using un-reacted cable, when 

components are still ductile, and the superconductor is 

formed by high temperature heat treatment after coil 

winding. This technique requires the use of insulation and 

coil structural components that can withstand the high 

reaction temperatures. In addition, new approaches to 

mechanical support and quench protection are required to 

safely handle reacted coils through magnet assembly, cool 

down and excitation  

A significant and sustained R&D effort is required to 

develop technologies that can take advantage of the 

properties of high field superconductors while coping 

with the associated challenges. Early work on Nb3Sn 

accelerator magnets was performed at BNL [3], CEA [4], 

CERN [5-6], and LBNL [7]. In the mid-90s, the dipoles 

MSUT (Twente University) and D20 (LBNL) reached 

fields of 11-13 T [8-9]. More recently, the LBNL dipoles 

RD3-B and HD1b achieved record field of 14.7 T and 

16.1 T, respectively, using simple racetrack coil designs 
 ____________________________________________ 
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[10-11]. The LARP program was established to build on 

this base and develop the technology to a mature state, 

consistent with the requirements of the High-Luminosity 

LHC project. 

THE LARP PROGRAM 

Goals and organization 

LARP was established in 2004 to enable active 

participation of the U.S. scientific community in the 

accelerator research program of the LHC machine. While 

the program scope included accelerator commissioning 

and operation, special emphasis was given to the 

development of magnet technologies relevant to the LHC 

luminosity upgrade, which was recognized as one of the 

highest physics priorities by the US HEP advisory 

panel [12]. LARP is also intended to serve as a vehicle to 

advance collaboration among US Laboratories as well as 

international cooperation in large science projects. 

The documents that initiated the program identified its 

key goals, to be achieved in close collaboration with 

CERN: 

 Help the LHC achieve its design luminosity quickly, 

safely and efficiently. 

 Continue to improve LHC performance by advances 

in understanding and the development of new 

instrumentation. 

 Use the LHC effectively as a tool to gain a deeper 

knowledge of accelerator science and technology. 

 Extend LHC as a frontier High Energy Physics 

instrument with a timely luminosity upgrade. 

LARP was firmly established as an advanced R&D 

program, which would help the US HEP community in 

maintaining a leadership role in accelerator technology, 

and set the basis for a separately funded construction 

project. “Preparing to build the next generation hadron 

collider” was also explicitly mentioned among the key 

program goals in the LARP proposal (Fig.1). 

The program is organized in three sections: (i) accelerator 

systems, (ii) magnet systems and (iii) programmatic 

activities. The accelerator systems section includes the 

development of advanced instrumentation and collimation 

systems, as well as accelerator physics studies. The 

magnet systems section is focused on the development of 

Nb3Sn interaction region quadrupoles, and is described in 

detail in this paper. The programmatic activities section 

manages the long term visitor program and the Toohig 

post-doctoral fellowship. 

 

 

 

 

 
Fig. 1: LARP goals and deliverables matrix [2] 

 

Magnet program components 

The LARP magnet program was conceived as a 

progression of studies and technological steps, starting 

from simple systems designed to address specific R&D 

issues, and building toward more complex configurations 

incorporating all required features for operation in the 

accelerator. The program organization reflects this 

approach and has evolved in time to adapt to the different 

stages of the R&D. The main areas, corresponding to 

“level 2” categories in the work breakdown structure, are: 

 Materials R&D, including: strand specifications, 

procurement and characterization; cable fabrication, 

insulation and qualification; coil heat treatment 

optimization and verification. 

 Technology development with racetrack coils. This 

area was a key component of the program from its 

inception until 2008. Through the Sub-scale 

Quadrupole (SQ) and Long Racetrack (LR) models, it 

addressed fundamental issues of conductor 

performance, mechanical analysis, instrumentation 

quench protection, and most notably, scale-up of coil 

and structures to 4 m length, paving the way to the 

long quadrupole program.  

 Design studies: This area was also very active in the 

first part of the program, to select the most promising 

designs for future model quadrupoles, compare 

different IR layouts, and perform supporting studies 

in areas such as radiation deposition and field quality. 

While the program has progressively shifted toward 

experimental demonstrations, renewed focus on this 

area is developing in connection with the HL-LHC 

design study [13]. 

 Model quadrupoles: this area oversees the detailed 

design, fabrication and testing of short quadrupole 

models, including the 90 mm aperture Technology 

Quadrupoles (TQC and TQS) and the 120 mm 

aperture High Field Quadrupoles (HQ). 

 Long Quadrupoles (LQ), which covers the scale up 

from 1 m to 4 m length (LQ and LHQ models). 

Each area is organized around tasks with specific goals 

and milestones. Individual task typically utilize expertise, 

resources and infrastructure from several laboratories, 
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leading to close collaboration at the level of each activity. 

This approach may appear less efficient with respect to a 

project-type organization in which responsibilities for key 

deliverables are distributed among laboratories, with each 

group working independently on its portion. However, it 

has proven extremely valuable in comparing and 

integrating the experience and methods developed by 

different groups, and a key element of the program 

success both from a technical and collaboration 

standpoint.  

Fabrication and test database 

Since its start in 2004, the LARP program has 

fabricated and tested a large number of models of 

different designs. This section summarizes the tests 

performed and the key issues addressed. Progress and 

issues in each area are summarized in the following 

section.    

 

 
 

Fig. 2: LARP magnet development flow-chart 

 

Figure 2 is a magnet development flowchart showing 

the LARP model magnets and their progression from 

technological tests toward accelerator quality designs. The 

main program components are: 

1. Sub-scale Quadrupole - SQ (LBNL, FNAL). SQ is 

based on four racetrack coils of the LBNL “sub-

scale” design [14]. A combination of existing and 

new coils was used leading to five tests at 4.5 K and 

two tests at 1.9 K [15-16]. Among the highlights of 

these tests were: 

 Demonstration of conductor performance up to 

the short sample limits under conditions similar 

to those required by the Technology Quadrupoles 

(field, current, stress) and using the same heat 

treatment.  

 Detailed 3D finite element modeling and 

verification of stress calculation against strain 

gauge measurements. 

 Studies of quench propagation and protection, 

including temperature and stress limits during a 

quench. 

 Studies of the effect of axial pre-load on the 

quench performance and training. 

In addition, the SQ tests indicated that block-coil 

quadrupoles can perform at the expected levels in 

practical configurations. However, cos(2 ) coils were 

selected for the LHC IR quad application since 

design studies showed that they would provide 

significantly better magnetic efficiency for this 

application.  

2. Sub-scale Magnet - SM (BNL, LBNL). This magnet 

was used as a technology transfer tool in preparation 

Long Quadrupole

LQS

3.7 m long

90 mm bore

Long High-Field Quadrupole (LHQ)

3.7 m long - 120 mm bore
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for the design and fabrication of the long racetrack 

coils at BNL. Two sub-scale coils were fabricated 

and assembled at BNL using design, cables, parts, 

mechanical structure and fabrication procedures 

provided by LBNL. The magnet was also tested at 

BNL and achieved its full conductor potential [17].  

3. Long Racetrack Shell - LRS (BNL, LBNL). The 

main goal of LRS was to provide a first 

demonstration that the Nb3Sn coils and shell based 

structures could be scaled to lengths significantly 

higher than 1 meter. The coil design was very similar 

to the sub-scale magnet, with a length increase of 

more than a factor of ten. The support structure was 

designed and pre-assembled at LBNL. Two coils 

were fabricated, assembled and tested at BNL 

achieving 91% of the short sample limit [17]. Based 

on feedback from this test, the support structure 

which originally utilized a one-piece shell was 

subdivided in four sections, leading to further 

performance improvements (96% of SSL) in the 

second test using the same coils [18]. 

4. Technology Quadrupole – TQ (FNAL, LBNL + 

CERN). The TQ models are based on the traditional 

cos(2 ) coil design with 90 mm aperture and 1 m 

length. Three generations of coils were fabricated 

using different wire designs. In total, more than 

30 coils were fabricated using a distributed 

production line, with winding/curing performed at 

FNAL and reaction/impregnation performed at 

LBNL. Two support structures were compared, a 

collar-based structure designed by FNAL and a shell 

based structure designed by LBNL. About 15 models 

were tested in a variety of configurations at LBNL, 

FNAL and CERN [19-20]. Among the main studies 

and results obtained using the TQ models are: 

 Achieved 240 T/m in 90 mm aperture, about 

20% higher than the performance target. 

 Demonstrated robust performance, in particular 

the capability to transport, disassemble and 

reassemble coils in different configurations.   

 Performed a systematic investigation of Nb3Sn 

stress limits (engineering design space)  

 Completed a fatigue test involving 100 cycles 

from low to high current.  

5. Long Quadrupole Shell – LQS (BNL, FNAL, 

LBNL). LQS is a scale-up of the TQS design from 

1 m to 4 m. The development of long Nb3Sn 

quadrupoles was recognized as a key R&D goal from 

the program outset. In April 2005, LARP, DOE and 

CERN agreed that achieving a gradient of 200 T/m in 

a 90 mm aperture, 4 m long quadrupole would serve 

as a convincing demonstration of such scale-up. The 

primary purpose of both TQ and LR programs was to 

serves as a basis for LQ. All three labs participated in 

the LQ design, fabrication and test activities. The 

200 T/m target was achieved during the first test in 

December 2009 [21]. A second test with optimized 

preload using the same coils (LQS01b) achieved a 

10% increase in performance, to 220 T/m. The next 

step is the assembly and test of LQS02, using four 

new coils, to demonstrate reproducibility. A third 

series of tests is also planned using the latest 

generation conductor (RRP 108/127). 

6. High-Field Quadrupole - HQ (BNL, FNAL, LBNL + 

CERN). Detailed optics and layout studies of the 

upgraded LHC insertions indicate that increasing the 

quadrupole aperture leads to improved performance. 

Taking into account the space limitations in the 

tunnel, an aperture of 120 mm was selected for the 

development of upgraded quadrupole models based 

on NbTi. In order to explore the technological limits 

associated with larger aperture, and to provide a 

direct comparison between NbTi and Nb3Sn 

performance, the same aperture was selected by 

LARP for the next series of High-Field Quadrupoles. 

The 120 mm aperture, two-layer coil  design using a 

15 mm wide cable results in a 15 T peak field and 

1.2 MJ/m stored energy, about a factor of 3 higher 

than in TQ and LQ.  For the first time in LARP, coil 

alignment features are included at all phases of 

fabrication, assembly and excitation. To date, 12 coils 

have been fabricated and 3 tests were performed. 

During the first test [22] the magnet achieved 

155 T/m at 4.5 K, well above the intrinsic limit of 

NbTi at 1.9 K. However, high rates of insulation 

failures were observed, prompting a revision of the 

cable and coil design to decrease stress during 

fabrication. A scale up of the HQ design to 4 m 

length is planned as a final technology demonstrator. 

R&D PROGRESS AND ISSUES 

Strand design and fabrication 

Three wire types were utilized in LARP, all produced 

by Oxford Superconducting Technology (OST): 

 Modified Jelly Roll wire with 61 sub-elements, 54 of 

which contain superconducting filaments while the 

remaining 7 are made of copper stabilizer (MJR 

54/61) 

 Rod Restack Processed wire with 61 sub-elements, 

54 of which contain superconducting filaments while 

the remaining 7 are made of copper stabilizer (RRP 

54/61) 

 Rod Restack Processed wire with 127 sub-elements, 

108 of which contain superconducting filaments 

while the remaining 19 are made of copper stabilizer 

(RRP 108/127) 

The MJR wire represents an older generation wire that 

was already retired from production at the beginning of 

the program. It was used in the first generation TQ models 

since it was available in sufficient quantity to allow a 

direct comparison of different mechanical structures.  

The RRP 54/61 was used in the majority of the LARP 

tests to date. It delivered solid performance allowing the 
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LR, TQ and LQ models to reach their R&D objectives 

and performance goals. However, this design results in a 

rather large effective filament size (~70 m) in the strand 

diameter of interest (0.7-0.8 mm) leading to stability 

thresholds which are only within a factor of 2 above the 

operating point. Further erosion of the stability margin 

may result from conductor degradation due to processing 

or strain. As a result, performance limitations have been 

observed for moderate field designs at low temperature. 

The RRP 108/127 was first procured by LARP in 2007, 

when it was still considered an R&D wire by OST, to 

evaluate its performance and encourage further 

development and transition to the production stage. It 

provided solid performance in the TQS03 model with no 

signs of instability, leading to its adoption as a baseline 

LARP wire starting in 2009, However, due to the long 

lead times for procurement and magnet fabrication, the 

first models to benefit from this transition will only be 

tested in 2012. In addition, further improvements to the 

108/127 design are required to match the average piece 

length and critical current densities obtained in the 54/61 

design. The 5-6 year cycle from initial evaluation to full 

utilization in the magnet fabrication pipeline indicates that 

incorporating newer generations of wire (such as RRP 

217 or Powder-in-Tube) before the 2015 anticipated start 

of IR quadrupole production will be a challenge. 

Cable design and fabrication 

Although the fabrication of Nb3Sn cables was already 

well established at the start of the program, LARP 

provided an opportunity for larger scale manufacturing, 

optimization and characterization. To date, more than 

7 km of cable of three different designs were fabricated 

with minimal losses. The current R&D effort is focusing 

on transitioning from a three-step process involving a first 

cable fabrication pass at larger size, followed by anneal 

and re-roll to final size, to a one-step process using pre-

annealed strand. The one-step process is expected to be 

more robust and efficient, and is compatible with the 

introduction of thin cores for control of the AC losses. 

Several cored cables have been fabricated for the latest 

generation HQ models using stainless steel and fiberglass 

cores. Coils have been fabricated using cored cables and 

will be assembled and tested in the near future.  

Quench performance and training 

The capability to approach the full conductor 

performance in model magnets is an important indicator 

of the maturity of the technology, and the capability to 

reach the design point with minimal training and no 

retraining is essential requirement for operation in the 

accelerator. On both fronts, positive results were obtained. 

The full conductor potential, based on critical current 

measurements of extracted strands, without factoring in 

stress degradation, has been obtained in the best SQ, LR, 

TQ and LQ models at 4.5 K, indicating that the design 

and fabrication process is well understood and optimized. 

The best models also showed fast training and no 

retraining. However, new designs tend to require several 

iterations in order to achieve the best results. The steady 

process of systematic analysis and improvement defines 

the success of an R&D program like LARP, but it is clear 

that more work is needed to achieve full control of this 

technology, in particular for what concerns the coil design 

and fabrication, and especially the reaction step.  

Mechanical design and stress limits 

Providing adequate mechanical support in high-field 

magnets based on brittle superconductors requires 

structures that can generate large forces while minimizing 

stress on the conductor at all stages of magnet fabrication 

and operation. Consistent with the R&D goals of the 

program, the application of new concepts and advanced 

modeling capabilities was emphasized. In particular, 

support structure originally developed at LBNL for high 

field dipoles [23] was applied to the LARP quadrupoles. 

This concept is based a thick aluminum shell, pre-

tensioned a room temperature using water-pressurized 

bladders and interference keys. During cool-down, the 

stress in the shell increases due to differential thermal 

contraction relative to the iron yoke. This shell-based 

structure was evaluated against the more traditional 

collar-based structure in the TQ models, scaled-up to 4 m 

length in the LR and LQ models, and further optimized in 

the HQ models.  

A series of tests were performed at CERN using TQS03 

models to better understand the Nb3Sn stress limits and its 

tolerance to a large number of cycles [24]. It was found 

that the magnet could perform satisfactorily up to 

200 MPa average coil stress, which results in peak local 

stresses of the order of 250 MPa. This result considerably 

expands the engineering design space with respect to what 

was previously considered as the limit of 150 MPa. In 

addition, a cycling test involving one thousand ramps 

from low to high field was performed, and no degradation 

was found. 

Alignment and Field Quality 

Due to large beam sizes in the IR quadrupoles, their 

field quality plays a critical role on the beam dynamics 

during collision. Therefore, precise coil fabrication and 

structure alignment are required. Although early LARP 

magnets had limited alignment features, steady progress 

has been made and the last generation of HQ models 

incorporates full alignment at all steps of coil fabrication, 

magnet assembly and operation. No negative impact on 

mechanical support and quench performance resulting 

from the introduction of these features has been observed 

so far.   

Field errors at injection are less critical, but need to be 

carefully analyzed since Nb3Sn wires exhibit large 

magnetization due to high critical current density and 
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large filament size. Compensation of persistent current 

effects by saturation of carefully iron inserts may provide 

an intermediate solution. Ultimately, wires with larger 

number of sub-elements should be developed to decrease 

the effective filament size.  

   As previously mentioned, cored cables are being 

introduced in the HQ models to better control the 

distortions generated by eddy current during a ramp.  

Coil fabrication technology 

Several factors contributed to a steady improvement in 

coil fabrication procedures throughout the program. 

Different experiences and methods had to be compared 

and integrated in order to develop tooling and procedures 

that would be acceptable to all groups. Robust handling 

and shipping tools had to be devised to allow distributed 

coil production lines for the TQ, LQ and HQ models. 

Careful analysis was performed in relation to the scale up 

to 4 m length in the LR and LQ models. Nevertheless, a 

complete modeling framework is still not available, 

particularly in relation to the reaction process. The coil 

fabrication methods are still largely based on empirical 

knowledge and several iterations are typically needed to 

optimize new designs.  

LARP RELEVANCE TO HE-LHC 

As previously noted, large portions of the magnet R&D 

effort performed by the LARP program in support of the 

LHC luminosity upgrade has direct relevance to the High-

Energy LHC. Although the stated goal of 20 T field is 

beyond reach for Nb3Sn, it is expected that a hybrid 

dipole design will be used with Nb3Sn providing a large 

portion of the total field. Among the key contributions of 

LARP to the development of technologies applicable to 

HE-LHC are: 

 Scale up to long magnets: cable fabrication and QA, 

coil and structure fabrication, magnet assembly. 

 Instrumentation and analysis 

 Field quality, quench protection 

 Accelerator integration: cooling, helium containment, 

alignment 

 Development of radiation tolerant components 

 Initial feedback on series production and operation 

issues:  

 Infrastructure, production steps/times/cost 

 Reliability, failure rates in production/operations 

In addition, the capability to organize and integrate an 

effective R&D effort across Laboratories is a key 

contribution of LARP.  

At the same time, it is clear that large portions of the 

R&D needed for HE-LHC are not covered by LARP. In 

particular, LARP is not involved with HTS technologies 

that will be required to push the field beyond 15 T. In 

addition, the small aperture required to limit magnet size 

and cost in HE-LHC will drive the magnet design in 

different directions with respect to those adopted for the 

large-aperture IR quadrupoles. Finally, an additional 

length scale-up of a factor of 2-3 will be required to 

achieve dipole lengths comparable to those used in the 

baseline LHC. Coupled with the small magnet aperture, 

this will also require incorporating a small sagitta in the 

magnet fabrication. 

SUMMARY 

Intensive magnet R&D efforts are needed to meet the 

requirements of future colliders at the energy frontier. The 

LHC luminosity upgrade provides the opportunity to 

refine the results obtained in proof-of-principle Nb3Sn 

models and extend them to full-size production magnets 

suitable for operation in a challenging accelerator 

environment. The LARP program has made considerable 

progress in this direction, and is expected to complete the 

technology demonstration within the next several years. 

Successful construction and implementation in the high 

luminosity LHC will provide a stepping stone for the 

application of high field magnet technology to next 

generation colliders such as the High Energy LHC.  
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LBNL HIGH FIELD CORE PROGRAM* 

S. Caspi Lawrence Berkeley National Laboratory, Berkeley, CA, USA 

.

Abstract 
The LBNL Superconducting Magnet Group mission is 

to develop and establish the technologies associated with 

high field superconducting magnets in order to provide 

cost-effective options for the next-generation high-energy 

physics accelerators. The research effort is part of the 

group core program and the development is part of the 

LARP program discussed elsewhere at this workshop.  

INTRODUCTION 

In the past twenty years the LBNL core program has 

made the following contributions towards high field 

magnet using Nb3Sn conductor technology:  

 

 Engineering properties of superconducting wires 

 Cabling of traditional and advanced wires 

 “Wind-and-React” coil fabrication technology 

 Advance concepts for mechanical support 

 New concepts for magnet assembly  

 Modeling capabilities and diagnostic tools 

 

The impact on the High Energy Physics community was 

the possible advance of a high energy/luminosity frontier 

of the LHC. The core program is focused on 1) conductor 

R&D and cable manufacturing, 2) magnet design, 

construction and testing and 3) new concepts and 

analysis. 

HIGH FIELD MAGNETS 

Progress in the attainable dipole fields made with 

Nb3Sn conductor is plotted in Fig. 1. The type of magnets 

built and tested by LBNL varies from Cos-Theta (D20-

13.8 T, 50 mm bore) to Common Coil (RD3-14.5 T) to 

Block (HD1-16 T) (Fig. 2). Other magnet were also built 

and tested as intermediate steps (Fig. 3) 

 

 
Figure.1: Progress of Nb3Sn dipole magnets. 

 

 

 
Figure 2: Three different configurations of dipole 

magnets constructed at LBNL 

 

 
 

Figure 3: Left to right: SM- low field and low stress, SQ- 

high stored energy, high axial force, NMR-four coil 

layout high field, SD- high field high stress block design. 

Conductor Development 

The US HEP Conductor Development Program (CDP) 

has coordinated Nb3Sn work between National labs, 

universities and industry. Over the past twenty years the 
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program main achievements were the doubling of Nb3Sn 

current density and the improvement of wire uniformity 

and piece length. The program continues to work on 

improving the current density of Nb3Sn as well as 

reducing its sub-filament size (Fig. 4). From 2007 the 

CDP supported the development Bi-2212 demonstrating 

its performance in simple configurations. 

To understand the relations of the conductor state at 

different scales, a hierarchical model of the strain state 

has been developed. The model included nonlinear 

properties and enabled computing the strain at the 

filament level including stress in micro-scales due to 

macro loading and nonlinear deformation. The work also 

included cool-down effects. The work has been extended 

to the manufacturing and optimization of cables (Fig. 5). 

 

 
Figure 4: Nb3Sn strands with different filament number 

 

 
Figure 5: Manufacturing and analysis of cables 

 

Magnet Development 

The manufacturing of magnets with Nb3Sn coils 

requires the integration between CAD, analysis and 

manufacturing (Fig. 6). The process of winding and 

curing coils using metallic parts (Fig. 7) reaction at 

650
o
C, instrumentation and impregnation has been made 

into a continuous integrated process that closely interacts 

with analysis. Magnetic and structural analysis follows 

the magnet design from its room temperature assembly 

and pre-stress through cool-down and excitation to “short-

sample”. The magnet assembly uses “key and bladder” 

technology and the final pre-stress is reached during cool-

down mainly due to the thermal expansion difference 

between iron and aluminium (Fig. 8-9).  

 
Figure 6: Integrated design between CAD, magnetic 

and structural analysis 

 
 

Figure 7: View of magnet “end” at different stages. 

 

 
Figure 8: Typical increase of shell tension during 

assembly and cool-down 

 
 

Figure 9: Aluminium shells used to pre-stress coils 

 

As part of the development of Nb3Sn high field magnets 

for the next generation of HEP colliders [1] the LBNL 

Superconducting Magnet Program is fabricating and 

testing a series of Nb3Sn dipoles magnet HD2/3 (see 

Fig. 10-11). References on the conceptual design, the 

coil and structure mechanical analysis, the fabrication 

and assembly procedure and the field quality 

expectations are in [2-4]. Results of several tests, 
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carried out at the LBNL test facility, are shown in 

Figure 12 indicating low and incomplete training 

curves. Most quench origins were located at the end of 

the straight section just prior to the start up of the bend. 

A subsequent autopsy at that location showed an 

unintended step in the upper block (Fig. 13) created by 

the cable hard-way bend. In HD3 coils, under 

construction, the radius of the bend was increased to 

ease the bend and a supporting “membrane” was added 

between layers. Other test results including strain 

gauges measurements, training performance, quench 

locations, and ramp-rate studies are reported in [5]. 

Other improvements now include curing of coils (using 

a binder) to better position them prior to reaction. By 

reducing the reaction temperature of HD3 coils, a more 

conservative approach was taken by a corresponding 

reduction of the current density from 3300 A/mm
2 

(12 T, 4.2 K) in HD2 to 3000 A/mm
2 

in HD3. The 

impact of all such changes reduced the short-sample 

bore field from 15.6 T in HD2 to 14.9 T in HD3. 

 

 
Figure 10: Magnet HD2 

 

 
Figure 11: Computed field magnitude of HD2 

 

 

Figure 12: Bore field (T) as a function of training 

quenches. The short sample limit of 15.6 T bore field 

corresponds to a coil peak field of 16.5 T. 

 

 

Figure 13: Cross-section cuts of HD2 coil #1 close to the 

beginning of the hard-way. 

Analysis 

LBNL has been developing 3D finite element models to 

predict the behaviour of high field Nb3Sn 

superconducting magnets [6]. The models track the coil 

response during assembly, cool-down and excitation with 

particular interest on displacements when frictional forces 

arise. As Lorentz forces can be cycled and irreversible 

displacements can be computed and compared with strain 

gauge measurements. Analysis on the release of local 

frictional energy during magnet excitation results in a 

temperature increase that can be calculated. Magnet 

quenching and training is then correlated to that level [7]. 

Figures 14-15 show the results of the analysis using the 

programs TOSCA and ANSYS. 
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Figure 14: View of coil, island, end plate, axial support 

rod and contact surface between coil and island. 

 

 
 

Figure 15: Surface between coil and island showing a 

potential increase in energy release at higher currents a 

leading cause of training. 
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KEK EFFORT FOR HIGH FIELD MAGNETS 

T. Nakamoto, KEK, Tsukuba, Japan.

Abstract 
KEK has emphasized efforts to develop the RHQ-

Nb3Al superconductor and a sub-scale magnet reaching 

13 T towards the HL-LHC upgrade in last years. In 

addition, relevant R&D regarding radiation resistance has 

been carried out. For higher field magnets beyond 15 T, 

HTS in combination with A15 superconductors should be 

one of baseline materials. However, all these 

superconductors are very sensitive to stress and strain and 

thorough understanding of behaviour is truly desired for 

realization of high field magnets. KEK has launched a 

new research subject on stress/strain sensitivity of HTS 

and A15 superconductors in collaboration with the 

neutron diffraction facility at J-PARC and High Field 

Laboratory in Tohoku University. Present activity for 

high field magnets at KEK is reported. 

INTRODUCTION 

Recently, future upgrade of the LHC has been lively 

discussed. The high luminosity LHC upgrade (HL-LHC), 

which would provide 5 times higher beam luminosity 

than the present LHC, has been discussed as the most 

possible upgrade plan in near future. Present beam 

insertion systems for ATLAS and CMS will be replaced 

by new superconducting magnets to attain smaller * 

with a larger beam aperture. A15 type superconductors 

such as Nb3Sn and Nb3Al can generate higher field up to 

15 T and are considered to be promising materials for the 

HL-LHC.  

Beyond the HL-LHC, the high energy LHC (HE-LHC) 

might be realized in 2030 or later. In the HE-LHC, the 

beam energy is expected to be double at least and nominal 

field of new main dipole magnets in the LHC tunnel 

should reach 20 T or more. This means that utilization of 

HTS (high temperature superconductors) in combination 

with A15 type superconductors needs to be considered. 

However, it is very well known that these 

superconductors are brittle and superconducting 

performance such as critical current density Jc is 

significantly influenced by mechanical stress and strain. 

Comprehension of these effects is definitely necessary to 

realize high field superconducting magnet for future 

accelerator. 

KEK has been engaged to develop the Nb3Al 

superconductors and the high field magnet technology 

towards the future accelerator. Recently, we have also 

launched new research subject regarding the stress and 

strain sensitivity of the superconductors.  In this paper, 

present R&D status and future plan at KEK towards the 

high field magnet are reported. 

PRESENT R&D STATUS 

Under the framework of the CERN-KEK collaboration, 

KEK has developed the Nb3Al superconductor for the 

high field accelerator magnet application. This R&D 

work is complementary to other R&D efforts in CERN 

and US-LARP with the Nb3Sn superconductors. 

A tentative target application is set to the HL-LHC 

where the magnets below 15 T would be utilized. In 

parallel with the superconductor development, KEK has 

been developing a sub-scale magnet to demonstrate 

feasibility of Nb3Al cable. KEK has been also performing 

R&D on the relevant magnet technologies such as 

insulations, radiation resistance study. 

Nb3Al Superconductor Development 

For the accelerator magnet application beyond 10 T, 

Nb3Sn superconductor is in the most advanced state of 

development. However, Jc can be degraded by excessive 

stress and strain. In contrary, Nb3Al has a much better 

stress and strain tolerance. For instance, the previous 

study demonstrated that an Nb3Al strand in an epoxy-

impregnated cable sustained under transversal stress 

beyond 200 MPa [1]. 

In order to utilize the better strain tolerance, studies on the 

development of Nb3Al wires have been conducted in 

Japan for many years. Thanks to a Rapid 

Heating/Quenching and transformation (RHQ) process [2] 

developed by NIMS (National Institute for Materials 

Science), Jc has been significantly improved at high field 

region. However, the wire temperature instantaneously 

reaches around 2000 °C to form supersaturated solid 

solution of Nb(Al)ss in the RHQ process and an ordinary 

copper matrix cannot be utilized because it melts. 

Therefore, main development items of RHQ-Nb3Al wires 

for accelerator application are not only to increase of Jc 

but also adoption of adequate matrix and stabilizer. 

KEK and NIMS have been jointly developing RHQ-

Nb3Al wires for the accelerator application. Figure 1 

shows a cross section of the recent RHQ-Nb3Al wire and 

the specification is listed in Table 1.  

 

 
Figure 1: Cross section of the RHQ-Nb3Al 

superconducting wire 
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Table 1: Specification of the RHQ-Nb3Al Wires 

Wire Diameter 1.0 mm 

Non-Copper Diameter 0.7 – 0.73 mm 

Area Reduction ~70 % 

Filament Diameter 35 m 

Barrier Thickness 4 - 6 m 

Twist Pitch 45 mm 

Piece Length ~ 1 km 

 

Firstly, an ordinary Nb-matrix that has better 

mechanical affinity to other composite elements was 

incorporated. The RHQ-Nb3Al wire with Nb-matrix 

showed the highest non-copper Jc of 1030 A/mm
2
 at 15 T. 

Furthermore, wire breaking rate during cold drawing was 

rather small. However, it turned out that Nb-matrix wires 

exhibited large magnetic instability in a low-field region 

at 4.2 K where niobium is in the superconducting state. It 

was concluded that utilization of Nb-matrix was not 

appropriate for the accelerator application.  

Accordingly, new Ta-matrix wires that are stable in a 

low field have been developed. Figure 2 shows 

magnetization curves of RHQ-Nb3Al wires with Nb- and 

Ta-matrix. In comparison with Nb-matrix wire (F1), 

magnetization curves of Ta-matrix wires (K1 and K2) are 

very small and no flux jump can be seen. In terms of 

suppression of low field instability, adoption on Ta-

matrix was very successful. Figure 3 shows non-copper Jc 

of Ta-matrix wires (K1-K4). Although each wire has 

design parameters in the cross section, behaviours of non-

copper Jc are very similar. However, an average non-

copper Jc at 15 T is still around 800 A/mm
2
 and this value 

is about half of Nb3Sn (OST-RRP). 

 

Figure 2: Magnetization curves of RHQ-Nb3Al wires at 

4.2 K. [3] 

Regarding manufacturing of the Ta-matrix wires, we 

have suffered wire breakings during cold drawing so far 

because tantalum is rather stiff. Microscopic observation 

indicated that the breaking was initiated at very narrow 

tantalum matrix in the cross section. In order to reduce the 

breaking rate towards 10 km class long wire production, 

importance of quality improvement and control for 

tantalum sheets was recognized. Production trials of 

100 m long wire using different tantalum ingredients were 

started in 2010. The study is still underway and the 

successful results would be adopted for the 1 km long 

wire production as a demonstration in 2011. 

 

Figure 3: Non-copper Jc of RHQ-Nb3Al wires with Ta-

matrix. As a reference, non-copper Jc of Nb3Sn-RRP is 

also plotted. 

Nb3Al Sub-Scale Magnet Development 

In parallel with the superconductor development, KEK 

has made progress on the development of a 300 mm long 

Nb3Al superconducting sub-scale magnet with a simple 

mechanical structure that is considered to be a 

fundamental R&D to demonstrate feasibility of high field 

magnets with Nb3Al cable [4]. So far, four types of Nb3Al 

Rutherford cables for the sub-scale magnet have been 

successfully fabricated in collaboration with Fermilab. 

The cable with 28 RHQ-Nb3Al strands is 14 mm wide 

and 1.8 mm thick and a piece length is over 20 m. 

Figure 4 shows a schematic drawing of the sub-scale 

magnet. The design concept is incorporated from the 

original development by LBNL with Nb3Sn technology. 

The magnet consists of three Nb3Al coils combined with 

two Nb3Sn coils [5]. The magnet has the “common-coil” 

structure with a very narrow gap along the vertical 

median plane such that the peak field in the central Nb3Al 

coil can be maximized to reach 13.2 T at 12 kA. Two 

additional Nb3Sn sub-scale coils developed by LBNL 

with a higher current density contribute to boost up the 

peak field effectively. A rather thick aluminium shell is 

required to apply adequate pre-stress at magnet assembly 

and its large thermal shrinkage can increase the pre-stress 

even during cool-down. 

Following two dummy coil fabrication with NbTi 

cables to evaluate the fabrication process including heat 

reaction in the vacuum furnace at 800 °C and the epoxy 

resin vacuum impregnation, the first real coil winding 

with Nb3Al cable was carried out.  Another two coils will 

be fabricated in 2011.  

Relevant Magnet Technology R&D 

In superconducting magnets for the HL-LHC with 

Nb3Al superconductor, the coil insulation system plays 

very important role. The insulation system needs to fulfil 

the following specification: endurance at higher reaction 
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temperature than Nb3Sn, mechanical reinforcement by 

resin impregnation under very severe radiation 

environment, and keeping engineering current density as 

high as possible. 

Since heat reaction temperature of 800 °C for the 

Nb3Al coil is higher than Nb3Sn, an ordinary glass tape in 

the Nb3Sn system are not applicable. Two types of 

alumina tape of 0.125 mm thick from different suppliers 

(CTD and NITIVY) have been used for the cable 

insulation. Recently, NITIVY has succeeded to 

manufacture thinner alumina tape of 0.08 mm thick 

aiming higher engineering current density. This insulation 

will be utilized for the coil winding in near future. 

In terms of radiation resistance, an ordinary epoxy resin 

that is commonly used for the Nb3Sn coil impregnation is 

only applicable up to several MGy. Cyanate ester is 

known to have much better radiation resistance than 

epoxy. However, higher curing temperature beyond 

180 °C and extension of pot life with low viscosity are 

practical issues for the coil impregnation. KEK and other 

three institutes (JAEA, University of Hyogo and 

Mitsubushi Gas Chemical) have formed a collaboration 

framework and have newly developed the special cyanate 

ester base resin mixed with epoxy for the accelerator coil 

application: lower curing temperature at 150 °C and long 

pot life of 24 hours at 60 °C. Demonstration of the 

dummy coil impregnation with the cyanate ester base 

resin was successfully carried out and the picture of the 

impregnated coil is shown in Fig. 5.  

Evaluation of radiation resistance of magnet materials 

is crucial. We have carried out gamma ray irradiation 

tests on organic materials since 2003 at JAEA-Takasaki. 

The new cyanate ester resin is planned to be evaluated 

soon.  In addition, a series of neutron irradiation tests at 

cryogenic temperature below 20 K have been launched in 

2010 at KUR (Kyoto University Research Reactor). Main 

scope is to survey electric resistivity increase of 

stabilizers due to neutron irradiation: resistivity of pure 

metal is known to be degraded even at fast neutron 

fluence of 10
21

 n/m
2
 or less, but the data for industrial 

stabilizers such as aluminium and copper with RRR up to 

several 100 does not exist. The quench protection scheme 

of the magnet system is concerned to be compromised 

when the resistivity of the stabilizer unexpectedly 

increases due to the neutron irradiation during the beam 

operation. The first irradiation test with aluminium 

samples from the superconducting cable for solenoid 

magnets have been made and rapid increase of resistivity 

has been observed even at neutron fluence of 10
20

 n/m
2
. 

The next irradiation test for copper stabilizers for the 

accelerator magnets is planned in 2011. 

NEW RESEARCH ON STRESS/STRAIN 

DEPENDENCE OF SUPERCONDCUTORS 

For high field accelerator magnets beyond 15 T in 

future, utilization of HTS and A15 type superconductors 

is considered as baseline materials in the meantime. As 

mentioned above, however, it should be reminded that 

their performance like Jc depends on stress and strain of 

superconductors. The engineering design for such high 

field magnets must need thorough understanding of 

stress/strain dependence of the superconductor 

performance. 

Since industrial superconducting wires/tapes are 

composites comprised of superconductors surrounded by 

other materials and stabilizers with different thermal 

contractions, residual strains can be naturally induced by 

a temperature variation of around 1000 K from the heat 

reaction temperature to the cold for the operation. In 

addition, since the shape of the Rutherford-type cable is 

complicated and the impregnated coil windings for the 

accelerator magnets are applied the complicated stress in 

various directions during the assembly, the cool-down 

and the excitation, it is very difficult to predict the actual 

strain of the superconductor. To design and develop the 

high field superconducting accelerator magnets 

successfully, it is very important to understand the strain 

behaviors of the superconductor by neutron diffraction 

measurements. The neutron diffraction measurement 

facility using pulsed neutrons at the BL-19 (TAKUMI) of 

J-PARC MLF, shown in Fig. 6, is the most appropriate 

tool to experimentally study the strain behaviors of the 

HTS and the A15 superconductor in the accelerator coil. 

The following is the main reasons;  

 

Figure 4: A schematic drawing of the Nb3Al and 

Nb3Sn hybrid sub-scale magnet.  

 

 

Figure 5: Picture of a dummy sub-scale coil 

impregnated with the new cyanate ester base resin. 
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 Three-dimensional strains of the superconducting 

wire can be simultaneously determined by using a 

pair of 90° detector banks.  

 Strains of each ingredient can be determined by 

using several diffraction peaks measured 

simultaneously.  

 Even small strains can be measured with its high 

resolution. 

 Thanks to high penetration depth of neutrons into the 

sample, strain distribution inside the massive coil 

sample can be obtained. 

In collaboration with NIMS, JAEA and Tohoku 

University, a series of neutron diffraction measurement 

for the stress/strain study has been started with a long-

term viewpoint. Preliminary measurement of the RHQ-

Nb3Al wires with different matrixes at room temperature 

was made in 2010. Figure 7 shows diffraction peaks of 

the Ta-matrix wire as a typical case. It was observed that 

residual strains of Nb3Al crystal were varied according to 

matrix materials.  

For the neutron diffraction measurement at cryogenic 

temperature under loading, KEK in collaboration with 

JAEA has newly developed a cryogenic load frame that 

can apply the tensile load up to 50 kN in the temperature 

range from 6 K to 300 K, shown in Fig. 8. This cryogenic 

load frame can provide different conditions to the samples 

with changing the load and the temperature. Not only sole 

superconducting wires or tapes, but also bulk samples like 

epoxy-impregnated Rutherford cable stacks simulating 

the coil can be measured with this cryogenic load frame. 

In parallel, experimental study on Jc behaviors under 

different stress/strain has been also started at High Field 

Laboratory in Tohoku University. Both experimental 

results of neutron diffraction measurement and Jc 

measurement under stress/strain will be inseparably 

analyzed. Knowledge and understanding from this study 

will improve the mechanical design of high field 

superconducting accelerator magnets and help to 

precisely predict its performance limit. 

SUMMARY 

KEK has promoted the R&D towards high field 

accelerator magnet. Development of RHQ-Nb3Al 

superconductors aiming to be applied for the HL-LHC 

has been emphasized. The latest Ta-matrix wire showed 

better low field instability even though non-copper Jc is 

smaller than that of Nb3Sn-RRP. Magnet technology for 

RHQ-Nb3Al cable under very severe radiation 

environment is underway. Especially, development of the 

cyanate ester resin for the accelerator application is 

highlighted. For the long-term R&D, experimental study 

on stress/strain sensitivity has been launched. 

REFERENCES 

[1] A. Kikuchi et al., IEEE Trans. Appl. Supercond. 18 

(2008) 1026. 

[2] T. Takeuchi, Cryogenics 48 (2008) 371. 

[3] A. Kikuchi et al., IEEE Trans. Appl. Supercond. 20 

(2010) 1428. 

[4] Q. Xu et al., IEEE Trans. Appl. Supercond. 20 (2010) 

176. 

[5] R. R. Hafalia et al., IEEE Trans. Appl. Supercond. 13 

(2003) 1258. 

 

Figure 6: Neutron diffraction measurement facility at 

the BL-19 (TAKUMI) of J-PARC MLF.  

 

Figure 7: Diffraction peaks of RHQ-Nb3Al with Ta-

matrix measured at TAKUMI, J-PARC MLF.  

 

Figure 8: Cryogenic load frame up to 50 kN from 6 K 

to 300 K.  
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EUCARD MAGNET DEVELOPMENT 

Gijs de Rijk, CERN, Geneva, Switzerland.

Abstract 
The FP7-EuCARD work package 7 (WP7), “HFM: 

Superconducting High Field Magnets for higher 

luminosities and energies” is a collaboration between 12 

European institutes and firms with the objective of 

developing high field magnet technology. WP7 foresees 

to construct a 13 T dipole with a 100 mm aperture, a 

B = 6 T high temperature superconductor (HTS) dipole 

insert, a superconducting HTS link and a superconducting 

helical undulator.  

EUCARD WP7 HIGH FIELD MAGNETS  

The High Field Magnet work package is a collaboration 

between 10 institutes and 2 firms: 

 CEA-Irfu Saclay, France (CEA) 

 CERN, Genève, Switzerland (CERN) 

 CNRS-Grenoble, France (CNRS) 

 COLUMBUS, Genova, Italy (COLUMBUS) 

 BHTS-Bruker, Hanau, Germany (BHTS) 

 Karlsruhe Institute of Technology, Germany (KIT) 

 INFN-LASA, Milano, Italy (INFN) 

 Wroclaw Technical University, Poland (PWR) 

 Southampton University, UK (SOTON) 

 STFC-Daresbury, UK (STFC) 

 Tampere Technical University, Finland (TUT) 

 Université de Genève, Switzerland (UNIGE) 

Besides a management task, the work package consists 

of 5 R&D tasks :  

2. Support studies 

3. High field model: 13 T, 100 mm bore (Nb3Sn) 

4. Very high field dipole insert (in HTS, up to 

ΔB = 6 T) 

5. High Tc superconducting link (powering links for 

the LHC) 

6. Short period helical superconducting undulator 

(ILC e
+
 source) 

The duration is from April 2009 until April 2013. The 

total budget is 6.4 M€ from which 2.0 M€ is the EC 

contribution. 

 

HIGH FIELD MODEL 

Several of the technologies used for Nb3Sn magnets 

(superconducting cable, insulation, coil design, support 

structures) were partly developed during the FP6-CARE-

NED project. They are to be brought together and tested 

in a model dipole magnet. The aim of task 3 “High field 

model” is to design, build and test a 1.5 m long, 100 mm 

aperture dipole model with a design field of 13 T using 

Nb3Sn high current Rutherford cables.  

The key component in a superconducting magnet is the 

conductor. In order to develop high field magnets it is 

essential to have a facility to tests the cables (not „just‟ the 

strands) up to the maximum field and therefore this model 

will afterwards be used to upgrade the superconducting 

cable test facility FRESCA at CERN from 10 T to 13 T.  

In Fig. 1 an overview is given of existing dipole 

magnets. In this figure, both magnets employed in 

accelerators and R&D models built to prospect high fields 

can be found. All the existing accelerators, which operate 

below 10 T, employ cos  geometries with Nb-Ti 

conductors. Above 10 T both cos  (D20 and MSUT) and 

block coil (HD1 and HD2) geometries were employed on 

models using Nb3Sn conductors. The proposed magnet 

(EuCARD-Fresca2) is at the top range of both field and 

aperture of all preceding projects. The design and 

construction of such a 13 T magnet with a 100 mm bore is 

thus an important challenge. To embark on such a project 

it is important to learn from existing HFM projects.  

 

Figure 1: Field and bore diameter for a selection of 

superconducting magnets. For the magnets used in 

accelerators the fields are the real operational values. For 

model and prototype magnets these are the quench 

plateau values obtained during the tests. 

During the first year of the project a study was made to 

compare potential coil geometries and a literature study 

was done on existing Nb3Sn magnets. In June 2010 the 

collaboration selected the block coil geometry for the 

EuCARD-Fresca2 magnet. This choice was backed by 

winding tests on the feasibility of the “flared-ends” which 

are needed for this type of coils (Fig. 2).  

 

Figure 2: Winding tests at CEA for the block coil with 

flared ends 
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In Fig. 3 the choice and further development of the coil 

geometries in the design phase of this project can be seen.  

 

Figure 3: Development of the coil geometries during the 

design phase (one quarter shown). 

For this magnet the conductor was selected taking into 

account previous developments in the CARE-NED 

program [1],[2] and by the LARP collaboration [3]. The 

cable has 40 strands of 1 mm diameter. Procurement of 

the strand has started and first prototype lengths have 

been delivered for tests. 

The present layout consists of a coil with 2 double 

pancakes, the one close to the mid-plane has 36 + 36 turns 

and the outer one has 42 + 42 turns (see Fig 3 right hand 

picture). The picture of the magnet can be found in Fig. 4. 

The structure employs the shell-bladder and key system 

previously developed by LBNL [4]. At 13 T the magnet 

will operate at 82.5% of the load line at 4.2 K at a current 

of 10.6 kA given a degraded conductor performance of 

1250 A/mm
2
 at 15 T (this is 76.1% of the load line at 

1.9 K). At this field the horizontal EM force is 16 MN/m 

and the stored energy is 3.6 MJ/m. 

 

Figure 4: Schematic layout of the magnet 

The main issues to be addressed for the 13 T dipole are: 

 the conductor performance, quality and availability, 

 the maximum field on coil, 

 forces and stresses on the coil, 

 the stored energy in the magnet, 

 quench protection, 

 the “makebility” of the coil and structure. 

The structure applies nearly half of the pre-stress on the 

coil due to the differential shrinking between the shell and 

the yoke, the other half is applied at room temperature by 

inserting keys. The stress in the coil during the magnet 

lifecycle in one of the preliminary mechanical studies can 

be found in Fig. 5. 

Figure 5: Coil stress during the magnet life-cycle 

The flared ends of the coil imply that the cable is to be 

bend „the hard way‟; due to the natural elasticity of the 

cable the chosen bending radius of 700 mm is easy to 

execute. For comparison: in the HD2 magnet from LBNL 

the hard-way bending radius in the flared ends is 350 mm. 

In Fig. 6 a CAD picture of the coils in one pole can be 

found. In Fig. 7 a pre-design image of the ends of the 

magnet can be seen. Special attention will have to be paid 

to the design of the reaction tooling due to the 

combination of the thermal and reaction expansion of the 

conductor combined with the flared ends of the coils. 

 

Figure 6: The coil of one pole, CAD image. 

 

 

Figure 7: Pre-design image from the magnet ends. 

The detailed design of the magnet was done in 2010 

and a design review will be held on 20-21 January. The 

structure should be completed by the end of April 2011 

and the mechanical behaviour in liquid nitrogen with 

dummy coils will be tested in the May-June 2011. 

THE HIGH-ENERGY LARGE HADRON COLLIDER, MALTA, 2010

46



Component and tooling design will start end of 2010 and 

should be completed by April 2011. The critical path of 

the project is the conductor deliveries that are planned at 

regular intervals up to November 2011. The first double 

pancake coil with superconductor cable is planned to be 

ready by March 2012. Assembly of the magnet with a 

complete coils set will be started by end February 2013 

followed by the magnet test in April 2013. 

VERY HIGH FIELD DIPOLE INSERT 

Recent progress on High Temperature Superconductors 

like YBCO and BSCCO-2212 has shown good 

performance on the intrinsic current transport properties 

(Je > 400 A/mm
2
 at 4 K, B < 25 T). This should open the 

road to higher magnetic fields in the B = 20 T range 

interesting for HE-LHC. The aim this task is to design 

and fabricate an HTS very high field dipole insert (6-7 T), 

which can be installed inside the 13 T Nb3Sn dipole of 

task 3 that will serve the role of the outer layer magnet. 

This is a very first attempt to approach 20 T in a dipole 

geometry. The development takes place in three steps. 

The first studies deal with the specification of several 

HTS conductors. This is to be completed by modelling 

work focused on stability and quench. The quench of 

HTS coils with very often occurring degradation is an 

identified issue. Due to the difficulty of making in one go 

a dipole insert coil of HTS conductor, several HTS 

solenoid insert coils will be made and tested in existing 

high field solenoid magnets. The experience that will be 

gained will be used to construct a dipole insert coil.  

The main issues to be addressed for the dipole insert 

are:  

 Jc of the HTS conductor: to reach 6 T we need an 

averaged Jc of ~ 300 A/mm
2
;  

  HTS coil fabrication; 

  Electromagnetic forces in the range of 1000 t/m; 

  Fixing into dipole; 

  Coupling between dipole and insert, quenching 

either or both magnets. 

The two candidate conductor types pose different 

strong and weak points: 

1. BSCCO-2212 round strand:  

 Good: cabling possibilities to reach high total 

currents. 

 Poor: Critical heat treatment and weak mechanical 

performance. 

2. YBCO tape: 

 Good: Performance in Jc and stress (Fig. 8). 

 Poor: cabling possibilities and difficult winding of 

coil ends.  

Recent quench studies indicate that a quench of the 

13 T magnet will quench the whole insert and thus a 

protection mechanism is inherently there for this case. 

Further quench studies are needed to cover all possible 

cases.  

A first small solenoid made from YBCO has 

highlighted the issues to be solved: splice connections 

between the tapes need to be further developed and the 

fabrication process has to be optimized so as to avoid 

conductor degradation. 

 

Figure 8: Measured critical current performance for a 

YBCO tape conductor sample tested in 2010 

Figure 9: Field in the coils of the combined HTS insert 

and Nb3Sn magnet 

For the dipole insert a design was made using 12 mm 

wide YBCO coated conductor tape in a ‘paired cable’ 

geometry (see Fig. 9). The internal aperture is 20 mm in 

diameter. The current in a 12 mm tape is 610 A.  The HTS 

dipole is located inside a 4 mm thick steel tube to contain 

the Lorentz forces (14 MN/m -16 MN/m) (in B=13 T 

from the outer dipole).  

HIGH TC SUPERCONDUCTING LINK 

The interest of buses linking superconducting magnets 

made of HTS material was recognized already before the 

LHC startup. In one of the cleaning insertions this will be 

needed to replace a Nb-Ti superconducting link which 

will be at a thermal limit due radiation heating. Recently 

an additional problem has been identified with the 

radiation sensitivity of electronics, which renders the 

power convertors vulnerable. For running at high 

intensity and luminosity these problems are also felt in 
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caverns close to the beam. To avoid the limitations 

imposed by these effects power convertors for the low 

beta insertion will have to be relocated in caverns far 

from the main tunnel or on the surface (see Fig. 10). For 

these type of solutions superconducting HTS links are 

needed to make efficient connections to the 

superconducting magnets using a minimum of space. The 

use of HTS enables operation at higher temperatures and 

offers a convenient gain in temperature margin during 

operation. In cases where space is limited and the 

radiation environment is harsh, it also provides more 

flexibility in the location of the cryostats supporting the 

current leads. HTS links of the type required for the 

accelerator technology did not exist, and significant work 

is being done to develop a long-length multi-conductor 

operating in helium gas at about 20 K.  

 

Figure 10: Schematic layout option at the LHC with the 

power convertors at the surface 

Considerable R&D is at present being done on HTS 

cables for electrical utilities, and it might be a 

consideration that one could directly apply these 

technologies. However, at present this work is focused on 

using single or 3-phase AC conductors with high voltage 

insulation and liquid nitrogen cooling, and it should be 

noted that this is still development work yet to be 

concluded. Particle accelerators require high quasi- DC 

current carrying links with many cables (up to about 50) 

in parallel and cooled with liquid or gaseous helium. In 

the LHC there are over 50000 connecting cables with a 

total length of 1360 km. Thus the need specific to 

accelerator applications, is for a new type of link with 

multiple circuits, electrically isolated at around 

1 kV -2 kV, carrying quasi-DC currents. The design study 

has to cover the options with YBCO, BSCCO and MgB2 

at a temperature of 20 K as well as the electrical 

connections between HTS and LTS. 

Figure 11: Two tape conductor candidates for a SC link 

The task is studying the various conductors available on 

the market to find suitable candidates (Fig. 11) and 

lengths of up to 1 km of several tapes have been procured 

for this. Prototype cables are being tested at several 

partner of the collaboration. Studies and tests of the 

electrical joints between tapes (splices) are being done.  

For the LHC applications several link types are being 

designed and one design case can be seen in Fig. 12. The 

task will conclude with the construction and test at CERN 

of prototype link segments. 

 

Figure 12: Example of a link layout with multiple 

conductors in a concentric geometry 

SHORT PERIOD HELICAL 

SUPERCONDUCTING UNDULATOR 

The aim is to increase the achievable magnetic field 

level in short period undulator magnets through the use of 

advanced materials (Nb3Sn conductors) and innovative 

designs (helical coils). For example, single pass free 

electron lasers (e.g. X-FEL, FERMI@ELETTRA) could 

cover a wider wavelength range through field 

enhancement, or alternatively, operate at significantly 

lower electron energy. Additionally, short period 

undulator magnets could be used in the production of 

positrons for any future lepton collider and increased 

magnetic field levels will increase the positron yield and 

also allow for savings.  

Previously an Nb-Ti helical undulator achieved an 

on-axis field of 0.86 T with a peak coil field of 2.74 T at 

4.2 K. The aim is to reach B = 1.5 T on-axis with a peak 

field on the coil of 4.4 T and a period of 11.5 mm on a 

winding bore of 6.35 mm. Nb3Sn will be tried to get the 

higher current densities at the 4 T - 5 T range combined 

with temperature margins of several Kelvin needed in the 

synchrotron light environments in the accelerator. 

Known challenges are a sufficiently thin Nb3Sn 

insulation system compatible with the heat treatment, the 

hoop stress in the wire and a controlled winding system 

for single (insulated) wires in a helical groove. First 

winding tests with a 0.5 mm thick wire (0.65 mm with 

insulation) have given encouraging results (Fig. 13). The 

task will design, construct and test a short (500 mm) 

undulator model and compare the results with the NB-Ti 

model previously tested. 

 

Vertical link 
H = 100 m 
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Figure 13: Winding trails for the helical undulator 

SUPPORT STUDIES 

The aim of the support studies is to study radiation 

effects on and thermal behaviour of Nb3Sn magnets to 

prepare for accelerator application of these magnets. For 

the EuCARD-Fresca2 magnet of task2 solutions for the 

insulation and the thermal design are to be proposed 

possibly compatible with accelerator applications. 

Magnets in accelerators like the upgraded LHC and are 

subjected to very high radiation doses. In the low beta 

insertion quadrupole the integrated peak dose on the coil 

can attain 50 MGy over the lifetime of the HL-LHC. The 

electrical insulation employed on the coils need to be 

resistant to this radiation. A certification program for the 

radiation resistance is needed in parallel to the modelling 

efforts for such magnets. The same radiation is also 

depositing heat in the coils. The heat removal from the 

coils needs to be modelled. These models have to be 

supported with measurements. A thermal design of the 

dipole model coil can then be made. 

Four potential impregnation materials will be tested 

(RAL mix 71, Epoxy TGPAP-DDS(2002), LARP 

CTD101K with filler ceramic and 3 Cyanite Ester mixes) 

to assess their suitability for high radiation environments. 

For this mechanical, electrical and thermal conductivity 

measurements will be done on samples irradiated with 

and electron beam up to 50 MGy. The irradiation will be 

done at IJP Swierk (Po) in 2011. 

 

 
Figure 14: Calculated temperature distribution in the 

magnet at a total heat load of 0.167 W/m during ramping 

(start temperature 4.2 K) 

  

Thermal models of Nb3Sn magnets are being used to 

study cool-down scenarios and steady state heat load (at 

4.2 K and 1.9 K) on the coils. In Fig 14 a thermal map 

from a preliminary steady state heat load study can be 

found.  

 

FUTURE R&D 

At present ESGARD has launched preparations for a 

successor project for EuCARD (EuCARD2), which is to 

start by the beginning of 2012. Four institutes (CERN, 

CEA, LBNL and KEK) envisage taking the lead in 

starting a larger collaboration to develop high field 

magnets for HE-LHC. Following the development of the 

13 T wide aperture magnet in EuCARD and the HTS 

insert and under the condition that these developments are 

successful, the logical successor project is to prepare for a 

high field magnet for a HE-LHC type collider application. 

The project could consist of the following R&D items: 

1) Make a design study for a 20 T magnet for HE-LHC. 

2) Construct a technology demonstrator model dipole 

magnet in the 15 T - 18 T range. 

3) Conductor development for the 20 T field range. 

For the LHC it took 22 years from the start of the 

magnet development to the switch-on of the machine. 

One has to start now with the development of 20 T 

magnets in order to be ready for HE-LHC in the 20+ year 

time scale. Experience from the LHC and presently from 

LARP, with the development of the low beta insertion 

quadrupoles for HL-LHC, indicates that this has to be 

done in a large international collaboration. 
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Abstract 
New accelerator magnet technology based on Nb3Sn 

superconductor is being developed at Fermilab since late 

90’s. Six short dipole models, seven short quadrupole 

models and numerous individual dipole and quadrupole 

coils have been built and tested, demonstrating magnet 

performance parameters and their reproducibility. The 

technology scale up program has built and tested several 

dipole and quadrupole coils up to 4-m long. The results of 

this work are summarized in the paper.  

INTRODUCTION 

Dipole magnets for the LHC energy upgrade scenario 

with operating field of ~20 T would require using high-

field high-temperature superconductors such as BSCCO 

or YBCO, which have highest upper critical magnetic 

field Bc2. However, due to the substantially higher cost 

and lower critical current density in magnetic fields below 

15 T, a hybrid approach with Nb3Sn superconductor in 

fields below 15 T is a quite attractive option even though 

the Nb3Sn and HTS materials require different coil 

fabrication techniques. 

During the past decade, Fermilab has been developing 

new Nb3Sn accelerator magnet technologies in the 

framework of the High Field Magnet (HFM) program. 

Nb3Sn accelerator magnets can provide operating fields 

up to 15 T and significantly increase the coil temperature 

margin. Such magnets are being developed for the LHC 

IR upgrade, Muon Collider Storage Ring, and present and 

future high-energy hadron colliders. The program began 

in 1998 with the development of the small-aperture arc 

dipoles for the Very Large Hadron Collider (VLHC) [1]. 

Since 2003, the emphasis of the program was shifted 

toward large-aperture Nb3Sn quadrupoles for an LHC IR 

upgrade [2].  

The High Field Magnet R&D program started with the 

development of basic technologies and studies of main 

magnet parameters (maximum field, quench performance, 

field quality) and their reproducibility using a series of 

short models, and then proceeded with the demonstration 

of technology scale up using relatively long coils. Along 

the way, the HFM program has made several 

breakthroughs in Nb3Sn accelerator magnet technologies. 

The most important of them include the development and 

demonstration of high-performance Nb3Sn strands and 

cables, reliable and reproducible coil fabrication 

technology, and a variety of accelerator quality 

mechanical structures and coil pre-load techniques. The 

status and the main results of the Nb3Sn accelerator 

magnet R&D at Fermilab are summarized in this paper. 

 
Figure 1: HFDA dipole cross-section. 

MAGNET DESIGNS AND PARAMETERS 

Dipole and quadrupole models 

The design and main parameters of Fermilab’s dipole 

models of the HFDA series are described in [3]. These 

magnets have been developed as baseline dipoles for  the 

VLHC which was extensively studied in the U.S. around 

2000 [4]. The cross-section of the dipole cold mass is 

shown in Fig. 1. This magnet was designed to provide a 

nominal field of 10-11 T (Bmax~12 T) in a 43.5 mm 

aperture at an operating temperature of 4.5 K. The main 

R&D goal of this model magnet series was to develop 

robust Nb3Sn coil technology and an inexpensive 

mechanical structure suitable for industrialization. This 

goal dictated the philosophy of magnet design and 

technology. The magnet design is based on a two-layer 

shell-type coil and a cold iron yoke. To reduce the magnet 

cost, a compact collarless mechanical structure with Al 

clamps, a 400 mm iron yoke and a 10 mm stainless steel 

skin was used.  

The design and parameters of Fermilab’s quadrupole 

models of TQC series are described in [5]. These magnets 

were proposed and used as a technological model of a 

new generation of large-aperture IR quadrupoles being 

developed by the US-LARP collaboration [6] for the 

planned LHC luminosity upgrade. The TQC cross-section 

is shown in Fig. 2.  

 
Figure 2: TQC quadrupole cross-section. 
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This model magnet series was designed to provide the 

same nominal field gradient of 200 T/m (Gmax~250 T/m) 

in 90-mm aperture at the same operating temperature of 

1.9 K as the present 70-mm NbTi IR quadrupoles 

(MQXB). The quadrupole design consists of a two-layer 

shell-type coil and a cold iron yoke. The design and 

technology of quadrupole coils used in TQC models 

largely rested on the results of the dipole program 

described above. The TQC quadrupole mechanical 

structure is based on the slightly modified mechanical 

structure of the present LHC IR quadrupoles (MQXB). It 

includes a 25-mm-thick round stainless-steel collar, a 

400 mm iron yoke and a 12 mm thick stainless steel skin.  

The dipole and quadrupole coils were wound using 

keystoned Nb3Sn Rutherford cables with 27 (28 in first 

dipole models) strands 0.7 mm (TQC) and 1.0 mm 

(HFDA) in diameter. The cable used in the first two 

dipole models HFDA02-03 had 0.025 mm thick stainless 

steel core to control the strand crossover resistance while 

the cables used in HFDA04-07 dipoles and in all the TQC 

quadrupole models were without a core. The dipole and 

quadrupole cable parameters are summarized in Table 1.  

Table 1: Cable parameters. 

Parameter Unit HFDA TQC 

Number of strands  27(28) 27 

Strand diameter  mm 1.00 0.70 

Cable mean thickness  mm 1.80 1.26 

Cable width  mm 14.24 10.05 

Cable keystone angle  deg 0.9 1.0 

Cable insulation thickness mm 0.25 0.125 

 

The design quench parameters at the corresponding 

nominal operating temperatures for the dipoles and 

quadrupoles, calculated for the strand critical current 

density Jc(12 T, 4.2 K)=2 kA/mm
2
, are summarized in 

Table 2. Both magnets are designed for practically the 

same level of maximum field in the coil Bmax~12 T at the 

corresponding nominal operating temperatures. 

Table 2: Magnet quench parameters at 4.5 and 1.9 K. 

Parameter 
Operating 

temperature 
HFDA TQC 

Bmax, T   12.05  

Quench current, kA  4.5 K 21.66  

Coil peak field, T  12.6  

Gmax,, T/m   233 

Quench current, kA 1.9 K  14.07 

Coil peak field, T   12.1 

Nb3Sn strands 

Three types of Nb3Sn strand were used in the dipole 

and quadrupole model magnets. 

The strand for the first three dipole models, HFDA02-

04, was produced using the Modified Jelly Roll (MJR) 

process and had 54 Nb3Sn sub-elements in cross-section. 

The MJR strand had a critical current density 

Jc(12 T, 4.2 K)~2.0-2.2 kA/mm
2
 and a quite large 

filament size deff~100 µm in 1-mm strand [7].  

The strand for the last three dipole models, HFDA05-

07, was made using the Powder-in-Tube (PIT) process 

and had 192 Nb3Sn filaments. The PIT strand had lower 

Jc(12 T, 4.2 K)~1.6-1.8 kA/mm
2
 and smaller deff~50 µm at 

1-mm strand diameter [7].  

Then a new improved strand based on the Restack Rod 

Process (RRP) was developed [8]. This strand was 

initially produced with a 54/61 cross-section design and a 

high Jc(12 T, 4.2 K) up to 3 kA/mm
2
. However, the 

quadrupole models TQC01 (a and b) and TQC02b were 

made using the MJR strand with lower 

Jc(12 T, 4.2 K)~2 kA/mm
2
 and 54 sub-elements 

(deff~70 m in 0.7-mm strand). The second generation of 

quadrupole models TQC02a, TQC02E (a and b) used the 

RRP strand with Jc(12 T, 4.2 K)~2.8 kA/mm
2
 and 54 sub-

elements.  

Taking into account the importance of the strand and 

cable designs and parameters for accelerator magnet 

performance, an extensive Nb3Sn strand and cable R&D 

study was conducted by Fermilab in parallel with the 

model magnet R&D program focusing on the 

improvement of strand stability, reduction of strand 

magnetization, minimization of strand degradation during 

cabling, etc. RRP strands with various cross-section 

designs were produced and studied in collaboration with 

OST [9]. Based on the results of these studies, the RRP-

108/127 strand with increased sub-element spacing and 

reduced sub-element size was developed as a baseline 

conductor for the Nb3Sn accelerator magnet R&D. This 

strand was used in several dipole and quadrupole coils.  

The cross-sections of some Nb3Sn strands used in the 

dipole and quadrupole models are shown in Fig. 3.  

 

   
Figure 3: Nb3Sn strand cross-sections: a) MJR-54/61, b) 

PIT-192 and c) RRP-108/127.  

Cable insulation  

 Several types of cable insulation based on ceramic, S2-

glass and E-glass fiber were studied [10] and used in the 

Nb3Sn dipoles and quadrupoles.  The insulation types, 

dimensions and their costs are shown in Fig. 4.  

The most important differences between these materials 

include mechanical and electrical strength after reaction, 

thicknesses, and cost. Ceramic insulation has 

demonstrated the best electrical strength and mechanical 

properties during coil processing.  However, its thickness 

is relatively large and it is much more expensive than 

either the S2-glass or E-glass systems.   The E-glass tape 

is the least expensive and most readily available in a 

variety of thicknesses, and based on tests is acceptable for 

use in Nb3Sn magnets (at least during an R&D phase).  

All the dipole models were made using cables insulated 

with two-layers of the ceramic tape. The quadrupole 
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models were made using cables insulated with the S2-

glass sleeve. Some dipole and quadrupole coils were 

made using S2- or E-glass tapes or their combinations.    
 

 

Figure 4: Insulation types and cost: a) 0.125 × 13 mm
2
 

ceramic tape (~20 $/m), b) 0.125 mm S2-glass sleeve 

(~10 $/m), c) 0.075 × 13 mm
2
 E-glass tape (~0.2 $/m), 

and d) 0.125 × 13 mm
2
 S2/E-glass combination tape 

(~6 $/m). 

 
 

 
Figure 5: Nb3Sn dipole coils impregnated with ceramic 

binder after winding and curing (top) and a quadrupole 

coil cured with ceramic binder after reaction (bottom). 

Coil technology 

Coils used in accelerator magnets have relatively small 

bending radii and thus favor the Wind&React method. 

The superconducting Nb3Sn phase in this case is formed 

after coil winding during high-temperature heat treatment. 

This technique requires that coil components (wedges, 

pole blocks, end parts, etc.) be capable of withstanding 

high-temperature heat treatment under compression. An 

optimization method for metallic end part design was 

developed and used at Fermilab [11]. Implementing the 

rapid prototyping technique enhanced the quality and 

reduced the time and the cost of end part development. 

A critical innovation implemented at Fermilab to the 

coil fabrication process was using a liquid ceramic binder 

[12]. The ceramic binder improves the mechanical 

strength of cable insulation during coil winding and glues 

all the coil components after coil curing, thus simplifying 

coil handling, forming and measuring its cross-section 

before reaction. During the final coil heat treatment, the 

binder turns into small ceramic particles. These hard 

dielectric particles are excellent filler during coil 

impregnation with epoxy increasing the coil turn-to-turn 

electrical strength and its mechanical properties. These 

improvements simplified the coil fabrication process, 

increased its robustness, and reduced coil fabrication cost 

and time.  Pictures of coils impregnated with ceramic 

binder after winding and curing and after reaction are 

shown in Fig. 5. The details of the baseline dipole and 

quadrupole coil technology are reported in [3], [5]. 

All the dipole and quadrupole coils were impregnated 

with CTD 101K epoxy to improve their mechanical and 

electrical properties. The radiation strength of the regular 

epoxy resin is quite low and that limits the lifetime of 

accelerator magnets operating in hard radiation 

environments. Fermilab is investigating some 

commercially available polyimide solutions [13] and new 

epoxy compounds to replace traditional epoxy as an 

impregnation material for Nb3Sn coils. 

Mechanical structure and coil pre-load  

Two quite different mechanical structures, one based on 

a thick stainless steel shell and the other one based on a 

stainless steel collar supported by stainless steel skin, 

were used in dipole and quadrupole models. 

In the dipole structure the initial coil pre-stress of 

~20 MPa and the magnet geometry control at room 

temperature is provided by two Al clamps. The final coil 

prestress of ~100-120 MPa at operating temperature, 

applied to reduce the radial and azimuthal turn motion 

under Lorentz forces, is created by the iron yoke, two 

clamps and a  stainless steel skin.  

The quadrupole mechanics involves coil initial pre-

stress to ~30-50 MPa during collaring and then the final 

coil pre-stress to ~110-150 MPa by the stainless steel skin 

during assembly and cooling down to operating 

temperature. Control spacers prevent coil over-

compression during yoking and skinning and increase the 

radial rigidity of the structure. 

Axial coil pre-load and support in both dipole and 

quadrupole models is provided by thick end plates 

connected to the skin. 

Nb3Sn accelerator magnets with collar-based 

mechanical structures need a reliable collaring procedure 

for brittle Nb3Sn coils [14]. The quadrupole coils collared 

with traditional quadrupole-style collars are usually 

compressed incrementally in the longitudinal direction.   

In order to limit the azimuthal stress gradient between 

adjacent sections, several passes are required to achieve 

the target coil prestress. The duration of the collaring 

procedure for this approach is proportional to the coil 

length and typically takes about one week per meter of 

coil. The maximum magnet length is also limited by the 

vertical space in a magnet assembly facility. 

An alternative collaring method is based on a dipole-

style collar. With this collar, the coils (dipole or 

quadrupole) are compressed simultaneously along their 

entire length, eliminating local stress gradients. This 
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method lowers the risk of damage of brittle Nb3Sn coils as 

well as significantly reduces the collaring time and makes 

it independent of coil length. 

 

 
Figure 6: Dipole CTS (dipole mirror). 

Coil test structures 

Individual dipole and quadrupole coils were tested 

using special coil test structures (CTS) under operating 

conditions similar to those of real magnets, thus reducing 

the turnaround time of coil fabrication and evaluation, as 

well as material and labor costs.  The dipole and 

quadrupole CTS use the same mechanical structures and 

assembly procedures as the corresponding complete 

magnets, and allow advanced instrumentation to be used. 

 The dipole CTS [15] is shown in Fig. 6.  This structure 

is similar to the dipole structure of the HFDA series 

except that the iron yoke is split horizontally and one of 

the two coils is replaced with half-cylinder iron blocks. 

The coil inside the yoke is surrounded by bronze spacers.   

The transverse coil pre-stress and support is provided the 

same way as in the dipoles by a combination of  the 

aluminum yoke clamps and the bolted stainless steel skin.   

The quadrupole CTS [16] is shown in Fig. 7. It uses the 

iron yoke and skin of 90-mm quadrupoles of the TQC 

series.  Three coils, collars and preload control spacers are 

replaced by iron blocks and spacers. This sub-assembly is 

installed in the standard TQC iron yoke and pre-

compressed by a bolted stainless steel skin.  

Axial coil pre-load and support in both dipole and 

quadrupole coil test structures is provided by two bolts in 

each thick end plate bolted to the skin. 
 

SHORT MODEL TEST RESULTS  

Six short dipoles of the HFDA series and six dipole 

CTS of the HFDM series were built and tested during 

2002-2006. This was the first series of nearly identical 

Nb3Sn magnets which provided the first data on magnet 

quench performance and field quality and their 

reproducibility. In 2007-2010 seven quadrupole models of 

the TQC series and six quadrupole CTS of the TQM 

series were fabricated and tested, expanding and enriching 

the previous results and experience. In the course of the 

model magnet R&D phase the production time of short 

dipole and quadrupole models was reduced to 5-6 months 

per model, which is comparable with the production time 

of traditional NbTi dipole and quadrupole models.  

The dipole models were tested in liquid helium 

normally at 4.5 K and some at lower temperatures. The 

quadrupole models were tested at 4.5 K, 1.9 K and 

intermediate temperatures. 

 

 
Figure 7: Quadrupole CTS (quadrupole mirror). 

Quench performance 

The first three dipole models, HFDA02-04, made of the 

MJR strand, were limited by flux jumps in the 

superconductor and reached 5-6 T or only 50-60% of their 

design field [17].  The last three dipole models HFDA05-

07, made of the more stable 1-mm PIT-192 strand, 

reached Bmax=9.4 T at 4.5 K and 10.2 T  after cooling 

down to 2.2 K which corresponds to 100% of magnet 

short sample limit (SSL) at both temperatures. Fig. 8 

shows the quench performance of the dipole models made 

of PIT strand. The maximum field reached by these 

models was ~10 T and was limited by the relatively low 

critical current density of the PIT strand. Nevertheless, 

these models clearly demonstrated that the developed 

Nb3Sn coil technology and magnet mechanical structure 

are adequate for 10 T accelerator magnets.  

A dipole coil made of high-Jc RRP-108/127 strand and 

tested later in 2006 using the dipole test structure 

HFDM06  reached Bmax= 11.4 T at 4.5 K (97% of SSL) 

confirming robustness of the developed dipole coil 

technology and mechanical structure (see next section). 

The first quadrupole models TQC01a and TQC01b, 

made of the low-Jc MJR strand, reached the nominal 

design field gradient of 200 T/m at 1.9 K [18]. 

Fig. 9 summarizes the quench performance of the 

quadrupole models TQC02Ea and TQC02Eb made of 

high-Jc RRP-54/61 strand at 4.5 K. TQC02Ea was 

collared using traditional quadrupole collars and the 

multi-pass partial compression technique, whereas 

TQC02Eb was collared using the dipole-style collars. For 

comparison, magnet training data of TQS02a and TQS02c 

models utilizing the same set of coils and based on the 

alternative mechanical structure [19] are also presented. It 
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can be seen that the quench performance of all the 

quadrupole models at 4.5 K was quite similar. 
 

 
Figure 8: Dipole training quenches at 4.5 (solid markers) 

and 2.2 K (open markers) in thermal cycles TCI/TCII.  

 
Figure 9: Quadrupole model training quenches at 4.5 K. 

 

The maximum field gradient reached at 4.5 K in TQC 

models based on high-Jc RRP-54/61 strand was 211 T/m 

or ~90% of magnet SSL. At 3 K it increased to 217 T/m 

and then at lower temperatures it reduced to ~ 200 T/m 

due to flux jumps in superconducting strands. 

A TQC quadrupole model with coils made of RRP-

108/127 strand is being assembled and will be tested with 

the goal of achieving the design field gradient of 

~230 T/m at the nominal operation temperature of 1.9 K. 

Both dipole and quadrupole short models demonstrated 

similar training performance including the relative level 

of the first quench, training duration and training memory 

after thermal cycling in spite of the significant difference 

in their structures and assembly techniques.  

Field quality 

The average values of geometrical harmonics in dipoles 

at 1.8 T and in quadrupoles at 45 T/m at the reference 

radius Rref corresponding to a half of the coil aperture are 

shown in Table 3. The values of the low order harmonics 

in both HFDA and TQC models are small, except for b3 in 

HFDA and a4 in TQC which are above one unit.  

The standard deviations of normal and skew harmonics 

for HFDA dipole and TQC quadrupole models are shown 

in Fig. 10. The variation of skew harmonics in Nb3Sn 

dipole and quadrupole models is quite close and still 

larger than in comparable dipole and quadrupole models 

based on traditional NbTi technology [20], [21]. The 

variation of normal harmonics is larger since it includes 

not only the coil component errors but also the 

adjustments of coil pre-stress shims. The reproducibility 

of both normal and skew harmonics in Nb3Sn certainly 

can be improved by rising the tolerances of coil 

components, providing better coil alignment and reducing 

prestress variations. 

 

Table 3: The average geometrical field harmonics for six 

dipole and five quadrupole models, 10
-4

. 

n 

HFDA,  

Rref=10 mm 

TQC,  

Rref=22.5 mm 

an bn an bn 

2 -0.37 -0.15 -0.25 -0.09 

3  0.55  2.06 -0.45 -0.97 

4 -0.73 -0.06 -1.46  0.28 

5  0.17  0.60 -0.25  0.97 

6 -0.04  0.00  0.06 -0.02 

7  0.01  0.20 -0.08  0.10 

9 -0.02 -0.05  0.04  0.04 

 
Figure 10: Normal bn and skew an random field errors in 

Nb3Sn dipole (HFDA) and quadrupole (TQC) models.  

 

The coil magnetization, related to persistent currents in 

superconducting filaments and eddy currents in strands 

and cables, reduces the main field component (B in dipole 

and G in quadrupole) and affects the first allowed field 

harmonics - b3 in dipoles and b6 in quadrupoles.  

The persistent current component is most important in 

the case of magnet operation with low ramp rates. It was 

large but reproducible in dipole and quadrupole models 

made of the same strand type [22], [23]. The higher strand 

Jc or larger deff proportionally changed the persistent 

current component of the magnet main field and the first 

allowed harmonics. In some dipole models with large flux 

jump activities in the coil, substantial erratic variations of 

sextupole field component at low fields were observed 

[24]. The superconductor magnetization theory and 

magnet experimental data suggest that the large persistent 

current effect and its variations observed in present Nb3Sn 

accelerator magnets can be reduced by using strands with 

smaller sub-element size. A substantial fraction of the 

persistent current component can also be compensated 

using a passive correction based on thin iron strips [25]. 
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The eddy current components depend on the current ramp 

rate, strand and cable twist pitches, transverse resistivity 

of the strand matrix, and interstrand resistance in the 

cable. The first three dipole models demonstrated a very 

small and reproducible eddy current effect due to large 

crossover resistances in the cable with the stainless steel 

core and the high resistivity (low RRR) of the strand 

matrix. The last three dipole models and all quadrupole 

models, all without stainless steel core in the cable and 

low matrix resistivity (high RRR), had large and non-

reproducible eddy current components. This behavior was 

caused by the eddy currents in the cable due to large 

uncontrollable variations of cable interstrand resistance in 

coils. The above results suggest that the eddy current 

magnetization effect can be suppressed and well 

controlled by using cored cables and well-twisted strands.  

Surprisingly, the decay and snapback effect, typical and 

quite strong in NbTi accelerator magnets, was not 

observed in either Nb3Sn dipole [26] or quadrupole [23] 

magnets. Studies of this effect will continue. 

 

Table 4. Coil design features. 

CTS 
Coil  

type 

Strand 

type 

Jc(12T, 4.2K), 

A/mm
2
 

Filament 

deff, µm 

Cable  

core 

Cable  

insulation 

Pole  

material 

HFDM01 DA05 MJR-54/61 2200 100 w/o core Ceramic tape Bronze 

HFDM03 DA12 PIT-192 1600 50 -“- -“- -“- 

HFDM06 DA19 RRP-108/127 2100 70 -“- -“- -“- 

TQM01 TQ19 RRP-54/61 2800 70 w/o core S2-glass sleeve Bronze 

TQM02 TQ17 -“- -“- -“- -“- -“- -“- 

TQM03 TQ34 RRP-108/127 2500 50 -“- E-glass tape Titanium 

TQM04 TQ35 -“- 2300 -“- 25 µm tape S2-glass sleeve -“- 
 

NB3SN COIL STUDIES 

Several issues were identified during the model magnet 

R&D which required experimental studies including the 

effect of conductor stability, cable core and insulation, 

coil pole materials, coil pre-stress. These and some other 

questions were studied and addressed by fabricating and 

testing series of dipole and quadrupole coils. The details 

of these studies are reported in [15]-[17], [27]. Coil design 

and fabrication features are summarized in Table 4. 

Quench performance data of the dipole and quadrupole 

coils tested using the corresponding Coil Test Structures 

are plotted in Figs. 11 and 12.  

The dipole coils made of different types of strand 

showed quite different training behavior. The coil made of 

the MJR strand with the largest value of Jc·deff and a 

relatively low RRR demonstrated erratic quench 

performance and large degradation of magnet quench 

current at 4.5 K. The PIT coil demonstrated stable training 

performance and reached its SSL at 4.5 K. At lower 

temperatures, it demonstrated the expected increase of the 

quench current.  

 
Figure 11: Dipole coil training quenches at 4.5 K (solid 

markers) and 2.2 K (open markers).  

 

Table 5. Maximum pre-stress in the inner-layer pole turns. 

CTS 
Coil pre-stress, MPa 

300 K  4.5 K  

TQM03a 95 80 

TQM03b 105  130 

TQM03c 135  185 
 

The RRP coil with reduced sub-element size reached 

the highest quench current, ~97% of its SSL limit, at 

4.5 K. Noticeable variations of quench current on the 

current plateau pointed to mechanical or magnetic 

instabilities in the coil at high currents. 

The quadrupole coils showed standard training 

behavior at 4.5 K with some variations of the first quench 

current, the number of training quenches and the 

maximum quench current. The training and ramp rate 

behaviors indicated that coils reached their SSL at 4.5 K. 

At 1.9 K the TQ coils (TQ17 and TQ19) made of RRP-

54/61 strand with deff~70 µm showed some reduction of 

quench current and an erratic quench behavior which was 

observed also in the ramp rate measurements at the low 

current ramp rates. Meanwhile, coils TQ34 and TQ35, 

made of RRP-108/127 strand with deff~50 µm, showed the 

expected increase of quench current and regular ramp rate 

dependence at 1.9 K.  After a few training quenches, these 

coils reached their SSL at 1.9 K. 

To study the effect of pre-stress on the coil quench 

performance, coil TQ34 was assembled with three 

different warm and cold pre-stress values and tested three 

times using quadrupole CTS TQM03a/b/c. The values of 

maximum pre-stress in the inner-layer pole turns at room 

temperature and after cooling down are reported in 

Table 5.  The TQM03a training data are shown in Fig. 12. 

0

5000

10000

15000

20000

25000

30000

0 10 20 30 40 50

Q
u

e
n

c
h

 c
u

rr
e

n
t (

A
)

Quench number

HFDM01

HFDM03

HFDM06

THE HIGH-ENERGY LARGE HADRON COLLIDER, MALTA, 2010

55



 
Figure 12: Quadrupole coil training quenches at 4.5 K 

(solid markers) and 1.9 K (open markers). 

 
Figure 13: Coil TQ34 temperature dependence. 

After re-assembly with higher pre-stress, TQM03b did 

not show any training and reached the same maximum 

quench currents both at 4.5 K and 1.9 K. TQM03c with 

the highest coil pre-stress also demonstrated good training 

memory at 4.5 K but unexpectedly low quench current 

increase and erratic quench behavior at 1.9 K.  

The dependence of coil quench current on temperature 

for TQM03a/b/c is presented in Fig. 13.  TQM03a and 

TQM03b showed stable and reproducible quenches over 

the entire temperature range from 1.9 to 4.5 K whereas 

TQM03c showed the same performance only above 3.5 K 

with most quenches below 3.5 K in the outer-layer blocks. 

Analysis of the quench performance of the Nb3Sn 

dipole and quadrupole coils as well as the dipole and 

quadrupole models leads to the following practical 

conclusions: 

a) The thin stainless steel core inside the cable does not 

degrade the coil training and maximum quench current 

but significantly reduces the sensitivity of the magnet 

quench current to the current ramp rate. It makes this 

approach an efficient means of suppressing eddy currents 

in the cable, which cause deterioration of field quality in 

Nb3Sn accelerator magnets during magnet ramping and 

unexpected magnet quenching during energy extraction. 

b) The dipole and quadrupole coils with bronze and 

titanium pole parts and different cable insulation systems 

demonstrated similar quench performance. It confirms 

their compatibility with Nb3Sn coil technology for 

accelerator magnets.  

c) The warm coil pre-stress up to 150 MPa and cold 

pre-stress up to 190 MPa do not cause any degradation of 

the coil critical current at 4.5 K. However, substantial flux 

jump instabilities at temperatures below 3 K were 

observed due to the possible local strand damage during 

coil fabrication and assembly, which led to a non-uniform 

transport current redistribution in strand cross-sections.  

d) Flux jump instabilities in high-Jc Nb3Sn strands with 

large deff cause significant degradations of magnet quench 

performance. To suppress this effect in Nb3Sn accelerator 

magnets based on high-Jc strand with Bnom above10 T, the 

value of deff has to be less than 50 µm. To meet more 

strict field quality requirements at injection and provide 

conductor stability margin in the case of high coil pre-

stress, the deff should be even smaller, less than 20 µm. 

 

 

Figure 14: 4-m long Nb3Sn dipole coil (left) and LM02 

cold mass (right). 

 

TECHNOLOGY SCALE UP  

The technology scale up phase addresses the issues 

related to winding, curing, reaction, impregnation, and 

handling of long Nb3Sn coils, and long magnet assembly 

and performance due to the brittle nature of Nb3Sn 

superconductor. The scale-up was performed in several 

steps starting in 2007 with fabricating and testing a 2-m 

long dipole coil made of PIT Nb3Sn strand, which 

demonstrated stable and reproducible quench performance 

[22]. In 2008, the first 4-m long cos-theta dipole coil 

made of RRP-108/127 Nb3Sn strand was fabricated and 

tested [29].  The 4-m long Nb3Sn dipole coil and the 4-m 

long dipole CTS LM02 are shown in Fig. 14. 

Training quenches of the 2-m long PIT coil (LM01) and 

the 4-m long RRP coil (LM02) at 4.5 K are shown in 

Fig. 15.  The 2-m PIT coil after short training at 4.5 K 

reached its short sample limit and a field level of 10 T 

similar to the corresponding 1-m long PIT coil tested in 

dipole CTS HFDM03. The 4-m long dipole coil made of 

the high-Jc RRP-108/127 strand, unlike its short version, 

was limited at 4.5 K by strong flux jump instabilities in 

the coil outer layer (perhaps caused by conductor damage 

during coil fabrication or CTS assembly). However, after 

suppressing them by heating the coil outer layer using 

quench heaters, it reached ~90% of its short sample limit 

at 4.5 K. The coil maximum quench current was limited 

by quenches in the inner-layer mid-plane turns caused by 

heaters. The described results are complemented by the 

results of Nb3Sn technology scale up performed by US-

LARP by testing 4-m long racetrack coils [30] and 

recently the first 3.6-m long 90-mm quadrupole LQS01 
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[31]. The positive results of the Nb3Sn technology scale 

up phase strengthen the high expectations for practical use 

of this technology in particle accelerators.  

 

 
Figure 15:  LM01 and LM02 training quenches at 4.5 K 

(markers) and short sample limits (dotted lines). 

CONCLUSIONS 

Fermilab has been developing Nb3Sn accelerator 

magnets over the past decade. The Nb3Sn coil design and 

production experience includes ~20 dipole and ~35 

quadrupole 1-m long coils as well as 2-m and 4-m long 

dipole coils, and 14 4-m long quadrupole coils fabricated 

completely at Fermilab or in collaboration with BNL and 

LBNL. The coil technology developed at Fermilab 

allowed reaching good reproducibility of the major coil 

parameters and short fabrication time. Two mechanical 

structures, one based on a thick stainless steel shell and 

the other based on a stainless steel collar supported by 

stainless steel skin, were developed and successfully 

tested. Two collaring techniques for brittle Nb3Sn coils 

were also developed and experimentally demonstrated. 

The robustness of the developed technologies was 

confirmed by handling and transportation of the short and 

long Nb3Sn coils across the country, multiple coil re-

assemblies in different mechanical structures and magnet 

tests without performance degradation.  

The accelerator quality performance, including quench 

behavior and field quality, was reached in series of dipole 

and quadrupole models.  The obtained results are not 

final, and there is room for their further improvement.  

The advances in Nb3Sn accelerator magnet technology 

during the past decade make it possible for the first time 

to consider Nb3Sn magnets with nominal fields up to 12 T 

(Bmax up to 15 T) in present and future machines. To 

expand magnet operating fields up to 15 T, additional 

R&D effort will be required. 

All the available experimental data show that 

superconductor properties are critical for magnet quench 

performance, field quality, protection, etc. Collaboration 

with materials groups in universities and industry on 

Nb3Sn strand optimization is critical for the practical 

implementation of Nb3Sn magnets in accelerators. The 

work on Nb3Sn strand improvement with the goal of 

developing Nb3Sn strands, which meet accelerator magnet 

specifications, has to be continued. 
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Abstract 
This paper reviews the status of high temperature 

superconductors for high field magnets for future devices 

such as a high energy LHC or a muon collider. Some of 

the primary challenges faced for the implementation of 

systems are discussed. Two conductor technologies, 

Bi2Sr2CaCu2O8+x and YBa2Cu3O7-, have emerged as high 

field conductor options, but their relative advantages and 

disadvantages for high field magnets are quite different. 

These are reviewed from an engineering perspective, 

including coil manufacturing, electromechanical 

behaviour and quench behaviour. Lastly, the important 

roles of “system pull” upon conductor and magnet 

technology development, and of interactions between the 

materials and magnet communities for accelerating 

development, are discussed. 

INTRODUCTION 

High temperature superconductors (HTS) have 

continued to advance technologically such that there are 

now at least six demonstrations of the generation of 

magnetic field greater than 25 T, and at least two that 

have surpassed 30 T [1, 2]. With the successful operation 

of the LHC, it is timely to consider the technological 

prospects for the development of the large, high field 

superconducting magnets needed for the next generation 

of colliders, such as a high-energy upgrade to the LHC or 

a muon collider [3, 4]. As HTS conductors evolve into 

commercial products, it is also important to assess the 

technological limitations and challenges that need to be 

addressed for large systems to ultimately come to fruition. 

Furthermore, with the high cost associated with 

development of future magnet technologies, an 

assessment of decision-points is also appropriate.   

CONDUCTOR OPTIONS 

As discussed at length in [5], the use of HTS 

conductors for high field magnets is necessitated by the 

fundamental limit to the high field behaviour of Nb3Sn. 

Thus, although Nb3Sn currently has significant 

advantages over HTS conductors in terms of cost, 

availability, experience-base and fundamental 

understanding, it is limited to magnets generating about 

21 T for solenoids, and perhaps 18 T for dipoles. It is only 

the ability to carry high critical current density (Jc) at very 

high magnetic field (at least 45 T) that results in the 

consideration of HTS options. Thus, HTS conductors are 

viewed not as a replacement technology, but as an 

enabling technology for future high field magnet systems. 

Figure 1 plots the engineering critical current density 

versus magnetic field for LTS, HTS and MgB2 conductors 

[6]. This data represents the highest published values for 

each of the emerging conductor options. Note that the 

high field performance of MgB2 is poor, so it is not 

considered a high field conductor option. 

Emerging Conductor: REBa2Cu3O7-, 

REBa2Cu3O7-, (REBCO), where RE refers to rare 

earth elements, is an HTS conductor that has been 

developed via thin film oxide technologies. While there 

are variations from manufacturer to manufacturer, in 

general REBCO conductors are based upon the deposition 

of thin oxide buffer layers atop a high strength Ni-alloy 

(e.g., Hastelloy or Ni-W) substrate. The REBCO layer is 

then deposited upon the oxide buffer layers, which 

provide a template for bi-axially-textured growth and a 

chemical barrier against Ni contamination. The bi-axial 

texture is known to be essential for obtaining high Jc. The 

REBCO layer is then covered by a thin Ag “cap layer” 

that provides environmental protection. Lastly, the entire 

conductor is encased by stabilizer, typically Cu. The 

resulting “coated conductor” carries the highest high-field 

Jc of any known superconducting material. The REBCO 

fill factor is only ~1-2%, however, which greatly reduces 

the engineering critical current density, Je. Extensive 

literature exists regarding the processing of REBCO 

conductors, and various approaches used to enhance flux 

pinning, mechanical strength, REBCO layer thickness, 

etc. [7-14]  

One of the primary limitations of REBCO coated 

conductors is that excellent electromagnetic performance 

is only obtained in a highly aspected, wide, thin tape 

geometry with highly anisotropic electromagnetic 

behaviour. The anisotropy limitations can be overcome to 

a significant extent in solenoids by using the REBCO 

only in the highest field section of the magnet system, and 

using NbTi and Nb3Sn outserts to generate the lower 

magnetic fields. By properly designing the relative 

heights of the outserts and the REBCO insert, the 

magnetic field perpendicular to the REBCO tape (the 

“bad” direction) can be minimized and overall magnet 

performance optimized [15]. This is not so readily 

accomplished for dipoles or quadrupoles magnets.  

Another challenge for REBCO is that the wide, thin 

tape geometry does not readily lend itself to traditional 

cabling, and Rutherford cables are not an option at 
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present. The only cabling option currently available is the 

Roebel cable approach, which is intrinsically more 

expensive as it wastes a significant percentage of the 

REBCO conductor in its manufacture. Although Roebel 

cables are clearly a low AC loss option, they are unproven 

for high field magnet systems, and in particular their 

mechanical and quench behaviours are unknown [16-19]. 

REBCO coated conductors can be viewed as a 

commercial product, although production lengths remain 

limited and at present the cost is high. Industrial 

manufacturers are currently focusing significant attention 

on scale-up issues in anticipation of meeting demand for a 

number of potentially growing markets, particularly 

within the energy sector. As the expectation is that the 

high volume market will ultimately be for energy systems 

operating at temperatures approaching 77 K and at 

relatively low magnetic field, optimizing conductors for 

low temperature, high field operation is not a research and 

development (R&D) priority. Thus, while the anticipation 

of market pull is driving development and scale-up, the 

impact on high field magnets is not as great as if there 

was a dedicated focus specifically upon the development 

of high field conductors. The potential for a large 

commercial market, coupled with the relatively low raw 

materials costs, imply that as commercialization increases 

and the REBCO market grows, the conductor unit price 

will decrease significantly. In the short term, REBCO 

applications will be attractive when REBCO is the 

enabling technology, because it is not cost competitive 

with LTS materials, but if sufficient demand is established 

such that the unit price is reduced significantly, then that 

price reduction is likely to fuel additional demand and a 

growing market. 

Emerging Conductor: Bi2Sr2CaCu2O8+x 

Unlike REBCO, Bi2Sr2CaCu2O8+x (Bi2212) conductors 

are based on powder-in-tube technology and 

multifilamentary wire deformation processes developed 

for NbTi and Nb3Sn. Both single and double restack 

architectures are manufactured industrially, but in most 

cases the first billet uses a high purity Ag tube, and the 

subsequent tubes are a Ag-alloy, typically Ag-Mg. The 

starting powder is typically high phase purity Bi2212. 

After deformation, the multifilamentary wire requires a 

heat treatment that first goes above the peritectic melt 

temperature and then resolidifies the Bi2212 phase. The 

partial-melt process is necessary to establish connectivity 

between the Bi2212 grains. During peritectic melting, 

however, phase segregation occurs so after 

resolidification the oxide is not phase-pure Bi2212, but 

instead contains a number of parasitic phases that reduce 

wire performance. Furthermore, the powder-in-tube 

process does not result in 100% dense filaments, so after 

heat treatment there is also significant porosity within the 

 

 
Figure 1: Engineering critical current density versus magnetic field for low temperature superconductor wires, high 

temperature superconductor wires and tapes and MgB2 wires.  
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filaments. Recent studies have shown that the heat 

treatment results in interfilamentary bridging which plays 

an important role in transport as well. Extensive literature 

exists regarding the processing of Bi2212 conductors [20-

32]. 

Despite these issues, Bi2212 round wire remains a 

strong candidate for high field magnets. Bi2212 wires are 

electromagnetically isotropic and readily formed into 

Rutherford cables [27, 33, 34]. Industrial wire production 

is primarily limited by demand; the manufacturers are 

capable of producing significant volumes upon order. The 

key supply-chain concern, however, is the Bi2212 powder 

itself, but this is also a demand-based issue. If significant 

volumes of Bi2212 are required, capable powder 

manufacturing exists. The lack of significant demand for 

Bi2212 is primarily a result of the lack of a market other 

than high field magnets. The in-field electrical 

performance of Bi2212 declines rapidly for temperatures 

above about 20 K, so they are not competitive with 

REBCO for applications within the energy sector. Thus, 

while Bi2212 R&D is focused on high field magnets, 

there is no other strong driving force for scale-up. Unlike 

REBCO coated conductors, the unit costs of Bi2212 are 

not dominated by the manufacturing costs but instead by 

the unit cost of Ag. Thus, the price of Ag represents the 

“floor” below which the price of Bi2212 wire cannot 

drop, and the only potential for decreasing the conductor 

cost for Bi2212 magnets is to significantly increase Je 

such that less conductor is required.  

Conductor Comparison 

Although REBCO and Bi2212 are both HTS 

conductors, technologically their similarities are few and 

their R&D challenges for high field magnets are quite 

different. This is summarized in Table 1, which compares 

the two conductors in terms of magnet-related issues.  

ELECTROMECHANICAL BEHAVIOUR 

High field magnets are intrinsically high force magnets 

due to the Lorentz forces present. Thus, strain tolerance 

and strain management grow in importance as the 

magnetic field increases. While low current density is one 

approach to lower Lorentz forces, low current density also 

results in very large, expensive magnets. Thus, an ideal 

high-field conductor not only has high Jc(B), but also 

either strain tolerance or compatibility with approaches to 

reduce the conductor strain in magnets.  

Electromechanical behaviour of REBCO 

REBCO is manufactured on strong Ni-alloy substrates 

that provide significant mechanical advantages. With one 

of the approaches to REBCO, Hastelloy is used as the 

substrate and the Cu-stabilizer is attached to the 

conductor via electroplating. These approaches result in a 

particularly robust conductor and mechanical limitations 

are not a primary concern. The only uncertainty is in 

regards to tensile loads normal to the wide face of the 

conductor. The alternative approach to REBCO 

conductors is a Ni-W substrate with stabilizers attached 

via solder fillets. While Ni-W is stronger than most other 

high-field conductor options, it is not as strong as 

Hastelloy, and the solder fillets do not provide high 

strength for tensile loads normal to the wide face of the 

conductor or in shear. Thus, of the two conductor 

technologies, the former is preferred for high field 

magnets [35-42].  

 

Table 1: HTS Conductor Comparison  

(Note that bold text indicates a significant advantage 

whereas italics indicates a particularly challenging issue) 

Bi2212 REBCO 

Round wire Wide, thin tape 

~30% fill factor ~1-2% fill factor 

Isotropic electromagnetic 

behaviour 

Anisotropic electromagnetic 

behaviour 

Rutherford cables Roebel cable only 

Weak Ag-alloy matrix Strong Ni-alloy substrate 

Poorly understood 

microstructure-property 

relationships; properties 

very sensitive to heat 

treatment details 

Highly engineered 

microstructures  

Readily scalable conductor 

manufacturing 

Conductor manufacturing 

scale-up challenges 

Wind&react magnets; 

magnet processing 

challenges 

React&wind magnets 

High field magnet 

applications are sole market 

High temperature, low-field 

applications driving R&D  

High price of Ag Expensive processing 

Active high field magnet 

projects on-going 

Active high field magnet 

projects on-going 

 

REBCO magnets are limited to react-and-wind magnet 

manufacturing which can add a non-zero bending strain to 

the total strain. The conductor can be designed, however, 

such that the REBCO layer is situated on the neutral axis 

or even in compression, so the bending strain contribution 

to the total strain is not a dominant concern [43]. 

Furthermore, REBCO electromechanical behaviour is 

reversible, so cycling within the fatigue limits does not 

generally result in significant degradation before failure 

[44, 45]. 

Electromechanical behaviour of Bi2212 

Unlike REBCO, Bi2212 is encased within a relatively 

weak Ag/Ag-alloy sheath that provides significant 

ductility for wire drawing but does not provide high 

strength. Typically, the Ag-alloy is oxide dispersion 

strengthened (ODS) Ag-Mg, which sacrifices some 

ductility for increased strength and stiffness after heat 

treatment, but Bi2212 wire electromechanical behaviour 

remains a serious drawback. Primarily due to the poor 
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electromechanical behaviour, Bi2212 is limited to wind-

and-react magnet construction, which eliminates bending 

strain but results in other limitations discussed below [46-

48].  

While the primary source of the poor electromechanical 

behaviour of Bi2212 is the lack of strength in the Ag/AgX 

matrix, the post-heat treatment Bi2212 microstructure is 

also a significantly contributing factor. Reacted Bi2212 

multifilamentary wire microstructures are comprised of 

discontinuous filaments, interfilamentary bridges, non-

superconducting oxide phases and porosity. As a result, 

the microstructure is defect-intensive with a ready supply 

of potential crack initiation sites that can lead to poor 

strain tolerance. This has recently been confirmed by 

statistical analysis that shows significant variance (i.e., 

inhomogeneity) in performance [49, 50]. This is 

illustrated in Figure 2, which shows Weibull reliability 

distribution for Bi2212 round wires tested at three 

different strain values (zero strain, 0.25% and 0.40%). 

While the high current “tail” in the 0.40% strain data 

indicates a high-strength electrical network within 

Bi2212, the reduction in reliability of the 0.25% strain 

relative to the zero-strain is indicative of some degree of 

irreversibility. The same analysis on REBCO coated 

conductors did not show similar inhomogeneous 

behaviour. Furthermore, there is evidence that the Bi2212 

filaments show fractal characteristics, and subsequent 

fractal analysis highlights the role of these defects in the 

electromechanical performance.  

There are significant R&D efforts currently aimed at 

improving Bi2212 performance. One research direction is 

aimed at improving the mechanical properties of the AgX 

sheath. By increasing the sheath stiffness, the strain on the 

superconductor is reduced for a constant load. Another 

research direction is aimed at improving Jc through 

improved processing and heat treatment approaches that 

result in an improved microstructure. If the 

inhomogeneous Bi2212 microstructure is a limiting factor 

in both Jc and the electromechanical behaviour, then it is 

anticipated that as Jc increases, the strain tolerance will 

also improve. There is recent evidence that Bi2223 (and 

thus perhaps Bi2212) has an underlying reversible 

component to its electromechanical behaviour, which may 

indicate the potential for significant improvements [51]. 

COIL MANUFACTURING 

As indicated in Table 1, REBCO magnets are wound 

using the react-and-wind approach, simplifying the 

selection of insulation and instrumentation materials. 

Although some of the allowed strain may need to be 

allocated to bending strain, this has minimal impact on 

magnet design because the Ni-alloy substrate has high 

strength, and because the REBCO layer is on or near the 

conductor neutral axis. If the REBCO layer becomes 

substantially thicker, if double-sided coating of the Ni-

alloy substrate becomes a standard technique for 

increasing Je, or if a multilayer approach is developed, 

then the bending strain could become significant. At 

present, however, magnet manufacturing is not one of the 

primary challenges to high field REBCO magnets.  

 

 

Figure 2: Weibull reliability distribution functions for 

Bi2212 round wire. The red curve is for 0.40% strain, the 

green is for 0.25% strain and the blue is for zero strain. 

For more details, see [49, 50]. 

 

Primarily due to their strain sensitivity, Bi2212 magnets 

are limited to wind-and-react (W&R) manufacturing or 

variations thereof [22, 23, 52, 53]. W&R manufacturing is 

not intrinsically problematic, as there is a large experience 

base to draw upon from Nb3Sn magnets and a large 

number of very large magnet systems have been 

manufactured in this manner. W&R manufacturing of 

Bi2212, however, is significantly more challenging than 

Nb3Sn for two unavoidable reasons: the presence of 

oxygen, which limits the options for insulation and 

instrumentation materials, and the high degree of 

sensitivity of the electrical performance of Bi2212 to the 

details of the heat treatment. In particular, due to the 

peritectic melting/resolidificaiton process required for 

high Jc Bi2212, Jc is very sensitive to a narrow 

temperature window (2-3 
o
C) for the peak heat treatment 

temperature and the amount of time spent above the 

peritectic melt temperature. The latter challenge is 

exacerbated as the size of coils increases. It is necessary 

to ensure that the portion of the magnet that is slowest to 

reach the peak temperature experiences the peritectic 

melting; but while waiting for the thermal diffusion, the 

portion of the magnet that is first to experience melting 

remains above the melt temperature for too long. 

As a result of these challenges, insulated short samples 

often show a reduced Ic relative to bare wires (about 10% 

lower), and even relatively small Bi2212 magnets 

consistently show about 30% lower Ic than bare short 

samples (see Figure 3). Some of this decrease is likely 

due to the presence of insulation that can enhance the 

depletion of Cu from the conductor (without insulation, 

some Cu diffuses from the filaments into the Ag-alloy; 

reactions with the insulation provide an additional sink 

for Cu that diffuses to the edge of the wire).  

Solutions to these challenges are currently under 

development within the Bi2212 community. Alternative 
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heat treatment processes that reduce the sensitivity upon 

the heat treatment peak temperature are being 

investigated, as are alternatives that attempt to minimize 

the presence of porosity and parasitic oxide phases. 

Alternative sheath alloys that deter Cu diffusion from the 

oxide cores, and alternative insulation materials that are 

not Cu-getters and are significantly thinner than presently 

available options, are being developed. Lastly, new heat 

treatment monitors that provide a continuous temperature-

time map within the magnet during heat treatment offer 

the prospect of knowing real-time when the coldest 

portion of the magnet reaches the peritectic melt, 

facilitating dynamic control of the magnet heat treatment 

process such that the time above the resolidification 

temperature can be actively engineered [54, 55]. 

 

Figure 3: SEM images of heat treated Bi2212 round wire 

sections. The upper two images are from short samples 

(without and with insulation) and the lower two are from 

sections of an insulated Bi2212 coil. The corresponding 

critical currents are also shown. All samples were heat 

treated together during the same furnace run.  

QUENCH BEHAVIOUR 

An important issue for any large, high-energy 

superconducting magnet system is quench protection. For 

low-temperature superconductor (LTS) based magnets, 

quench protection is well understood and protection 

techniques are well established. For HTS-based magnets, 

the underlying science is qualitatively similar to that of 

LTS magnets, but the behaviour is quantitatively very 

different and thus new approaches may be required.  

Typically, quench protection involves (1) quench 

detection: identifying that the magnet is going to quench 

while rejecting false signals and disturbances from which 

the magnet can recover, and (2) a protective response that 

must be implemented on a time scale fast enough to 

prevent the magnet from being damaged. Thus, to design 

a quench protection system, the magnet designer must 

needs to consider the time-evolution of the voltages and 

temperatures within the magnet during a quench so 

effective quench detection schemes can be designed, and 

the voltage-driven and temperature-driven degradation 

limits so that the protective response can prevent damage 

to the magnet. Note also that as the magnet stored energy 

increases, so does the risk of degradation during a quench. 

As the stored energy is proportional to B
2
, the importance 

of quench protection increases with magnetic field and 

with magnet cost. 

One of the most important differences between LTS and 

HTS magnets is the quench propagation velocity (QPV), 

which is a key parameter for quench detection. It has been 

consistently shown that the QPV in HTS (Bi2212 and 

REBCO) is significantly slower, as much as two orders of 

magnitude slower, than in Nb3Sn magnets (see Figure 4) 

[56-69]. While slow quench propagation may also be 

correlated with a slower local temperature rise within the 

magnet, the key question is related to the rate of localized 

temperature rise as compared to the rate of voltage rise 

over monitored segments of the magnet. Voltage is, by 

definition, the integral of the electric field over the 

monitored length of conductor. It does not consider the 

spatial profile of the electric field (which is directly 

related to the spatial profile of the temperature in the 

conductor). Thus, since slow propagation results in a 

highly peaked temperature profile, for the same voltage, 

the peak temperature in an HTS magnet is likely to be 

much higher than in an LTS magnet. As a result, one of 

the key challenges for large, high field, HTS magnets is 

quench detection.  

 

Figure 4: Experimentally measured normal zone 

propagation velocities of Bi2212 and YBCO coated 

conductors (from [60]). 

A number of approaches are under development to 

address the HTS quench detection challenge. One 

approach is the development of quench detection sensors 

that are not voltage-based. The leading option in this 

regard is the implementation of optical fibers [54, 55, 70-
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77]. Optical fiber sensors are in-service in a number of 

environments today, but as of yet have not been optimized 

for low temperatures. Optical fibers are small, thin fibers 

that can be directly incorporated into an HTS winding. 

Compatibility with the Bi2212 heat treatment has been 

demonstrated from the perspective of not causing any 

degradation to the Bi2212 wire. There are a number of 

approaches that use optical fibers as sensors, including 

fiber Bragg gratings, Brouillion scattering, and Rayleigh 

scattering. Fiber Bragg gratings are the most 

commonplace and the most developed of the optical fiber 

sensor technologies, however they are point sensors. 

While one fiber can be used to make measurements at a 

large number of points along its length, the locations must 

be predetermined so that gratings can be written into the 

fiber. Furthermore, while optical fibers in general survive 

the Bi2212 heat treatment, there are problems with 

survival of the grating itself. Rayleigh scattering is similar 

to fiber Bragg grating based scattering, but rather than 

using an engineered grating, it relies upon the natural 

inhomogeneities within an individual fiber to provide the 

necessary light scattering. Thus, in principle, the limit to 

the spatial resolution in Rayleigh scattering is the 

wavelength of the light source used. As a result, the 

practical resolution limits (spatial and temporal) are 

related to the data acquisition and data analysis. Quench 

detection requires obtaining a series of scattering profiles 

from the length of fiber and comparing them to determine 

if there are significant changes occurring. To effectively 

implement such a system, the required spatial and 

temporal resolutions must be understood and the data 

acquisition and analysis developed to meet those 

requirements.  

 

Figure 5: Meshing of a YBCO coated conductor. 

 

In order to better understand the spatial and temporal 

resolution requirements for quench detection, and the 

microscopic behaviours during a quench (localized 

temperatures, voltages, current distribution, stresses and 

strains), and the likely failure modes during a quench, and 

thus to assist magnet designers in developing effective 

quench protection schemes, a high fidelity, experimentally 

validated, multiscale model of REBCO coated conductor 

quench behaviour has been developed. A typical meshing 

of a REBCO conductor is shown in Figure 5, and a 

resulting plot of the temperature versus location during a 

quench is shown in Figure 6. This important tool, which is 

already providing insight into the engineering of REBCO 

architectures for improved quench performance, is also 

capable of predicting both macroscopic, three-

dimensional quench propagation within a magnet while 

simultaneously monitoring the localized behaviour within 

the microscopic layers of a REBCO conductor. A mesh of 

a coil section, with an embedded microscopic mesh of a 

section of conductor, is shown in Figure 6 [59, 61]. 

 

 

Figure 6: Temperature versus location during a quenching 

YBCO conductor. 

 

Figure 7: Multiscale model showing a course mesh for a 

section of a coil with a finer-scale mesh (micron-scale) 

for a section of YBCO conductor within the coil. 

One of the key results from the three-dimensional 

modeling is that three-dimensional quench propagation 

within a magnet can significantly reduce the peak 

temperature for a fixed voltage within a coil. This may be 

obtained via the development of thermally-conducting 

electrical insulators to serve as turn-to-turn insulation. 

While it is found that the one-dimensional propagation 

velocity (along the conductor length) is decreased, the 

peak temperature in the magnet is also significantly 

reduced. This is illustrated in Figure 8, which shows the 

peak temperature (fixed voltaged) for three different 

insulation options. The blue (highest peak temperature) is 

for kapton, the black (intermediate temperature) is for 

alumina, and the red (lowest temperature) is for a high 

thermal conductivity alternative [78]. 

The other key question for quench protection is 

understanding the failure limits. For REBCO conductors, 

the primary concern is delamination. For conductors 

manufactured with solder fillets, the melting temperature 

of the solder is the primary concern. For electroplated 

conductors, two degradation mechanisms have been 

identified. The first is related to pre-existing defects in the 

conductor. These are thus a manufacturing issue that can 

be alleviated with improved processing, quality analysis 

and quality control. The second is related to delamination 

at the REBCO/Ag interface and has been observed during 
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quenching [79]. Ultimately this is likely to be the 

fundamental limit. If this limitation can be addressed, 

then the most fundamental limit becomes deoxygenation 

of the REBCO itself. For Bi2212, the quench limits are 

directly related to the electromechanical limits; i.e., the 

local stress and strain within the conductor [64]. As with 

the electromechanical behaviour, there is anticipation that 

with with improved Bi2212 microstructure and stiffer 

AgX sheaths, improved resistance to quench-induced 

degradation will also result.  

 

 

Figure 8: Impact of thermal conductivity of electrical 

insulator on the peak temperature within a YBCO coil 

during a quench. 

OTHER CONSIDERATIONS 

Although conductor options, electromechanical 

behaviour, coil manufacturing and quench behaviour are 

the primary issues for developing future high-field HTS 

magnets, other issues can also play important roles in the 

development and implementation of new conductor 

technology for accelerator magnets. For example, large 

magnets will require long lengths of conductor, as well as 

connections to current leads. Thus, joining technologies 

are important. These have not been effectively developed 

for either Bi2212 or REBCO conductors. Furthermore, 

the effects of irradiation on Bi2212 and REBCO magnets 

are not yet known. From a quench perspective, HTS 

magnets tend to be very stable with large minimum 

quench energies, so they may be ideally suited for regions 

of the system with large irradiation heat loads. But this is 

predicated upon resistance to irradiation damage, both for 

the conductor and any other materials (e.g. insulation) 

within the magnet system. Furthermore, for magnets to be 

used in high irradiation areas (e.g., an interaction region), 

HTS magnets, and in particular REBCO magnets, may 

offer the option of having the operating temperature as a 

design variable. In general, at low temperature the energy 

margin increases with temperature, so there may be 

situations where a higher operating temperature is 

preferred because it results in a larger temperature margin, 

even at the expense of some critical current density.  

Another important consideration in the development of 

high field magnets is the impact of “magnet pull”. 

Progress in the development of HTS technologies 

specifically aimed at the low temperature, high field 

regime is likely to be directly correlated with demand for 

such technologies by the magnet communities. In the over  

20 years of HTS conductor development, most of the 

progress has been via “conductor push”, with progress in 

the materials science of HTS conductors coming without 

consistent guidance regarding the specific demands of 

real magnet applications. In recent years, however, 

magnet pull has become an increasing presence in the 

development of HTS technology, and such pull is likely to 

continue to have significant impact on progress. 

Lastly, it is important to consider potential “game 

changers” that could transform high field magnet 

technology. For example, if REBCO could be 

manufactured as an isotropic round wire with the same 

electrical and electromechanical performance as present-

day REBCO coated conductors, Bi2212 would probably 

be eliminated from consideration and the primary R&D 

focus would concentrate REBCO scale-up, quench 

detection, joining, etc. Similarly, if Bi2212 could be 

manufactured with 100% dense, continuous, phase-pure 

filaments in a high strength, high stiffness sheath, then 

Bi2212 would likely leapfrog ahead of REBCO 

conductors and a new high field magnet technology 

would emerge.  

SUMMARY AND CONCLUSIONS 

Future devices for high-energy physics are likely to 

require magnetic fields greater than that which Nb3Sn 

technology is capable of generating. As a result, new 

magnet technologies based upon HTS materials, primarily 

REBCO and Bi2212, are likely to be needed. These 

conductors are progressing and demonstrations of 

magnetic field generation greater than 25 T have been 

achieved repeatedly. Both conductor technologies, 

however, have significant remaining hurdles that must be 

overcome before the next generation of devices can be 

constructed. Although in many ways Bi2212 and REBCO 

are similar, each has distinctly different strengths and 

weaknesses, and thus the R&D programs required for 

each are quite different. For Bi2212, the primary 

challenges are the electromechanical behavior and large 

magnet manufacturing and heat treatment. For REBCO, 

the primary conductor challenges are the very low fill 

factor, electromagnetic and geometric anisotropy, and 

scale-up. Furthermore, both conductors show quench 

behaviour that is quantitatively quite different from that of 

LTS magnets.  

Despite these challenges, Bi2212 and REBCO have 

made significant progress in recent years due to the 

presence of “magnet pull”. Low temperature, high field 

magnets are needed for future nuclear magnetic resonance 

devices, future high energy physics devices, and recently 

even future energy storage devices. The interest from 
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these communities is having an important effect on the 

development of conductor and magnet technologies 

focused on the low temperature, high field regime. 
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20 T DIPOLES AND BI-2212: THE PATH TO LHC ENERGY UPGRADE* 

P.M. McIntyre, K. Damborsky, E.F. Holik, F. Lu, A.D. McInturff, N. Pogue, A. Sattarov, E. Sooby 

Texas A&M University, College Station, TX 60439, U.S.A.

Abstract 
Increasing the energy of the LHC would require a ring 

of ~20 T magnets using the superconductors Nb3Sn and 

Bi-2212/Ag.   The technology for Bi-2212/Ag wire, cable, 

and coil has advanced significantly but is still far short of 

the performance needed for such magnets.  New technol-

ogy for both wire and cable is under development, which 

if successful would yield the needed performance. 

INTRODUCTION 

The possibility of tripling the energy of the Large Had-

ron Collider was proposed in 2004 [1].  That proposal for 

the Tripler was motivated by its potential for new physics 

and by recent advances in technology that offered a path 

to its feasibility.  An LHC Tripler would access the entire 

range of masses predicted for the particles of supersym-

metry.  The pacing technology for the Tripler was a ~24 T 

arc dipole. Developments at that time were encouraging: 

model dipoles using the low-temperature superconductor 

Nb3Sn [2] attained near-short-sample performance to >16 

T; wire [3] and cable [4,5] using Bi-2212/Ag appeared to 

offer promise that 20 T might be attainable. 

Today LHC is operating to produce hadron collisions at 

7 TeV collision energy and is moving forward with a 

program to increase collision energy and luminosity to its 

design parameters.  It is an appropriate time to revisit the 

potential for an LHC energy upgrade.   

BI-2212 WIRE: STALLED AT 200 A/mm
2 

Figure 1 shows the present-day performance of conduc-

tors using NbTi, Nb3Sn, Bi-2212, and YBCO, and Bi-

2223.  The high-temperature superconductor Bi-2212 is 

the only round-wire superconductor that can operate at 

magnetic fields beyond 18 T for dipoles.  Since round 

wire is generally considered to be essential for a trans-

posed high-current cable, only Bi-2212 would seem to 

offer the possible basis for the inner coils of a >20 T di-

pole. Shown are in red on Figure 1 are the working lines 

for the LHC dipole (using NbTi), the working line for 

HD1 (using Nb3Sn) [2], and a working line that would be 

required for an LHC Tripler dipole using Bi-2212/Ag 

inner windings. We need an engineering current density 

(averaged over wire cross section) of je~600 /mm
2
 at 24 T, 

4.2 K. 

In 2004 Miao [3] presented encouraging results in the 

development of Bi-2212/Ag round wire: je = 400 A/mm
2
 

for 1 m long sample coils in 24 T, 4.2 K.  The intrinsic 

performance in Bi-2212/Ag can be estimated from thin 

film studies, in which a layer current density of 7  

10
4
A/mm

2
 was attained [6], so there is ample room for 

improvement in a practical wire. 

Yet six years later the state-of-art short-sample per-

formance of Bi-2212/Ag wire is je~320 A/mm
2
 [7], and 

Figure 1: Recent performance of superconductors: only 

Bi-2212 has the potential for 20 T inner windings [8]. 

the state-of-art performance of this same wire in coils is 

je~200 A/mm
2
 in both solenoids [7] and dipoles [9].  It 

might seem that we are going in the wrong direction!  

The earlier wire results were obtained before serious 

efforts had been made to make long cables and long coils 

from wire.  Coil fabrication must be done using a wind-

and-react technique, in which a high-temperature heat 

treatment is required to melt and re-crystallize Bi-2212 

grains in the final-form coil.  It was found that the earlier 

wire had a tendency to leak its core material during the 

melt phase of heat treatment so that the stoichiometry was 

altered and the density of the core material was depleted.  

These problems were helped by adding additional Ag to 

the wire cross-section, but this reduced the average cur-

rent density accordingly.  To date it has not been possible 

to recover the earlier je performance.  This remains a key 

challenge if an LHC energy upgrade is to be feasible. 

UNDERSTANDING THE LIMITS TO JE 

Current transport in the cores of a multi-filament Bi-

2212/Ag wire is hindered by porosity and poor connec-

tivity, both of which are largely inherent to the oxide-

power-in-tube (OPIT) process used in its fabrication.  In 

this process a fine powder of Bi-2212 is loaded and sealed 

into an Ag tube; the tube is drawn, restacked, and re-

drawn to form the multi-filament composite shown in 

Figure 2.  Hellstrom and co-workers [10] have studied the 

development of the microstructure in the cores of this 

wire during the heat treatment process, and from their 

studies a new understanding of the limitations to current 

transport is arising. 

The wire starts life with significant porosity from the 

void space between randomly oriented powder particles. 

[7] 
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Figure 2: Cross section of OPIT Bi-2212/Ag strand [7]. 

 

Figure 3: Scanning electron micrograph (SEM) images of 

core cross sections in OPIT Bi-2212/Ag wire, quenched 

during heat treatment: a) bubbles in melt before solidifi-

cation; b) bridging, voids, and parasitic phases after an-

nealing is complete [10]. 

When the powder is melted that void space becomes bub-

bles in the melt.  The bubbles coalesce under surface 

tension to form large voids that span the cross section of 

each core.  Figure 3a shows the coalesced bubbles and 

also the etching at Ag grain boundaries by the corrosive 

liquid melt.  Figure 3b shows the Bi-2212 grains that have 

re-grown during the final anneal of the wire.  Grain 

growth orients along the Ag interface, and the growth is 

fastest in the ab plane (which is the plane in which maxi-

mum current can be transported in the superconducting 

state).  Many re-grown Bi-2212 grains now bridge be-

tween cores, and there are many high-angle grain bounda-

ries that are problematic for supercurrent transfer from 

grain to grain. And so it is that the transport current den-

sity attained in OPIT wires [7] is only ~5% of that seen in 

thin films [6].  
 

Figure 4: Study of pressed tablets of Bi-2212 fine powder: 

a) SEM micrograph of textured powder; b) detail showing 

micaceous particle morphology in loose powder; c) XRD 

analysis of texturing in fine powder and in pressed tablets. 

TEXTURED POWDER JELLY ROLL: 

HOPE FOR NEW PERFORMANCE? 

The above properties of OPIT-process Bi-2212/Ag wire 

led us to explore an alternative process for wire fabrica-

tion that directly addresses the issues of porosity and 

connectivity.  It begins by preparing a cold-sintered flat 

ribbon of Bi-2212 fine powder in which most of the 

grains are oriented so that their ab plane is parallel to the 

ribbon face.  This texturing of the powder has two impor-

tant benefits: it minimizes the porosity in the final cores 

of a wire, and it may eliminate the necessity to fully melt 

the powder during processing.  

The easiest way to texture Bi-2212 powder is to press a 

tablet using a hydraulic press [11].  The mechanical agita-

tion among the powder particles during compression is 

remarkably effective in re-arranging them into a planar 

texture.  Figure 4a shows an SEM micrograph of the 

pressed powder in such a tablet.  Figure 4b shows a detail 

of the flake-like (micaceous) Bi-2212 particles.  Figure 4c 

shows the XRD spectra for the loose powder and for 

tablets pressed with 70 MPa compression.  A texture 

parameter  (fraction of particles aligned with ab planes 

parallel to tablet face) has been extracted from the XRD 

spectra of loose powder, the powder cores in green-state 

OPIT wire, and tablets pressed with various degrees of 

compression.  The data are presented in Figure 5.   

a) 

b) 

bottom 

face 

loose 

powder 

top 

face 
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Figure 5: Texture parameter  measured for fine-powder 

Bi-2212: a) loose powder, OPIT cores, and pressed tab-

lets; b) dependence of  on the amount of compression. 

In a pellet 80% of the Bi-2212 particles are aligned 

with the tape face; the texture is the same in the interior of 

the pellet (fractured through its thickness) as on the sur-

face; and it is largely independent of the compression 

(beyond 70 MPa) used to form the pellet.  By contrast 

=13% for loose powder and =32% for the powder cores 

within conventional OPIT wire before heat treatment. 

This development led us to conceive of an alternative 

method for wire fabrication in which Bi-2212 fine powder 

is roll-compacted to form a continuous ribbon, and the 

ribbon is compounded into a textured-powder ‘jelly-roll’ 

(TPJR) wire.  The process begins by passing the powder 

though a roll-compaction system such as the Chilsonator 

[12], as shown in Figure 6a.  The ribbons of cold-sintered 

Bi-2212 powder are assembled side-by-side on a ribbed 

Ag foil and a cover Ag foil is welded on to make a wide 

hermetic tape (Figure 6b).  The tape is then rolled trans-

versely, sleeved into a Cu tube, and drawn to final wire 

size (Figure 6c).  Then the Cu is etched off to expose the 

final wire. 

The textured micaceous powder within the laminar 

cores facilitates drawing of the wire.  As the billet is 

drawn the particles in the textured powder should slide 

upon one another on their parallel faces and re-arrange to 

accommodate the area reduction.  

Figure 6: a) Chilsonator apparatus used to roll-compact 

Bi-2212 fine powder into continuous ribbons; b) incorpo-

ration of powder tape into Bi-2212/Ag tape; c) final jelly-

roll round wire formed by rolling and drawing the tape. 
 

50 

mm 

140 MPa pellets 

0.32 

OPIT cores 

0           70         140      280              420

  Compression (MPa)  
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Figure 7. Illustration of the effect of texturing upon poros-

ity in a core channel: the same channel holds 20 flakes of 

untextured powder, 30 flakes of textured powder. 
 

Figure 8: Illustration of bubble coalescence during full-

melt heat treatment: a) full-diameter bubble forms and 

occludes round channel; bubbles form on the flanking 

edges of flat channel, leaving center free for grain growth. 

We plan to evaluate possible heat treatment strategies 

for the TPJR wire: diffusion bonding of grains without 

melting, partial-melt processing, and full-melt processing.  

The first two methods would avoid the full-melt that is 

required for the OPIT process to develop texture and 

connectivity in its initially untextured cores.  Avoiding 

melt would greatly reduce the issues of core leakage, 

cation migration, subelement bridging, and bubble coa-

lescence that cause problems for the OPIT process.  It is 

reasonable to hope that such non-melt treatment work 

well since the particles should be in face contact under 

compression, an ideal basis for bonding and connectivity 

by diffusion or partial melt. 

If we find that full melt is nevertheless required, the 

TPJR process retains two important benefits compared 

with OPIT.  The first benefit is improved packing. Fig-

ure 7 illustrates that there is less porosity when the flake-

like particles are aligned. 

The second benefit concerns the coalescence of bub-

bles.  Figure 8a illustrates how the minimum-energy con-

figuration of bubbles in a round channel is a large bubble 

that locally occludes the whole channel.  Figure 8b shows 

the minimum-energy configuration for a highly aspected 

channel in the TPJR strand: bubbles coalesce on the two 

flanking edges of the channel, but leave the center of the 

channel clear for growth of textured grains of Bi-2212. 

We will soon receive delivery of the roll-forming appa-

ratus and begin development of the flat tape and jelly-roll 

wire.  Much work is ahead to find optimum parameters 

for ribbon compression, tape fabrication, jelly-roll proc-

essing, and final heat treatment.  The above analysis 

shows why we are hopeful that this approach may make 

possible higher je current transport in TPJR wire.

 

Figure 9: Cross section of dual dipole for LHC energy 

upgrade.  

Table 1: Main Parameters of the Dual Dipole of Figure . 

bore field (short sample) 21 T 

coil current 15 kA 

aperture  50 mm
 

stored energy/bore 3.3 MJ/m 

max. stress in Nb3Sn windings 170 MPa 

strand cross-section/bore in 

coil: 

     Nb3Sn 

     Bi-2212 

 

52 

55 

 

cm
2
 

cm
2 

STRUCTURED CABLE AND 20 T DIPOLE 

Figure 9 shows a conceptual design for a dual dipole 

that would have sufficient aperture (50 mm) for an LHC 

energy upgrade.  The design assumes the use of Bi-2212 

windings (green) in the coil region where the field 

strength exceeds ~16 T.   It assumes that a strand per-

formance je~800 A/mm
2
 (20 T, 4.2 K) can be achieved in 

the windings, and jc=2500 A/mm
2
 (non-Cu, 12 T, 4.2K) in 

Nb3Sn windings The Nb3Sn windings are graded in wire 

diameter for the same je(B) (magenta inner, red outer). 

Even with the necessary current density in long-length 

wire and cable, it will still be necessary to protect the Bi-

2212/Ag winding from strain degradation of the wires 

under the immense Lorentz stress produced on the wind-

ings in a 20 T dipole [13].  For this purpose we developed 

a structured cable [14] in which coil stress is by-passed 

around the fragile round wires so that no strain degrada-

tion should result.  The cable is shown in Figure 10. 

The Bi-2212/Ag inner winding in the coil of the dipole 

in Fig. 9 is a rectangular-cross-section (Fig. 11a) wound 

using a 16-strand structured cable (Fig. 11b) Table 1 

gives the main parameters of the dual dipole. With the 

above assumptions of short-sample wire performance, the 

short-sample limit of the dipole is 21 T.  

a) b) 
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Figure 10: Structured cable of Bi-2212 round strands: a) 

micrograph of cross section; b) von Mises strain in struc-

tured cable when 100 MPa external load is applied [5]. 

Figure 11: Cross-section of Bi-2212 inner winding, 

wound with 16-strand structured cable using TPJR round 

strands.  

CONCLUSIONS 

In the examination of the many challenging elements of 

an LHC energy upgrade that were presented at this Eu-

CARD workshop, the high-field arc dipoles appear to 

present the biggest challenge at present.  The critical 

technology for these dipoles is the current density in Bi-

2212/Ag round wire and the degradation of that wire 

when made into thick windings and loaded with high 

Lorentz stress. 

 An alternative method for Bi-2212/Ag wire fabrication 

is described, which holds the potential for enabling a 

further improvement in current density.  A design for 

structured cable is presented that manages stress within 

the coils of the Bi-2212/Ag inner windings so that it can-

not accumulate to levels that would degrade performance.  

The viability of an LHC energy upgrade will depend 

upon the success of these developments and similar ones 

by other authors.  It is to be hoped that a successful out-

come can be matured in time for consideration of an en-

ergy upgrade of LHC after its first decade of high-

luminosity physics running. 

This work is supported in part by the US Dept. of Energy, 

grant DE-FG03-95ER40924, and by an endowment from 

the Cynthia and George Mitchell Family Foundation.  
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HEAT LOADS AND CRYOGENICS FOR HE-LHC 

D. Delikaris, L. Tavian, CERN, Geneva, Switzerland 

 

Abstract 
We report preliminary considerations on cryogenics for 

a higher-energy LHC (“HE-LHC”) with about 16.5 TeV 

beam energy and 20-T dipole magnets. In particular we 

sketch the heat loads scaled on the proposed principal 

beam parameters and size the cryogenic plants for 

different operating temperature of the beam screens. 

INTRODUCTION 

Similar to the LHC, the heat deposited in the HE-LHC 

will reach 3 different temperature levels: 

 the thermal shield temperature level (TS) between 50 

and 75 K, 

 the 5-K heat intercept (HI) and beam screen 

temperature level (BS) between 4.6 and 20 K (40-

60 K or 85-100 K as an alternative compatible with 

vacuum specification), and 

 the cold mass temperature level (CM) at 2 K. 

It is also assumed that specific cryogenic systems will 

be needed for insertion magnets and RF cavities. These 

insertions are not defined yet; consequently, in the 

following, only the continuous cryostats (CC) will be 

considered, i.e. arcs plus dispersion suppressors and 

associated current feed boxes. 

HEAT INLEAKS 

In first approximation the thermal performance of the 

HE-LHC cryostat is assumed to be similar to the one of 

the LHC cryomagnet. In addition, it is assumed that the 

LHC cryoline (QRL) is used with its present thermal 

performance [1]. The specific heat inleaks are given in 

Table 1. 

 

Table 1: Specific heat inleaks on magnets and cryoline 

Temperature level  LHC HE-LHC 

TS (50-75 K) [W/m] 7.7 7.7 

HI (4.6 K) [W/m] 0.23 0.23 

CM (2 K) [W/m] 0.21 0.21 

RESISTIVE HEATING IN 

SUPERCONDUCTING SPLICES 

For HE-LHC, a main magnet current of 18 kA is 

assumed. The resistive heating in the magnet splices is 

proportional to the square of the magnet current, to the 

splice electrical resistance and to the number of splices. 

The corresponding heat load is deposited at the CM 

temperature level. As the HE-LHC hybrid coil design is 

based on 3 different cables, it is assumed that the number 

of splices increases by a factor 1.5 with respect to the 

LHC coil design based on 2 different cables. Table 2 gives 

the main parameters related to the resistive heating. The 

increase of the magnet current and of the number of 

splices, both by 50 %, translates into an increase of the 

resistive heating by a factor 3.4 with respect to the 

nominal LHC.  

 

Table 2: Resistive heating in magnet splices 

 LHC 

nominal 

HE-LHC 

Main magnet current [kA] 12 18 

Splice resistance [nΩ] 0.5 0.5 

Number of splice per arc [-] 2500 3750 

Resistive heating on CM [W/m] 0.1 0.34 

CURRENT LEAD COOLING 

Concerning the cooling of the current leads (CL), it is 

assumed that HE-LHC is using the same type of HTS 

current lead as the LHC with the same cooling 

performance, i.e. a specific cooling rate per kA of 54 mg/s 

of helium between 20 and 300 K. In addition, as the 

optics of the HE-LHC is not yet fully defined the number 

of individually powered magnets is not known; 

consequently, it is assumed that the total current entering 

or exiting is proportional to the main magnet current. In 

addition, as for the LHC, it is assumed that high-load 

sectors enter two times more current than low-load 

sectors. Table 3 lists the main parameters for the current 

lead cooling. 

 

Table 3: Current lead cooling 

 LHC 

nom. 

HE-

LHC 

Main magnet current [kA] 12 18 

Total current in/out [kA] 2750 4130 

Total current high load sector CC [kA] 460 690 

Total current low load sector CC [kA] 230 345 

Specific CL cooling flow [mg s-1 kA-1] 54 54 

High-load sector CL cooling flow [g/s] 25 37 

Low-load sector CL cooling flow [g/s] 12 19 

BEAM-INDUCED LOADS 

The parameters impacting the beam-induced loads are 

the beam energy, the bunch population, the number of 

bunches, the bunch length and the beam-screen aperture. 

Table 4 gives the scaling laws to be applied for the 

different beam-induced loads. Table 5 lists the parameters 

and the beam-induced loads for the nominal LHC and the 
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HE-LHC. Compared with the nominal LHC, all beam-

induced loads on the beam screens increase for the HE-

LHC. The biggest change concerns the synchrotron-

radiation load, which increases by a factor 17. 

 

Table 4: Scaling laws of beam induced heat loads 

Beam-induced load Energy 

 

E 

Bunch 

population 

N
bunch

 

Bunch 

number 

n
bunch

 

Bunch 

length 

σ
z
 [rms] 

Beam-screen 

aperture 

b 

Temp. 

level 

Synchrotron radiation E4 N
bunch 

 n
bunch

   BS 

Image current  N
bunch

2 n
bunch

 σ
z

-3/2 b-1 BS 

Photo-electron cloud  N
bunch

3 n
bunch

  b-2 BS 

Beam gas scattering  N
bunch 

 n
bunch

   CM 
 

 

 

Table 5: Parameters and specific beam-induced loads 

 LHC 

nom. 

HE-

LHC 

Beam energy [TeV] 7 16.5 

Bunch population [1011 p] 1.15 1.29 

Bunch number [-] 2808 1404 

Bunch length [cm] 7.55 6.55 

Beam-screen aperture radius [cm] 2 1.3 

Synchrotron radiation [W/m] 0.33 5.71 

Image current [W/m] 0.36 0.44 

Photo-electron cloud [W/m] 0.90 1.50 

Beam gas scattering [W/m] 0.05 0.03 

OPERATING THE BEAM SCREENS AT A 

HIGHER TEMPERATURE 

In addition to the nominal operating temperature of the 

beam screens at 46-20 K (range BS1), other possible 

temperature operating ranges compatible with the beam 

vacuum specification are 40-60 K (range BS2) or 85-

100 K (range BS3). Increasing the operating temperature 

of the beam screen will have the following consequences: 

 As the electrical resistivity of the copper on the 

beam-screen surface increases with the temperature, 

the image-current load will also increase 

proportionally. Measurements at 20 K, 50 K and 

92.5 K on LHC beam-screen samples give a copper 

resistivity increase by factors 5.5 and 22 (see 

Figure 1). Consequently, the image current heat-load 

will increase from 0.44 to 2.4 and 9.8 W/m. A 

coating with HTS (like Bi-2223 or Y-123) may 

improve this figure dramatically. However, today this 

is a speculation. 

 The temperature difference between the beam screen 

and the cold bore will increase, i.e. the heat inleaks 

on the cold mass will increase as well. Measurements 

on String 2 [2] indicate a heat inleak increase on the 

cold-mass of 0.17 and 0.71 W/m (see Figure 2). 

 The present design of the LHC beam screen cooling 

loop based on a unit length of 53 m and two 3.7-mm 

inner-diameter capillaries per aperture is locally 

limited to a heat extraction of 2.4 W/m per aperture, 

i.e. 4.8 W per meter of machine. Changing the 

operating conditions and the specific heat load has a 

direct impact on the cooling capillary diameter. 

Table 6 gives the operating conditions of the beam 

screen cooling loops and the corresponding required 

capillary diameter assuming the same cooling loop 

configuration as today. The operation of the beam 

screen at 20 bar and between 40 and 60 K minimizes 

the cooling capillary diameter. 

 

Table 6: Beam screen cooling capillary diameter 

 BS temperature range [K] 

 BS1 BS2 BS3 

Inlet temperature [K] 4.6 40 85 

Inlet pressure [bar] 3.0 20 20 

Outlet temperature [K] 20 60 100 

Outlet pressure [bar] 1.3 18 18 

Specific heat load [W/m] 7.65 9.45 16.3 

Loop length [m] 50 50 50 

Nb of capillary per aperture 2 2 2 

Capillary inner diam. [mm] 4.4 3.8 6.0 

HEAT LOAD SUMMARY 

Table 7 resumes the specific cryogenic heat load for the 

different temperature levels. Compared with the nominal 

LHC, depending on the beam-screen operating 

temperature range, the heat loads on the beam-screen 

circuits increase by a factor 4 to 9, and those on the cold-

mass circuits by a factor 1.6 to 3.6.  
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Concerning the heat loads on the cold-mass circuits, the 

present LHC cooling loop is locally limited to 0.9 W/m, 

i.e. it is not compatible with the HE-LHC specific heat 

load corresponding to the 85-100 K operating temperature 

range (BS3) of the beam screens. 

 

 
Figure 1: Copper resistivity 

 

 
Figure 2: Conduction heat load to cold mass 

 

 

 

Table 7: Cryogenic specific heat loads 

Temperature 

level 

Heat load source LHC nominal HE-LHC 

BS1 BS2 BS3 

TS 
Heat inleaks 

Total TS 

[W/m] 

[W/m] 

7.7 

7.7 

7.7 

7.7 

HI 
Heat inleaks 

Total HI 

[W/m] 

[W/m] 

0.23 

0.23 

0.23 

0.23 

BS 

Heat inleaks 

Synchotron radiation 

Image current 

Photo-electron cloud 

Total BS 

[W/m] 

[W/m] 

[W/m] 

[W/m] 

[W/m] 

0 

0.33 

0.36 

0.90 

1.82 

0 

5.71 

0.44 

1.50 

7.65 

-0.17 

5.71 

2.40 

1.50 

9.45 

-0.71 

5.71 

9.81 

1.50 

16.3 

CM 

Heat inleaks 

Resistive heating 

Beam-gas scattering 

Total CM 

[W/m] 

[W/m] 

[W/m] 

[W/m] 

0.21 

0.10 

0.05 

0.36 

0.21 

0.34 

0.03 

0.58 

0.38 

0.34 

0.03 

0.74 

0.92 

0.34 

0.03 

1.29 

 

CONTINUOUS-CRYOSTAT COOLING 

CAPACITY 

Assuming a continuous cryostat length of 2800 m and 

an overcapacity margin of 1.5, the required cooling 

capacity per continuous cryostat is given in Table 8 and is 

compared with the existing installed capacity of LHC 

sector cryogenic plants. Values in brackets correspond to 

the equivalent entropic capacity in kW at 4.5 K. Figure 3 

shows the equivalent entropic capacity for the different 

temperature levels. Depending on the operating 

temperature range of the beam screen, the total equivalent 

entropic capacity of HE-LHC refrigerators varies from 31 

to 19 kW at 4.5 K. Operating the beam screens between 

4.6 and 20 K requires continuous-cryostat refrigerators 

about 1.7 times larger than the LHC sector refrigerators. 

Operating the beam screens between 40 and 60 K allows 

reducing the size of the continuous-cryostat refrigerators 

which becomes similar to the LHC sector refrigerators. 

Operating the beam screens between 85 and 100 K 

overloads the cold-mass temperature level. With a cold-

mass operating temperature of 2 K, the optimum beam-

screen temperature range is 40-60 K. 

The electrical input power of the different scenarios, 

assuming a coefficient-of-performance of 250 W per W, 

is given in Table 9. 
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Figure 3: Equivalent entropic capacity 

 

Table 8: Continuous cryostat cooling capacity per sector  
(in brackets: equivalent entropic capacity in kW at 4.5 K) 

Temp. 

level 

HE-LHC continuous cryostat LHC high 

load sector 

BS1 BS2 BS3 BS1 

TS [kW] 32 (2.2) 33 (2.2) 

HI [kW] 
33 (18.4) 

1.0 (0.5) 1.0 (0.5) 
7.7 (4.3) 

BS [kW] 40 (3.5) 69 (3.3) 

CM [kW] 2.4 (7.8) 3.1 (10) 5.4 (17.4) 2.7* (9.3) 

CL [g/s] 56 (2.5) 41 (1.8) 

Total (30.8) (18.6) (25.8) (17.6) 

*: 2.4 kW at 1.8 K plus 0.3 kW at 4.5 K 

 

Table 9: Electrical input power for continuous-cryostat 

refrigerators 

Temp. level HE-LHC CC 

refrigerator 

LHC 

ref. 

BS1 BS2 BS3 

Input power/refrigerator [MW] 7.7 4.7 6.5 4.4 

Number of refrigerators [-] 8 8 8 8 

Total input power [MW] 62 37 52 35 

CONCLUSION 

In these present cryogenic studies, no contingency has 

been introduced in the numbers. A lot of assumptions 

have to be confirmed like the splice resistance and 

number, the main magnet current, the current-leads 

distribution and number, and the cryostat performance. 

The optimization of the refrigeration cycle has still to 

be done. Transient heat loads (ramp/de-ramp, fast de-

ramp, quench), have still to be considered in order to 

define the correct level of buffering. In addition, the LSS 

loads have still to be considered with probably new 

cryoplants for insertions accommodating experiments. 

Depending on the cooling scenario, up to 9 temperature 

levels have to be distributed along the continuous 

cryostats to supply or recover the different cooling loops. 

A rationalization study has to be done for reducing the 

number of distribution headers like operating the beam 

screen and the thermal shield with the same temperature 

range and/or cooling the resistive part of HTS current lead 

with a helium flow at a higher temperature and pressure 

(e.g. 40 K, 20 bar). 

At this preliminary study phase, it is definitely too early 

to state on the possible reuse of LHC cryogenics. 

Nevertheless, it should be recalled that, at the end of the 

LHC (2030), the LHC cryogenics will be 30 to 40 years 

old. Taking into account the 20-year operation initially 

specified, major and wide overhauling has to be 

considered for the equipments which could be reused for 

the HE-LHC project (cryogenic plants, QRL, distribution 

boxes…). 
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HE-LHC: REQUIREMENTS FROM BEAM VACUUM 

J.M. Jimenez, CERN, Geneva, Switzerland 

 

Abstract 
First thoughts on the design of the beam vacuum 

system for the High Energy LHC (HE-LHC) are given 

with a particular focus on the impact of the synchrotron 

radiation. In the HE-LHC, the vacuum dynamic effects 

induced by the circulating beams are expected to be as 

compared to the LHC. These effects will be reviewed and 

first thoughts on how to avoid or mitigate their effects are 

discussed. 

MACHINE PARAMETERS IMPACTING 

BEAM VACUUM 

Even though the overall vacuum layout and integration 

issues could be very similar to the LHC [1], the parameter 

list of the HE-LHC [2] shows several changes, compared 

to the LHC, which can significantly affect the beam 

vacuum performances and stability [3].  

The increase of the beam energy, of the bunch 

population, of the synchrotron radiation power and of the 

critical photon energy will influence the beam-induced 

effects taking place in vacuum systems which are linked 

both to the total intensity and to the bunched structure of 

the beams. 

The decrease of the total number of circulating 

bunches, from 2808 to 1404 [2], will reduce the beam-

induced effects in vacuum linked to the total beam 

intensity and will partly compensate the increase of the 

bunch population for the effects linked to the bunched 

structure of beams. 

Finally, the increase of the beam potential resulting 

from the increase of the bunch population and emittance 

reduction, combined with the reduction of the magnet 

aperture will impact on the vacuum stability and electron 

cloud build up. 

Desorption induced by primary beam losses 

The sections at cryogenic temperature are the most 

critical due to the potentially large quantities of 

condensed gasses which can be released resulting from a 

local heat load. However, these sections are “protected” 

by the quench limit of the cryomagnets. Indeed, the 

cryomagnets quench level [4] i.e. the number of lost 

protons to create a transition to the normal state, 

correspond to a negligible pressure rise (<<10
-6

 Pa). 

Primary beam losses will induce a local desorption of 

gasses but would never lead to a vacuum limitation. 

Primary ionisation with circulating beams 

The primary ionisation of the residual gas induced by 

the beams is linearly dependent on the ionisation cross 

section (about constant) and on the total intensity. As the 

ionisation cross-section is not expected to vary 

significantly between 7 and 16.5 TeV and taking into 

account the lower total intensity (60% of LHC), a similar 

effect as in the LHC is expected. 

Ion induced instability 

The ion induced instability is linearly dependent on the 

desorption yield (about constant), on the ionisation cross-

section (also approximately constant), and on the total 

intensity (0.6 times smaller) and is inversely proportional 

to the effective pumping speed. The later become the 

dominant factor for the vacuum stability. To ensure the 

vacuum stability along the sections at cryogenic 

temperature, only the pumping speed available through 

the beam screen pumping slots is considered. Then, 

considering the new beampipe aperture, the transparency 

of the beam screen shall be increased to 6.2% (as 

compared to the 4.4 % of the LHC), which could imply 

impedance and HOM issues. This issue has still to be 

addressed. 

Synchrotron radiation power 

The synchrotron radiation power is proportional to the 

4
th

 power of the energy and to the total beam intensity. An 

increase by a factor 17.3 is expected as compared to the 

LHC.  

In the LHC, this heat load is intercepted by the beam 

screen. To keep such a design, an evaluation has to be 

made to ensure that the existing size of the cooling 

capillaries will be large enough to provide the cooling 

required. Any increase of the diameter of the capillary 

would lead to a further beam aperture reduction. An 

alternative could be to install photon absorbers in the 

cryomagnet interconnecting bellows (plug-in-modules), 

which would intercept the heat load outside the 

cryomagnets, in order to minimise the heat deposition 

onto the beam screens. The residual fraction of heat 

deposited on the beam screen would be determined by the 

length, aperture and bending angle of the dipole 

cryomagnets. 

Linear photon flux 

The photon flux per unit length depends linearly on the 

beam energy and intensity. This flux is 30% higher than in 

the nominal LHC. Similarly to the LHC, a sawtooth 

structure shall be used in the beam screen to reduce the 

photon reflection and the photo-electron yield. 

Photon stimulated pressure rise 

As compared to the LHC, the photon stimulated 

pressure rise is increased by a factor 7.4 since it grows 

with the 3
rd

 power of the beam energy and linearly with 

the beam intensity. This large increase is of concern for 

the vacuum system. Indeed, to ensure pressure stability, 
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the pumping should be increased by the same amount 

which would bring the equivalent transparency of the 

beam screen to 46%!  As this transparency would 

probably not be compatible with impedance and HOM 

issues, the vacuum system will have to rely of the vacuum 

cleaning i.e. reduction of the desorption yield ( ). Details 

studies shall be launched to estimate the duration of the 

vacuum cleaning and confirm that it stay compatible with 

the operation constraints. 

Effects linked to the bunched structure of beams 

The electron and ion cloud build-up are two avalanche 

phenomena which can take place in the beam pipe. Both 

are threshold effects i.e. only take place above a given 

bunch population. As compared to the LHC, the bunch 

population has been increased  by 12%,  

1.29 × 10
11

 p/bunch, well above the electron cloud 

threshold measured in the SPS i.e. 3.0 × 10
10

 p/bunch in a 

dipole field [5]. The beam potential has also been 

increased by 30% resulting from the smaller longitudinal 

and transverse emittances. Based on these new 

parameters, an electron cloud build up can be expected. 

However, the reduction of the number of bunches by a 

factor 2 and the resulting bunch spacing of 50 ns has 

shown its efficiency to reduce the electron cloud build up, 

e.g. a reduction by a factor 10, as measured in the SPS. 

Two other parameters playing a major role in the 

electron build up are varying: the beam screen height is 

decreased from 36.8 to 26 mm and the magnetic field is 

increased by a factor 2.4. Changing the beam screen 

aperture could bring the system out of resonance 

conditions. Indeed, increasing the beam potential will 

increase the energy of the primaries and finally, the small 

Larmor radius (few micrometers for a 100 eV electron) 

can also change the SEY yield. Simulations have to be 

done to provide information on the electron cloud build-

up i.e. threshold and saturation levels. 

As the beam will ionise the residual gas and due to the 

slow motion of the ions and enhanced by the secondary 

ionisation effect by the trapped electrons from the cloud 

(if any), an ion-induced positive space charge can take 

place. This phenomenon opens the risk for feedback 

effects. However, the reduction of the beam pipe aperture 

will probably cancel this effect. 

Feedback effects 

In presence of an electron cloud, part of the electrons 

can be trapped by an ion space charge. These electrons 

will spiral along the magnetic field and contribute to an 

additional ionisation of the residual gas. This secondary 

ionisation effect can lead to ion instability. This effect still 

needs to be quantified. 

Cold bore and beam screen operating 

temperature 

To ensure a proper pumping of hydrogen, the dominant 

residual gas in the beam vacuum, an operating 

temperature for the cryomagnets below 2-3 K is 

recommended. At higher temperatures, the hydrogen 

released will condensed up to an equivalent of a 

monolayer and then, the equilibrium pressure (hydrogen 

partial pressure) will start increasing very fast with the 

temperature i.e. 10
-9

 Pa  at 2 K and up to 10
-4

 Pa at 

4.2 K [6]. Similarly to what was made in the LHC, a 

beam screen will be required to shield the condensed 

gasses on the cold bore from the beam induced effects 

(electrons, ions and photon-stimulated desorption). Above 

2-3 K, the use of cryosorbers will be required to ensure 

the required hydrogen pumping speed and capacity. The 

option of an operating temperature of the beams screen 

between 85 and 100 K can also be studied. 

A major obstacle to increase the operating temperature 

of the beam screen from 5-20 K to 85-100 K could be the 

unacceptable increase of the magneto-resistance of the 

beam screen. This issue shall be investigated. 

REMEDIES TO VACUUM DYNAMIC 

EFFECTS 

Synchrotron radiation 

As made for the LHC, the use of a beam screen is 

required to intercept the synchrotron radiation induced 

heat load at a higher temperature. The use of photon 

absorbers will be considered, depending on magnet 

strength and length. At this stage of the discussion, the 

feasibility is not guaranteed. If considered, the cooling of 

these absorbers shall be decoupled from the cooling of the 

beam screens to preserve the cooling capacity of the beam 

screens. Similarly to what was done in the LHC, the 

photo-electron and photon reflection yields shall be 

reduced by using a sawtooth structure. 

The photon and photo-electrons induced gas desorption 

will improve with time resulting from the vacuum 

cleaning effect (dose effect). 

Ion induced instability 

The design of the beam vacuum system shall be made 

to provide enough effective pumping speed considering 

beam pipe conductance. Considering the smaller aperture 

in the HE-LHC and the distributed induced gas 

desorption, the pumping provided by the pumping slots of 

the beam screen will dominate. The operating temperature 

of the cryomagnets is a key factor. As mentioned earlier, 

deeper calculations shall be made since the required 

transparency resulting from the preliminary estimations 

(46%) is certainly incompatible with impedance and 

HOM issues. 

Electron cloud suppression or mitigations 

The electron cloud is a fast avalanche and threshold 

phenomenon which behaviour depends on beam 

parameters. In existing machines, mitigation solutions are 

preferred since suppressing techniques cannot be easily 

retrofitted in an existing design. 

For a new design, the suppressing techniques, e.g. 

techniques which prevent the electron avalanche to take 

place, shall be preferred. This will prevent any limitation 

for the future accelerator. 
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The suppressing techniques are often active solutions 

and the most commonly used are the clearing 

electrodes [7]. The use of clearing electrodes has many 

advantages since the electrodes capture the electrons right 

after their emission preventing any kind of avalanche 

effect. As compared to other solutions, this solution is not 

affected by venting to air and its efficiency is similar at 

ambient and cryogenic temperatures. 

However their installation is complex since the clearing 

electrodes shall be in the vertical plane in the dipoles 

since electrons are confined along the dipole field lines. 

In the dipoles, the clearing electrodes shall be wide 

enough to cover the spacing of the vertical electron strips 

which spacing varies with bunch intensity. 

An option for design could be to use the pumping port 

shields placed behind the pumping holes of the beam 

screens. Indeed, following the measurements made in the 

SPS, the LHC beam screens were equipped with shielding 

baffles placed between the beam screens and the cold 

bores and attached to the cooling capillaries. These baffles 

aim to intercept the electrons from the cloud, escaping 

from the beam screens through the pumping slots, to 

prevent the heat deposition onto the cold bore. Right from 

the design stage, the same configuration can be modified 

to convert the shielding baffles into clearing electrodes by 

insulating them from the cooling capillaries and 

polarising them to about 1 kV.  

Coatings with a low secondary electron yield (SEY) are 

also mitigation solution to be considered. The coatings 

efficiencies depend on their ultimate SEY as compared 

with the needs of the accelerator. 

Amorphous carbon coating is being considered in the 

SPS as LHC injector since it provides a low SEY (1.1) 

which is not affected by the venting to atmosphere. The 

behaviour of the amorphous carbon at cryogenic 

temperature will be investigated as an option for the 

sections operated at cryogenic temperatures. Another 

option is the NEG (TiZrV) coatings which also showed 

low SEY (1.1) after activation above 180°C. The need for 

a bake-out prevents its use in the sections at cryogenic 

temperature. 

Scrubbing Runs 

The scrubbing runs aim to reduce the desorption yields 

( ) and the SEY ( ) and to increase the bunch population 

threshold required to trigger an electron avalanche. This 

scrubbing effect is efficient only up to the bunch intensity 

used during the scrubbing periods, for a given filling 

pattern. Recent LHC studies with beams have confirmed 

the huge impact of the bunch spacing and length of bunch 

trains on the electron cloud build-up [8]. 

Measurements made in laboratories and observations 

on running accelerators have confirmed the efficiency of 

the scrubbing runs to decrease the electron cloud build-

up. However, during these periods, the detectors cannot 

take any data during the scrubbing run since saturated by 

the background induced by the beam-gas scattering. 

GAS LOAD ISSUES IN CRYOGENIC 

SECTIONS 

Similarly to the LHC, the HE-LHC shall take into 

account thick gas coverage of the beam screens (BS) and 

the cold bores (CB) by atoms/molecules desorbed directly 

(beam losses) and indirectly (photons, electrons and ions). 

Indeed, this could lead to pressure oscillation and vacuum 

instabilities. 

In practice, the expected coverage should not become a 

limiting factor since mitigation solutions exist. In case of 

thick gas coverage in the BS, it can be recycled by 

heating up to 80 K. The gas will be “flashed” towards the 

cold bore through the BS pumping holes. The conditions 

can be met during short technical stop (2-3 days) similarly 

to what is planned for the LHC. 

In case of thick gas coverage in the CB, it can be 

recycled by warming-up to 80 K. The gas will be pumped 

away using mobile turbomolecular pumps. These 

conditions will be met in the LHC, once per year during 

the Christmas technical stop. 

CLOSING REMARKS 

Start-up scenario 

An accelerator vacuum system cannot be designed for 

nominal performances as on day-one. Often, its design 

rely on vacuum cleaning (reduction of desorption yields  

by photon, electron and ion bombardments) and on beam 

scrubbing (reduction of the secondary electron yields ). 

With bunched beams, two options are possible. The 

first option is to start the operation with the nominal 

number of bunches and progressively increase the 

intensity per bunch. This allows to benefit from the 

vacuum cleaning effects and therefore the effects linked 

to the bunched structure of beams (electron cloud and ion 

instability) are less limiting since stimulated desorption 

coefficients ( ) would have decreased with time/dose 

before reaching bunch intensity thresholds for electron 

cloud. It is important to underline that the beam pipes 

with two circulating beams will behave differently. 

The second option is to start the operation with the 

nominal bunch intensity and progressively increase the 

number of circulating bunches. This allows for higher 

luminosities with lower machine optimisation but all 

effects linked to the bunched structure of beams (electron 

cloud and ion instability) will be at their maximum. Using 

this scenario implies limitation for the operation since 

vacuum cleaning and beam scrubbing time will be 

required to improve the situation. 

The LHC requires both a vacuum cleaning and 

scrubbing period but some constraints could slow down 

these improvements: background to the experiments, 

induced heat load to cryogenics and cryomagnet quench 

limits (beam-gas scattering) prevent operation with large 

electron cloud which should have lead to a faster vacuum 

cleaning and beam scrubbing.  

Considering what was observed in other accelerator and 

in particular in the LHC, the HE-LHC shall go for more 
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conservative design: effects linked to the bunched 

structure of beams shall be suppressed at the design stage. 

This will help reducing the background to detectors and 

will help if the beam scrubbing of surfaces at cryogenic 

temperatures and cold/warm transitions is slower than 

initially considered. It will definitely save the operation in 

case the accumulation of the low energy electrons with 

high reflectivity (survivals) compensates the reduction of 

the secondary electron yield (SEY). Indeed, the beam 

scrubbing no longer help, photo-electrons production will 

dominate (design issue i.e. will not be significantly 

improving with time/dose). 

Vacuum system design: preliminary 

considerations 

The design of the HE-LHC beam vacuum shall be 

stable on day-one against ion-instability, reduce the 

number of photo-electrons and rely on vacuum cleaning 

(decrease of ph/ e-) for gas desorption stimulated by 

synchrotron radiation and photo-electrons. 

This design would imply the use of a beam screens but 

as compared to LHC, the following issues must be looked 

at: 

- More pumping speed is required i.e. more pumping 

slots; 

- Mechanical constraints: deformation with quench, 

impedance and HOMs; 

- Cooling capillaries are required to cool down the 

beam screens 

- Operating temperature of the beam screen between 

85-100 K is being favored provided that the 

magnetoresistance of the beam screen stays 

compatible with impedance requirements; 

- Cryosorbers are required in the cold bore side if the 

cryomagnets are operated above 3 K ; 

- Clearing electrodes in dipoles behind the beam 

screens and attached to the cooling capillaries to 

suppress electron cloud, alternatively:  

• Proceed to a coating of quadrupoles and 

cold/warm transitions of standalone 

cryomagnets;  

• Use solenoids (3-5 mT) to mitigate electron 

cloud build up in vacuum instrumentation ports 

and interconnecting pieces which cannot be 

coated; 

• Long straight sections at ambient temperature 

should be baked and rely on NEG coatings, 

alternatively, install solenoids if the coating is 

not feasible. 

These first thoughts on the design of the HE-LHC beam 

vacuum system need to be revisited once all pending 

issues have been correctly evaluated. 
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BEAM SCREEN ISSUES 
E. Métral, CERN, Geneva, Switzerland 

 
Abstract 

In the High Energy LHC (HE-LHC), a beam energy of 
about 16.5 TeV is currently contemplated. The beam 
screen issues linked to the use of 20 T dipole magnets 
instead of 8.33 T are discussed, with a particular emphasis 
on two mechanisms, the magneto-resistance and the 
anomalous skin effect, assuming the nominal machine 
and beam parameters. The magneto-resistance effect 
always leads to an increase of the material resistivity (as 
the mean free path in the presence of a transverse 
magnetic field becomes smaller). As concerns the 
anomalous skin effect, the anomalous increase of surface 
resistance of metals at low temperatures and high 
frequencies is attributed to the long mean free path of the 
conduction electrons: when the skin depth becomes much 
smaller than the mean free path, only a fraction of the 
conduction electrons moving almost parallel to the metal 
surface is effective in carrying the current and the 
classical theory breaks down. 

INTRODUCTION 
In the LHC, about 90% (i.e. the beam screen) is 

maintained between 5 and 20 K, while the other 10% is at 
room temperature (with a 2 mm thick copper beam pipe). 
The main purpose of the beam screen is to shield the cold 
bore from the synchrotron radiation and it is made of 
stainless steel to resist to the mechanical stresses. A 
copper coating with a thickness of 75 µm is used to keep 
the resistivity as low as possible for the transverse 
resistive-wall coupled-bunch instability [1]. The latter is a 
low-frequency phenomenon, from a few kHz to a few 
MHz, where the Magneto-Resistance (MR) effect is 
important and must be correctly taken into account. The 
power loss is a more involved issue due, in addition, to 
the short bunch length, the Anomalous Skin Effect (ASE) 
and the surface roughness (both important at high 
frequencies). A much smaller copper thickness could 
have been chosen (of the order of 1 µm) if only this effect 
had to be taken into account. The drawback from copper 
coating is the eddy currents, which are mainly 
concentrated in the copper layer in the cases of magnet’s 
quenches. Therefore, for the quench force consideration, 
which deforms the beam screen horizontally, the smaller 
the copper coating thickness the better.  

It is worth mentioning that the other impedance issues 
carefully studied in the past were the pumping slots 
(needed for the vacuum) and the longitudinal weld. 
Furthermore, I will not discuss here (as it will be 
discussed elsewhere) the important issue of Synchrotron 
Radiation (SR), even if in the HE-LHC the power would 
be increased by ~ 30 (from ~ 3.8 kW for one beam to 
~ 120 kW: the scaling goes with the fourth power of the 
energy) and the critical photon energy by ~ 13 (from 

~ 43 eV to ~ 574 eV: the scaling goes with the magnetic 
field times the square of the energy), keeping all the other 
parameters constant. 

In this paper, the current LHC beam screen is 
reviewed in Section 1. The MR effect is discussed in 
Section 2, recalling first what was done in the past, which 
was an approximation of the approximated Kohler’s rule. 
The exact and approximate Kohler’s rules are then 
discussed in some detail. Finally, Section 3 is devoted to 
the ASE, first reviewing what was done in the past, i.e. 
using the approximate formula, and then studying the 
exact formula from Reuter & Sondheimer. 

CURRENT LHC BEAM SCREEN 
Figure 1 shows a beam screen design as it was built 

and installed in the LHC. It is worth mentioning that in 
the dipoles, some baffles (i.e. shields of the pumping 
slots) were installed (see Fig. 1), to avoid a direct e- path 
along the magnetic field lines to the cold bore (which  
  

          

         
 
Figure 1: Beam screen as it was built and installed in the 
LHC (Courtesy of N. Kos). 
 
would then add to the heat load). For the arc beam 
screens, the inner dimension between flats (i.e. between 
the two flat parts of the beam screen) is 36.8 mm and the 
inner dimension between radii (i.e. between the two 
circular parts of the beam screen) is 46.4 mm. The 
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stainless steel thickness is 1.0 mm and the copper coating 
thickness is 75 µm. For the LSS (Long Straight Section) 
beam screens, the inner dimension between flats varies 
between 37.6 mm and 61.0 mm, and the inner dimension 
between radii varies between 47.2 mm and 70.7 mm. The 
stainless steel thickness is 0.6 mm and the copper coating 
thickness is still 75 µm. The lengths of the slots needed 
for the vacuum pumping are 6, 7, 8, 9 or 10 mm, i.e. 
8 mm on average. The width of the slots is 1.5 mm in the 
arcs and 1.0 mm in the LSS. Finally, the total surface 
covered by the holes is ~ 4.0% in the arcs, while it varies 
between ~ 1.8% and ~ 2.6% in the LSS, depending on the 
screen diameter. 

The power loss from the induced currents in the beam 
screen (neglecting the holes) at 7 TeV/c is given by (the 
same numerical result is obtained with the more precise 
multi-layer impedance formula [2]) 

 

€ 

Ploss /m
G ,RW ,1layer =

1
2π R

Γ
3
4

 

 
 

 

 
 
M
b

Nb e
2 π

 

 
 

 

 
 

2
c ρ Z0
2

σ t
− 3/ 2

≈ 85 mW/m ,

(1) 

where 

€ 

R ≈ 4243 m is the average machine radius, 

€ 

Γ (3/4) ≈ 1.23 the Euler gamma function, 

€ 

M = 2808  the 
number of bunches, 

€ 

b = 18.4 mm the beam screen half 
height, 

€ 

Nb = 1.151011 p/b the number of protons per 
bunch, 

€ 

e  the elementary charge, 

€ 

c  the speed of light, 

€ 

ρ  
the resistivity (i.e. 

€ 

5.510−10 Ωm for copper at 20 K), 

€ 

Z0 
the free space impedance (i.e. 377 Ω), and 

€ 

σ t = 0.25 ns  is 
the bunch length. Note that the power loss goes with the 
square of the bunch charge, which means that it is  
~ 2 times higher for the ultimate intensity (1.7 × 1011 p/b) 
than for the nominal one (1.15 × 1011 p/b). 

The power loss from the induced currents in the weld 
are given by 

 

€ 

Ploss /m
Weld ≈ Ploss /m

G ,RW ,1layer ρSS
20K

ρCu
20K

Δ l
Weld

2π b
≈ 48 mW/m , (2) 

with 

 

€ 

Δ l
Weld

2π b
=

2
2π 18.4

=
1

π 18.4
≈
1
60
, (3) 

where 

€ 

ρSS
20K = 6×10−7 Ωm . Therefore, even though the 

weld corresponds to only ~ 1/60 of the cross-section, the 
power loss due to the weld is not negligible at all and 
amounts to ~ 57% of the power loss without the weld. 

If one compares the previous estimates with what was 
computed in the past for a single beam [3], we find that 
instead of the 85 mW/m a value of 110 mW/m (based on 
measurements of LHC dipole beam screen samples 
without magnetic field and subsequent extrapolation) is 
quoted (noting that the ASE, not yet taking into account 
here, gives an increase by ~ 11%). Note also that 

~ 80 mW/m were obtained from simulations [4]. 
Concerning the weld, 10 mW/m were mentioned in 
Ref. [3] instead of the 48 mW/m computed in Eq. (2), 
while ~ 27 mW/m were found in Ref. [4]. Finally, 
~ 1 mW/m is found for the most critical pumping holes in 
the arc beam screen (which is very close to the result of 
Ref. [5]), whereas 10 mW/m are mentioned in Ref. [3]. 

The transverse resistive-wall impedance in the 
classical regime, which is a good approximation in the 
present case, is given by 

 

€ 

Z⊥
RW ω( ) = 1+ j( ) L Z0

π b3
ρ

2 µ0 ω
, (4) 

where 

€ 

j  is the imaginary unit, 

€ 

L  the longitudinal length 
of the structure, 

€ 

µ0 the vacuum permeability and 

€ 

ω  is the 
angular frequency. It can be seen that it is proportional to 
the square root of the resistivity and that it goes with the 
inverse of the pipe radius to the power of three. The 
transverse impedance should be weighted by the 
transverse betatron function at the location of the 
impedance to correctly model the beam dynamics. Using 
the exact dimensions of all the beam screens and the 
correct local transverse betatron functions, the transverse 
coupled-bunch instabilities were studied and the results 
for the horizontal plane are shown in Fig. 2. It should be 
reminded that - Im (ΔQ) / 10-4 = 1 corresponds to a rise 
time of ~ 1600 turns, i.e. ~ 140 ms, and that the transverse 
feedback should be able to damp down to  
~ 20−40 turns [6]. It can be seen from Fig. 2 that the 
beam screen contributes very little to the real part of the 
tune shift (which is dominated by all the collimators), but 
contributes significantly (~ 50%) to the imaginary part. 
 

 
Figure 2: Horizontal tune shifts using Sacherer’s 
formula [7] for all the coupled-bunch modes, for the 
head-tail mode 0 and for 0 chromaticity (using the LHC 
impedance model at 7 TeV/c). The two purple curves 
describe the stability diagrams with maximum otupoles’ 
current [3]. Courtesy of N. Mounet. 
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MAGNETO-RESISTANCE (MR) 
How were the values of the beam screen copper 

resistivity at low (i.e. injection) and high (i.e. top energy) 
magnetic field obtained? In Ref. [8], the following 
formula, referred to as “Kohler’s law”, was used 

 

€ 

ρ B , T( ) − ρ0 T( )
ρ0 T( )

=
Δρ
ρ0

= 10 − 2.69 B RRR( )1.055 , (5) 

where B is the magnetic induction, T the temperature, 

€ 

ρ0  
the resistivity at temperature T but without magnetic field, 
and 

€ 

RRR = R (273 K) / R (T )  is the Residual Resistance 
Ratio, which is a measure of purity of a material. Note 
that the resistance and resistivity are linked by the relation 

€ 

R = ρ l / S  (for long thin conductors), where 

€ 

l  is the 
length and 

€ 

S  the cross-sectional area, which means that 

€ 

ΔR / R0 = Δρ / ρ0 . 
As the resistivity decreases with temperature towards 

a minimum (determined by purity), the RRR is sometimes 
defined as the ratio of the DC resistivity at room 
temperature to its cold-DC lower limit (see Fig. 3) [9].  
             

 
Figure 3: Resistivity of several metals vs temperature, in 
the absence of magnetic field. 
 

 
 
Figure 4: Plot of the approximate formula (of the 
approximate Kohler’s rule) given by Eq. (5). 
 

Assuming a RRR of 100 and a resistivity at 20 K of 

€ 

1.5510−10 Ωm , yields a resistivity at 20 K and 0.535 T 
(i.e. for the injection energy) of 

€ 

1.8 10−10 Ωm and a 
resistivity at 20 K and 8.33 T of 

€ 

5.510−10 Ωm . Using the 
same formula as Eq. (5) yields a resistivity at 20 K and 
20 T of 

€ 

11.2 10−10 Ωm. The plot of the approximate 
formula (of the approximate Kohler’s rule) is given in 
Fig. 4. For 0.535 T, 

€ 

x = 53.5 (see Fig. 4) and 

€ 

Δρ / ρ0 ≈ 0.14 . For 8.33 T, 

€ 

x = 833 and 

€ 

Δρ / ρ0 ≈ 2.5. 
For 20 T, 

€ 

x = 2000 and 

€ 

Δρ / ρ0 ≈ 6.2 . 
It is worth mentioning that in general care must be 

exercised when applying Kohler’s rule to the magneto-
resistance of some conductors (including high Tc- 
superconductors), where the density of charge carriers 
might change with temperature [10]. In fact, Kohler’s rule 
may take two forms, one exact and one approximate. If 
there is only one relaxation rate in the transport process of 
a certain conductor, the exact Kohler’s rule writes 

 

€ 

Δρ
ρ0

= F H τ( ) , (6) 

which is generally a tensor, where 

€ 

H = B / µ0  is the 
magnetic field, 

€ 

τ  the relaxation rate (or time) and 

€ 

F  is a 
function given only by the intrinsic electronic structure 
and external geometry of the conductor. The link between 
the relaxation time and the DC resistivity under 0 
magnetic field can be found by using Ohm’s law for a 
wire carrying a current density. The equation of motion 
for one electron is 

 
  

€ 

m d  υ 
d t

= −e
 
E −α  υ , (7) 

where 

€ 

m is the electron mass,   

€ 

 
υ  the velocity, 

€ 

t  the time, 
  

€ 

 
E  the electric field, and 

€ 

α = m /τ . In permanent (DC) 
regime, 

  

€ 

d  υ / d t = 0  and 
  

€ 

 
J = − N e  υ =σ DC

 
E  is the 

current density, where 

€ 

N  is the density of carriers and 
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€ 

ρ0 =
1

σ DC

=
m

N e2 τ
. (8) 

The exact Kohler’s rule of Eq. (6) can then be re-written  

 

€ 

Δρ
ρ0

= F H
ρ0

m
N e2

 

 
 

 

 
 .  (9) 

If the factor 

€ 

m / (N e2)  does not change with temperature, 
then Kohler’s rule can be simplified to 

 

€ 

Δρ
ρ0

= F B
ρ0

 

 
 

 

 
 . (10) 

Equation (10) is Kohler’s rule in its approximate but often 
used form. Most of the problem comes from N, which 
could be very sensitive to the temperature in various 
conductors. Equation (10) can be rewritten 

 

€ 

Δρ
ρ0

= F B RRR( ) , (11) 

as 

 

€ 

ρ0 = ρ0 T( )∝ 1
RRR

. (12) 

Equation (11) is the form of Kohler’s law used for 
instance in Ref. [9], where the corresponding plot is 
shown in Fig. 5. 

 

 
Figure 5: Kohler’s plot for copper [9]. 

 
Experimental observations tell us that there is always 

an increase in resistance when the magnetic field is 
increased and that for small magnetic fields the resistance 

increase is proportional to the square of the magnetic 
field, whereas it becomes linear for very high magnetic 
fields. Note that Aluminum is an interesting material as 
concerns the magneto-resistance as it is one of the few 
materials which deviate from Kohler’s rule [11] (a kind of 
saturation is observed; however, the secondary emission 
yield is very high, which prevents it from being used in 
machines where electron clouds could develop). But, why 
is there always an increase in resistance with increasing 
magnetic field? To answer this question it is useful to 
introduce two parameters, the mean free path of the 
electrons and the cyclotron radius. The mean free path 

€ 

λ = λ (0)  of a particle in the absence of magnetic field, is 
the average distance covered by a particle between 
successive impacts: 

€ 

λ = υ τ . This leads to    

 

€ 

λ =
m υ

e2 N ρ0
. (13) 

As concerns the cyclotron radius, a particle, with a 
constant energy, describes a circle in equilibrium between 
the centripetal magnetic force and the centrifugal force, 
which leads to the cyclotron radius 

 

€ 

r =
m υ
e B

. (14) 

It can be seen from Eqs. (13) and (14), that  

 

€ 

B
ρ0
∝
λ
r
. (15) 

The case of a small transverse magnetic field is described 
in Fig. 6, where it can be seen that a smaller mean free 
path in the direction of motion is obtained, which means a 
larger resistivity (see Eq. (13)). Using the Taylor 
expansion of the sin function up to the second term, the 
mean free path can be approximated by 

 

€ 

λ H( ) ≈ λ 0( ) 1− 1
6

λ 0( )
r

 

 
 

 

 
 

2 
 
 

  

 
 
 

  
, (16) 

which leads to  

 

€ 

Δρ
ρ0

= −
Δλ
λ0

∝
λ 0( )
r

 

 
 

 

 
 

2

∝
B
ρ0

 

 
 

 

 
 

2

. (17) 

Equation (17) reveals indeed that for a small transverse 
magnetic field, the increase in resistivity due to the 
magneto-resistance is proportional to the square of the 
magnetic field. 

Electrical measurements of beam screen wall samples 
in magnetic fields were performed in Ref. [13], which 
revealed that the trend line slopes of the voltage for all 
samples were always higher than the theoretical curves by  
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Figure 6: Reduction of the mean free path in the direction 
of motion in the presence of a transverse magnetic field. 
Courtesy of Jeff Fitzgerald [12]. 
 
~ 20% (see Fig. 7). These results confirmed the 
assumption of a heterogeneous RRR in the co-laminated 
copper layer: the copper close to the steel gets 
contaminated during the fabrication process such that the 
surface impedance is increased. The increase of the 
resistance has been compensated by increasing the 
thickness of the copper layer from 50 to 75 µm [3]. 

 

 
 
Figure 7: Electrical measurements of beam screen wall 
samples in magnetic fields compared to Kohler’s formula. 
Courtesy of C. Rathjen [13]. 

ANOMALOUS SKIN EFFECT (ASE) 
The ASE theory attributes the anomalous increase of 

surface resistance of metals at low temperatures and high 
frequencies to the long mean free path of the conduction 
electrons. When the skin depth becomes much smaller 
than the mean free path, only a fraction of the conduction 
electrons moving almost parallel to the metal surface is 
effective in carrying the current and the classical theory 
breaks down. Some measurements were performed in 
Ref. [14], which were in relatively good agreement with 
predictions. 

In the Normal Skin Effect (NSE), the skin depth and 
surface resistance are given respectively by 

         

€ 

δ =
2 ρ
ω µ0

     and     

€ 

Rs
NSE =

ρ
δ

=
ω µ0 ρ
2

.  (18) 

In the ASE, and approximate formula for the surface 
resistance was used in the past [15], which is valid when 

€ 

α ≥ 3  and which is given by 

 

€ 

Rs
ASE = R∞ 1+ 1.157α − 0.276( ) , (19) 

with  

 

€ 

α =
3
2

λ
δ

 

 
 

 

 
 
2

=
3ω µ0

4 ρ 3
ρ λ( )2 ,  (20) 
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16 π
ρ λ ω µ0( )2
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 
 
 

1/ 3

= 1.123× 10 −3 Ω f
GHz

 

 
 

 

 
 
2/ 3

.

 (21) 

The parameter 

€ 

R∞  is independent of temperature and 
impurity, and 

€ 

ρ λ = m υ / (e2 N )  is a characteristic of the 
metal, equal to 

€ 

6.6 10 -16 Ωm2  for copper. The relative 
increase of the heating power (assuming that the ASE 
formula is valid over the full frequency range) is given by 
(with 

€ 

σ z  the rms bunch length in meters) 

 

€ 

PASE
PNSE

=

dω Rs
ASE ω( ) e

−
ω σz
c

 

 
 

 

 
 

2

ω= 0

ω=+∞

∫

dω Rs
NSE ω( ) e

−
ω σz
c

 

 
 

 

 
 

2

ω= 0

ω=+∞

∫
. (22) 

Considering an rms bunch length 

€ 

σ z = 7.5 cm  leads to 
an increase by ~ 46% at injection (using the resistivity 

€ 

1.8 10−10 Ωm), an increase by ~ 11% at 8.33 T (using the 
resistivity 

€ 

5.510−10 Ωm), and an increase by ~ 4% at 20 T 
(using the resistivity 

€ 

11.2 10−10 Ωm). The plots of the 
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Figure 8: Surface impedance vs. frequency for both the 
NSE and ASE, assuming that they are valid over the full 
frequency range, for 0.535 T, 8.33 T and 20 T. 
 
surface impedance in both the NSE and ASE are shown in 
Fig. 8. 

Sergio Calatroni implemented the exact (full) formula 
from Ref. [16], for the specular reflection of the electrons 
(which is the usual approximation; the diffuse 
contribution is close to this result). It is compared to the 
approximate formula of Eq. (19) in Fig. 9, where it can be 
seen that the exact formula converges to the NSE result at 
high temperature and to the limit 

€ 

R∞  at low temperature, 
whereas the approximate formula does not. Another 
interesting plot is shown in Fig. 10, where both the NSE 
and exact ASE formulae are plotted vs. RRR and 
magnetic field, for the particular frequency of 1 GHz. It is 
shown that for sufficiently high magnetic fields the result 
from NSE and ASE converge, and that in this case only 
the magneto-resistance needs to be taken into account as 
the ASE is small.   

 

 
 

Figure 9: Surface impedance vs. copper resistivity (i.e. for 
different temperatures) and for the frequency of 1 GHz. 
The exact formula [16] is compared to the NSE and 
approximate ASE ones. This plot was made using the 
available Mathematica Notebook of Sergio Calatroni. 
 

 
 
Figure 10: NSE and exact ASE formulae vs. RRR and 
magnetic field for the particular frequency of 1 GHz. This 
plot was made using the available Mathematica Notebook 
of Sergio Calatroni. 

CONCLUSIONS AND OUTLOOK 
The magneto-resistance is the dominant effect for the 

beam screen in the HE-LHC with 20 T dipole magnets 
and the anomalous skin effect can be neglected. The beam 
screen copper resistivity at top energy increases from 
~ 5.5 10-10 Ωm (at 7 TeV/c) to ~ 11.2 10-10 Ωm (at 
16.5 TeV/c), i.e. by a factor ~ 2.  

As the longitudinal and transverse impedances scale 
with the square root of the resistivity, they are larger by 
~ 40%, which should not be an issue for beam stability. 

The total present power loss (from ohmic losses, 
pumping slots and the weld) is ~ 150 mW/m for one beam 
at 7 TeV/c. At 16.5 TeV/c, it increases only slightly to 
~ 175 mW/m. Here again, no problem is expected. 

In conclusion, no issues are anticipated for the beam 
screen if the beam energy is increased from 7 TeV/c to 
~ 16.5 TeV/c. However, other impedance issues might 
arise with the collimators, whose gaps will be smaller and 
the transverse mode-coupling instability might be critical. 
It is worth reminding that at 7 TeV/c, the intensity 
threshold from the (single-bunch) transverse mode-
coupling instability is estimated at (only) ~ 2 times the 
ultimate intensity. Furthermore, the threshold should even 
be smaller when taking into account the coupled-bunch 
effects [17], which are currently under study. 
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SYNCHROTRON RADIATION DAMPING, INTRABEAM SCATTERING 
AND BEAM-BEAM SIMULATIONS FOR HE-LHC 

A. Valishev, Fermilab, Batavia, IL 60510, U.S.A.

Abstract 
The proposed High-Energy LHC project presents an 

unusual combination of strong synchrotron radiation (SR) 
damping and intrabeam scattering (IBS), which is not 
seen in present-day hadron colliders. The subject of 
investigation reported in this paper was the simulation of 
beam-beam effect for the HE-LHC parameters. 
Parameters of SR and IBS are calculated, and the 
luminosity evolution is simulated in the absence of beam-
beam interaction. Then, a weak-strong numerical 
simulation is used to predict the effect of beam-beam 
interaction on particle losses and emittance evolution. 

MACHINE AND BEAM PARAMETERS 
Main parameters of HE-LHC relevant for our 

calculations are presented in Table 1.  
Table 1: Machine and beam parameters 

Parameter Value 

Beam energy 16.5 TeV 

Number of bunches 1404 

Number of interaction points 2 

Bunch population 1.3×1011 

Initial normalized transverse 
emittance 

3.75, 1.84 (x,y) 
µm 

Initial momentum spread 0.9×10-4 

RF voltage 32 MV 

Beta-function at IP 1.0, 0.43 (x,y) m 

Full crossing angle 175 µrad 

PARAMETERS OF SYNCHROTRON 
RADIATION 

Calculation of synchrotron radiation integrals was 
based on current LHC optics V6.5. Main parameters of 
SR and equilibrium emittance were derived using the 
conventional formulae [1] (see Table 2): 

€ 

U0 =
Cγ

2π
E 4I2 

€ 

τx,y =
ET0
U0

,τE =
ET0
2⋅U0

 

  

€ 

dεx
dt

= −
εx
τ x

+
55
48 3

c
T0

r0
mc 2

γ 5I5  

 
 

Table 2: Synchrotron radiation parameters 

Parameter Value 

I2=0.002245 m-1 

I3=7.99×10-7 m-2 

Synchrotron radiation integrals 

I5=2.11×10-8 m-1 

Energy loss per turn U0=206.3 keV 

SR power 67 kW 

τx, τy=1.93 h Emittance damping time 

τE=0.96 h 

Normalized equilibrium emittance 0.01 µm 

Equilibrium momentum spread 3.4×10-6 

 
Note that the equilibrium emittance and momentum 

spread due to synchrotron radiation are much smaller than 
the initial values, and the damping time is significantly 
shorter than the expected store duration (10 hours). 

INTRA-BEAM SCATTERING AND 
LUMINOSITY EVOLUTION 

Intrabeam scattering was treated in the smooth optics 
approximation by V.Lebedev [2] with the main 
parameters listed in Table 3.  
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d
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4 2β3γ 3σ xσ yσ zθ⊥

Ax s

0
1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 

 

 
Table 3: Parameters of IBS 

Parameter Value 

€ 

βx =104.8 m 

€ 

βy =109.4 m 

Lattice parameters (LHC V6.5) 

€ 

Ax =2.29 

Horizontal emittance growth time 82 h 

Longitudinal emittance growth time 72 h 

 
Evolution of the beam parameters and luminosity was 

then calculated via the numerical solution of the following 
system of equations: 

____________________________________________ 

*Fermilab is operated by Fermi Research Alliance, LLC under 
Contract No. DE-AC02-07CH11359 with the United States 
Department of Energy. 
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Here L is the luminosity, Nb is the number of bunches, 

σtot is the p-p interaction cross-section, NIP is the number 
of IPs, indices SR, IBS and BB label the emittance growth 
(or damping) rates for synchrotron radiation, intrabeam 
scattering, and scattering at IPs, respectively. These 
growth rates are calculated at every step of numerical 
integration for current beam parameters. 

 

 
Figure 1: Evolution of transverse emittances. 

 
Figure 2: Evolution of bunch length. 

 
Figure 3:  Evolution of bunch intensity. 

 
Figure 4: Beam-beam parameters vs. time. 

 
Figure 5: Evolution of luminosity. Luminosity integral 
over 10 h is 450 pb-1. 

Figures 1-5 present the calculated evolution of beam 
parameters over a period of 10 hours. An important 
feature of the beam dynamics is the reduction of 
transverse emittances due to synchrotron radiation by 
approximately a factor of two. Combined with the beam 
intensity decay caused by luminous particle losses, this 
results in the increase of the total beam-beam parameter 
by 50% (from the initial value of 0.01 to 0.016). 
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BEAM-BEAM SIMULATION 
Numerical simulation was performed with the use of 

weak-strong tracking code Lifetrac. A bunch of 5,000 
macro-particles with weighted Gaussian initial 
distribution was tracked for 5×107 turns (which 
corresponds to 1.2 h of beam time) in order to evaluate 
the importance of beam-beam effects. The machine optics 
was represented by linear 6D maps, no long-range 
collisions were considered. The synchrotron radiation 
damping, quantum excitation and intrabeam scattering 
were represented by kicks applied once per turn. The code 
does not include particle losses due to luminosity and 
diffusion caused by scattering at the IPs. 

Figures 6-8 present the results of numerical simulation 
along with the curves obtained using the luminosity 
evolution model described in the previous section. 
Numerical simulation did not produce any particle losses. 
One can see that beam-beam interaction does not cause 
additional emittance growth. 

Figure 6: Beam emittances vs. time. Comparison of beam-
beam simulation and luminosity model. 

Figure 7: Comparison of bunch length from numerical 
beam-beam simulation and luminosity model. 

 
Figure 8: Luminosity vs. time. Beam-beam simulation and 
luminosity evolution model. Numerical curve is higher 
owing to the absence of the luminous beam decay in the 
model. 

SUMMARY 
Combination of parameters of the proposed High 

Energy LHC produces beam dynamics not observed at 
present hadron colliders. Synchrotron radiation causes 
emittance damping with the characteristic time of 2 hours. 
Intrabeam scattering, typically the dominant effect, is 
relatively weak with the initial emittance growth rate of 
70 hours. As the beam emittance decreases, synchrotron 
radiation and intrabeam scattering come to equilibrium, a 
situation typical for low emittance electron damping 
rings. The resulting beam emittance is approximately half 
of the initial value. As the result, the beam-beam 
parameter experiences growth over the initial 2 hours of 
the store. 

Numerical simulations with a weak-strong particle 
tracking code, which included major effects, predict that 
beam-beam effects would cause no particle losses. The 
evolution of beam emittance is not modified by beam-
beam interaction. Modeling confirms that the luminosity 
integral of 450 pb-1 over 10 hours is achievable. The 
simulations employed a simplified accelerator model, in 
which no nonlinearities existed. Hence it is reasonable to 
expect extra losses due to machine nonlinearities. 

REFERENCES 
[1] A. Chao, M. Tigner, Handbook of Accelerator 

Physics and Engineering, World Scientific, 1999 
[2] V. Lebedev, http://lhc-commissioning.web.cern.ch/ 
lhc-commissioning/presentations/2010/ 
VL_LHC_LuminosityEvolution.pdf 
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BEAM-BEAM STUDIES FOR THE HIGH-ENERGY LHC 

K. Ohmi, KEK, Tsukuba, Japan; O. Dominguez, F. Zimmermann, CERN, Geneva, Switzerland 

 

Abstract 
LHC upgrades are being considered both towards 

higher luminosity (HL-LHC) and towards higher energy 

(HE-LHC). In this paper we report initial studies of the 

beam-beam effects in the HE-LHC [1]. The HE-LHC 

aims at beam energies of 16.5 TeV, where the transverse 

emittance decreases due to synchrotron radiation with a 2-

hour damping time. As a result of this emittance, 

shrinkage the beam-beam parameter increases with time, 

during a physics store. The beam-beam limit in the HE-

LHC is explored using computer simulations. 

INTRODUCTION 

At the High-Energy LHC, the proton beam energy is 

increased from the present LHC design energy of 7 TeV 

to an upgrade value of 16.5 TeV. The HE-LHC target 

luminosity is 2  10
34

 cm
-2 

s
-1

. The parameters of the 

nominal and the High-Energy LHC are summarized in 

Table 1. The radiation damping time, which is 1 and 

2 hours for the longitudinal and transverse plane, 

respectively, will be visible in operation.  

The equilibrium horizontal emittance and energy 

spread that would arise from a balance of radiation 

damping and random quantum excitation (as in a typical 

electron storage ring) are very small, x~5   10
-12

 m and 

p~1.1  10
-5

, respectively.  At the quantum equilibrium 

the diffusion rates per turn of the quantum radiation 

excitation are < x> = 5.8  10
-20

 m and < z> = 4.2  

10
-15

 m, respectively, in the absence of any additional 

blowup. Assuming 20% emittance coupling, the vertical 

emittance and diffusion rate are y = 1  10
-12

 m and 

< y> = 1.2  10
-20

 m respectively. 

 

Table 1 Parameter list of nominal and high-energy LHC 

 nominal HE-LHC 

Beam Energy (TeV) 7 16.5 

Bunch population 1.15  10
11

 1.29  10
11

 

Emittance x/y (m) 5.1  10
-10

 2.1/1.0  10
-10 

Bunch length (m) 0.0755 0.065 

Energy spread (10
-4

) 1.13 0.9 

* x/y (m) 0.55/0.55 1/0.43 

Damping time x&y/z (h) 25.8/12.9† 1.97/0.98† 

Number of bunches 2808 1404 

Luminosity (cm
-2 

s
-1

) 1.0  10
34

 2.0  10
34

 

†Here the damping time refers to the emittance 

decrease, i= 0,i exp(-t/ i), not to amplitude. The 

amplitude damping times would be two times longer. 

 

The quantum equilibrium is not reached, however, 

since intra-beam scattering (IBS) also causes a random 

excitation of the beam. The IBS diffusion rate depends on 

the phase space volume of the beam. The diffusion rate 

due to intra-beam scattering can be estimated using the 

nominal LHC optics and the MADX IBS module. The 

emittance growth rates found in this way are 64, 400 and 

80 hours for the horizontal, vertical and longitudinal 

plane, respectively, at the initial design emittance. The 

diffusion rates per turn translate to < x> = 6.6  10
-20

 m, 

< y> = 6.5  10
-21

 m and < z> = 2.3  10
-15

 m. 

Therefore, initially the transverse rates are comparable to 

the radiation excitation. The diffusion rates of the intra-

beam scattering strongly increase for smaller beam 

emittances. The equilibrium emittances reached due to the 

interplay of intra-beam diffusion and radiation damping 

are calculated as 8.6  10
-11

 m, 1.7   10
-11

 m and 1.4   

10
-6

 m. At this IBS equilibrium, the diffusion rates per 

turn are 1.1  10
-18

 m, 4.2  10
-20

 m and 3.5  10
-15

 m. 

The beam-beam parameters for these emittances and with 

the initial bunch charge are 0.018 (x) and 0.025 (y). 

Keeping  the longitudinal emittance constant, equal to 2.5 

eVs, by means of an external excitation, the transverse 

equilibrium emittances become 5.1  10
-11

 m (x) and 1.0  

10
-11

 m (y), resulting in the diffusion rates per turn of  

6.2  10
-19

 m (x) and 2.5  10
-20

 m (y). Figure 1 shows the 

evolution of the emittance as a function of time. The 

beam-beam parameters for the final emittances are 

0.026/IP (x) and 0.037/IP (y).  In equilibrium with the 

radiation damping, the diffusion rate always equals 

< i>= iT0/ I, or  < x
2
>

1/2
= (T0/ x)

1/2
x,eq= 1.1  10

-4
x,eq. 

 

 

 
Figure 1: Horizontal and vertical emittances as functions 

of time. The radiation damping and the diffusion due to 

intra-beam scattering are taken into account, while proton 

burn off is not. It is assumed that the longitudinal 

emittance is continually blown up, so as to acquire a 

constant value of 4 eVs (=4 E t). 

 

In this report, we do not take into account the proton 

loss due to the collision, partly since the bunch population 
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and the operation scheme are not yet fixed for HE-LHC. 

Instead the beam-beam limit related to the damping of the 

emittance is an interesting subject for us. In the beam-

beam simulation, diffusion with a constant rate is taken 

into account in each plane. Our diffusion model does not 

represent the exact IBS diffusion. This approximation is 

justified if the emittances and diffusion rates do not vary 

enormously during the course of the simulation. 

We discuss coherent and incoherent effects due to the 

beam-beam interaction by considering the high 

geometrical beam-beam parameters 0.026/IP (x) and 

0.037/IP (y), and the aforementioned corresponding 

values for the IBS diffusion rates. 

COHERENT EFFECT IN HE-LHC 

     In this section, we discuss coherent beam-beam effect 

using the strong-strong beam-beam simulation code 

BBSS. We consider a single interaction point. The 

collision is simulated by 2D model: i.e., the crossing 

angle is not taken into account. The actual diffusion rate 

is very small considering the typical statistics of the 

simulation using 1 million (0.1%) macro-particles and the 

resulting numerical noise. The simulations using the real 

radiation damping and the diffusion rate are hard for the 

computation time.  

We study several model cases with faster damping 

times (and correspondingly increased diffusion rates) and 

then try to extrapolate the results to the real case. The 

damping times are assumed to be either 3.55 or 35.5 s, 

which is 2000 or 200 times faster than for the HE-LHC. 

The case with 20 time faster damping time has also been 

tried, but definite results could not be obtained within an 

acceptable calculation time.  

     Figure 2 shows the evolution of the luminosity and the 

beam size for the damping time of 3.55 s. The difference 

of the top and bottom two plots is the existence (top) or 

absence of diffusion (bottom). The diffusion rates of 6  

10
-17

(x) and 6  10
-18

 m (y) per turn are taken to be 200 

times bigger than the actual IBS diffusion rates (together 

with the 2000 times faster damping rate leading to a ten 

times smaller equilibrium emittance), because the natural 

IBS diffusion rate is smaller than the noise induced by the 

limited number of macro-particles. The left plots of Fig. 2 

display the luminosity per bunch and the beam size. The 

luminosity increases over the first 15-17  10
4
 turns, and 

then drops. At the same time the beam size shrinks up to 

the same number of turns and then increases. The beam-

beam parameters calculated from the beam size, and the 

dipole amplitudes of the both beam are depicted in the 

right-hand plots. We can see that the luminosity drop is 

caused by a coherent dipole-mode beam-beam instability. 

The beam-beam parameter where the coherent instability 

arises is quite high, =0.15. Already earlier, another 

weaker coherent instability is seen, after about 8  10
4
 

turns, in the top right picture. The beam-beam parameter 

is 0.03-0.04 at the occurrence of this weak coherent 

instability. Luminosity degradation is not visible here, and 

the weak instability disappears after 10
5
 turns. The 

instability is also seen for the diffusion free case in the 

right bottom plot, though the amplitude is weaker than on 

the right top. The diffusion may enhance the coherent 

motion.  

 

 

 
Figure 2: Evolution of the luminosity, beam size, beam-

beam parameter and vertical dipole amplitudes. The 

difference between the top two and bottom two plots is 

existence (top) or absence of diffusion (bottom). The 

damping time is assumed to be 3.55 s (4,000 turns). 
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Figure 3: Coherent motion seen in Figure 1. The plots 

show the dipole amplitudes of the two colliding beams, in 

the presence of diffusion.  

 

Figures 3 and 4 illustrate the coherent dipole 

amplitudes of the two colliding beams and Fourier 

spectrum of the motion for one beam, respectively. We 

clearly notice a  mode signal in both the beam 

oscillation and Fourier spectra.  

Figure 5 shows the luminosity and beam size for the 

ten times slower damping time 35.5 s without diffusion. 

The results roughly scale by a factor ten in time compared 

with those obtained for the damping time of 3.55 s. The 

weak instability now occurs around 800,000 turns, though 

it is hard to see it in the figure. The strong coherent 

instability appears after about 1,800,000 turns. In view of 

the good scaling the results may be extrapolated to the 

case of the real damping time, in a straightforward 

manner. Actually, an incoherent emittance growth due to 

the beam-beam interaction dominates for the damping 

time, as is shown in next section. In addition, the 

emittance growth from IBS would also limit the beam 

size. Therefore such high beam-beam parameter is not 

realized in practice. A simulation with an “IBS” diffusion 

rate 20 times bigger than the actual one was also 

attempted, for the 35.5 s damping time. Here the 

incoherent emittance growth due to beam-beam and IBS 

dominated, i.e., the emittance did not shrink sufficiently 

to induce any coherent motion. 

 

 

 

 

  

  
 

Figure 4: Fourier amplitude of the coherent motion for 

weak and strong instabilities seen after about 80000 and 

180000 turns, respectively, in the presence of diffusion. 

Top and bottom plots display the horizontal and vertical 

signal, respectively. 
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Figure 5: Evolution of the luminosity, beam size, beam-

beam parameter and dipole amplitudes for the diffusion- 

free case. The damping time is assumed to be 35.5 s 

(40,000 turns). 

INCOHERENT BLOWUP IN HE-LHC 

Incoherent emittance growth for the HE-LHC is studied 

using a weak-strong simulation code (BBWS). Two 

interaction points are taken into account. A bunch is 

sliced into 5 pieces along the longitudinal direction. A 

crossing angle of 170 rad is taken into account.  

A full simulation with the realistic damping time is 

again too time consuming. Therefore, a weak-strong 

simulation is performed for various periods of time after 

starting the collision. We study how a high beam-beam 

parameter enhances the incoherent emittance growth, in 

the presence of radiation damping. Table 2 shows the 

emittance of each stage, in which the simulation is 

performed. Note that IBS limits the emittance and beam-

beam parameters to ( x, y)=(0.051, 0.011) nm and -( x, 

y)=(0.026, 0.037), which roughly corresponds the case of 

t=4-5 h. (The equilibrium emittance is realized by 

overshooting after 10 h in Fig. 1, because the true 

diffusion rate is a function of emittance.) In the 

simulation, a smaller emittance (i.e. smaller than the 

design value of Table 1) is introduced in order to 

investigate beam-beam emittance growth rate at higher 

beam-beam parameter.  

Figure 6 shows the luminosity evolution at each stage 

of the beam storage listed in Table 2. The bunch 

population is kept equal to the initial value. 

The luminosity for the emittance after t=0, 1 and 2 hours 

(- <0.013/IP) does not degrade at all. The luminosity 

degradation is visible for the emittance after t≥3 hours     

(- >=0.021/IP). The degradation rate, which is defined as 

the inverse of luminosity exponential life-time in units of 

turns, is summarized in Fig. 7. The degradation rates 

corresponding to luminosity life-times of 1 hour and 1 

day, respectively, are depicted in the figure. The beam-

beam limit for 1day luminosity life is - y=0.013/IP. Since 

the damping time is 2 hours for HE-LHC, the limit is -

y=0.02/IP.  

 

Table 2: Expected time evolution of emittance and beam-

beam parameter for HE-LHC at top energy due to 

radiation damping, without proton consumption 

t (h) x (nm) y (nm) 
x (/IP) y (/IP) 

0 0.21 0.1 0.0051 0.0052 

1 0.13 0.062 0.0080 0.0084 

2 0.076 0.037 0.012 0.013 

3 0.046 0.022 0.017 0.021 

4 0.027 0.014 0.023 0.031 

5 0.016 0.0097 0.029 0.042 

 

 
Figure 6: Luminosity evolution assuming the emittance 

expected after t=0-5 hours. The legend is corresponding 

beam-beam parameters to the emittance. 

 

 
Figure 7: Luminosity degradation rate as function of the 

vertical beam-beam parameter. 

 

A major source of the luminosity degradation is the 

crossing angle. Fig. 8 shows the luminosity degradation 

for collisions without crossing angle (left) and for 

285 rad crossing (right). This simulation was done for 

the nominal LHC. The luminosity lifetime without 

crossing angle is 10 times better than the one with the 
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nominal crossing angle. A similar behaviour has also been 

seen in simulations for KEKB [2]. 

 

 
Figure 8: Luminosity degradation for the collision without 

crossing angle (top) and for 285 rad crossing (bottom). 

This simulation was performed for the nominal LHC, 

with two collision points and alternating crossing. 

EFFECT OF X-Y COUPLING AND 

DISPERSION FOR THE HE-LHC 

In KEKB, the optimization of the linear x-y coupling and 

also of the chromatic coupling at the IP is indispensable 

to keep a high luminosity during the operation. Tuning of 

the parameters had continued for 24 hours every day.  

     The 6x6 revolution matrix, which contains 21 

parameters, is parameterized by three sets of Twiss 

parameters ( , , )xyz, four x-y coupling parameters, and 

up to eight dispersion parameters, as follows,  
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where four parameters related to x= z have already been 

omitted, assuming that there is no transverse kick 

dependent on z, e.g. no crab cavity,  and no cavity placed 

in a dispersive ( ≠0) section. For KEKB the revolution 

matrix at the collision point determines the collision 

performance. The tuning performed in KEKB is just a 

luminosity optimization, performed by scanning r1-r4 and 

y, y’ at the collision point. 

    We first discuss the effects of the x-y coupling on the 

coherent instability. Figure 9 shows the luminosity 

(beam-beam parameter) evolution for the case of damping 

time of 3.5sec. Three lines are given, corresponding to 

no-coupling, r1=0.01 and 0.05. The threshold for the 

coherent instability is higher the larger x-y coupling. 

Perhaps the x-y coupling suppresses the excitation of the 

coherent mode. However, the suppression is not drastic. 

The same simulations were done for the other coupling 

parameters r2-r4. The results were similar: the threshold 

beam-beam parameter is always higher for larger x-y 

coupling, but the gain is hardly significant. 

 

 
Figure 9: Evolution of beam-beam parameter with or 

without x-y coupling (varying the coupling parameter  r1).  

 

     Next we discuss the incoherent emittance growth in 

the presence of x-y coupling. Figure 10 shows the 

luminosity degradation with x-y coupling or vertical 

dispersion. The simulation is performed for a beam-beam 

parameter of - y=0.02/IP. The 5 plots illustrate the impact 

of changing r1-r4 and y, respectively. The sensitivity to 

any of these parameters is quite weak. For KEKB, the 
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tolerances were around r1~0.003, r2~0.001, r3~r4~0.1. The 

much reduced sensitivity for the LHC seems to be due to 

the difference of round (LHC) and flat beams (KEKB). 

 

  
Figure 10: luminosity degradation in the presence of x-y 

coupling or vertical dispersion. 

SUMMARY 

Beam-beam effects in the High-Energy LHC have 

been studied. Both coherent and incoherent phenomena 

were discussed, using strong-strong and weak-strong 

simulations, respectively.  

A coherent beam-beam instability is induced at high 

beam-beam parameter - >0.15. The coherent instability is 

seen in simulations with unrealistically short damping 

time. For the true damping time, this type of instability is 

not realized due to the emittance growth caused by the 

incoherent beam-beam interaction or by IBS. 

Incoherent emittance growth was evaluated for 

several beam-beam parameters. The beam-beam limit is 

found to be - =0.013/IP without radiation ramping, and    

- =0.02/IP for a radiation damping time of 2 hours. The 

incoherent emittance growth is mainly caused by the 

crossing angle. The emittance growth rate without 

crossing angle is about 10 times slower. 

The sensitivity to x-y coupling and spurious vertical 

dispersion is quite weak compared with the flat-beam 

collision at the KEK B factory.  
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PRELIMINARY CONSIDERATIONS ABOUT THE INJECTORS OF THE 

HE-LHC 

R. Garoby, CERN, Geneva, Switzerland

Abstract 
A hadron collider operating at an energy much larger 

than the LHC (”HE-LHC”) would be a logical successor 

to the LHC itself, especially if its cost can be minimized 

by reusing a significant part of the CERN infrastructure 

like the existing tunnels and/or accelerators. The injector 

complex must however be extended to reach a beam 

energy of ~1.2 TeV and. in view of the time span of the 

HE-LHC project, the replacement of ageing accelerators 

can also be necessary. The main possible options are 

outlined together with their specificities. 

INTRODUCTION 

Beyond the need to satisfy the requirements of the HE-

LHC, the options for the injector complex have to take 

into account the peculiarities of the existing accelerators 

and their other present or potential uses for physics. 

Moreover, choices have to result from an overall 

optimization of the whole HE-LHC project, taking into 

account the cost of dismantling and operation, as well as 

the opportunities offered by decommissioned installations 

like HERA, Tevatron and the LHC itself.  

HE-LHC REQUIREMENTS 

Preliminary considerations for a higher-energy LHC 

(“HE-LHC”) [1] have lead to the figures listed in Table 1 

for the beam characteristics at injection in the future 

collider. 

 

Table 1: Beam characteristics in the HE-LHC 

Injection energy ~1.2  TeV 

Protons/bunch 1.3  1011 

Time interval between bunches 50 ns 

Transverse emittances (H/V) 3.75 1.84 

or 2.59 2.59 rad 

Longitudinal emittance < 4 eVs 

 

The maximum energy of the SPS being of 450 GeV, a 

new accelerator is required in the injector chain to reach 

1.2 TeV.  All other requirements can be met by the CERN 

injector complex especially after its upgrade for the High 

Luminosity LHC (“HL-LHC”) [2]. Considering however 

that the HE-LHC will start being operational in 

approximately 20 years, the present accelerators may 

represent a reliability concern if they have not been 

replaced. 

PLANS FOR HL-LHC 

Until the beginning of 2010, studies were taking place 

in view of building new accelerators to replace the PSB 

and PS, boosting performance and reliability of the first 

part of the injection chain, while simplifying the upgrade 

of the SPS by injecting at a much higher energy (50 

instead of 26 GeV) [3, 4,  5]. This solution was however 

discarded after the 2010 LHC Performance Workshop in 

Chamonix, and the decision was taken to rather 

consolidate and upgrade the PSB and PS [6]. As a result, 

the SPS will keep operating with maximum injection 

energy of 26 GeV and the accelerators in the injector 

complex will date from 55 and 70 years when HE-LHC 

will start, except Linac4 which will be only ~14 years old. 

OPTIONS FOR THE INJECTORS 

Three main options are being considered for delivering 

beam at 1.2 TeV to the HE-LHC: 

 New synchrotron using superconducting magnets in 

the SPS tunnel; 

 New synchrotron using low field superconducting 

magnets in the LHC tunnel; 

 LHC as a pre-accelerator. 

New synchrotron in the SPS tunnel 

Assuming the same filling factor than in the SPS, the 

maximum B field in the dipoles have to be of ~5.5 T. To 

provide the same proton flux at ejection (same filling time 

of the collider and same flux for fixed target physics), the 

dB/dt has to be of ~1.8 T/s. Such characteristics are close 

to the ones of the SIS300 dipoles for the FAIR project [7]. 

Injection in this new synchrotron has to be at 

~100 GeV. If the 1.2 TeV accelerator can co-exist with the 

SPS in the existing tunnel, the possibility to use the SPS 

as injector could be considered. This is certainly difficult, 

but it cannot be rejected before some serious study. It is 

however more likely that a new machine will be 

preferable, either with a small footprint in the SPS tunnel, 

or in a new and shorter tunnel. The needs of this new 

accelerator will impact upon its injectors and significant 

work has to be invested for studying the options, 

especially if the requirements of other physics users have 

to be taken into account. 

Another important consequence results from the need 

to rebuild the transfer lines TI8 and TI2 to the LHC 

(5.6 km in total). The possibility to use HERA or Tevatron 

magnets for that purpose is commented upon during this 

workshop [8, 9]. 
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New synchrotron in the LHC tunnel 

If acceleration above 450 GeV can be done by a 

machine located in the LHC tunnel, the transfer lines do 

not need to be modified and the SPS as well as the lower 

energy accelerators could in principle stay untouched. 

This solution requires however: 

 The addition of a new dual beam synchrotron within 

the tight space left available by the collider; 

 Finding a means to pass through or to by-pass the 

detectors. 

This possibility has already been subject to a 

preliminary study [9] and it is addressed during this 

workshop [10]. The dipoles of the proposed new 

accelerator, called LER (Low Energy Ring) are based on 

the technology envisaged for the VLHC. In one option, 

two 1 km by-pass tunnels have to be built for the LER 

beam-pipe to avoid passing through the large detectors in 

IP1 and IP5. Beam transfer from LER to HE-LHC is 

tentatively located in IP7. In the second option, no by-

passes are necessary because the LER beam is deflected 

to pass every turn through the centre of the detectors in 

IP1 and IP5. It relies on fast deflectors which would also 

solve the question of injection in the HE-LHC, although 

making it take place in a very fragile part of the machine, 

namely in the centre of the detectors. 

LHC as a pre-accelerator for the HE-LHC 

The cost of the magnets for the HE-LHC is likely to be 

very large, even compared to the cost of building a new 

and longer tunnel. An economical optimization will 

therefore be necessary, taking into account the variation 

of the magnets cost as a function of the maximum 

bending field and the cost of constructing a new and 

longer tunnel. It should be added in the analysis that, if 

the HE-LHC is located in a new tunnel, the LHC could 

remain in place and be used as injector, which would also 

remove the need and cost of its dismantling. 

This option can only be considered after the R § D on 

the HE-LHC magnets will have sufficiently progressed 

CONCLUSION 

The HE-LHC raises two kinds of challenges for its 

injectors. The first one concerns beam energy, which has 

to be at ~1.2 TeV. It can be addressed with a new 1.2 TeV 

synchrotron either in the LHC tunnel or in the SPS tunnel. 

An alternative would be to use the LHC itself, if it is 

economically interesting to locate the HE-LHC in a new 

and longer tunnel. The second one results from the time 

period which covers ~2030-2050. This is likely to require 

the replacement of part or all of the existing synchrotrons 

e.g. to improve reliability, reduce the cost of maintenance 

(manpower and material) and decrease the environmental 

impact. The specifications of these new accelerators could 

also be influenced by the needs of other physics users 

(e.g. for neutrinos and/or nuclear physics). 

In any case, as soon as the HE-LHC will become an 

attractive option for the future of particle physics, it 

would make great sense to start preparing the injector 

complex and let the HL-LHC and the other users benefit 

from new/ renovated accelerators. 
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Abstract 
 

     Two injector accelerator options for HE-LHC of p
+ 

- p
+
 

collisions at 33 TeV cms energy are briefly outlined. One 

option is based on the Super-SPS (S-SPS) [1] accelerator 

in the SPS tunnel, and the other one is based on the LER 

(Low-Energy-Ring) [2] accelerator in the LHC tunnel. 

Expectations of performance of the main arc accelerator 

magnets considered for the construction of the S-SPS and 

of the LER accelerators are used to tentatively devise 

some selected properties of these accelerators as potential 

injectors to HE-LHC.      

EXPECTED QUALITIES OF INJECTOR 

TO HE-LHC 

     Injector accelerator should transfer beam to a higher 

level accelerator with minimal beam losses. This is 

especially important for the HE-LHC where the scattered 

injected beam of energy in the TeV range can easily 

produce radiation levels not only causing quench but 

possibly damaging the magnets.  In addition, the 

operations of the injector accelerator should be very 

robust minimizing in this way potentially lost time for the 

physics program with HE-LHC. 

 It is also important that the injector accelerator has the 

ability to pre-condition the injected beam in order to help 

optimize performance of the HE-LHC. One of the most 

important beam improvement options is a batch slip-

stacking followed by bunch coalescing which may lead to 

as much as doubling the proton intensity in the bunch and 

as a result allow an increase of the HE-LHC luminosity 

by up to a factor of 4.  

Finally, as the cost of HE-LHC accelerator construction 

and operations is expected to be very high the injector 

construction and operation cost should constitute only a 

fraction of the HE-LHC design.   

 S-SPS INJECTOR CONCEPT 

The arrangement of the S-SPS accelerator as injector to 

the HE-LHC is shown in Fig. 1. The beam batches from 

the pre-injector chain are first injected into the SPS, 

accelerated to 150 GeV, and then transferred to the S-SPS. 

The S-SPS accelerator is built in the SPS tunnel, so it can 

fully contain the SPS batch. The S-SPS accelerates beam 

to 1 TeV [1], or 1.3 TeV [3], and then extracts it to TI2 

and TI8 beam transfer lines connecting the S-SPS with the 

HE-LHC. This procedure is repeated 24 times to fill both 

HE-LHC rings. During beam stacking the S-SPS beam 

passes through the HE-LHC detector’s beam pipe. 

Fig. 1: S-SPS accelerator as injector to HE-LHC 

      

     The key element of the S-SPS injector proposal in [1] 

is that its cycle matched to the SPS eliminating the dead 

time incurred with the use of the S-SPS as a second stage 

accelerator. With the SPS beam energy set to 150 GeV its 

total cycle is 10.8 s. The S-SPS main arc magnet field has 

to be 4.5 T for 1 TeV beam and 5.9 T for 1.3 TeV one.  In 

order to match the 10.8 s SPS cycle the ramping rate of 

the S-SPS magnets would have to be 1 T/s and 1.3 T/s for 

1 TeV and 1.3 TeV beams, respectively. This would lead 

to the stacking time of 24 S-SPS beam batches in HE-

LHC rings to be 4.4 minutes., as at present. As the S-SPS 

is also planned for the use in the fixed target experiments 

extending its cycle length beyond that of the SPS would 

cut into the benefit from the increased energy. 

     The increased beam energy of the S-SPS requires new 

construction of the TI2 and TI8 beam transfer lines to the 

HE-LHC using the superconducting magnets of 4 T and 

5.2 T for 1 TeV and 1.3 TeV beams, respectively. The 

total new beam line construction for the S-SPS option is 

12500 m, with 6900 m for the S-SPS ring and 5600 m for 

the TI2 and TI8 transfer lines. 

LER INJECTOR CONCEPT   

    The LER injector is a dual beam synchrotron of 1.65 

TeV energy per beam placed in the LHC tunnel. The beam 

batches from the SPS are stacked in two LER rings and 

circulate in the clock-wise and counter-clock directions. 

As the LER rings are of the same length as the HE-LHC 

the LER beam batches length matches exactly those of the 

HE-LHC. This allows correct and improve the future HE-

LHC beam batch at the LER energy. Both LER beam 

batches are transferred to the HE-LHC rings 

simultaneously using a single injection mode assuring in 

 ___________________________________________  
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this way proper beam power balance in the HE-LHC two-

bore magnets. The LER beam stacking time is 7.4 minutes 

as determined by the current SPS cycle with 24 injections 

(18.5 s × 24 = 444 s). The LER accelerator can work with 

the existing or the new pre-SPS injector chain. The SPS 

beam energy at the injection to the LER is 450 GeV. The 

LER accelerates beams to 1.65 TeV, or 10% of the HE-

LHC top energy. There are two options for arranging the 

LER accelerator as an injector to the HE-LHC. The first 

option, shown in Fig. 2, allows the LER beams to bypass 

the detectors and the second one, shown in Fig. 3, requires 

the LER beams to pass through the detectors beam pipe. 

 

Fig. 2: LER injector Option 1 with LER beam bypassing 

detectors at IP1 and IP5intersection points 

 

Fig. 3: LER injector Option 2 with LER beams passing 

the detector beam pipe at IP1 and IP5 intersection points 

The advantage of the first option is that it fully secures 

safety of the HE-LHC during the SPS beam stacking 

operations in the LER. The disadvantage of this option is 

that construction of at least 2 x 1000 m of a new tunnel is 

required with the 8 T magnets used for these beam lines. 

For the Option 2, however, allowing the LER beams to 

pass through the IP1 and the IP5 intersections constitutes 

some risk for the detectors. For the LER Option 1 the 

two-beam transfer into the HE-LHC rings is enforced by 

two sets of kicker magnet strings located at IP7. For the 

LER Option 2 the two-beam transfer to the HE-LHC is 

enforced with total of four sets of fast switcher-magnet 

strings located on both sides of IP1 and IP5 intersections. 

The detector bypass lines in the LER Option 1 and the 

transfer lines in the LER Option 2 constitute an integral 

part of the LER synchrotron. The LER accelerator can 

share RF system with HE-LHC but it can also have its 

own installed in e.g. IP3 or IP7. For the LER Option 1 the 

RF system can also be placed in one of the detector 

bypass lines. In all cases a local expansion of the tunnel is 

required. The beam line construction for LER Option 1 is 

26700 m long including 2000 m for the detector bypass 

lines and 200 m for kicker magnet strings. The total beam 

line construction for the LER Option 2 is 26300 m with 

25904 m for the LER and 416 m for the 4 switcher 

magnet strings. 

EXPECTED PROPERTIES OF S-SPS 

MAIN ARC MAGNET 

      There are three crucial elements of superconducting 

magnet performance: (1) stability of operations (quench 

prevention), (2) cryogenic power loss during fast-cycling 

operations, and (3) overall cryogenic and electrical power 

demand. It is assumed [1, 3] that the S-SPS injector will 

use the SIS300 type magnets of the FAIR accelerator [4].  

The SIS300 magnetic design [5, 6, 7] calls for a 2.75 m 

long dipole of Bmax = 6 T with a 50 mm gap and the dB/dt 

ramping rate of 1 T/s. At present the actual tests are 

available for 1 m long model SIS200 dipole of Bmax = 4 T 

[8], and the power loss simulations for 2.6 m long SIS300 

dipole of Bmax = 6 T. We extrapolate data to match the 

simulations (Fig.  4), and use the points at 4.5 T and 6 T to 

estimate the SIS300 magnet power loss at 4.5 T and 6 T 

for the 1 TeV and 1.3 TeV S-SPS, respectively.  

      Assuming the SIS300 magnet trapezoid shape of the 

ramping cycle 4.5 s + 1.5 s + 4.5 s = 10.5 s for the S-SPS 

magnet at both 1 TeV and 1.3 TeV we estimate the power 

loss to be 10 W/m and 15 W/m for 4.5 T and 6 T magnets, 

respectively. Consequently, for the 6900 m long S-SPS 

magnet ring of 78% filling factor the projected cryogenic 

power loss is 54 kW and 80 kW for operations with 1 TeV 

and 1.3 TeV beams, respectively.  

      Stability of the S-SPS accelerator operation is 

dependent on, among other things, the temperature margin 

of the superconducting magnet cable. It was analyzed in 

[7] that the temperature margin for a 2.6 m long SIS300 

magnet operating with field cycle Bmin = 0.48 T, Bmax = 

6 T, dB/dt = 1 T/s, in  a trapezoid time cycle 5.52-11-5.52-

0 s would be no larger than 0.5 K with 40 g/s liquid 

helium flow. For the 6-m-long S-SPS magnet, the 

temperature margin will likely be even lower than 0.5 K 

due to the much diminished cooling efficiency in the 

longer cables. Consequently, one may expect the S-SPS 

magnet to be strongly prone to quenching and other 

instabilities.    
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Fig. 4: SIS200 power loss data [8] for fields of 1-4 T at 

1 T/s ramping rate, and extrapolation to simulations of 

SIS300 at 6 T 

 

        The 1 TeV S-SPS, but with ramping rate well below 

1 T/s, may be a more practical solution for the large scale 

accelerator such as the S-SPS assuming that the lower 

ramping rate will indeed widen operational temperature 

margin. With the S-SPS as injector the stacking time in 

the HE-LHC rings ranges from 4.3 minutes for 1 TeV 

beam to 5.2 minutes for 1.3 TeV beam with the ramping 

rate of 1 T/s .     

     The electric power required for the cryogenic support 

(estimated using Carnot factor 70, Carnot efficiency factor 

3.6 and the over-capacity factor 1.3) is 14 (17) MW for 1 

(1.3) TeV S-SPS options. The ramping power of 230 kVA 

for the FAIR magnet scales-up to 375 (500) kVA for a 6 m 

long S-SPS magnet at B-fields of 4.5 T (6 T), respectively. 

The required ramping power for the S-SPS accelerator is 

then 6900 m × 0.78/6 m × 375 (500) kVA = 

390 (518) MVA.  

EXPECTED PROPERTIES OF LER MAIN 

ARC MAGNET 

    A sketch of the proposed LER main arc magnet design 

[2] is shown in Fig. 5. This design is a scaled-down (in 

field) version of the VLHC Stage 1 combined function 

dipole [9, 10, 11]. This is a super-ferric magnet powered 

with a single-turn superconducting cable made of NbTi 

strands cooled at 4.2 K. The drive conductor with its 

cryostat is in the center of the magnet yoke. The return 

conductor is inside the cryostat pipe which supports 

magnetic core and houses liquid helium distribution lines 

for the LER accelerator. The magnet position is set with 3 

posts (2 in front and 1 in rear) independently adjustable in 

both vertical and horizontal directions. The length of the 

LER magnet is 14.3 m, the same as that of the HE-LHC. 

The LER magnetic core cross-section is 260 mm 

(vertical) by 230 mm (horizontal.). Two beam gaps 

separated by 150 mm allow for simultaneous circulation 

of two proton beams in the opposite directions. For the 

1.65 TeV LER synchrotron the beam gaps are 30 mm (v) ∙ 

50 mm (h), B max = 1.76 T, B inj = 0.5 T and dBy/dx = 6.5 

T/m. The operating current is I peak = 83 kA. As the entire 

main arc magnet string of the LER is energized using a 

single-turn conductor the ramping of the accelerator is 

performed with a single power supply. The proposed 

ramping time to the full field is 60 s requiring the ramping 

rate of 0.02 T/s. 

     

       

 
Fig. 5: LER main arc magnet position in the LHC tunnel 

  

As in the VLHC-1, for every two dipoles there will be a 

set of corrector magnets consisting of horizontal and/or 

vertical dipole, quadrupole and sextupole magnets. The 

corrector magnets can be normal or superconducting. The 

availability of liquid helium distribution lines in HE-LHC 

tunnel suggests using superconducting correctors. 

    The stability of LER magnet cable is very high due to 

2.5 K allowable temperature margin and very low static 

and dynamic cryogenic power losses. With 40 g/s liquid 

helium flow the static cryogenic heat load of the LER 

power cable is about 4.4 kW (scaled from the VLHC-1 

design [9]). The estimated cryogenic heat load with 60 s 

ramping time is about 0.6 kW, leading in turn to 0.03 K 

temperature rise of the magnet power cable. 

     The total inductance of the LER accelerator ring sets 

the limit on the allowable cycling rates. The inductance of 

the LER ring (option 2, 26300 m) is about 120 mH and 

with 83 kA current ramping in a 60 s time period the 

voltage rise is 150 V. This requires the peak electrical 

power of 10 MVA. As the power cable can withstand 

much higher voltage, e.g. 1500 V, the ramping time could 

be shortened to e.g. 6 s with a supply of 100 MVA. The 

instantaneous cryogenic power loss of the LER would 

rise, however, to 45 kW causing the cable temperature to 

rise by about 2.3 K to 6.5 K, and thus approach the 

maximum allowable temperature of 6.9 K before 
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quenching.  Consequently, we conclude that the 6 s 

ramping time is not practical for the 1.65 TeV LER. 

     The SPS beam stacking time in two LER rings is 24 × 

18.4 s (SPS super-cycle) = 7.4 minutes, and the transfer 

time to the HE-LHC rings equals  the LER batch length of 

~ 90 µs (same as the HE-LHC  batch length). 

     It is interesting to note that the LER of 1 TeV (Bmin = 

0.48 T, Bmax = 1.07 T, dB/dt = 0.12 T/s) can operate with a 

cycle 4.5 s + 1.8 s + 4.5 s = 10.8 s thus matching the SPS 

cycle. The projected cryogenic power loss of ~ 8.5 kW 

will induce a power cable temperature rise of ~ 0.5 K. 

This operation reduces only slightly the allowable 

temperature margin from 2.5 K to 2 K. For the 1 TeV 

beam the LER magnet operating current is 50.5 kA and 

the voltage rise with 4.5 s ramping time is 670 V 

requiring the ramping power supply of 34 MVA. The 

described above LER operation can be used in the fixed 

target physics program, if desired. 

     In the LER Option 1 the accelerator sections bypassing 

the IP1 and IP5 intersections will use the LHC-style 8 T 

magnets. The power cable of these magnets will use the 

Nb3Sn superconductor operating at 4.5 K. With allowable 

temperature margin of 10 K (TC = 15 K at 8 T) it will be 

possible to apply 0.14 T/s ramping rate in order to reach 

the full field at 60 s time period. We estimate the 

cryogenic power loss for the 2000 m long magnet string 

to be about 12 kW increasing the total LER Option 1 

cryogenic power to ~ 17 kW. The inductance of the 14.3 

m long LHC magnet is estimated at 98.7 mH, the 

operating current is 11.4 kA and at the 60 s rise time there 

is a voltage drop of 19 V leading to about 220 kVA 

required ramping power. Assuming 95% magnet filling 

factor the two bypass beam lines will use a total of 132 

magnets. The required ramping power for the bypass 

sections is then 29 MVA, and the total ramping power for 

the LER Option 1 is 39 MVA. 

S-SPS TO HE-LHC TRANSFER LINE 

MAGNETS 

At present the SPS to the LHC TI2 and TI8 transfer line 

magnets are normal conducting and operate at 1.81 T field 

with a beam gap of 25 mm × 70 mm. For the beam energy 

of 1 (1.3) TeV the dipole magnetic field has to increase to 

4.0 (5.2) T. This can only be achieved with 

superconducting magnets. One possible candidate is the 

Tevatron magnet (dipole is shown in Fig. 6 and quad in 

Fig. 7) of B max = 3.9 T and the radial aperture of 38 mm. 

As this magnet uses warm iron yoke far away from the 

coil the beam gap magnetic field is determined   primarily 

by the superconductor, leading to a rather low level of 

higher-order multiples. Studies, however, would have to 

determine if such a design can be extended to higher 

fields. Another option is to use a cold-iron magnet, such 

as e.g. HERA’s [12]  6 T field.     

The Tevatron accelerator ring, whose circumference is 

comparable to the total length of TI2 and TI8 beam lines, 

requires 24 kW of cryogenic power at 4.2 K thus 

requiring about 7.9 MW of the electric power. One should 

expect the cryogenic power demand for the cold-iron 

magnets of the TI2 and TI8 beam lines to be much higher. 

      In summary, the S-SPS to HE-LHC beam transfer 

lines based on the superconducting magnets will add 

considerable construction and utilization costs to the HE-

LHC injector chain. 

    The S-SPS beam would be extracted to the TI2 and TI8 

lines using a combined system of kickers and septa 

similar to the ones used for the 450 GeV SPS beam. The 

kicker strength, however, will have to be considerably 

increased to accommodate the 1TeV or the 1.3 TeV S-

SPS beams. 

 
Fig. 6: Cross-section of Tevatron dipole with warm iron 

yoke; conductors and beam pipe are at liquid helium 

temperature 

 
 

Fig. 7: Cross-section of Tevatron quadrupole with warm 

iron yoke; conductors and beam pipe are at liquid helium 

temperature 

 

LER TO HE-LHC TRANSFER LINE 

MAGNETS 

LER Injector Option 1 

The simultaneous transfer of the LER beams to HE-

LHC rings would take place at the IP7 area. A dual kicker 
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magnet string of non-superconducting technology similar 

to the MKD beam abort system for the LHC can be used 

[13]. Although the 1.65 TeV LER beam energy is much 

lower than the 7 TeV energy of the LHC beams the beam 

transfer is a very challenging undertaking as a very high 

quality of the injected beams to the HE-LHC rings has to 

be preserved [13].   

LER Injector Option 2 

      The LER to HE-LHC beam transfer takes place in the 

short straight sections around the interaction points IP1 

and IP5, as described in [2]. These sections are also part 

of the LER Option 2 synchrotron normal operations. A 

dual fast-switching (3 µs time) superconducting dipole 

string is the key element of this beam transfer system. The 

principle of a fast-switching dipole is presented in [2, 14]. 

The HE-LHC beams separation being enlarged to 300 mm 

facilitates the implementation of this design. The beam 

separation dipoles and quads in the IP1 and IP5 sections 

of HE-LHC are also taking part in the LER operations. In 

addition, four dual-bore 8 T Nb3Sn superconducting 

magnets in each of the transfer lines constitute 

components of the LER accelerator. The estimated 

cryogenic power for these sections of the LER is 5 kW, 

and so the total LER Option 2 cryogenic power is 10 kW.  

    The inductance of 8 T magnets string used in the beam 

transfer sections of the LER Option 2 is estimated at 1.3 

H thus requiring about 2.9 MVA ramping power supply 

for 60 s ramping time. The total required ramping power 

for the LER Option 2 is then about 13 MVA. 

 

Table 1: HE-LHC beam properties at injection 

 

 

 

INJECTION ENERGY AND HE-LHC 

BEAM PARAMETERS 
 

    Best operation of the accelerator magnet is typically in 

the field range above some 10% of its top value. For the 

high-field type magnets the beam energy to magnetic field 

response is approximately linear suggesting that for the 

16.5 TeV top energy the injected beam energy would be 

the best at 1.65 TeV, or higher. The LER accelerator can 

match this requirement. Beam injection energy affects 

beam dynamics of HE-LHC operations. The main issues 

are: dynamic aperture, persistent currents and snapback, 

instabilities, electron cloud, synchrotron radiation, and 

rest-gas scattering. A progression of the HE-LHC beam 

dynamics parameters with injection energy: 0.45 TeV,     

1 TeV and 1.65 TeV is shown in Table 1 from [15]. The 

microwave instability threshold intensity and the Landau 

damping threshold intensity were found by assuming (ZL/ 

n)_eff = 0.1 Ω, and the TMCI threshold intensity is found 

assuming a transverse impedance ZT = 3.6 MΩ/m. 

     The beam size decreases with the increased energy as 

1/γ
1/2

 making the physical aperture larger in rms units of 

beam size. The persistent magnet currents are reduced at 

higher magnetic fields (hence higher injection energy) 

leading to much more stable magnetic cycle. The beam 

instabilities due to direct space charge and beam pipe 

image current, etc., decrease as 1/γ
2
, and the rise time for 

the electron cloud induced instabilities increases with γ 

thus reducing this effect. The synchrotron radiation power 

increases but critical energy at beam energies up to     

1.65 TeV is well below the photo-electrons work 

function. The emittance growth rate due to elastic 

scattering falls with increasing energy as 1/γ being smaller 

at 1.65 TeV than at 1 TeV. In summary, higher injection 

energy of the LER will significantly improve the long-

time circulating HE-LHC beam thus minimizing its 

losses, reducing setup time and thus increasing the 

integrated luminosity.  
  

USING INJECTOR ACCELERATOR TO 

INCREASE HE-LHC LUMINOSITY 
 

       The batch slip-stacking followed by the coalescing of 

two bunches into a single bunch has been successfully 

applied at Fermilab [16]. This procedure doubles the 

bunch intensity, and as a result it increases instantaneous 

luminosity up to a factor of 4 (and so the integrated one as 

well). This procedure is enforced by the RF power, and 

for a given beam energy the higher the RF power the 

smaller are the beam losses. For the 450 GeV beam the 

particle loss is projected to be below the 5% level [2] with 

the RF power of 28 MV. Such an RF power (or higher) is 

now achievable with both normal and the superconducting 

RF systems. The batch slipping and bunch coalescing 

process would take about 11.3 s in the LER [2].  

     The batch slipping and bunch coalescing can also be 

performed in the S-SPS with the 150 GeV beams. The 

required RF power would be about 10 MV. This process, 

however, would have to be repeated 24 times for each S-

Beam parameters   450 GeV 1 TeV 1.65 TeV 

RMS bunch length 

[cm] 

    11.24       9.23   8.15  

RMS energy spread   4.72×10-4 2.58×10-4 1.77×10-4 

Direct space charge 

tune shift 

-1.54×10-3 -3.8×10-4 -1.58×10-4 

Laslett tune shift -1.42×10-2 -6.4×10-3 -3.88×10-3 

Space charge transv. 

impedance [MΩ/m]  

   -j 6.71 -j 3.03 -j 1.83 

Space charge longit. 

impedance [mΩ] 

   -j 6.04 -j 1.36 -j 0.528 

Microwave thresh. 

intensity [Np /bunch] 
1.14×1013 6.3×1012 4.3×1012 

Landau damping 

thresh. intensity              

[Np /bunch] 

2.5×1012 9.5 ×1011 5.1×1011 

TMCI thresh. 

intensity [Np /bunch] 

3.0×1012 3.7×1012 4.2×1012 

THE HIGH-ENERGY LARGE HADRON COLLIDER, MALTA, 2010

105



SPS batch. We estimate that the time to complete the 

batch slip-stacking and bunch coalescing for the SPS is 

about 2.9 s. The overall time for 24 batches of the S-SPS 

is then at least 70 s. 

      DETECTOR AND HE-LHC SAFETY  

     The S-SPS and the LER pilot beams will be used to 

test the readiness of HE-LHC, the same way the SPS and 

LHC operate at present. The readiness of the S-SPS and 

LER will be tested using the SPS pilot beams. The failure 

of the injector before the start-up of the beam stacking in 

HE-LHC rings will result in time loss for the HEP physics 

program. The failure of the injector during the stacking 

process may in addition damage accelerator components. 

Consequently, the robustness of injector operations is of a 

very great importance. 

      The required 24 stacking operations in order to fill the 

HE-LHC rings with S-SPS increases the potential for 

aborting the stacked beams if any of the subsequent beam 

transfers has failed. The failed beam transfers as well as 

the aborted beams carry risk of damaging detectors and 

accelerator components. This gives an advantage to the 

LER where a simultaneous, single transfer of both the 

clock-wise and counter-clock beams will take place.  

      The LER magnet cable is very robust with large liquid 

helium channel in direct contact with the superconductor. 

As a result this cable can accept an instantaneous heating 

due to beam loss or other source of temperature rise of up 

to 2.7 K. In the LER Option 1 the accelerator sections for 

the detector bypass will use magnets based on the Nb3Sn 

superconductor thus likely exceeding the LER nominal 

operational temperature margin. In the LER Option 2 the 

transfer line magnets will also use Nb3Sn superconductor 

cable and in addition the HTS superconductor cable of the 

fast-switching dipoles will be set to operate with a 20 K 

temperature margin. The main problem with Option 2 is 

the necessary application of a superconducting inductor 

which must inject a high current into the switcher magnet 

cable during the 3 µs long HE-LHC beam batch gap.  The 

failure of the inductor will result in the beam loss. A set of 

collimators and beam dumps as described in [2] will have 

to be installed in the transfer lines sections to protect the 

accelerator components and detectors.  

     In the LER Option 2 the quads and separation dipoles 

at the interaction points are part of the LER accelerator 

during the beam stacking. As the energy of the LER beam 

at injection and transfer to HE-LHC is low compared to 

the top HE-LHC energy using these magnetic components 

in the LER operations should be considered very safe 

especially since the HE-LHC quads at the IP sections will 

use the Nb3Sn superconducting cable.      

ARRANGEMENT OF LER AND HE-LHC 

MAGNETS IN LHC TUNNEL 

     A possible arrangement of LER and HE-LHC magnets 

in the LHC tunnel is shown in Fig. 8. HE-LHC magnet 

size was scaled-up from the LHC magnet using the cold 

mass diameter of 800 mm with beam separation of 

300 mm, as proposed in [17]. The vertical position of HE-

LHC magnet is set to 1051 mm to facilitate creation of a 

maximum allowable space for the transportation of 

another HE-LHC magnet while the one is already in 

place. The supporting fixtures of HE-LHC magnet are the 

same as for the LHC except of their increased height. The 

space for passing the second HE-LHC magnet is rather 

limited but acceptable. 

     The LER magnet is placed at 2123 mm height, or 1072 

mm above the HE-LHC one. In working-out its location 

we kept all tunnel fixtures (cable trays, etc.) unchanged. 

Each LER magnet is supported from two columns placed 

between the HE-LHC magnet cryostat flanges in a way 

that the brackets fastening the columns to the floor do not 

interfere with those supporting the HE-LHC magnet, as 

shown in Fig. 9. The top ends of the LER columns are 

fastened to the tunnel ceiling providing steadiness. With 

this arrangement of supports both LER and HE-LHC 

magnets can be independently placed or removed from 

their accelerator rings.  

 

 
 

Fig. 8: Possible arrangement of LER and HE-LHC 

magnet rings in the LHC tunnel and position of a second 

HE-LHC magnet in transportation through the tunnel. 

     

    

Fig. 9: Arrangement of LER magnet supporting columns 

relative to HE-LHC magnet supports 
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      A perspective view of the HE-LHC and LER magnets 

in the LHC tunnel is shown in figure 10. The QRL 

cryogenic support system, all piping and cable trays are 

those used at present to support the LHC. 

 

 
Fig. 10: Perspective view of LER and HE-LHC magnets in LHC 

tunnel 

S-SPS AND LER SYNCHROTRONS COST 

ESTIMATE 

    The cost of development and construction of the 20 T 

magnets for the HE-LHC accelerator and the cost of their 

supporting cryogenic and power systems will be high. 

Therefore, it is important to lower as much as possible the 

injector cost in both the construction and the utilization 

phases, so they will constitute only a fraction of the total 

HE-LHC project. For evaluation of the accelerator cost 

we used the total cost of a synchrotron construction rather 

than that of the magnet strings alone which typically may 

constitute only a fraction of the total synchrotron cost. 

     For the S-SPS accelerator the SIS300 magnets of the 

FAIR project are being considered. Consequently, we use 

the FAIR projected cost [4, 18] to estimate the cost of the 

S-SPS accelerator. The FAIR synchrotrons cost is a sum 

of 82.1 M€ for SIS100, 96.0 M€ for SIS300 and 104.4 M€ 

for the Common Accelerator Systems (CAS). Assuming 

arbitrarily that 25% of CAS cost is due to the SIS300 

synchrotron our projected cost of the SIS300 accelerator 

is (96.0 + ¼ 104) M€ = 122 M€. The total SIS300 magnet 

string length in the FAIR accelerator is 454 m, and so the 

cost per meter of the synchrotron magnet length is 122 

M€/454 m = 0.269 M€/m. Using this scaling for the S-

SPS magnet string length of 6210 m (6900 m × 0.78 

filling factor) the projected cost is 1490 M€.      

      For the cost estimate of the LER we scaled-down from 

the VLHC Stage 1 accelerator [9]. This cost included all 

accelerator subsystems: main arc magnets, correctors, RF, 

electric power, refrigerators, cryogenic distribution lines, 

accelerator controls, vacuum system and installation of all 

subsystems in the tunnel. With the VLHC ring length of 

233 km the scaling factor for the LER is 26.6/233 = 0.12. 

The major material cost was corrected for the price 

increase of the raw materials from 2001 to 2010 using the 

Camden Copper and GE Commercial Finance Future of 

Steel price evolutions. The projected in this way LER 

construction cost is 170 M€. The LER Option 1 cost 

includes two 1000 m long beam lines bypassing detectors 

at IP1 and IP5 interaction points. These beam lines will 

use magnets based on the Nb3Sn conductor whose cost is 

about 4 times higher than NbTi [19]. Assuming that in the 

LHC-type magnet conductor constitutes 1/3 of the cost 

[19] we project the cost of the LER detector bypass beam 

lines scaling from the LHC accelerator cost (not just the 

magnets). The result is 170 k€/m of beam line, leading to 

about 326 M€ for 2000 m of the detector bypass lines. 

With added 50 M€ for the digging cost of a 2000 m tunnel 

the total cost of the LER Option 1 synchrotron is 

estimated at 546 M€.     

TRANSFER LINES COST ESTIMATE 

       For the S-SPS the new TI2 and TI8 transfer lines cost 

is estimated by scaling-up the 220 M€ cost of the RHIC 

[20] 3834 m long superconducting synchrotron. Using 

this scaling the estimated cost of the TI2 and TI8 beam 

lines is 5600/3834 × 220 = 320 M€.  

     For the LER Option 1 two kicker-magnet strings such 

as the MKD in the LHC, but with the bending power for      

the 1.65 TeV beam, are required to transfer beams to the 

HE-LHC. We estimate the cost of two 50-m-long non-

superconducting kicker-magnet strings at about 10 M€.  

      For the LER Option 2 four superconducting magnet 

strings of 100 m each are required. The first 80 m length 

of this string uses 8 T, two-bore Nb3Sn magnets, and the 

remaining 20 m section uses 1.6 T HTS based fast-

switching magnets. The total estimated cost of the 8 T 

magnets is 52 M€, and for all the fast-switching magnets 

we expect 48 M€, including R&D. The total estimated 

cost of the LER Option 2 beam transfer line sections to 

the HE-LHC is then 100 M€. 

SUMMARY 

           We presented tentatively some properties of HE-

LHC injectors based on the S-SPS or the LER 

synchrotrons.  A summary of these properties is given in 

Table 2. The LER injector in either of its options is 

superior to the S-SPS. Both LER options offer much 

higher injection energy and as a result much improved 

quality of HE-LHC beam. In addition, they allow for up 

to a factor of 4 increase of the HE-LHC luminosity. The 

LER beam stacking time is longer by about 2 minutes 

relative to the HE-LHC beam stacking time with the S-

SPS but this is relevant only for the LER Option 2 which 

uses the HE-LHC ring components at IP1 and IP5 

interaction points.  The beam stacking time into the HE-

LHC rings with the LER Option 1 is equal to the LER 

beam batch length of about 90 µs.  

      The LER Option 1 is characterized by high safety for 

the detectors and high reliability of its operations due to 

wide temperature margins of all used superconducting 

magnets. In addition, the LER Option 1 is independent of 
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the HE-LHC operations, and the beam stacking in the 

LER rings (including bunch improvements) can be made 

while HE-LHC is still running the physics program. This 

makes the LER Option 1 injector possibly a dead-time 

free for the colliding beam physics.  

     The LER Option 2 does not require construction of 

new tunnels, and it will use rather short LER to HE-LHC 

beam transfer lines substantially minimizing the injector 

cost. This option, however, relies on using four strings of 

fast-switching magnets requiring a substantial R&D effort 

to make their operations secure for the detectors and for 

both accelerators as well. 

    The S-SPS synchrotron is based on the high-field, fast-

cycling superconducting magnets which have not been 

proven yet to be applicable for a large scale synchrotron. 

As rather significant power losses are expected in the 

operations of these magnets the allowable temperature 

margin is very narrow suggesting a strong possibility of 

frequent quench occurrences and other instabilities. In 

view of the above the 1.3 TeV S-SPS is very unlikely to 

be practical. On the other hand the 1 TeV S-SPS, even if 

it turns out to be feasible, it will not provide satisfactory 

improvement in the quality of the HE-LHC beams at the 

injection, as indicated in Table 1. 

     The S-SPS could also be used to double the bunch 

intensity before injecting its beams to the HE-LHC. This 

procedure, however, would have to be performed 24 times 

to complete the beam stacking in the HE-LHC rings. Even 

a very small beam loss incurred during batch slip-stacking 

and bunch coalescing procedures would likely raise the S-

SPS magnet cable temperature making all but certain the 

occurrence of a quench. Consequently, there would be a 

high probability of long down-times for HE-LHC physics 

program with the implementation of procedures aimed at 

bunch intensity increase with the S-SPS. 

     Although construction and utilization cost estimates 

presented above are crude we can say with a reasonable 

confidence that the use of the S-SPS as an injector will 

add considerably to the HE-LHC cost. On the other hand, 

the LER in either of its options is consistent with the low-

cost expectation for the HE-LHC injector. In addition, the 

required cryogenic power for all LER injector magnets 

constitutes only a small fraction of that for the HE-LHC, 

and as they are located in the same tunnel, sharing the 

cryogenic support system with the HE-LHC one may be 

possible. This option would considerably further reduce 

the cost of the LER injector (this potential savings was 

not used in the above cost estimate). 

     As mentioned earlier the LER Option 1 allows for safe 

operation of 1 TeV beams with the cycling period 

matching that of the SPS at 150 GeV. This operation can 

be used e.g. to extract beams for production of secondary 

beams of the fixed target physics program. In such 

operation all beam stacking takes place only in the SPS 

and the LER serves simply as an energy booster, the same 

way as proposed for the S-SPS. The LER super-cycle will 

be twice longer than that of the SPS to allow injection of 

the SPS beam batches into two rings of the LER. The two 

LER beams will be simultaneously accelerated and then 

extracted onto the secondary beam production targets. A 

comparison of some selected properties of the S-SPS and  

LER synchrotrons operating with 1 TeV beams for the 

fixed target physics program are listed in Table 3.    
 

Table 2: Estimated properties of S-SPS and LER injectors 

 

Table 3: Estimated properties of S-SPS and LER Option-1 

synchrotrons in application for fixed target physics 

program 
 

Synchrotron properties        S-SPS       LER-1 

Beam energy [TeV]            1            1 

Number of beams            1            2 

Operation super-cycle [s]         10.8          21.6 

Temperature margin [K]          0.5            2 

Cryogenic power @ 4.2 K          54          27 

Ramping power [MVA]         390         178 

 

 

      In the proposed above fixed target LER operations the 

cryogenic and ramping powers are increased substantially 

Injector 

Properties 
  S-SPS   LER-1 LER-2 

HE-LHC 

injection energy 

[TeV] 

  1 (1.3)        1.65  1.65 

Number of 

injections 

     24            1      1 

Doubling bunch 

intensity 

     No          Yes   Yes 

HE-LHC filling 

time [min] 

 4.3 (5.2) 

 

    ~ 0   7.4 

Temperature 

margin [K] 

0.5 (< 0.5)      2.5    2.5 

Quench 

probability 

     High Very low   Low 

Operations 

complexity 

     High Medium Medium 

Synchrotron 

cryogenic power 

 @ 4.2 K [kW] 

   

54 (80) 

         

 17 

      

  10 

Transfer lines 

cryogenic power 

 @ 4.2 K [kW] 

    

      30 

          

  0 

    

    0 

Synchrotron 

ramping power 

[MVA] 

  

390 (500) 

         

 39 

    

   13 

Synchrotron cost 

estimate [M€] 

   1490     546   170 

Transfer line cost 

estimate [M€] 

     320      10   100 

Injector cost 

estimate [M€] 

    1810     556   270 
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In the proposed above LER operations the cryogenic and 

ramping powers are increased substantially relative to the 

LER Option 1 operating as an injector to the HE-LHC. 

This increase is mostly due to Nb3Sn, 8 T magnet strings 

used in the construction of the HE-LHC detector bypass 

lines. Nevertheless, the expected four times wider 

temperature margin, twice lower cryogenic and ramping 

powers, much simplified operation control system (single 

power supply with single quench detection and protection 

systems) and much lower construction and utilization 

costs are all in favor of selecting the LER synchrotron 

rather than the S-SPS one for the fixed target physics 

program.   

CONCLUSIONS 

     We believe that the very narrow temperature margin, 

insufficiently high injection energy and very high cost of 

construction and utilization make the S-SPS synchrotron 

an unlikely candidate as injector to the HE-LHC. On the 

other hand, the 1.65 TeV LER Option 1 synchrotron with 

its wide temperature margin, optional doubling of the HE-

LHC bunch intensity and moderate construction and 

utilization costs, should be considered as the primary 

candidate for the injector to the HE-LHC accelerator. 

      The LER Option 2 can be considered for the HE-LHC 

injector only after proving that the LER to HE-LHC beam 

transfer using fast-switching superconducting magnets is 

robust and safe for both the detectors and accelerators. We 

believe that the R&D effort to develop the fast-switching 

superconducting magnets is warranted as potential saving 

in the LER injector cost is high not only in the relative but 

more importantly in the absolute terms. In addition, this 

new superconducting magnet technology if successful 

will be very useful for other accelerator sub-systems e.g. 

kicker magnets, high-current dump switches, etc., as well 

as for the high-current superconducting cable industrial 

applications.  

      During the HE-LHC colliding beam period, the LER 

Option 1 accelerator can be safely used for the fixed target 

physics programs with the selection of the extracted beam 

energies from 0.45 TeV to 1 TeV, and up to 1.65 TeV, if 

the LER super-cycle is extended beyond the SPS one. 
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MAGNET DESIGN ISSUES & CONCEPTS FOR THE NEW INJECTOR 

P. Fabbricatore, INFN Sezione di Genova, Italy

Abstract 
Possible layouts of superconducting dipoles for the 

main injector of High Energy LHC (HE-LHC) are 

proposed on the basis of the experience matured with 

ongoing R&D activities at the Italian National Institute of 

Nuclear Physics (INFN), targeted at developing the 

technologies for high field fast cycled superconducting 

magnets for the SIS300 synchrotron of FAIR. Two 

different magnets are analysed: a) a 4 T dipole ramped up 

to 1.5 T/s, and b) a 6 T dipole to be operated at lower 

ramp rates. 

INTRODUCTION 

The Facility for Anti-proton and Ion Research (FAIR), 

under development at GSI, includes the synchrotron 

SIS300 [1]. The name of the accelerator is related to its 

300 Tm magnetic rigidity, which is needed for bending 

high intensity proton beams (90 GeV) and heavy ions, 

e.g.  U
92+

 up to 34 GeV/u. The dipole magnets have to be 

pulsed from the injection magnetic field of 1.0 T up to 

4.5 T maximum field, at the rate of 1 T/s. The lattice 

includes two kinds of dipoles, only differing in length 

(3.9 m and 7.8 m) [2]. These magnets have the same 

geometrical cross-section with cos(θ) shaped coils, 

100 mm bore and the particular characteristic to be 

geometrically curved, with a sagitta ranging from 28 mm 

for the short magnets to 112.9 mm for the long ones. 

Since 2006, R&D activities are going on at the Italian 

National Institute of Nuclear Physics (INFN) aimed at 

developing the technologies for constructing these 

magnets. The activity is performed in the framework of a 

project called DISCORAP (DIpoli SuperCOnduttori 

RApidamente Pulsati), according to a specific INFN-

FAIR Memorandum of Understanding signed by both 

institutions in December 2006. 

Important steps of the DISCORAP project have been: 

a) the development of a low loss superconducting 

Rutherford cable [3], b) the construction of coil winding 

models for assessing the constructive feasibility of curved 

coils, c) the construction of a complete model magnet 

composed of a cold mass enclosed in its horizontal 

cryostat [4]. The last step is now close to be concluded.  

The main parameters of the model magnet for SIS300 

are shown in Table 1. The conductor involved in this 

magnet is similar to the cable used in the outer layer of 

the LHC main dipole. It is a 36-strand Rutherford cable 

optimized for low ac losses as discussed later. Some 

characteristics of strand and cable are reported in Table 2. 

On the basis of this experience we try to give 

information and develop considerations aimed at 

addressing general and specific aspects of the dipole for 

the main injector of HE-LHC.  

 

As starting point we assume that the protons are 

injected at 100 GeV and accelerated up to 1 TeV or, at 

maximum, to 1.5 TeV, hence involving a 4 T dipole 

ramped up from 0.4 T, and a 6 T dipole, respectively. For 

the field rates we considered values in the range of 

1÷1.5 T/s.  

There are two critical aspects concerning these dipoles. 

The first one is of mechanical nature, since the magnets 

have to support 10
7 

magnetic cycles [5]. The second one 

is related to the need to limit the coil heating and reduce 

efficiently the heat dissipation [6]. The mechanical issues 

and the heat exchange problematic are related to the 

winding (lay-out, manufacture), the aspects of the heat 

dissipation are more related to the conductor design. 

 

Table 1: Characteristics of the SIS300 model dipole under 

development at INFN 

Parameter Value 

Magnetic Field (T) 4.5 

Ramp rate (T/s) 1 

Coil aperture (mm) 100 

Magnetic length (mm) 3879 

Maximum operating 

temperature (K) 

4.7 

Layers/Turns per quadrant 1/34 in 5 blocks (17,9,4,2,2) 

Operating current (A) 8920 

 

Table 2: Characteristics of the cable used in the SIS300 

model dipole  

Strand diameter (mm) 0.825 

Filament twist pitch (mm) 5 

Strand Ic @ 5 T, 4.22 K >541 

n-index @ 5 T, 4.22 K >30 

Stabilization matrix Pure Cu and CuMn 

Strand Number 36 

Cable width (mm) 15 

Cable thickness, thin edge (mm) 1.362 

Cable thickness, thick edge (mm) 1.598 

Transposition pitch (mm) 100 

 

TEMPERATURE MARGIN 

For any superconducting magnet the temperature 

margin is an important parameter. For a magnet operating 

 ___________________________________________  
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in ac mode, it is a key parameter because the heat load 

due to the ac losses causes an increase of the coil 

temperature, predictable only with some uncertainties and 

depending on parameters difficult to be fully controlled. 

For the SIS300 dipole we designed a temperature margin 

of 1 K, which is presently reduced to 0.75 K because the 

developed low loss conductor has a critical current 14% 

lower than specified. Furthermore we computed that the 

ac losses cause a (local) temperature increase of up to 

0.25 K. The real margin is consequently reduced to 0.5 K. 

The temperature margin is given by the difference 

between the current sharing temperature and the operating 

temperature. Let be Ic(B,T) the function describing how 

the critical current of the conductor depends on the 

magnetic field and temperature [7], and I(B)=αB the 

magnet load line identifying the peak field in the winding. 

The current sharing temperature Tg is univocally 

indentified by the intersection of Ic(B, T) with the load 

line at the operating current. The problem with this 

definition is that the functions involved can not be 

inverted for giving an analytical expression of Tg. 

Therefore we will use for the margin the definition given 

by M. Wilson [8]: 
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which is valid for a linear dependence of the critical 

current on the temperature. In Eq. 1 I0 is the operating 

current, T0 the operating temperature and Tc(B) the critical 

temperature as function of the magnetic field: 
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where Tc0 is the critical temperature (9.2 K for NbTi) and 

Bc20 is the critical field (14.5 T for NbTi). 

From Eqs. 1 and 2 we can find a very simple expression 

relating the ratio of operating current critical current at 

fixed field and the temperature margin ΔT: 
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In Fig.1 this function is plotted vs. the magnetic field 

for two different values of the temperature margin (0.5 K 

and 1 K), allowing to make some interesting 

considerations about the margin in current we have to 

take. As nominal temperature we have assumed T0=4.7 K 

coming from SIS300 parameters. The magnetic field in 

the abscissa is the peak field. For a dipole generating 4 T 

field (peak field of about 4.4÷4.5 T) we have to work at 

64% of the critical current at fixed field for a margin of 

1 K and at 82% for 0.5 K margin. A 6 T magnet (peak 

field presumably about 6.4 T) requires to be operated at 

45% of the critical current for 1 K margin and 72% for 

0.5 K margin. The critical issue here is the amount of 

superconducting material required. For a 6 T magnet 

operating with 1 K margin we have to check if a real 

winding can be fitted in. 

 

Figure 1: Operating to critical current ratio as function of 

the peak magnetic field for two different values of the 

temperature margin. 

 

With this aim, let us try to evaluate the number of 

layers involved in a 4 T and 6 T dipole. For sake of 

simplicity we consider a sector coil [9] (just made of one 

sector) producing a dipole field B, which is directly 

proportional to the overall current density Jov and the 

radial thickness of the sector w: 

  30 wJB ov



 ,  (3) 

considering that BBpeak    , we can find an expression 

for the sector thickness  
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For our calculations we use ξ (the fraction of 

superconductor in the winding)=0.283, γ (the ratio peak 

magnetic field to central field)=1.09 and  

)7.4,( KTBJc  as calculated with a Bottura fit [7]. The 

results are shown in Fig.2. A dipole magnet producing a 

field of 4 T requires a coil radial thickness of 13÷14 mm 

for a temperature margin of 1 K. For the same margin a 

6 T coil must have a thickness of more than 50 mm or 

30 mm for 0.5 K margin. In term of layers made of 

practical Rutherford cables, a 4  T dipole magnet involves 

only one layer, whilst a 6 T dipole requires 2 layers and 

the temperature margin is closer to 0.5 K than 1 K. 

PROPOSED MAGNETS 

On the basis of the conclusions of the previous 

sections, the proposed option for 1 TeV maximum energy 

is a 4 T dipole composed of one layer. This magnet would 

be very similar to the SIS300 model under development at 

INFN. It is proposed to hold this lay-out except for the 

geometrical curvature. Consequently the characteristics 

for this option are the ones reported in Table 1 with the 

exclusion of the ramp rate (here 1.5 T/s) and the magnetic 

length. 
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Figure 2: Coil radial thickness as function of the peak 

magnetic field for two different values of the temperature 

margin. 

 

For 1.5 TeV maximum energy we need a two layer coil. 

A very good candidate is the 6 T dipole developed at 

IHEP for SIS300 [10]. This design has been revisited and 

is proposed here with the characteristics shown in 

Table 3. The conductor is the same as for the 4 T option. 

 

Table 3: Characteristics of the proposed 6 T option based 

on the 6 T SIS300 model dipole developed at IHEP 

Parameter Value 

Magnetic Field (T) 6 

Ramp rate (T/s) 1 

Coil aperture (mm) 100 

Maximum operating 

temperature (K) 

4.7 

Layers/Turns per quadrant 2/16 for first layer – 19 second 

Operating current (A) 6720 

 

In Fig. 3 a cross section of the first quadrant of the 

magnet is shown, with the magnetic field distribution at 

the operating current. Only the winding and the iron are 

included. 

AC LOSSES 

There are many sources of ac losses to be considered. 

They can be divided into three main categories: 1) ac 

losses in the conductor; 2) losses due to eddy currents in 

the mechanical structures; 3) losses in the iron yoke 

(magnetic, eddy and anomalous). Regarding the 

conductor, two main mechanisms are present: the 

hysteretic losses due to persistent currents in the filaments 

and the losses due to the intra-strand and inter-stand 

coupling currents.  

 
Figure 3: Layout of 6 T magnet (based on IHEP design) 

with the magnetic field distribution. The first quadrant is 

shown. The peak field is 6.42 T. The axes report 

dimensions in m. 

 

The conductor and the magnet design of SIS300 were 

optimised for very low losses. The ac losses due to the 

persistent currents in the superconducting filaments were 

minimised using very fine filaments (2.5 μm geometrical 

diameter, 3.0 μm effective). The intra-strand coupling 

currents were minimised through both a small twist pitch 

(5 mm) and an optimised transverse electrical resistivity 

(0.44 nΩ). The inter-strand coupling currents were 

controlled through the contact resistance Ra between 

adjacent strands. Our design value of Ra is 200 µΩ. The 

contact resistance between opposite strands Rc is very 

high (mΩ range) because a 25 µm thick stainless steel 

sheet has been inserted inside the Rutherford cable; i.e. 

we are using a cored cable [11].  

Presently four lengths of low loss conductor have been 

produced at Luvata Pori (FI) under INFN contract. The 

characteristics of this cable are acceptable but not 

completely fulfilling requirements. The filament effective 

diameter is 3.0 μm as expected but the measured inter-

stand resistivity is lower (0.3 nΩ ) and the inter-strand 

resistance Ra is higher than expected [12]. The average 

critical current of the extracted strand is 442 A (5 T, 

4.22 K), or -14% compared to the design value. The 

critical current shows a large degradation of 6% after 

cabling  and the n-index is 20. However, as stressed in 

[12], a new wire, with an improved design and an 

optimized manufacture cycle, is now under development 

at Luvata Pori. 

The losses in the mechanical structure were reduced 

through the use of laminated collars: 3 mm thick 

austenitic plates electrically insulated. Steel laminations 

with a low value of the coercitive field (Hc= 40 A/m) 

were used for the yoke. The steel plates (1 mm thick) 

were electrically insulated and assembled using insulated 

bars. 

Table 4 shows the different contributions to ac losses 

for the model of SIS300 magnet. The losses are given 

both in W/m and as percentage of the total power 

0.000

0.010

0.020

0.030

0.040

0.050

1 2 3 4 5 6 7

1K margin
0.5 K margin

C
o

il
 r

a
d

ia
l 

ti
c

k
n

e
s

s
 (

m
)

Peak Field(T)

THE HIGH-ENERGY LARGE HADRON COLLIDER, MALTA, 2010

112



dissipation in ramping condition. The energy dissipated 

during a cycle will depend on the peculiarities of the 

cycle (time for ramp-up, flat top, ramp down and flat at 

injection field). The values in Table 4 are design values. 

After cable production, we are expecting a reduction of 

hysteresis losses in filaments, an increase of intra-strand 

coupling losses and a decrease of inter-strand losses with 

respect to these values.  

 

Table 4: Calculated ac losses in the magnet body (losses 

in coil ends not included) for the INFN model of short 

dipole for SIS300 when ramping from 1.5 to 4.5 at 1 T/s. 

Loss source Loss  

(W/m) 

Loss fraction 

(%) 

Hysteresis in sc filaments 2.31 30 

Strand coupling  0.69 9 

Interstrand coupling Ra Rc  0.46 6 

Eddy currents in collars, yoke and 

coil protection sheets 
0.46 6 

Yoke magnetic 1.85 24 

Beam pipe  1.08 14 

Collar connection elements (keys, 

pins) 
0.62 8 

Yoke connection elements (clamps, 

bars) 
0.23 3 

Total 7.7 100 

 

The same exercise done for the 4 T option is shown in 

Table 5. Computations were done for both 1 T/s and 

1.5 T/s ramp rates. The information regarding the 6 T 

option is shown in Table 6.  

Tables 5 and 6 report the ac losses for the two options 

on the basis of the present technology. In fact there are 

margins for further improvement requiring specific R&D 

activities. First of all it is necessary to improve the 

filament quality. The goal is an higher critical current 

density Jc(5 T,4.22 K)=3000 A/mm
2
, with filaments of 

effective diameter 2 µm. It is also important to better 

control the transverse resistivity through a manufacturing 

process limiting the filament deformation [12]. The strand 

twist pitch can be further reduced. The measurements 

done during the development demonstrated that a wire 

with diameter 0.825 mm could be twisted with a pitch as 

low as 4 mm, without a significant degradation of the 

critical current. 

The use of electrical steel with lower coercitive field 

(30 A/m) can further decrease the contribution of the steel 

magnetization to the ac losses. Coil protection sheets 

made of insulating material can cut eddy currents in these 

components. There are also margins for decreasing the 

eddy currents in the other mechanical components. 

Table 7 reports the expected ac losses for the two 

proposed magnets after improving the conductor, the 

components and the design.  

Table 5: Calculated ac losses in the magnet body (losses 

in coil ends not included) for the 4 T option when 

ramping from 0.4 to 4.0 T at different ramp rates. 

Loss source Loss (W/m) 

and fraction  

Loss (W/m) 

and fraction  

 1 T/s 1.5 T/s 

Hysteresis in sc filaments 3.11 (38%) 4.65 (30%) 

Strand coupling  0.74 (9%) 1.70 (11%) 

Interstrand coupling Ra Rc  0.50 (6%) 1.09 (7%) 

Eddy currents in collars , 

yoke and coil protection 

sheets 

0.50 (6%) 1.09 (7%) 

Yoke magnetic 1.57 (19%) 2.63 (17%) 

Beam pipe 0.92 (11%) 2.17 (14%) 

Collar connection elements 

(keys, pins) 

0.67 (8%) 1.55 (10%) 

Yoke connection elements 

(clamps, bars) 

0.25 (3%) 0.62 (4%) 

Total 8.26 15.50 

 

Table 6: Calculated ac losses in the magnet body (losses 

in coil ends not included) for the 6T option when ramping 

from 0.4 to 6.0 T at 1 T/s 

Loss source Loss  

(W/m) 

Loss fraction 

(%) 

Hysteresis in sc filaments 5.40 40 

Strand coupling  1.22 9 

Interstrand coupling Ra Rc  1.22 9 

Eddy currents in collars , yoke 

and coil protection sheets 
0.54 4 

Yoke magnetic 3.10 23 

Beam pipe  1.07 8 

Collar connection elements 

(keys, pins) 
0.68 5 

Yoke connection elements 

(clamps, bars) 
0.27 2 

Total 13.5 100 

 

The conductor ac losses in Tables 4÷7 were computed 

using Roxie™. The losses in the electrical steel were 

computed with FEMM [13]. Other computations were 

done with Comsol™.  It is worth noting that the two 

options have very similar overall ac losses (about 

11 W/m) and also the contributions to the losses are very 

similar. In all case there is a large contribution of 

persistent currents in the superconducting filaments (from 

34% to 40%) and steel magnetization (from 20% to 25%) 
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Table 7: Calculated ac losses for 4 T dipole ramped at 

1.5 T/s and 6 T ramped at 1 T/s (losses in coil ends not 

included). 

Loss source Loss (W/m) 

and fraction  

Loss (W/m) 

and fraction  

 4 T dipole 1.5 T/s 6 T dipole 1 T/s 

Hysteresis in sc 

filaments 

3.91 (34%) 4.24 (40%) 

Strand coupling  0.81 (7%) 1.17 (11%) 

Interstrand coupling 

Ra Rc 

0.92 (8%) 0.85 (8%) 

Eddy currents in 

collars, yoke and coil 

protection sheets 

0.11 (1%) 0.11 (1%) 

Yoke magnetic 2.30 (20%) 2.65 (25%) 

Beam pipe 2.18 (19%) 1.06 (10%) 

Collar connection 

elements (keys, pins) 

0.92 (8%) 0.32 (3%) 

Yoke connection 

elements (clamps, 

bars) 

0.35 (3%) 0.21 (2%) 

Total 11.50 10.61 

 

A COMPARISON BETWEEN THE TWO 

OPTIONS 

Table 8 shows a comparison of characteristics and 

performances for the two proposed options. The 

parameters considered for the comparison are: 1) the 

injection field and the sextupole component of the field, 

2) the maximum and the peak magnetic fields, 3) the 

temperature margin over the maximum operating 

temperature of 4.7 K; 4) the AC losses in the 

superconducting cable during ramp; 5) the AC losses in 

the structures during ramp: eddy currents and 

magnetization; 6) the weight; 7) the construction costs. 

 

Table 8: Comparison between 4 T and 6 T options for He-

LHC main injector 

Parameter 4 T dipole 

1.5 T/s 

6 T dipole 

1 T/s 

Injection magnetic field 

[T] and b3 
0.4 /-4.5 0.4 /-4.9 

Maximum/ Peak 

magnetic field [T] 
4/4.4 6/6.42 

Temperature Margin 

(K) over 4.7K 
1.66 0.65 

AC losses in the 

superconducting cable  
during ramp [W/m] 

5.6 6.3 

AC losses in the structures 

during ramp(eddy currents 
and magnetization) [W/m] 

5.9 4.3 

Weight (t/m) 1.28 1.68 

Construction costs in (k€/m) 60÷70 80÷90 

Critical points for both magnets are the high values of 

the sextupole at the injection field. The 6 T option also 

works with a low temperature margin. Next year, the 6 T 

short dipole developed at IHEP, should be completely 

tested at GSI and the real limits would be clearer. The 

same considerations apply for the 4.5T model developed 

at INFN. 

CONCLUSIONS 

The R&D developments for SIS300 dipoles both at 

INFN and at IHEP in collaboration with GSI are setting 

the basis for giving the feasibility of superconducting 

magnets with fields of 4.5÷6 T ramped at 1 T/s or faster.  

Advanced designs, construction techniques and first 

low loss conductors were developed.  

For more conclusive considerations we have to wait for 

results of the testing of the model magnets at operating 

temperatures at GSI next year. In particular we are 

waiting for more information regarding the effects due to 

mechanical fatigue, which could be a major problem for 

fast cycled magnet.  

On the basis of the present knowledge some 

extrapolations can be done for HE LHC injector magnets. 

A 4 T dipole ramped at 1.5 T/s has been analysed and 

compared with a 6 T dipole to be operated at 1 T/s ramp 

rate. 

It appears that one can get ac losses as low as 11 W/m 

when ramping the magnets. For a further reduction of the 

ac losses major variations of the design are required. The 

4 T option is less critical and less expensive as the 6 T 

one. 

The field quality at injection energy could be an issue 

for both options. 
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USING LHC AS INJECTOR AND POSSIBLE USES OF HERA 

MAGNETS/COILS 

K. H. Meß, CERN, Geneva, Switzerland 

 

Abstract 
This workshop discusses the various aspects of a high 

energy version of the LHC in the LHC tunnel, the basic 

assumption being that the LHC will be decommissioned. 

The possibilities to recycle LHC and the already stopped 

HERA are discussed in this paper. 

INTRODUCTION 

It might seem too early to discuss the fate of the LHC 

magnets before they have reached their design 

performance and well before the LHC has produced 

sufficient luminosity to support or change our present 

concept of high energy physics. However, ideas, like the 

HE-LHC, need a long time to be accepted, planned, and 

eventually transformed into reality. Trying to contain the 

costs by studying the possibilities of recycling high 

investments of the past is an integral part of this process. 

By the time of the HE-LHC the LHC will be 

decommissioned and the superconducting magnets of 

HERA [1] in Hamburg might also still be available and 

useful, if the DESY management decides  so. 

Table 1 shows a summary of the parameters, which are 

most important for a recycle. The LHC has, as of today, 

not reached its design performance, while HERA has been 

operated in the last years about 12% above design (values 

in brackets). In both cases the magnets are optimised for 

the specific purpose. The magnets are bent to maximise 

the aperture while minimising the coil diameter (as well 

as cost and stored energy). Evidently, the curvature is 

adapted to the respective bending radius ρ, given by the 

magnetic field B and beam energy E: 

 

 

 

Table 1: Some LHC and HERA parameters 

Machine  LHC [2]  HERA [1]  

Circumference  26.7 km  6.4 km  

# of main bends  1232  422  

Magnet length  14.3 m  8.9 m  

Injection Field 

Flat Top Field 

0.535 T 

8.33  T 

0.227 T 

4.649  (5.216)  T 

Current (inject.) 

Current (top) 

763 A 

11850 A  

245 A 

5027 (5640)  A 

Inj.Energy  

Top Energy 

450 GeV 

7 TeV 

40 GeV 

820 (920) GeV 

Bending radius  2804 m  588 m  

Inner coil Ø  56 mm  75 mm  

Cold tube Ø  50 mm  55.3 mm  

Sagitta 9.14 mm 14.4 mm 

Nom. dI/dt  10 A/s  10 A/s  

Tunnel Ø  3.76 m  5.20 m  

LHC MAGNETS 

The LHC magnets are designed for the LEP tunnel. 

Hence, for the useful range of the magnetic field,  particle 

energy, and aperture,  the magnets fit only into a tunnel of 

about 27 km circumference, i.e. the LEP tunnel.  

Use of the LHC as injector 

The injection energy of the HE-LHC is planned to be 

around 1.3 TeV. A somewhat higher energy would of 

course be beneficial, both in terms of persistent current 

effects and total filling time. The “old” LHC could 

evidently accelerate from 450 GeV to anything below 7 

TeV and keep the two beams ready for injection, provided 

that the beams do not interfere with the HE-LHC, while it 

is still running at a much higher energy. The LHC could 

prepare the beams “in the shadow” and shorten the overall 

filling time of the HE-LHC, despite its low acceleration 

rate.  This scenario does not require a new SPS and new 

injection lines operating above 1 TeV.  

Space requirements for the LHC and HE-LHC 

However, this forces the co-existence of the “old” and 

the “new” accelerator in a fair fraction of the tunnel and it 

needs new beam lines to bypass the experiments. The 

bypasses have to go through the galleries. To keep the two 

machines at the same length (which is essential for the 

use of the LHC as injector) the LHC has to be shifted 

towards the transport space everywhere else. 

Alternatively, the HE-LHC has to be shifted further to the 

outside, referred to the present layout. Neither of these 

options seems easily possible.  

 

 
 

Figure 1. Sketch of the LHC tunnel 
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Fig 1 shows a sketch of the LEP tunnel with a LHC 

dipole. It presents the most benign case, without further 

obstructions in the way. It seems just possible to fit a 

much smaller electron accelerator of 50...60 GeV (LHeC) 

[3], [4]. The HE-LHC magnet is, however 230 mm wider 

than the LHC [5]. If the top energy of the LHC is 

decreased to, say, 2 TeV a large amount of flux steel can 

be taken away, thus saving space. The “slim” LHC and 

the HE-LHC could share the same cryostat. Such a 

combined machine might fit, but this proposal “works” 

only for the “easy” part of the machine. 

Figure 2 and figure 3 show a more difficult case, where 

the trick, mentioned above, does not work: the area of the 

dump-ejection kickers and lines.  

 

 
 

Figure 2. LHC dump kickers 

 

 
 

Figure 3. LHC dump line above the LHC 

 

There is clearly no space to place a second set of 

kickers or dump lines as well as a wider HE-LHC, even 

under the assumption that kickers for 16 TeV can be 

produced fitting into the straight section longitudinally. 

The RF section for the LHC would have to be moved to 

one of the new bypass sections, like it could be done for 

the LHeC. The cryogenics [6] for the HE-LHC, however, 

will be of the same size as the existing for the LHC. There 

is no space for it. The HE-LHC will need its own energy 

extraction system, which will consist of at least twice the 

number of switches and resistors as pointed out before 

[7]. There is no space for it. The HE-LHC will need its 

own set of collimators. The design is unknown [8]. 

However, the collimation system will not be smaller than 

the existing for the LHC. There is no space for it. 

Conclusion 

The HE-LHC and the LHC cannot fit into the LEP 

tunnel. The LHC magnets cannot be re-used in the context 

of the HE-LHC.  

HERA MAGNETS 

The case of the HERA magnets has been treated before 

[9]. This report summarises that work. Figure 4 shows a 

view of the HERA tunnel. The two accelerators are 

installed above of each other with the proton machine on 

the top. The dipoles [10] were produced partly in Italy 

(see figure) and partly in Germany. The quadrupoles were 

produced in France and mounted into their cryostat in 

Germany. 

 

 
 

Figure 4. View of the HERA tunnel with the 

superconducting proton machine on top of the electron 

machine.  

Use of the HERA magnets 

The HERA magnets are designed as storage ring 

magnets. Hence, the acceleration rate is low (~1.6 GeV/s). 

The use as pre-accelerator in the SPS tunnel is not 

attractive, although the radius of curvature could be 

adapted to. The SPS tunnel is wide enough and additional 

aperture could be created by replacing the beam pipe. The 

present beam pipe diameter is determined by the corrector 

windings on the beam pipe [11].  

The slow acceleration rate is of no concern, if the 

magnets are used for the injection lines TI2 and TI8. The 

question is: do the magnets fit there and can the cryogenic 

requirements be met? 
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Figure 5. Layout of the injection lines TI2 and TI8 

 

Injection line layout 

The layouts of the TI8 and TI2 transfer lines are 

described in the LHC Project Note 128 [12] and in the 

LHC Design Report, Vol III [2]. TI2 has a length of about 

2.9 km. It consists of one 48° horizontal bend and three 

vertical bends of 61, 42 and 9 mrad to avoid the 

underground valley below St. Genis. The steepest slope is 

2.6%. TI8 is somewhat shorter (2.7 km) but steeper 

(3.77%). It consists of a horizontal bend of 103° in the 

descending part, preceded and followed by vertical bends 

of 38 and 35 mrad respectively.  

The lines use a FODO structure with a half-cell length 

of 30.3 m and 4 dipoles per half-cell for the horizontal 

bending part. The vertical bends are made of a different 

type of bending magnets. The main features of the 

injection lines are shown in Figures 5 to 7, taken from the 

LHC project note 128.  Note that the proton beam is bent 

counter-clockwise in TI8 and clockwise in TI2. Note 

further that in both cases the magnets are placed at the 

inner radius of the injection tunnel.  

The HERA magnets 

A HERA half-cell consists of one dipole on either side 

of the dipole-corrector and quadrupole assembly. The 

FODO cell has a length of 47.012 m. The dipoles contain 

beam-pipe corrector windings, as mentioned above. A 

dipole corrector and a beam position monitor are also 

integrated in the cryostat of the quadrupole. A few shorter 

quadrupoles and vertical dipoles exist to adjust the optics 

and to deflect the proton beam vertically. The key 

parameters of the various magnets can be found in 

Ref. [9]. 

In HERA the superconducting main magnets are 

connected in series. The current flows clockwise through 

the dipoles and counter-clockwise back through the 

quadrupoles. Hence the optical lattice is fixed. 

Adjustments to the tune are made by varying the 

relatively strong quadrupole correctors, wound around the 

beam pipe inside the dipoles.  All dipoles are curved to 

follow the local bending radius of the beam of r = 588 m. 

The proton beam travels counter-clockwise in HERA. 

The magnets are placed on the outer side of the tunnel 

with the quench relief valves also pointing to the outside.  

A HERA dipole deflects a 820 GeV beam by 

2.9599 mrad at the nominal excitation with 5027 A 

(4.649 T).  

The beam pipe is bent correspondingly. Note however 

that HERA has been operating for a number of years at 

920 GeV with a field of 5.216 T. This was made possible 

by lowering the temperature of the coils. 
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Figure 6. The vertical deflections in TI2 

 

 

 

 

 

 

 

Figure 7. The vertical deflections in TI8 
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Space requirements and necessary changes 

The HERA tunnel is much wider than TI2 and TI8. It 

will be difficult to accommodate HERA magnets in the 

LHC injection channels.  The situation is particularly 

difficult in TI2, which is also used to transport LHC 

dipoles into the LHC tunnel. 

Fig. 8 shows on the left this situation as it is now and a 

possible solution with the HERA magnets at the right. 

 Note that the beam is presently on the inner curvature of 

the tunnel in both cases. The HERA dipoles have their 

quench relief valves and the quench exhaust pipe at the 

outer curvature (i.e. in the transport space in this case), 

which would clearly obstruct the transport zone. Either 

the cryostats have to be modified or the beam line has to 

be moved to the outer curvature. The latter is not easy, 

because the position of PMI2 was chosen to lower LHC 

magnets into the space at the outer curvature of TI2. One 

could presumably install a transfer table at the lower end 

of the shaft, such that the TI2 magnets are in fact installed 

underneath the shaft at the outside curvature. Components 

for the LHC could then be lowered to the transfer table 

and moved sideways and lowered into TI2, to pass on the 

inner curvature. In this way one could avoid dismounting 

the vacuum pipe, which presently blocks the transport 

path. Fig. 8 does not show any cryogenic line. The 

number of cable trays, however, cannot be reduced 

drastically (it is likely to increase, because the 

quadrupoles need cables). 

 

 

 Figure 8. The TI2 and TI8 cross-sections in the present state (left) and with HERA dipoles (right)  
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 It seems extremely difficult to fit the HERA magnets into 

TI2, as is illustrated by Fig. 9, now for the magnets on the 

outer curvature. The 500 mm quench relief pipe does not 

fit. The quench relief valves would need to be seriously 

reworked and still the cables would not find space. Even 

worse, as can be seen in Fig. 6, the deepest point of TI2 is 

underneath the creek Lion. According to the studies on 

cryogenics for the injection lines (see below), the single-

phase helium will have to enter the string of magnets at 

the lowest point. However, the study does not take the 

actual configuration into account and will have to be 

repeated. 

  

 

Figure 9.  HERA dipoles in TI2 on the outer 

curvature in beam direction (two versions of the 

quench relief pipe) 

 

 

 

Figure 10. HERA dipoles in TI8 on the outer 

curvature in beam direction.  

 

In TI2 the bending is clockwise. The HERA magnets 

would need to run with inverted polarity, which requires a 

change of the polarity of the protection diode. This can be 

achieved by removing the diode stacks, opening them, 

inverting the polarity, testing them under cryogenic 

conditions and reassembling. This is a tedious, but 

possible, operation. Alternatively, adapter pieces could be 

envisaged, which change the polarity inside the cryostat. 

This seems possible, because both magnet ends (end 

covers) will have to be opened in order to fulfil the 

conditions set by the cryogenics (see below).  

  Still, the cable ladders do not find space and water 

cooling will have to move also.  While the cables are still 

needed, the water cooling could maybe be reduced. 

Presumably the beam line could be lowered somewhat, 

which seems possible at this stage. It is unclear, if and 

where the cryogenic re-coolers could be placed, unless 

they can be part of the connection cryostats or the 

magnets themselves. 

The situation is slightly better in TI8. The bend is 

counter-clockwise, as in HERA. Hence the magnets can 

run with the original polarity. The magnets are however 

also here on the wrong side of the tunnel. Again they 

would have to be moved to the outer curvature to give 

space to the quench relief valves and quench pipe, which 

looks impossible, as can be seen in Fig. 10.  Certainly the 

exhaust valves (“Kautzky valves”) need to be reworked 

and the beam line has to be lowered. 

Limits 

It might be possible to rearrange the optics [11] to make 

optimal use of the properties of the HERA magnets and 

achieve higher energies. However the HERA magnets can 

also be mapped onto the existing structure. Because of the 

higher bending power of the HERA dipoles, compared to 

the normal conducting magnets, the present cell length of 

60.6 m is sufficient to reach 900 GeV. The space between 

the dipoles will be filled with connection cryostats, 

containing the quadrupoles, the current leads and 

cryogenic feed-boxes. The limitation to 900 GeV is given 

by two constraints: the optics chosen as baseline and the 

bending radius of the magnets. Both constraints are 

somewhat flexible. The density of dipoles could be in-

creased and hence the total bending power. However, in 

this case, the aperture would be reduced, due to the poorly 

matching sagitta of the beam pipe. This seems acceptable 

comparing the HERA aperture with the present beam line 

aperture. In conclusion, a 1 TeV beam line of sufficient 

aperture could presumably be made with a new optics 

design. 

The proposed structure has, however, a very serious 

problem. In HERA the dipoles and quadrupoles are 

connected in series, containing only one bus-bar pair in 

the bypass. This is incompatible with the existing optics 

in TI2 and TI8 and the corrector quadrupoles inside the 

dipoles (2* 10.62 T integrated gradient) are insufficient to 

replace real lattice quadrupoles. They could, however be 

used for adjusting the optics.   

Reference 9 lists all required dipoles and the aperture 

mismatches, all of which are very small. It also shows 

that the quadrupoles of HERA do not fit at all. New 
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quadrupoles would be needed. MQTL [2] type magnets 

would be sufficient, limiting the required current to below 

600 A. The current could be distributed using the blocked 

cooling channel or by adding a “line N” type pipe on the 

outside of the cold mass. 

Cryogenics 

At present HERA is running under the following 

cryogenic conditions [13], [14]: 

The magnets are cooled with supercritical helium with 

p> 2.5 bar, T=4.0 K (!). The supercritical helium is cooled 

by the counter flow of two-phase helium. The expansion 

is done at the lowest point of an octant, which is in the 

middle or at one end of an octant. There is a feed box 

containing the current leads and all the valves including a 

Joule Thomson valve. The two-phase flow is always 

directed uphill to avoid the capture of bubbles. To run at 

920 GeV at HERA (as would also be required in the LHC 

injection lines) the temperature must be as low as 

T=4.0K. This is achieved by lowering the suction 

pressure of the screw compressors to 650 mbar. The 

pressure drop over the 620 m of one octant is about 

100 mbar. The inclination of the HERA tunnel (max 10 

mrad) is so small that the resulting pressure drop due to 

gravity can be neglected. The stationary mass flow is 

35 g/s. A study has to be made of how to achieve similar 

conditions in the steep LHC transfer line tunnels. 

 In 1993 N. Delruelle et al. [15] studied a possible 

cryogenic system for the injection lines. At that time the 

ideas about the injection lines had not yet converged to 

the present design. Hence not all conclusions in this study 

can be applied to the present case. However, the slopes 

were planned to be even higher. The authors assume 

HERA or UNK like magnets of only 5.7 m length at 

4.5 K. The preferred solution foresees single phase 

helium with re-coolers. The helium is fed in at the bottom 

of the arc (of which 3 were planned at that time) and 

proceeds through the magnets at a rate of 60 g/s. The 

liquid is re-cooled at the end of each cell by a heat 

exchanger in a bath of boiling helium. The gas is returned 

through the magnets using the holes in the iron 

laminations of the magnets, which in the case of the 

HERA magnets is either used for the heat exchanger or 

blocked (lower orifice). Thermally insulated pipes have to 

be inserted, to prevent heat propagation between the cells. 

Note that HERA quadrupoles do not have these heat 

exchanger holes, a further reason, why they cannot be 

used here. In addition a 500 mm quench relief line is 

needed.  

Alternatively a two-phase cooling scheme with phase 

separators at the end of the cells has been considered. 

This scheme offers many advantages. However the 

authors request further tests before the solution can be 

seriously pursued, because “its feasibility is still 

doubtful”. 

The study does not include the very special actual 

geometry of TI2 with its up-hill and down-hill slopes. The 

narrow tunnel will not be able to accommodate a 

refrigerator. A study has to be made on the basis of the 

actual geometries, whether and how stable conditions can 

be achieved at 4.0 K. 

Protection issues 

The HERA dipoles come with a quench protection system 

[16], which is based on magnetic amplifiers. To operate 

this system requires special know-how, which is difficult 

to find even now. It has to be replaced in due time. 

Likewise, the capacitors in the heater power supplies will 

not operate any more after 40 years. In short, the 

electronics needs to be replaced. 

The magnets are protected against the energy of the 

other magnets in the string by cold diodes. The diodes and 

the heat sinks are constructed to survive a decay time of 

20 s from 6 kA. As the maximum voltage during the 

extraction has to be limited to below ±530 V, leading to 

an extraction resistance of less than 175 mΩ, the 

maximum inductance per protection block is limited to 

3.3 H or 55 magnets of 60 mH each. This is close to the 

56 or two times 57 magnets needed in the long arcs, but a 

bit too low.  The resistors in HERA are simple bifilar 

stainless steel pipes, which could be reused adding some 

electrical protection. The switches are laterally of the size 

of the magnets and should fit. The same holds for the 

electronics. 

A number of dipoles will need its own power converter. 

In these cases the diode might prevent a fast discharge. 

The quench protection and energy extraction for the 

quadrupoles depend on the choice of the quadrupole 

system. Forty quadrupoles of the MQTL type connected 

in series have an inductance of 5 H. Bypass resistors, as 

implemented in the LHC for this magnet type, will be 

necessary. The resulting time lag is not important for the 

application as injection line magnets. 

Conclusions 

The special geometry of the TI2 and TI8 transfer lines 

poses serious problems for upgrading them into the 1 TeV 

range. The HERA dipoles, with the required cryogenic 

pipe and cable trays, will not fit in, unless heavily 

reworked. A major rework of the magnets is also 

necessary to accommodate to the different cryogenic 

conditions (and the opposite field direction in TI2). The 

magnets will have to be taken out of their cryostat, the 

end-covers will have to be removed, the heat-exchanger 

pipes will have to be replaced and new connections will 

be necessary. Eventually only the collared coils with their 

flux iron can be reused. In any case, the end covers need 

to be closed again, after rerouting the pipe for the exhaust 

valve. Finally, new cryostats will have to be constructed. 

The HERA quadrupoles can in all probability not be 

used, unless the optics is completely changed and the 

cryostats, the cold bus-bars and the internal helium pipes 

are redesigned. As a result around 180 new quadrupoles 

will have to be made.  

The cryogenics has to be extraordinary slim in order to 

fit into the tunnel. The steep slope puts additional 

constraints. In particular TI2 with positive and negative 
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slopes presents problems. This should be addressed in a 

separate study again. 

SUMMARY 

In summary, the LHC and HE-LHC together do not fit 

in the LEP tunnel. The curvature of the LHC dipoles 

prevents any other use (except very special cases and in 

small quantities). 

HERA dipoles could be used for a 900 GeV, probably 

1TeV, beam line in TI2 and TI8. This requires however 

important changes of the cooling scheme and 

consequently of the cryostats. The quadrupoles cannot be 

used.  

In view of these difficulties the use of combined 

function magnets [17] might have more advantages. 

The cooling scheme has to be designed yet and may be 

very space consuming. This applies, of course, for any 

kind of superconducting injection lines. 
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INTENSITY ISSUES AND MACHINE PROTECTION OF THE HE-LHC 

R. Assmann, CERN, Geneva, Switzerland

Abstract 
The HE-LHC study investigates the possibilities for 

upgrading the beam energy of the Large Hadron Collider 

CERN from 7 TeV to 16.5 TeV. This paper presents a pre-

liminary investigation of intensity issues and machine 

protection for the HE-LHC. 

INTRODUCTION 

The HE-LHC design parameters [1] that are most rele-

vant for collimation and machine protection are summa-

rized in Table 1. It is seen that the total stored energy 

Estored is 33% higher and the energy density e is increased 

5-fold in each beam. The extrapolation of the HE-LHC is 

compared in Fig. 1 and Fig. 2 to various accelerators and 

designs, including the parameters achieved in the LHC 

during the 2010 run. 

The advance in energy density is driven by the decrease 

in the geometric transverse emittance x,y from 0.5 nm to 

0.15 nm. It is noted that the increases of stored energy and 

energy density are even more pronounced for a single 

bunch, which must be considered for many machine pro-

tection studies. 

 

Table 1: Collimation and protection relevant parameters 

compared between the nominal LHC and HE-LHC (round 

beam scenario). 

Parameter Nominal HE-LHC 

E 7 TeV 16.5 TeV 

 7,461 17,587 

x,y 0.5 nm 0.15 nm 

Estored (total) 362 MJ 482 MJ 

e (tot) 2.9 GJ/mm2 15.4 GJ/mm2 

Estored (1bunch) 128 kJ 242 kJ 

e (1bunch) 1.0 MJ/mm2 7.7 MJ/mm2 

 

COLLIMATION EFFICIENCY 

The LHC has a sophisticated collimation system [2] 

that intercepts unavoidable beam losses and safely ab-

sorbs them before the associated heat can be deposited in 

any downstream superconducting magnet. The stored 

beam energy of 362 – 482 MJ is to be compared to 

quench limits of around 5 – 20 mJ/cm
3
 in magnets. The 

collimation system must intercept and absorb stray parti-

cles with ultra-high efficiency. The LHC collimation sys-

tem is located in two dedicated cleaning insertions of the 

LHC, the betatron collimation system in IR7 and the mo-

mentum collimation system in IR3. 

 

Figure 1: Stored energy per beam versus beam momen-

tum for various accelerators. Filled black squares indicate 

achieved values, red squares show design values and the 

blue square represents the HE-LHC design.  

 

 

Figure 2: Energy density versus beam momentum. See 

explanations for Fig. 1. 

 

The LHC collimation system has been designed for op-

timal performance at 7 TeV along various paths [3]: 

 Proper choice of 138 collimator locations for the two 

beams. 108 collimators have been installed for the 

first years of LHC operation (“phase 1”). 

 The use of a 4-stage collimation hierarchy, extending 

the classical two-stage cleaning design. 

 The use of 4 different jaw materials (graphite, fiber-

reinforced carbon, copper, tungsten), carefully balanc-

ing robustness versus efficiency requirements. 

 The use of 2 different lengths of jaws (0.6 m and 

1.0 m flat top plus tapering). 

 The use of 4 different orientations for optimal cover-

age in the horizontal (x), vertical (y) and skew planes.  

Various nuclear physics processes that depend strongly 

on beam energy govern the interaction of particles in the 
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collimator jaws. The collimation system therefore be-

haves differently at higher beam energies. 

Definition of cleaning inefficiency 

The cleaning inefficiency describes the leakage from 

the collimation system into critical machine elements, for 

example all superconducting magnets. We define a local 

cleaning inefficiency as the maximum leakage to one me-

ter of critical superconducting magnets [4]: 

 

                           
      

       
        (1) 

 

Here, Ni is the number of lost protons in the super-

conducting magnet number i of length Li  Nimpact gives the 

number of protons that impact on the primary collimators.  

Cleaning inefficiency versus beam energy 

Simulations have shown that the efficiency of the LHC 

collimation system will be limited by losses in the disper-

sion-suppressors of the LHC for beams with TeV ener-

gies. The energy dependence of the simulated local clean-

ing inefficiency [5] is shown in Fig. 3 with two possible 

settings for collimators (“tight” and “intermediate”). 

It is seen that the LHC cleaning inefficiency gets worse 

with increased beam energy in the range from 1 TeV to 

7 TeV. This is due to reduced multiple Coulomb scattering 

angles at higher beam energies and an increased probabil-

ity of single-diffractive scattering.  

Single diffractive scattering generates off-energy pro-

tons that cannot be intercepted by collimators in the 

straight sections of the cleaning insertions (lack of disper-

sive dipole kicks). These off-momentum protons are then 

lost in the dispersion suppressors downstream of the 

cleaning insertions. The higher is the beam energy, the 

higher is the fraction of single-diffractively scattered pro-

tons and the higher is the leakage (or inefficiency).  

The LHC collimation simulations have been fully con-

firmed by measured losses downstream of the LHC beta-

tron collimation insertion, as shown in Fig. 4. The proton 

losses are intercepted, as designed, at the primary colli-

mators. From there onwards, losses are reduced with ad-

ditional collimators by about four orders of magnitude. 

Single diffractive protons are lost in two characteristic, 

superconducting dipoles, as easily seen. 

The existing simulation data in the range from 1 TeV to 

7 TeV can be fitted as a function of beam energy E, here 

expressed in units of TeV: 

 
       

           
 

 
       

 

 
        

 

 
    (2) 

 

This relationship is valid for so-called “tight” collima-

tor settings, referring to nominal settings with primary 

collimators at 6 , secondary collimators at 7 , tertiary 

collimators at 8.4  and absorbing collimators at 10 . 

 

Figure 3: Simulated cleaning inefficiency of the LHC 

multi-stage collimation system. The two curves show two 

different settings of collimators. The lines show a fit to 

the data (see text). The data is from [5]. 

 

Figure 4: Measurement of proton losses in the betatron 

cleaning insertion IR7 and through the downstream arc 

into IR8, performed at 3.5 TeV beam energy. Black bars 

indicate losses at collimators, red bars at warm machine 

elements (not critical) and blue bars at superconducting 

magnets (critical). The beam runs in direction of s. 

Simplified scaling law 

A simplified scaling law can be derived for the prob-

ability P of single-diffractive losses versus beam energy. 

This scaling takes into account the following ingredients: 

 The multi-TeV protons traverse an increased inte-

grated length of jaw material. As the multiple Cou-

lomb scattering angle scales with 1/E1 more material 

must be traversed to accumulate enough kick min for 

reaching the aperture of secondary collimators. 

 The required kick min scales with 1/√E1. 

 The cross section for single-diffractive scattering 

scales with ln (0.3 E1). 

Compared to some initial state 0 (with P0 and E0) the 

impact of single-diffractive scattering scales as follows: 

 

                             
  

  
 

            

            
                (3) 

 

Here, energies are to given in units of TeV.  This simpli-

fied scaling law is compared in Fig. 5 to the fit from the 

simulation data. It is seen, that single diffractive scattering 

can indeed explain the loss of efficiency.  
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Figure 5: Extrapolation of cleaning inefficiency versus 

beam energy, comparing a fit of simulation data in the 

range from 1 TeV to 7 TeV and a simplified scaling law. 

 

According to the two different models it is predicted 

that the cleaning inefficiency at 16.5 TeV will be in-

creased by a factor between 2.6 and 3.9. This increase in 

inefficiency (leakage) must be compensated by system 

improvements in order to avoid collimation-induced in-

tensity limitations. The already foreseen additional colli-

mators in the dispersion suppressors will alleviate this 

limitation. Detailed studies are required for conclusions of 

collimation intensity reach at 16.5 TeV beam energy. 

MACHINE ROBUSTNESS 

The energy density in the beams and in a single bunch 

will increase significantly for the 16.5 TeV LHC. The 

LHC collimators and protection devices have been de-

signed for nominal and ultimate intensities. We assume 

that all these elements are robust for ultimate bunch inten-

sity and nominal emittance at 7 TeV beam energy. Then 

we can establish the following brightness limit: 

 

                       
  

 
                      (4) 

 

The present parameters of the HE-LHC study violate 

this robustness limit by about a factor 2.6. A further study 

on increased emittance, damage limits or more robust 

collimator materials is required. 

It is interesting that the luminosity reach at the robust-

ness limit is: 

 

                     
            

   

       

      
     (5) 

 

It is an easy function of the stored energy, of 
*
 and 

of . The geometric correction factor F from the crossing 

angle is neglected here. 

ISSUES DUE TO SMALLER GAPS 

The primary collimation is set to 5.7  in the LHC. 

Here, we assume that the same normalized setting is re-

quired at 16.5 TeV. Due to the adiabatic emittance scaling 

the absolute half gap of the primary collimators then re-

duces from about 1.1 mm to 0.6 mm. Transverse resistive 

wall impedance scales with the third power of the inverse 

half gap. Consequently, the collimator-induced impedance 

at 16.5 TeV can be up to a factor 6 larger than at 7 TeV.  

An increase of the limiting super-conducting apertures 

allows relaxing the required normalized setting of the 

primary collimators. If impedance becomes a limit then it 

might be required to replace the triplet and other IR mag-

nets with larger aperture hardware. 

HINTS ON MACHINE PROTECTION 

The issues for robustness of passive protection collima-

tors have been covered already. There will be additional 

issues for a few injection and dump protection elements. 

A detailed analysis by experts is required. 

Other possible issues include systematic effects in 

safety-critical instrumentation, dynamic range limitations 

in beam loss monitors, interlock thresholds, surveillance 

levels, etc. A dedicated study by the machine protection 

experts must address the full picture. 

HINTS ON CLEANING INSERTIONS 

The cleaning insertions of the LHC were carefully de-

signed for collimation with the following goals: 

1. Establishment of a three stage cleaning per insertion 

with coverage in horizontal, vertical, skew and mo-

mentum phase space. 

2. Protection of magnets and accelerator components 

against excessive heating and radiation damage. 

3. Proper radiation control and possibilities for remote 

handling. 

It has to be realized that the available space is already 

very limited with 7 TeV magnets. The phase advance is at 

the limit of requirements and cannot be reduced. The op-

tics must be kept similar to the 7 TeV solution. Therefore 

there is no possibility to decrease the lattice strength, to 

remove quadrupoles or to increase the beta functions. 

The redesign of the cleaning insertions of the LHC for 

16.5 TeV is a major challenge. 

CONCLUSION 

The parameters of the HE-LHC impose new challenges 

for operating beams with high intensity:  

 A factor between 3 – 6 is lost in collimation efficiency. 

Improvements must be implemented to compensate 

this loss. Ongoing collimation upgrades might, how-

ever, be sufficient to cope with this. 

 The HE-LHC parameters are a factor of about 3 be-

yond the present robustness limit. Either the emittance 

is increased or new and more robust materials and 

technologies should be developed. 

 The normalized aperture at 16.5 TeV should be in-

creased by about 50% to avoid operation with small 

collimator gaps. Such gaps can be operationally un-

stable and can increase the LHC impedance 6-fold. 
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Alternatively, new collimator technologies are re-

quired. 

 Machine protection requires further attention and stud-

ies. Presently no show-stoppers are expected. 

 The re-design of the LHC cleaning insertions for 

16.5 TeV is a major challenge and must be addressed 

early on in the design process. 
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 INJECTION AND DUMP CONSIDERATIONS FOR A 16.5 TEV HE-LHC 

B. Goddard, M. Barnes, W. Bartmann, J. Borburgh, C. Bracco, L. Ducimetière, V. Kain, 

M. Meddahi, V. Mertens, V. Senaj, J. Uythoven, CERN, Geneva, Switzerland 

Abstract 
Injection and beam dumping is considered for a 

16.5 TeV hadron accelerator in the current LHC tunnel, 

with an injection energy in the range 1 – 1.3 TeV. The 

present systems are described and the possible upgrade 

scenarios investigated for higher beam rigidity. In 

addition to the required equipment performance, the 

machine protection related aspects are explored. The 

expected constraints on the machine layout are also given. 

The technological challenges for the different equipment 

subsystems are detailed, and areas where R&D is 

necessary are highlighted. 

ASSUMED PARAMETERS 

The most important parameters assumed for injection 

and extraction from HE-LHC are listed in Table 1, with 

the values for LHC (ultimate bunch intensity) also 

included. The resulting total energy per transfer (injection 

or extraction) and beam sizes are also included.  

Table 1. Assumptions of target parameters for HE-LHC. 

  LHC HE-LHC 

  Inject Extract Inject Extract 

Bunch I p+ 1.7e11 1.7e11 1.3e11 1.3e11 

p∙c TeV 0.45 7 1.3 16.5 

Rigidity Tm 1503 23337 4337 55004 

Nb/transfer  288 2808 144 1404 

E/transfer MJ 3.5 535 3.9 482 

xyn m 3 3 2 2 

x/y (septum) m 100 100 100 100 

xy (dump) m 4500 4500 4500 4500 

xy (septum) mm 0.79 0.20 0.38 0.11 

xy (dump) mm 5.30 1.34 2.55 0.72 

Injection gap s 1.00 1.00 1.00 1.00 

Dump gap s 3.00 3.00 3.00 3.00 

INJECTION AT 1.3 TEV 

Present injection system  

The present fast injection systems in P2 (Beam 1) and 

P8 (Beam 2) use DC powered laminated steel Lambertson 

septum magnets and ferrite yoke transmission line pulsed 

extraction kicker magnets. The kickers use thyratron 

switches and have ceramic vacuum chambers which 

support screening elements to reduce the beam coupling 

impedance. 

The injection systems also comprise beam 

instrumentation and dedicated passive protection devices 

to intercept beam in case of an injection kicker failure. 

Overviews and details of the systems and components can 

be found in [1,2].  

The injection systems for Beam 1 and Beam 2 are 

located to the left of P2 and right of P8, respectively, and 

are integrated into the matching sections of the low-  

insertions for the ALICE and LHCb experiments. This 

cohabitation imposes some optics constraints and also has 

proven to introduce operational complications with the 

background and beam losses at injection.  

Assumptions 

It is assumed that the existing transfer line tunnels from 

the SPS will be used, with superconducting magnets for 

the 1.3 TeV beam transfer, and also that the insertions in 

P2 and P8 will continue to house the physics experiments 

and low-  insertions, although the insertion layout and 

optics may change.  

Injection kicker considerations 

A major issue with 1.3 TeV injection is the strength of 

the injection kicker. The system will require a similar 

deflection to the present 0.8 mrad (this maybe be reduced 

by 10-15% by changes in the optics and increasing the 

kicker-septum drift, but probably no more). The present 

system is already very pushed in terms of performance, 

and is considered to be at the technological limit with the 

60 kV switches, cables, pulsed HV insulation in vacuum 

and beam screens. There is no extra space in the present 

layout, and clearly any solution which modifies the layout 

is complicated by the requirement to combine the 

injections and experiments in the same insertions. The 

possible options are considered. In both cases it is 

assumed that the horizontal magnet gap can be reduced 

from 52 to 42 mm. 

The first option is to increase the installed kicker length 

from 16.9 m to around 34 – 40 m. This would imply 40 – 

46 m spacing between adjacent quadrupoles, compared to 

the present 22 m, and a completely new insertion layout 

and optics. 

The second option is to double the present 1 s rise 

time to around 2 s, e.g. with the kickers in short circuit 

mode or with lower impedance. The installed length could 

then be kept to around the present length of 17 m. The 

ferrite saturation might be an issue with a peak field in the 

ferrite of about 0.26 T. This would reduce the number of 

bunches per injection by about 20, or about 10% of the 

total number of bunches. To partially compensate for this 

reduction, it would be rather simple to increase the Pulse 

Forming Network (PFN) and kick pulse length from 8 to 

up to 16 s (also for the SPS extraction kickers), although 

this might pose other limitations in the SPS with a much 

higher total intensity. 

The system parameters for these two options are 

compared with the present system in Table 2.  
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Table 2. Parameters for 1.3 TeV injection kicker system 

options. Critical values are shown in red. 

Parameter Unit 

LHC 

nominal 

More 

magnets 

Longer   

rise time 

H gap mm 54 42 42 

Rise time s 1.00 1.00 2.20 

Angle  mrad 0.8 0.8 0.8 

∫B.dl Tm 1.2 3.5 3.5 

Gap field T 0.08 0.11 0.24 

Peak field T 0.09 0.12 0.26 

dI/dT kA/ s 5.40 5.39 5.51 

Imax kA 5.4 12.1 12.1 

Lmag m 14.6 32.9 14.6 

Filling   0.864 0.864 0.864 

Ltotal m 16.9 38.0 16.9 

#magnets  4 9 4 

 

Other aspects which would need detailed consideration 

for a new design would include impedance, beam screens,  

magnet core heating and electron cloud. 

Injection septum considerations 

The injection septum design is very similar to the dump 

septum (see later). If stronger units cannot be designed 

then more magnets and hence more space will be needed. 

The present 22 m installed length would need to increase 

to about 43 – 55 m. With the 22 m drift needed to clear 

the upstream cryostat, this imposes 50 – 60 m drift 

between the quadrupoles surrounding the septum. 

Injection protection considerations 

As for the dump protection, the injection protection 

device design increases in difficulty for 1.3 TeV. The 

protection in the transfer lines and the protection against 

the kicker failures would need redesign, for the 4 MJ and 

1.3 TeV energy. The kicker protection devices would 

increase in length from 4 to maybe 6 – 8 m. 

DUMPING THE 16.5 TEV BEAM 

Present LHC beam dump 

The present LHC beam dump uses a sequence of 

extract  dilute  absorb to abort the ~500 MJ beam, in 

a „loss-free‟ way. The system comprises laminated steel 

pulsed extraction kicker magnets, DC powered laminated 

steel Lambertson septum magnets, laminated steel pulsed 

dilution kicker magnets and a 7.7 m long, 0.7 m Ø C 

cylinder forming the beam dump block, surrounded by 

steel and concrete shielding. Both extraction and dilution 

kickers use the same solid state Fast High Current 

Thyristor switch technology. The dump kickers have 

ceramic vacuum chambers with a few m of Ti coating 

for reducing the beam coupling impedance. 

Beam instrumentation and dedicated passive protection 

devices to intercept beam in case of a kicker error 

complete the dump system. More details on the system 

and components can be found in [3,4].  

The total length of the beamline from extraction kicker 

to dump block is about 975 m. The dump block is 

separated from the vacuum of the beamline and the LHC 

by a 15 mm thick carbon composite (CC) entrance 

window, which for vacuum tightness has a 0.2 mm thick 

steel backing foil. The dump systems for Beam 1 and 

Beam 2 are located symmetrically about P6 of the LHC, 

and use the full straight section, with a special optics to 

provide the long drift distance needed between kicker and 

septum, and from the septum to the next machine 

quadrupole to allow the beam to be extracted past the 

cryostat. For the layout, there are only two stand alone 

matching quadrupoles each side of the IP (Q4 and Q5) 

which are not in the continuous cryostat. A schematic 

layout of the elements in P6 is shown in Figure 1. 

 

 

Figure 1. Schematic layout of dump elements in P6. 
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Assumptions 

It is assumed that the existing tunnel and caverns are 

reused, Figure 2, which implies the same (similar) 

extraction trajectories in horizontal and vertical, and 

therefore similar kicker and septum angles. A maximum 

~300 mm dilution sweep radius is permitted, otherwise 

extra civil engineering would be needed to enlarge the 

TJ62 and TJ68 junction caverns with the LHC. The 

insertion layout and optics could change if required. 

 

Figure 2. Underground layout for the left side of P6, 

showing the dump tunnel and UD62 cavern for Beam 2. 

Extraction kicker with 3 s rise time 

An option for the extraction kicker system would be to 

keep 3 s rise time and similar magnets. The required 

∫B.dl could then be obtained by increasing the number of 

magnets, or increasing the current per magnet. These are 

compared to the present situation in Table 3.  

A total of 35 magnets would be required if the 

parameters per magnet are unchanged – this would imply 

an installed length of 64.4 m, which is not compatible 

with retaining a similar optics; the distance between Q4 

and Q5 would have to be much larger. 

Table 3. Parameters for 3 s rise time beam dump 

extraction kicker system. Critical values are shown in red. 

Parameter Unit LHC Nominal More 

magnets 

Higher 

current 

V gap mm 72 72 72 

Rise time s 3.00 3.00 3.00 

Angle  mrad 0.27 0.27 0.27 

∫B.dl Tm 6.3 14.9 14.9 

Gap field T 0.30 0.30 0.71 

Peak field T 0.41 0.41 0.95 

dI/dT kA/ s 6.17 6.23 14.53 

Imax kA 18.5 18.7 43.6 

Vmax kV 30.0 30.0 70.7 

Lmag m 21.0 49.0 21.0 

Filling  0.761 0.761 0.761 

Ltotal m 27.6 64.4 27.6 

# magnets  15 35 15 

 

For higher current per magnet with a similar magnetic 

length to present, the peak current would increase to 

43.6 kA and the peak field to 0.95 T, which may be  about 

feasible. However, the dI/dt increases to 14.5 kA/ s, 

which requires that the system voltage increases 

enormously, from 30 kV to over 70 kV. This is simply not 

possible with the air insulated generators and switches 

which form the core of the system. A change to an oil 

insulated system would introduce many complications 

with footprint, maintenance and complexity and also 

safety issues with large quantities of oil underground. The 

maximum oil-insulated system voltage of around 60 kV 

would still not be enough to fit the system in a similar 

length to the present system. In addition a current 

feedthrough for 44 kA would be very challenging. 

Extraction kicker with longer rise time 

The second option for the kicker system would be to 

use longer rise time and a different magnet design. The 

vertical gap could be reduced to take advantage of the 

smaller beam size at 1-1.3 TeV injection energy. In a first 

assumption it is assumed that the clear vertical vacuum 

chamber aperture can be reduced from 62 to 42 mm, 

which is a factor (450/1000). This may be slightly 

optimistic for 1 TeV as the allocation for orbit, 

mechanical and alignment tolerances are fixed quantities. 

The ceramic chamber and associated tolerances require 

another 10 mm opening, so the final vertical gap between 

the poles would be reduced from the present 72 mm to 52 

mm. Limiting the dI/dt to the present value (which may 

be slightly pessimistic), the parameters obtained are 

shown in Table 4.  

Table 4. Parameters for beam dump extraction kicker 

system with smaller gap and longer rise time. Critical 

values are shown in red. 

Parameter  LHC Nominal Smaller gap 

V gap mm 72 52 

Rise time s 3.00 5.10 

Angle  mrad 0.27 0.27 

∫B.dl Tm 6.3 14.9 

Gap field T 0.30 0.71 

Peak field T 0.41 0.95 

dI/dT kA/ s 6.17 6.17 

Imax kA 18.5 31.5 

Vmax kV 30.0 30.0 

Lmag m 21.0 21.0 

Filling  0.761 0.761 

Ltotal m 27.6 27.6 

# magnets  15 15 

 

In this configuration the extraction requires a 5.1 s 

abort gap which reduces the number of bunches in the 

machine by about 42 at 50 ns spacing, or about 3%. The 

maximum current would be almost 32 kA, which would 

require R&D on high current switches and high current 

feedthroughs, but should be feasible. This system would 

still be air insulated and would operate at 30 kV. 

Beam dump block considerations 

For the beam dump block, a full study would be needed 

to analyse the extra dilution required from the MKB 

kicker system for a 16.5 TeV beam. In the absence of such 

a study, some simple scaling considerations can be made. 
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The peak p+ density will be a factor ~2.4 times higher, for 

similar beta functions at the dump block. The shower 

maximum will be further into the dump block, and the 

transverse shower extent at the shower maximum is 

assumed to be independent of the transverse beam size, 

which may be slightly optimistic. The total energy 

impacting the dump is about 500 MJ, similar to the LHC 

ultimate beam. The sweep length should therefore be 

similar to the present value of 100 cm. The present block 

is 7.7 m long and composed of carbon with different 

densities of 1.73 and 1.1 g cm
-3

. A longer block with 

lower densities is likely to be required, or at least a 

different grading of the existing carbon densities. The 

longitudinal space exists in the present 25 m UD caverns. 

Dilution kicker upgrade options 

Assuming a 100 cm long sweep length at 16.5 TeV 

would require 2.3 times the present ∫B.dl. However, the 

iron of the magnet cores of the MKB dilution kickers are 

already near saturation, with 1.52 T peak, so it is not 

possible to increase the field per magnet. The apertures 

are determined (to first order) by the required sweep 

length and failure cases, and not the beam size, such that 

it is not possible to greatly reduce the magnet gaps. The 

magnets are already under vacuum with no chamber, 

which means nothing can be gained here in the gap size 

(some small optimisation could be possible with 2 

families per plane with different openings).  

Again two options, Table 5, are possible to increase the 

dilution kicker ∫B.dl – the first is to increase the number 

of installed magnets, keeping the switch voltage at 30 kV. 

22 magnets would be needed compared to the present 10, 

requiring the installed space to increase from 23 to 50 m. 

This might be possible from an integration point of view, 

as the machine is not very crowded in this vicinity. The 

present 10 magnets are installed on the extracted beam 

line in the long drift space between the extraction septa 

and Q4, Figure 3. Space for generators in the adjacent 

galleries might be more problematic. 

The second option would be to increase the frequency 

of the sweep from 14 to 28 kHz, reducing the strength and 

using 18 magnets in total. The system voltage could be 

kept at 30 kV and a sweep length of 100 cm achieved. 

The total installed length would then be 41 m. Damping 

of the diluter kicker currents is needed to achieve a spiral, 

which means the sweep will cross at one point on the 

dump block; possible waveforms and resulting sweep are 

shown in Figures 4 and 5. The temperature profile and 

dynamic mechanical stresses in the dump block would 

need to be evaluated.  

As the magnet core is not saturated, this second 

solution would also have the advantage that developments 

in switch and insulation technology could allow an 

increase of the switch voltage beyond 30 kV, with a 

concomitant reduction in the number of magnets required. 

For instance, being able to increase the system voltage to 

40 kV would result in a peak field of 1.3 T and a 

reduction to about 14 magnets.  

Table 5. Parameters for dump dilution kicker system for 

more magnets of the present type, and for a system with 

higher frequency. 

Parameter Unit LHC  More 

magnets 

Higher 

frequency 

F kHz 14.0 14.0 28.0 

Angle  mrad 0.27 0.27 0.135 

∫B.dl Tm 6.3 14.9 7.4 

Field T 1.13 1.21 0.74 

Peak field T 1.52 1.63 0.99 

Voltage kV 22.30 23.89 29.20 

Current kA 25.0 26.8 16.4 

Lmag H+V m 11.2 24.6 20.2 

Filling  0.49 0.49 0.49 

Ltotal m 22.9 50.3 41.1 

#magnets  10 22 18 

 

 

Figure 3. Present layout R6 with 10 dilution kickers (uper) and with 22 kickers (lower). 

 

10 MKB: 22 m

22 MKB: 50 m
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Figure 4. Possible waveforms for higher frequency sweep. 

 

Figure 5. Sweep form on the dump block with 100 cm 

length and 28 kHz frequency. The sweep crosses itself, 

which will give locally a higher temperature in the dump. 

Dilution with a quadrupole in the beamline 

An option to supplement the dilution kickers would be to 

install a quadrupole or a quadrupole doublet in the 

beamline. If located upstream of the dilution kickers this 

could provide a larger beta function at the dump block. If 

downstream a doublet might also give a kick 

enhancement in both planes, increasing the effective kick 

strength. 

The present beta values are 4-5 km at the dump. Betas 

of 12 km would increase the sigmas at 16.5 TeV to the 

present values, although this might not help the peak 

energy deposition if the transverse size at the shower 

maximum does not depend strongly on the beam size. To 

obtain this beta would require a 6 m quadrupole with 

gradient of about 150 T/m and 100 mm full aperture. The 

resulting line optics are shown in Figure 6. 

One issue could be the trajectory offsets introduced 

from LHC orbit changes – with this arrangement a 4 mm 

orbit offset would give an additional kick of 45 rad, 

producing 30 mm offset at the dump, assumed to be 

650 m from the quadrupole. This should be possible to 

accommodate in the present 600 mm diameter dump line. 

Integration of such a quadrupole is likely to be difficult 

upstream of the dilution kicker magnets. 

 

 

Figure 6. Present dump line optics (upper) and possible 

optics with 6 m long, 150 T/m dilution quadrupole 

(lower). 

Extraction septum considerations 

Extraction of the beam is made vertically, above the 

continuous cryostat. The present design uses Lambertson 

septa with three different septum thicknesses. For an 

upgrade only types B and type C would be used, as the 

thinnest septum is not needed behind the dedicated 

protection device. The field could also possibly be 

increased to the maximum possible value. The total 

number of magnets needed would then increase from 15 

to 28, Table 6, and the total installed length from 73 m to 

136 m. This would be difficult (although maybe not 

impossible) to integrate in the layout, as the drift between 

extraction kicker and septum entrance would be reduced 

by 30 m, which could in turn mean that more kick 

strength is required. 

Alternatives are limited. Beamloss at extraction is 

inevitable, and so it may not be possible to build a 

superconducting septum. A superferric septum seems 

superficially interesting, to reach fields of around 2 T; 

however, as with all septa, saturation of the iron in the 

septum will strongly affect the field quality for the 

circulating beam, and operation above the present peak of 

1.2 T may not be feasible. More studies would be needed 

on the septum to investigate possible alternative concepts, 

including ideas such as a massless superconducting 

septum [5]. 
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Table 6. Extension of present extraction septum system 

for 16.5 TeV by increasing number of magnets. 

 Unit LHC  HE-LHC 

Angle mrad 2.4 2.4 

∫B.dl Tm 56.0 132.0 

Nominal field T 0.84 1.06 

Lmag m 66.7 124.8 

Filling factor  0.916 0.916 

Ltotal m 72.8 136.2 

#magnets  15 28 

Dump protection devices 

Failure cases of the extraction system include 

asynchronous beam dumps and high beam population in 

the abort gap. Protection of the septum, of the first 

machine quadrupole Q4 and of the collimation system 

from the 7 TeV beam imposes the use of long (6 m) low 

density (C) absorbers to intercept undiluted bunches. 

The absorbers have to be low density to avoid material 

damage; for 16.5 TeV the densities will need to be 

reduced and the total length of material increased to dilute 

the energy density. Very long objects will be needed. A 

dilution factor of about 10
7
 is needed, which imposes 

16 r of C, which gives about 6 m of 1.8 g cm
-3

 at 7 TeV. 

For 16.5 TeV, with smaller spot size and more energy 

deposited a density as low as 0.6 – 0.8 g cm
-3

 may be 

needed to avoid damage, which would give an absorber 

14-16 m long. For the fixed absorber in front of the 

septum this would reduce the aperture available and 

increase slightly the kick angle needed; for the mobile 

absorber in front of Q4 the challenge would be 

mechanical, as the absorber jaw needs to move in as the 

energy is ramped. Some optimisation with graded density 

may be possible to get more r to reduce the length 

somewhat. 

If the asynchronous dump events remain very rare 

(fewer than one per year, for example), an alternative 

would be to build sacrificial absorbers which would be 

damaged by a full intensity dump, and which would be 

easily replaceable in the event of damage. Such an option 

would allow shorter devices to be built, but would require 

R&D into failure modes and tests in a facility such as 

HiRadMat to check the calculations and prototypes. 

OTHER KICKER SYSTEMS 

The tune kickers are not a concern for 16.5 TeV 

operation. They are weak devices without strong 

constraints on rise time, and are presently single magnets 

with multiple functions (several generators). It would be 

simple to add more kicker modules and to separate the 

functions, and there are no serious space constraints. 

CONCLUSIONS 

Injection into HE-LHC at 1.3 TeV will need a completely 

new injection region layout. A longer kicker rise time of 

2.2 s with a longer pulse is feasible, as is a 1 s rise time 

with 8 – 9 magnets and 40 m spacing between the 

adjacent quadrupoles. The number of septa would need to 

be doubled if stronger units could not be developed 

(which seems difficult), and this would require 60 m 

spacing between the quadrupoles. The injection protection 

devices also need more space. New layout and optics 

designs need to be investigated, which clearly have to 

respect the constraints coming from the experiments in 

injection regions. 

A dump system for 16.5 TeV looks to be feasible in a 

similar layout to the present system. A 5 s kicker rise 

time is possible with the present total system length, 

whereas maintaining 3 s would require a doubling of the 

installed length and a major change to the insertion layout 

and optics. Increasing the extraction septum ∫B.dl requires 

an increase in septum length by a factor 1.9. This seems 

possible if the integration issues can be addressed. The 

best way of increasing the dilution sweep length seems to 

be by doubling the system frequency to 28 kHz. More 

dilution or the addition of a superconducting dilution 

quadrupole (or doublet) also could prove viable 

alternatives. The upgrade of the dump block would be 

rather straightforward, whereas changes to the protection 

devices would need much more study and development. 

Potential or required areas of R&D 

These first considerations of injection and dump systems 

for HE-LHC give an idea of the possible R&D directions 

which would be required, or which could significantly 

reduce other constraints on layout, optics etc.  

Areas which need studies, simulations or equipment R&D 

(and of course the accompanying resources) are: 

 Injection layout and optics; 

 Dump layout and optics; 

 Kicker beam screens and impedance; 

 HV insulation under vacuum above 60 kV; 

 Low inductance HV cables above 60 kV; 

 High saturation (0.3 T) low-loss ferrites; 

 High current (>40 kA) pulsed feedthroughs; 

 High voltage, high current, fast solid state switches; 

 Higher frequency damped generator design; 

 Protection devices (low density, high strength, 

sacrificial designs); 

 Dilution with SC quadrupoles and kickers; 

 High field, beam loss resistant septa (possibly with 

SC or SF design). 
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Abstract 
Since November 2009, the LHC commissioning 

progresses very well, both with proton and lead beams. It 

will continue in 2011 and nominal LHC operation is 

expected to be attained in 2013. In parallel, plans for 

various LHC upgrades are under discussion, suggesting a 

High-Luminosity (HL) upgrade first and a High-Energy 

(HE) upgrade in a later state. Whereas the upgrade in 

luminosity would require the modification of only some 

few key accelerator components like the inner triplets, the 

upgrade in beam energy from 7 TeV to 16.5 TeV would 

require the exchange of all dipoles and of numerous other 

accelerator components.  

The paper gives an overview of the radiation protection 

issues related to the dismantling of LHC components 

prior to the installation of the HE-LHC components, i.e. 

after about 20 years of LHC operation. Two main topics 

will be discussed: (i) the exposure of workers to ionizing 

radiation during the dismantling of dipoles, inner triplets 

or collimators and experiments and (ii) the production, 

conditioning, interim storage and final disposal of 

radioactive waste. 

EXPOSURE OF WORKERS TO 

IONIZING RADIATION 

Dismantling of accelerator components from hadron 

accelerators implies the exposure of workers to ionizing 

radiation. The ionizing radiation (β,γ) is caused by the 

radioactive decay of spallation induced radionuclides 

produced inside the components and their surroundings 

during beam operation. The level of induced radioactivity 

is a function of the chemical composition of the 

component, of the beam particle type and energy, of the 

beam losses (accelerator) and of luminosity (experiment 

detectors).   

Prior to any dismantling work, a risk analysis has to be 

performed. Usually, ambient dose equivalent rates and 

levels of induced activity are measured after the beam 

stop and fed into the overall job and dose planning for 

dose optimization. However, the risk analysis for the 

dismantling of LHC components in 20 years time can 

only be based on the results of Monte Carlo simulations. 

Indeed, the comparison with and the extrapolation from 

measurements are not yet possible, as the activation and  

the radiation levels in the LHC are still very low.  

Most of the FLUKA calculations for the LHC were 

performed assuming 180 days of operation at nominal 

beam conditions. The extrapolation up to 20 years of LHC 

operation requires additional inputs, such as the radiation 

protection relevant LHC parameters (beam energy, beam 

intensity, luminosity) for 20 years of LHC operation (see 

Table 1) determining the build-up of long lived isotopes 

(e.g. 
60

Co, 
22

Na), as well as their contribution to the 

ambient dose equivalent rate.  For this purpose a generic 

study was performed: the activation of a simplified 

magnet (iron or steel cylinder) was simulated to estimate 

the contribution of the long-lived radionuclides to the 

ambient dose equivalent rate assuming 180 days, 5 years 

and 20 years of LHC operation. The 5 (20) years of LHC 

beam operation were approximated by assuming 5 (20) 

times one year of 180-day irradiation and 185-day shut-

down. The simulation took into account the chemical 

composition of the material used for LHC components. 

As an example, the composition of steel for the LHC 

dipoles is listed in Table 2. 

Figure 1 gives the FLUKA results per proton at 7 TeV, 

for the three different irradiation times and followed by 4-

month cooling time.  

 

Table 1: LHC parameters relevant for the calculation of 

induced radioactivity at the various stages of LHC 

operation 

LHC Phase Energy 

(TeV) 

Beam 

Intensity 

(pr. per 

beam) 

Peak 

Luminosity 

(cm-2 s-1) 

Year 

Commission. 3.5 5.1∙10
13

 2∙10
32

 2010 

Commission. 3.5 1.5∙10
14

 1∙10
33

 2011 

Nominal 7 3.2∙10
14

 1∙10
34

 2013 

Ultimate 7 4.7∙10
14

 2.3∙10
34

 2017 

HL-LHC 7 4.7∙10
14

 5∙10
34

 2021 

HE-LHC 16.5 2.5∙10
14

 2∙10
34

 >2030 

 

Table 2: Chemical composition of steel used for the LHC 

dipoles 

Steel composition    

Elem. Wt-% Elem. Wt-% Elem. Wt-% 

Fe 63.09 S 0.00 Mo 0.09 

Cr 17.79 Cu 0.09 C 0.10 

Ni 6.50 O 0.00 W 0.01 

Mn 11.43 Ti 0.01 P 0.02 

Si 0.38 V 0.07 Nb 0.01 

N 0.31 Co 0.11   
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Figure 1: Results of generic calculations of ambient dose equivalent rates (per proton) after irradiation of a simplified 

magnet (steel cylinder) at 7 TeV and 4-month cooling. Three different irradiation times are considered: 180 days, 5 

years and 20 years of LHC operation. 

 

The graphic in Fig. 2 compares the ambient dose 

equivalent rates found along the magnet for the three 

scenarios. The results indicate an increase of the ambient 

dose equivalent rate by a factor of about 1.7 between  

1 year and 5 years of operation and about a factor 2 

between 1 year of operation and 20 years of operation.  

To allow the extrapolation from presently available 

results of FLUKA calculations, it was assumed that the 

LHC technical installation will not be modified and the 

beam loss pattern will not change over the next 20 years. 

Under these assumptions, the ambient dose equivalent 

rates depend on beam energy (E
0.8

), luminosity 

(experiments, inner triplet), beam intensity (arcs, 

collimators) and total number of protons.   

Three examples will be given for extrapolated ambient 

dose equivalent rates: 

 LHC ARCs: the ambient dose equivalent rates were 

calculated for nominal operation, assuming 180 days 

of operation, a beam gas interaction rate of 2.4  10
4
 

protons/m/s (both beams) at 7 TeV and which 

corresponds to a H2-equivalent beam gas density of 

4.5  10
14

 m
-3

. Under these assumptions, the ambient 

dose equivalent rates inside the arc magnets and close 

to the beam line will reach 20 Sv/h after 1-month 

cooling, about 300 to 400 nSv/h at the surface of the 

cryostate and about 200 nSv/h in the aisle. After 20 

years of LHC operation, in particular after operation 

of LHC as HL-LHC, the expected ambient dose 

equivalent rates are estimated to be about a factor of 3 

higher. 

 Inner triplet: the ambient dose equivalent rate at the 

surface of the cryostat will be in the order of 600 

Sv/h after 5 years of operation under nominal 

conditions and 4-month cooling. After 10 years of 

HL-LHC, the ambient dose equivalent rate at the 

surface of the cryostate will reach about 1 mSv/h 

after 4-month cooling. Inside the magnets the dose 

rates will be higher and of a different order of 

magnitude. 

 Collimator Region: After one year of operation at 

the nominal beam intensities the ambient dose 

equivalent rate in the aisle will reach some 10 to 100 

Sv/h, and close to the collimator it will be 100 

Sv/h to 1 mSv/h after 4-month cooling. After 20 

years of LHC operation and the same cooling time, 

the dose rates are estimated to be about a factor of 3 

higher and reach up to  

3 mSv/h close to the collimator.   

The removal of dipoles will imply destructive work, 

like for example cutting the beam pipes and splices. This 

work entails a risk of contamination. Adequate techniques 

will have to be developed already for the splice-repair 

campaign, which is foreseen for 2012. The dose to the 

workers has also to be optimized for the transport of 

components: passing the collimators in Point 3 and 

Point 7 may result in non-negligible doses to the transport 

team.  
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Figure 2: Results of calculations of ambient dose equivalent rates along an irradiated steel cylinder for irradiation times 

of 180 days, 5 years and 20 years. 

The removal of the Inner triplet will imply destructive 

work on material with a relatively high level of 

radioactivity. Experience will be gained from the first 

triplet exchange in a few years from now. As mentioned 

above, the dose rates outside the magnets at Point 1 and 

Point 5 will be about 600 Sv/h after 4-month cooling 

and may reach much higher radiation levels inside the 

magnets. These values require a major optimization of the 

new generation of inner triplets with respect to design, 

installation, removal and transport. Material choice, 

flange connections and handling means need to be 

optimized. 

The removal of collimators and warm magnets will lead 

to risk of workers’ exposure to ambient dose equivalent 

rates in the order of some few 100 Sv/h up to mSv/h – 

even after four months of cooling. The dismantling of 

collimators was thoroughly studied and optimized and the 

development of a remote handling tool is well in progress. 

The dismantling of warm magnets and passive absorbers 

needs to be prepared and optimized – which is a priority 

for the next years of LHC operation. The installation of 

additional equipment to the already existing, radioactive 

material in Point 3 and Point 7 seems extremely difficult. 

RADIOACTIVE WASTE 

The production of radioactive waste after 10 years of 

nominal operation of LHC was already estimated some 

years ago in the framework of the LHC waste study. After 

20 years of operation, the waste production might turn out 

to be higher then the estimated one, because of increased 

intensities and luminosities and/or due to changes in the 

European legislation. CERN’s present interim storage for 

radioactive waste, in the ISR tunnel, is not adapted to 

store LHC dipoles, also because of the lack of adequate 

means of transport. Therefore, a “light” storage solution 

for dipoles need to be studied. The dipoles might fulfill 

the acceptance criteria for low level waste in France and 

thus be eliminated towards the final repository Centre de 

stockage des déchets de très faible activité (CSTFA) in 

Aube. Radioactive waste others than dipoles will be 

temporarily stored at CERN - in shielded areas equipped 

with proper handling means - until elimination pathways 

are determined. It has to be taken into account that waste 

disposal regulation and techniques are likely to evolve 

over the next 20 years. 

CONCLUSIONS 

Experience in removing components (dipoles, triplet, 

collimators) will already be gained in the next few years. 

The design of new components like the next generation of 

inner triplets needs to be optimized before being installed.  

The radioactive waste production, storage and disposal 

should be addressed today – as even small amounts of 

radioactive waste from LHC risk to pose problems in 

view of handling, storage and elimination. The upgrade of 

the LHC to HE-LHC will increase the amount of 

radioactive waste. Options of recycling of components 

and material should be assessed, with a view to reduce the 

production of radioactive waste. 
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SUMMARY OF SESSION 1: INTRODUCTION AND OVERVIEW 

J. P. Koutchouk, R. Bailey, CERN, Geneva, Switzerland 

 

PROGRAM OF SESSION 1 

This workshop being the first discussion opportunity 

for this very ambitious LHC energy upgrade (HE-LHC), 

session 1 was dedicated to setting the scene and browsing 

through the most significant challenges: 

 The physics case, by James Wells/Cambridge 

University, UK. 

 Motivation, status and strategy for HE-LHC 

studies, by Steve Myers/CERN 

 Beam parameters, optics and beam dynamic 

issues, Frank Zimmermann/CERN 

 Magnet concepts and cost evaluation, Ezio 

Todesco/CERN 

 Relevant studies for VLHC/SSC, Uli 

Wienands/SLAC 

 Detector plans and constraints for HE-LHC, 

Marzio Nessi/ATLAS 

This summary attempts at underlining the salient 

aspects, summarizing discussions and drawing 

provisional conclusions. 

THE PHYSICS CASE 

James Wells 

 The salient points 

The added value of HE-LHC would be to extend the 

discovery range; precision physics is best served by the 

luminosity upgrade. This extension of discovery range is 

illustrated in this presentation by the “Naturalness” 

problem: in the SM, the expression of the Higgs mass, 

expanded versus the Planck mass, exhibits a quadratic 

divergence. Three approaches allow resolving this issue: 

 Technicolor theories, now less likely with LEP and 

Fermilab results showing signs of a low Higgs 

mass. HE-LHC would significantly extend the 

discovery reach for these theories. 

 Extra-dimensions, where the mass scale can be 

reduced and convergence restored. Higher energy 

pays huge dividends to observe the KK graviton. 

 Supersymmetry: the extended capability to detect 

supersymmetric particles may be one of the 

principle motivations for HE-LHC. 

The discussion 

 HE-LHC versus CLIC/ILC?: their respective 

capabilities depend in detail on the processes of 

interest. HE-LHC is good for discovery of strongly 

interacting particles, CLIC/ILC for weakly 

interacting. 

 Could running longer the LHC at its nominal 

energy give a similar reach extension? No. 

 Is a major investment yielding only a factor of two 

in energy justified? Yes, because energy gains 

explore new territory, e.g., by approaching or 

exceeding the gravity energy scale. 

 Can the LHC results expected in the years to come 

change this analysis? Yes. 

Tentative conclusions 

The strength of the HE-LHC is to enhance significantly 

the detection of new physics at the energy frontier. Its 

precise impact on the ideas discussed -- technicolor-like 

theories, supersymmetry, and extra dimensions -- will 

need to be reassessed in a few years, based on the LHC 

results. 

MOTIVATION, STATUS AND STRATEGY 

FOR HE-LHC  

Steve Myers 

The salient points 

Beyond the goal of operating the LHC at its nominal 

parameters, CERN is engaged in a number of projects or 

studies to prepare the future: luminosity upgrade of the 

LHC (HL-LHC) for installation around 2020, technical 

design report for a linear collider scheduled for 2016-

2020, the subject of this workshop i.e. the HE-LHC study, 

R&D on high-power proton linacs, as well as a 

conceptual design study of an electron-proton option for 

the LHC. 

The discussion 

 What is the timescale for the HE-LHC study? 1 to 

2 years. 

 ILC versus CLIC? CERN option is to treat all LC 

studies together. LHC results will make the case 

for one or the other. 

 When will the users enter the HE-LHC study? An 

open HE-LHC workshop will be organized as soon 

as the major possible showstoppers are eliminated. 

Tentative conclusions 

This workshop kicks off the HE-LHC studies, open to 

global collaborations. All workshop participants are 

thanked for their interest and contributions. 

BEAM PARAMETERS, OPTICS AND 

BEAM DYNAMIC ISSUES 

Frank Zimmermann 

The salient points 

The major parameters for the users are: 33 TeV cm 

energy, 50 ns bunch spacing, with 25 ns spacing kept as 
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an option, a luminosity of 2 10
34

 cm
-2

s
-1

, yielding a 

multiplicity of 76. The basic accelerator parameters suffer 

mild changes: similar optics, same bunch charge, 

emittance reduced by a factor of 2, injection at 1 TeV, 

beam half-aperture of 13mm. The significant difference is 

the radiated light that reaches 2.8 W/m and produces a 

much reduced damping time of 1 hour.  Emitances will 

need to be kept constant by heating. Damping is 

favourable for beam dynamics, reducing the adverse 

effect of the beam-beam interactions. A larger beam-

beam limit can be anticipated and values up to 0.03 (three 

times nominal) are being considered. 

The discussion 

 It would be valuable to foresee increasing the 

injection energy to 3 TeV, to maximize aperture 

 A 40 mm bore was originally considered an 

acceptable challenge for the SSC. A compromise 

must be found between small aperture and high 

field quality. 

 Is it safe to assume an emittance two times lower 

than nominal to define the magnet aperture? 

 Isn’t the assumed beam-beam limit optimistic? In 

fact, the performance does not depend much on it. 

Tentative conclusions 

From the machine design and beam dynamics point of 

view, HE-LHC does not appear at first view especially 

challenging. The synchrotron radiation damping and a 

weaker long-range beam-beam effect are both favourable. 

 

MAGNET CONCEPTS AND COST 

EVALUATION 

Ezio Todesco 

The salient points 

A preliminary investigation of a 20 T magnet, with 

20% margin, shows that a composite coil of Nb-Ti (8T), 

Nb3Sn (+7T) and Bi2212 (+5T), where Nb3Sn is graded, 

provides the required field when cooled at 1.9K. The field 

quality is not really an issue, given the large coil 

size/aperture ratio. The strains are below the degradation 

limit of 200 MPa. Operational currents of about 

400 A/mm
2
 allow “compact” coils. The magnet design is 

a two-in-one structure with a beam separation enlarged to 

300 mm to avoid crosstalk. A number of significant 

challenges have to be addressed, e.g. HTS with suitable 

current density, complexity of a hybrid coil and its 

protection, etc. A realistic estimate of the cost of 1200 

dipoles is about 5.5 B$, i.e., 5 times the LHC dipole cost. 

The discussion 

 Are stray fields acceptable? Yes. 

 What is the impact of the higher voltage to 

ground?  To be studied. 

 Bi is an issue under radiation: Polonium is 

produced and the consequences must be evaluated. 

 What is the timeline for a 20 T magnet? A time 

line can be defined for a 15 T Nb3Sn magnet, not 

for this hybrid concept that is pure R&D now. 

 Can the 20% margin be reduced? Not at this stage. 

 What would be the consequence of being the 

major HTS customer on the market? Good 

question. 

 Given the extremely high cost of HTS (50% of the 

cost), a new longer tunnel for a HE-LHC built of 

Nb3Sn magnets (without HTS) could become the 

economical solution, in addition to being more 

flexible. 

Tentative conclusions 

The initial study of a 20 T magnet shows that the 

mechanical stresses and the field quality should not be 

major issues. However, serious issues like hybrid coils, 

and protection, must be studied to establish the feasibility. 

There is confidence that the construction of a 15 T Nb3Sn 

magnet for the HE-LHC time line can be made. The HTS 

coils needed to reach 20 T open a range of technical and 

cost issues. 

RELEVANT STUDIES FOR VLHC/SSC 

Uli Wienands 

The salient points 

There is a trade-off between magnet aperture and 

injection energy. For the SSC, aperture between 40 and 

50 mm were considered, with injection varying between 1 

and 2 TeV. Neuffer's non-linear mid-cell correction 

scheme was considered essential for 1 TeV injection even 

with 50-mm dipoles. The synchrotron radiation of HE-

LHC is similar to that of VLHC. However, discrete 

photon stops as considered for VLHC are most likely not 

applicable, given the different geometries. The SSC 

diffusion model may be useful in estimating the gas loads. 

The SR damping may indeed increase the beam-beam 

limit, but perhaps not so much.  Flat beams were 

investigated, with a simpler doublet instead of the triplet 

final focus. Other studies have not been conducted much 

beyond that of the LHC. 

The discussion 

Why 80K foreseen for the beam screen of SLHC? It 

came from a balance between cooling efficiency and heat 

load. 

Tentative conclusions 

The cost optimization must include both the magnet 

aperture and the injector requirements. A number of 

references are given on reports touching common issues 

between HE-LHC and VLHC. A very relevant one is that 

on the flat beam option. 
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DETECTOR PLANS AND CONSTRAINTS 

FOR HE-LHC 

Marzio Nessi 

The salient points 

A higher energy LHC will buy much more, because 

rare physics cross-sections, in particular if large mass 

objects are involved, will be boosted. Of course, with the 

experience gained after years of running at an upgraded 

luminosity, it is likely that users will require a combined 

energy and luminosity upgrade. By the time of HE-LHC, 

the detectors will be obsolete and highly irradiated. Major 

RP issues will have to be faced, from 2016. Related 

show-stoppers may not be excluded in ATLAS. The 

option of a new detector, in addition to ATLAS and CMS 

could be a way out, letting the present LHC detectors cool 

down. In fact, the question of the HE-LHC will be best 

addressed in summer 2011. 

The discussion 

 Would ATLAS and CMS change their magnetic 

configurations? No 

Tentative conclusions 

It is important to associate the user community to the 

HE-LHC study from 2011. 
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SUMMARY OF SESSION 2: MAGNETS FOR THE HE-LHC 

L. Rossi, E. Todesco, CERN, Geneva, Switzerland

Abstract 
This second session of the workshop is devoted to the 

status of high field magnets research in the world. 

Overview of the main programs for accelerators magnets 

based on Nb3Sn and Nb3Al conductors are given. The 

statues of high temperature superconductors, which are an 

essential ingredient to bring the field from 15 to 20 T, are 

also addressed.  

SESSION OVERVIEW 

The session consisted of seven talks: 

 LHC accelerator R&D program (LARP) by 

G. Sabbi: this is the Department of Energy program 

active since 2004, whose main aim is to develop 

large aperture (90 mm to 120 mm) Nb3Sn 

quadrupoles for the LHC interaction regions with 

peak fields of the order of 12-15 T. 

 'Core' program of LBL, by S. Caspi, giving an 

overview of the program in Berkeley, mainly focused 

on high field Nb3Sn dipoles (13-16 T) with 40 mm 

aperture and accelerator field quality. 

 'Core' program of FNAL, by A. Zlobin, giving an 

overview on the high field Nb3Sn magnets program 

in Fermilab, focused on dipoles in the range of 11-

12 T.  

 European program in high field magnets, by G. De 

Rijk; the European Union, has launched a research 

program to first develop a Nb3Sn conductor (CARE-

NED) and then to master the technology through the 

construction of a challenging large aperture 

(100 mm) magnet in the range of 13-15 T 

(EUCARD-HFM, Fresca2 test station). 

 Development program in KEK on Nb3Al, given by 

T. Nakamoto; Japan is pushing for the development 

of this material since many years. At his stage, the 

main challenges are at the level of the conductor 

development. 

 Status report on the magnets based on High 

Temperature Superconductors (HTS), by J. 

Schwartz. 

 An overview on the construction of magnets based 

on HTS in BNL, by R. Gupta. 

 An overview of the path towards 20 T magnets, by 

P. McIntyre, University of Texas, who first proposed 

such a magnet for an LHC tripler. 

Nb3Sn 

Is Nb3Sn an eternal promise of higher fields for the 

accelerator community, which will never be fulfilled? Or 

will it be really able to bring the operational field from the 

8 T Nb-Ti limit to 12 T, and possibly up to 15 T? Already 

at the end of to 80's, the fathers of the LHC were 

considering the option of main dipoles in Nb3Sn at 4.2 K, 

as an alternative to the Nb-Ti technology at 1.9 K. The 

CERN-Elin Nb3Sn prototype successfully went close to 

10 T, and the final choice on Nb-Ti has been dictated by 

manufacturing feasibility, experience with the technology, 

and price considerations.  Since then, in a few years the 

record of Nb3Sn magnets was brought to 11 T (MSUT, 

University of Twente, 1995), and above 13 T (D20, 

Berkeley, 1997). These successive records went hand in 

hand with an impressive progress in the cable 

performance: the current density of  Nb3Sn (at 12 T and 

4.2 K ) increased by more than a factor two, jumping 

from 1200 A/mm
2
 to almost 3000 A/mm

2
 during the first 

decade of the century. FNAL launched at the end of the 

90's a program to build 11 T magnets for the VLHC based 

on Nb3Sn technology, fully satisfying accelerator 

requirements. Indeed, the program was blocked for a few 

years on what has been understood later as a conductor 

instability, limiting the magnet performances at 60% of 

the short sample field. The last three magnets of these 

type (HFDA05-07) managed to reach about 80% of the 

short sample after some training, reaching the 10 T barrier 

for an accelerator dipole. 

Thanks to the massive DOE investment in LARP, in the 

past decade the Nb3Sn technology has been proved for 

quadrupoles in the range of 10 T operational peak field 

with the TQ models. The program has also showed that 

(i) several models are needed to master all the details 

relative to the manufacturing; (ii) the LARP Nb3Sn 

conductor has shown to be able to withstand stresses up to 

200 MPa with moderate degradation; (iii) a collarless 

bladder & shell structure where the stress is mainly 

imposed during the cool down is extremely efficient; (iv) 

a collar structure seems less forgiving on errors and 

tolerances, but can anyway provide equivalent results as 

the TQE models proved; (v) the performance at 1.9 K is 

still affected by instability issues, and the additional 10% 

given by lowering temperature from 4.2 K to 1.9 K is not 

at hand; (vi) training appears longer than in Nb-Ti 

magnets but in many cases the 80% operational level can 

be reached very rapidly or without quenches; (vii) the 

scaling from 1 m to 3.4 m long magnet can be mastered 

successfully (LQ model). On the other hand, the 

technology still shown to be fragile and sensitive to many 

issues that are not totally mastered: the first results of HQ, 

the 120 mm aperture quadrupole, gives a magnet well 

above 70% of the short sample, but limited at less than 

80%, and affected by electrical problems: this after many 

years of development of short models in the LARP 

framework. 

Novel layouts as the block coil have been explored for 

Nb3Sn dipoles by LBL (HD2 model). Also in this case, 

the results are mixed: the magnet is above 70% of the 

short sample field but is blocked at around 80% by 

quenches in the transition to the coil heads. A design, 
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which would charm everybody by its beautiful simplicity 

(squared block coils, no copper wedges), shows to have 

more hidden issues than the cos .  

Summarizing, the Nb3Sn technology, which was proved 

to bring the operational field from above 8 T to up to 12-

13 T in the 90's, has been extensively studied in the past 

decade, showing several problems and hidden issues, but 

also significant advancements. Today it is very close to 

maturity, but still a few steps are needed before 

installation in an accelerator.  

Nb3Al 

Nb3Al is an interesting material since it allows to go 

beyond 10 T and, contrary to Nb3Sn, has a limited 

degradation with strain. Whereas it has been abandoned in 

US, Japan has decided to pursue this technological 

development, with important investments on the 

conductor. At the level of 15 T, Nb3Al can provide about 

800-1000 A/mm
2
, i.e., 50-70% of Nb3Sn. At the same 

time, wire manufacturing has not yet been mastered, and 

R&D is still ongoing to finalize the strand lay-out. In 

parallel with cable development, KEK is planning to build 

short racetracks to test the cable in its field and master the 

issues related to coil fabrication. Compared to Nb3Sn, 

there is still an evident gap, both in terms of development 

and of resources. In the next years it will be possible to 

judge if this promising material can become a reality for 

accelerator magnets. 

HTS 

The ultimate limit of Nb3Sn is probably an operational 

field of 15 T, i.e., 18 T short sample field with a 20% 

margin. To get the last five T needed to reach 20 T, one 

has to use HTS, which can tolerate very high magnetic 

fields, i.e., well above 30 T.  

In solenoids, HTS have been successfully used to reach 

field of the order of 25-30 T (six demonstrators for 25 T, 

and two for 30 T). Solenoids have much easier geometry 

with respect to accelerator magnets, and coils are self 

supporting under the electromagnetic forces.  

REBCO (YBCO) has a very large current density in the 

superconductor, but needs a very large dilution (1-2%), 

greatly reducing the engineering current density, i.e., the 

current density over the whole cable. Moreover, it is 

manufactured only in tapes which are good for small 

solenoids but not for large accelerator magnets. Finally, 

the material is highly anisotropic and in a dipole or 

quadrupole one cannot minimize the perpendicular field 

as in solenoids. It is also limited to the react-and-wind 

technique. Bi-2212 can be cabled and has a large filling 

factor (30%), but it has a lower current density. It can be 

used with the wind-and-react technique, and due to 

chemical reasons it is more challenging than for the 

Nb3Sn. Today is the natural choice for accelerator 

magnets, starting from small racetracks which are the first 

step to prove the technology. 

Quench detection is an additional challenge, since the 

velocity of propagation of the quench is slower than for 

Nb3Sn or Nb-Ti case, thus inducing higher spot 

temperature before than the quench can be detected. 

Optical fibers are being studied to solve this issue.  

HTS programs for accelerator magnet are active in 

BNL (talk by R. Gupta), LBL, FNAL, and Eucard (high 

field insert in Fresca2). 

HYBRID COILS 

A 20 T magnet would need an hybrid coil to minimize 

the cost: even in the time scale of 20 years it is difficult to 

imagine that the prices of Nb3Sn and HTS could converge 

to the Nb-Ti price. The construction of an hybrid magnet 

poses additional challenges since each material needs a 

different heat treatment, and has different mechanical 

properties. A very limited experience is present in the 

field, which could be one of the most difficult issues of 

the project. 

DISCUSSION 

 G. L. Sabbi points out that the presence of very few 

producers in Nb3Sn strands is an intrinsic fragility of 

the project: in US all the strands is made by OST, 

and after many efforts another producer is reaching 

the specifications in Europe. One should avoid to be 

dependent on a few manufacturers, also in view of 

the large production load that will be induced by 

ITER, which could exhaust the production 

capabilities. 

 L. Rossi points out that the magnet has to be 

designed for 20 T. The 80% limit means that, from a 

purely electromagnetic point of view, the magnet 

should reach 25 T at short sample. Indeed, all the 

other aspects of the magnet (mechanical structure, 

protection, …) should be designed to withstand 

20 T, and not 25 T. 

 J.-P. Koutchouk asks about if instabilities at 1.9 K 

could limit the performance. This is possible, even 

though the loadline of the magnet is very flat (high 

field and low current density) so probably the 

problem should be less relevant.  

 E. Todesco asks about the time needed to get an 

existing strand from a producer: 15 months in 

average. 

 L. Rossi asks about the training retention in the 

Nb3Sn LARP quadrupoles: in general there is a 

good memory. 

 A. Yamamoto points out that a block structure as it 

has been used for HD2 requires more conductor, 

and that the flared end are not straightforward. On 

the other hand, the cos 2  LARP quadrupoles rarely 

showed problems with ends. S. Caspi replies that 

the experience of HD3 will be crucial to validate 

this challenging design. 

 R. Gupta asked about the absence of wedges in the 

Fresca2 design: G. De Rijk answered that the 

required field quality is about 0.1%, and therefore 

there is no need of copper wedges.  
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 L. Bottura pointed out that the aspect related to 

radiation on insulation are very critical and 

underestimated: there are no facilities, and it is a 

complex study to which more resources should be 

allocated. The use of the HighRadMat facility at 

CERN, as suggested by S. Myers, would be difficult 

since one needs cryogenics. F. Bordry asks about 

how this problem is solved for ITER: the spectrum 

is pretty different the the facilities have been now 

dismantled. After a wide discussion, there is a 

general consensus on the need of well specifying 

doses and spectra, and to find/build a facility to 

perform the necessary tests. 

 The necessity of a cored cables is questioned by 

E. Todesco, who points out that the strong effects on 

field quality visible at 70 A/s (ramp rate of 

Tevatron) disappear at 10 A/s. L. Rossi and 

L. Bottura point out that a core could be needed to 

avoid quenching during a fast discharge. 

 G. De Rijk remarks that FNAL and LARP data 

show a longer training in Nb3Sn dipoles than in 

quadrupoles. 

 L. Rossi points out that the main challenge for 

REBCO conductors is to manufacture a round wire. 

J. Schwartz answers that many tentative are 

ongoing. Justin also points out that the application 

should drive the research on the conductor: up to 

now HTS research has not been driven by 

accelerator magnets applications. 

 The HTS needed to add the last 5 T opens a wide 

debate. G. Sabbi points out that today it would be 

short-sighted to limit the magnet at 15 T and to 

exclude HTS. E. Prebys observes that the 20 years 

span from today to 2030 is not so wide: 10 years 

ago Nb3Sn was in a much better state than what is 

HTS today, and nevertheless Nb3Sn accelerator 

magnets are still not at hand. J. P. Koutchouk points 

out that the cost looks today as one the main issues, 

the HTS part to reach 20 T having approximately 

the same cost as what is needed to go to 15 T. 

 E. Todesco asks to R. Gupta the field level achieved 

in the HTS racetracks: around 2 T. 

 L. Bottura comments on the talk by S. Gourlay on 

future directions in the high field magnets: for the 

HTS, the strong requirements are a cable with high 

current density and small filament size, with round 

wire. For Nb3Sn, one should manufacture a magnet 

with all features needed to be installed in a machine. 

 R. Garoby observes that one should also consider 

the option of an accelerator with a longer tunnel and 

a smaller field. K. H. Mess points out that the 

practical issues related to a very large size (above 

50 km) should not be neglected. 

CONCLUSION 

One can draw three main conclusions: (i) there is no 

apparent showstopper for a dipole in a with a 16-20 T 

operational field; (ii) 20T should be kept as ultimate limit 

for the design, with a 20% margin, and (iii) high 

temperature superconductors are necessary to go beyond 

15 T: the feasibility of a HTS coil pushing the field from 

15 to 20 T should be addressed in the next 5 years. 
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SUMMARY OF SESSION 3: 

SYNCHROTRON RADIATION AND BEAM DYNAMICS 

V. Shiltsev
 
(Fermilab) and E. Métral (CERN) 

 

Abstract 
Below we summarize presentations, discussions and 

general conclusions of the Workshop session on beam 

dynamics issues. Major subjects include effects due to 

Synchrotron Radiation (SR), cryogenic loads, electron 

cloud, impedances, Intra-Beam Scattering (IBS) and 

beam-beam interactions.  

INTRODUCTION 

The charge to the workshop is to “… take a first look at 

a Higher-Energy LHC (HE-LHC) with about 16.5 TeV 

beam energy and 20-T dipole magnets”, therefore, in the 

morning session on Friday October 15, we have 

concentrated our efforts onto understanding and 

evaluating the potential issues with beam dynamics in 

HE-LHC and identification of the topics for future, more 

technical studies. 

There were seven presentations on the subject: „Heat 

load and cryogenics‟ by Dimitri Delikaris (CERN) [1]; 

„Requirements from the vacuum system‟ by Jose Miguel 

Jimenez (CERN) [2]; „Beam screen issues‟ by Elias 

Metral (CERN) [3]; „IBS and cooling at RHIC and HE-

LHC active emittance control‟ by Wolfram Fischer 

(BNL) [4]; „Modeling IBS and cooling‟  by Oliver  

Boine-Frankheim (GSI) [5]; „SR damping, IBS, and 

beam-beam simulations‟ by  Alexander  Valishev (FNAL, 

presented by V. Shiltsev) [6]; „SR and beam-beam 

simulation‟ by Kazuhito Ohmi (KEK) [7].  

CRYOGENICS, VACUUM LOAD AND  

BEAM SCREEN 

     The HE-LHC will be the first hadron machine 

dominated by Synchrotron Radiation (SR). Compared to 

design LHC parameters, it will see 17-fold increase of the 

SR power from 0.33 to 5.7 W/m. The analysis performed 

in Ref. [1] shows that the total heat load on the beam 

screen (SR + image current heating + rest) will be about 

10 W/m and suggests that the optimal temperature of the 

beam screen is in the range 40-60 K (vs. 4.5-20 K now). 

The optimal temperature of the magnet cold mass is 2 K 

as it allows some ~ 2 T higher peak dipole filed (and thus, 

more than 10% higher energy) and also greatly helps to 

assure field stability in the magnet. Equivalent total HE-

LHC cryo capacity is about what LHC has now, but how 

much of that could be refurbished in ~2030 (after > 20 

years of operation) is now clear yet.  

It was noted in Ref. [2] that the resistivity of the 40-

60 K beam screen is ~5.5 higher than in the LHC, and in 

addition, higher dipole magnetic field will cause an 

additional factor of ~2 increase due to the magneto-

resistance effect in the higher (20 T) field [3].  

It was also found that anomalous skin effect will be 

negligible [3]. In total, the resistive wall (RW) impedance 

of the beam screen which scales as ρ
1/2

 will be a factor 3.3 

higher than in the LHC but probably that is not of great 

concern (from the point of view of the beam instabilities) 

because the beam energy will be higher by a factor of 2.4 

at “flat top” or 2-3 at the injection (if a higher energy 

injector will be built). The discussions in the group ended 

up in an overall conclusion that instabilities should not be 

a major issue in the HE-LHC but further considerations 

will be needed. Among various ideas to reduce 

instabilities we discussed a possibility of a 

superconductive HTS coating – which was found to be 

not appropriate as that will keep the magnetic flux frozen 

and forbid ramping of the machine – and use of Al screen 

to reduce impedance and magneto-resistance – that option 

is not too advantageous either because of higher e-cloud 

yield.  

What was found of significant practical concern is the 

beam-induced pressure rise in HE-LHC (see Ref. [2]). 

The flux and energy of the SR photons radiated inside the 

beam screen will be significantly higher than those in the 

LHC that will lead to about 74 (!)-fold increase in the 

beam-induced pressure rise. So far, no single solution of 

the problem was found, so a number of measures were 

offered to keep the problem under control: a) Increase 

pumping speed with larger area of slots in the beam 

screen (now ~ 4%, can possibly be doubled); b) Use TiN 

or amorphous-C coating in cold sectors to control electron 

cloud formation; c) Consider use of clearing electrodes 

(say, + 500V strip all along the beam pipe) or solenoids; 

d) NEG coating in warm sectors (where it is possible to 

bake the pipe to activate the coating); e) One can also 

count on the vacuum cleaning by SR and e- bombardment 

and beam scrubbing (by losses) – that will take time, and 

may force to start operation with a low number of protons 

per bunch. The overall conclusion on the issue was that at 

the moment, the vacuum does not look as the HE-LHC 

showstopper, but that is something definitely to be 

concerned of, and a more detail study of the issue will be 

required, based on the LHC experience.  

SYNCHROTRON RADIATION DAMPING 

EFFECTS, INTRA-BEAM SCATTERING 

AND BEAM-BEAM EFFECTS 

     Contrary to other high energy hadron colliders, in the 

HE-LHC the SR emittance damping times - of about 1 

hour (longitudinal) and 2 hours (transverse) – will be 

much shorter than the IBS growth times (> 50h), thus, the 

SR will dominate the luminosity dynamics unless beam-
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beam or other effects will be stronger. During the 

presentations [4-7] and in the following discussions it has 

been shown that the SR damping/fluctuations and their 

effects on the beam dynamics are well understood [4,6,7]; 

the IBS theory, and proven models and simulation codes 

are available [4,5]; the initial HE-LHC luminosity integral 

estimates of ~ 0.8 fb
-1

/day are correct and confirmed by 

others [4,6,7]. The understanding of the beam-beam 

effects is somewhat poorer and the predictive power of 

modern beam-beam modeling tools is limited. The design 

beam-beam parameter in the HE-LHC is not 

outstandingly high compared to other machines and the 

LHC start up conditions (see Fig.1).  

 

 
Figure 1: Beam-beam parameter in the hadron colliders,  

from Ref. [8]. 

 

It was noted that experience from the LHC operation 

will be quite important to make predictions for the HE-

LHC. It will tell which kind of bean dynamics phenomena 

sets the most stringent limits on the luminosity 

performance: a) Instabilities; b) Head-on or/and long 

range beam-beam effects; c) Intolerable beam losses; d) 

Emittance blowups; e) Beam luminosity/lifetime; 

f) Collimation system (in)efficiency; g) External noises, 

drifts; h) Some other effects or combination of the above 

mentioned effects. (At the current stage of 1% of the 

design luminosity – it seems to be too early to draw 

conclusions and make strong recommendations for the 

HE-LHC on the basis of the LHC performance).  

It was brought up in the discussions that on one hand, 

in the HE-LHC: the luminosity burn up and the SR 

damping will dominate the luminosity evolution and daily 

integral; the IBS does not matter to a ~ 1% level; the 

beam-beam effects do not matter ~ 10%  level; while on 

the other hand, there are several interesting questions to 

answer: a) Does the SR damping/cooling help to increase 

beam-beam limit?; b) If “yes”, then by how much? Can 

one count on the parameter ξ > 0.01/IP)?; c) Can even 

faster beam cooling help further? E.g. the so called optical 

stochastic cooling [9] or coherent electron cooling [10] 

can give extra < 1 hour of the emittance cooling 

decrement reduction; d) Is some kind of beam heating 

(controlled emittance blow up) needed to stay at the 

beam-beam limit or the beam-beam induced emittance 

blow up can stabilize itself (e.g. in Tevatron b-b emittance 

blowup is much faster than 1 hour)? [11]; e) How 

effective might be various compensation schemes: e.g. 

electron lenses [12], current carrying wires [13], “crab 

waist” collision scheme with flat beams [14]?; f) How 

serious are the concerns of coherent beam-beam 

instabilities, and in particular, multi-bunch beam-beam 

phenomena?  

Although at present, synchrotron radiation, IBS and 

beam-beam effects do not seem to pose major concerns, 

the questions raised above are better be carefully studied.  
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SUMMARY OF SESSION 4: 

HE-LHC INJECTORS AND INFRASTRUCTURE 

E. Prebys, FNAL, Batavia, IL  60510, U.S.A. 

 

Abstract 
This note summarizes the fourth session of the HE-

LHC workshop: HE-LHC Injectors and Infrastructure.  

This session was primarily concerned with the preparation 

and injection of the beam into the HE-LHC, but also 

included the issue of collimation with higher energy 

beams, as well as radiation issues which would arise after 

20 years of normal LHC running.  

 

Table 1: List of speakers and topics 

Speaker Topic 

Roland Garoby Optimal injector cascade for HE-LHC and possible implementations 

Henryk Piekarz Using Tevatron magnets for HE-LHC or new ring in LHC tunnel 

Peter Spiller FAIR magnets and design concepts of interest to HE-LHC 

Karl Hubert Mess Using LHC as injector and possible uses of HERA magnets/coils 

Ralph Assmann Intensity limits and machine protection 

Brennan Goddard Beam transfer and beam dump issues
*
 

Doris Forkel-Wirth Radioprotection issues after 20 years of LHC operation 

                                                           
*
 The speaker was unable to attend the workshop and this talk was canceled; however, the slides and the paper were ultimately published in the 

appropriate slot at the workshop website and are summarized in the appropriate section below. 

 
 

 

SESSION OVERVIEW 

The session on injectors and infrastructure was the 

fourth and last of the workshop before the summaries.  

The list of speakers and topics is shown in Table 1. 

While this note attempts to summarize the key issues 

and discussion from the session, readers are encouraged 

to refer to the individual talks and proceedings for details. 

 

Table 2: HE-LHC Injector Specifications 

Parameter Nominal LHC HL-LHC HE-LHC 

Injection 

Energy 

(GeV) 

450 450 >1000 

Bunch 

Spacing (ns) 

25 ns 25 ns 50 ns 

Bunch Size 

(1011 p) 

1.2 1.8 ~1.4 

Normalized 

Transverse 

Emittance 

( m) 

3.75 >2 3.75(H), 

1.84(V), 

2.59 

(H&V) 

Longitudinal 

Emittance 

(eVs) 

1 1 ?(<4) 

 

Table 2 shows the injection parameters of the HE-LHC 

compared to the nominal and high luminosity LHC 

configurations. Most parameters are comparable or even 

relaxed compared to the 7 TeV LHC, and the “only” 

challenge is the injection energy, which will have to 

exceed 1 TeV[1]. 

Most consideration was given to solutions involving an 

additional new accelerator to take beam from the existing 

SPS and accelerate it to the HE-LHC injection energy. 

Most of the discussion focused on options for this 

accelerator: 

 Super-SPS (S-SPS): a rapid cycling superconducting 

synchrotron which would share the tunnel with the 

SPS.  This accelerator would have to match the ramp 

frequency and rate of the SPS for LHC loading. 

 Low Energy Ring (LER): a synchrotron which 

would share the tunnel with the LHC. The SPS 

would inject the entire load of protons into the LER, 

which would accelerate them to the injection energy 

of the LHC and transfer them all at once.  It is 

assumed this ring would have a single aperture and 

would therefore have to be bi-polar, cycling 

separately for each beam direction. 

There were some brief discussions of other alternatives, 

which will be summarized shortly. 

Other topics which were presented and discussed 

included beam transfer, injection, extraction, and 

dumping.  In addition, collimation and machine protection 
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were considered, as were the radiological issues after 20 

years of LHC operation. 

SUPER-SPS (S-SPS) 

This scenario is illustrated in Figure 1.  A new 

accelerator would be built in the SPS tunnel.  This would 

accelerate the beam from 150 GeV to 1.0 or 1.3 TeV, 

depending on the injection energy which is ultimately 

chosen for the HE-LHC. The required maximum field 

strength would be 4 T or 5.2 T, respectively. Beams would 

be transferred to the HE-LHC using the existing TI2 and 

TI8 tunnels, but of course new beam lines would have to 

be built to accommodate the increased energy. 

Fig. 1 Arrangement of S-SPS accelerator as an injector to the 

HE-LHC 

 

The S-SPS would accelerate beam directly from the SPS 

and would therefore require 24 cycles to fill the LHC.  In 

order to preserve the current fill time of 4.4 minutes, the 

individual transfers would have to occur in 10.8 s cycles, 

requiring a ramp rate of 1.3 T/s for the highest energy 

injections case [2]. 

Such high ramp rates are extremely challenging for 

superconducting magnet design.  The most relevant recent 

work has been done in conjunction with the new Facility 

for Antiproton and Ion Research (FAIR) being built in 

Darmstadt, Germany [3]. 

FAIR is pursuing two relevant superconducting magnet 

R&D projects: 

 SIS100: B = 100 Tm, Bmax = 1.9T, 

dB/dt=4 T/s 

 SIS300: B = 300 Tm, Bmax = 4.5T, 

dB/dt=1 T/s 

The latter is of particular interest, although, even in the 

most optimistic scenarios, the heat load on the cryogenic 

system from such magnets remains a significant concern. 

LOW ENERGY RING (LER) 

The second class of solutions to the injector problem 

involve a secondary accelerator in the LHC tunnel. One 

idea would be to use the existing LHC itself as an injector 

for the HE-LHC[4]; however, a cursory analysis of the 

tunnel layout shows that there is insufficient space for a 

second, higher energy ring.  The only possible solution 

would be to re-cryostat the cold masses of the current 

LHC together with the magnets of the new LHC.  This 

idea was not analyzed in any depth. 

It is considered more promising to design a new, single 

aperture LER to share the tunnel with the HE-LHC.  

Figure 2 shows one proposal, based on R&D which was 

done for the Very Large Hadron Collider (VLHC), which 

was proposed in the US[2]. 

 
  

    Fig. 2 Sketch of the proposed LER main arc magnet. The 

return conductor is inside the cryostat pipe which supports the 

magnet and houses liquid helium distribution lines for the LER. 
 

A scaled down version for the HE-LHC would have 

Bmax=1.76 T and a maximum ramp rate of 

dB/dt=6.5 T/min, although a slower ramp rate would 

likely be used to reduce the power load. 

Of course, an LER sharing the tunnel with the HE-LHC 

would require a method of bypassing the interaction 

regions.  This could be done by either designing bypass 

beam lines around the regions, or by switching the LER 

beam into the HE-LHC in those areas. 

ALTERNATE PROPOSALS 

New tunnels 

The scenarios discussed above assume that we are 

limited to using existing tunnels for the new injector. It 

was suggested that we consider building a completely 

new tunnel. However, this immediately raised the 

question of whether it would be better to build a newer, 

larger tunnel for the HE-LHC itself, which would obviate 

the need for exotic magnets.  At that point, it was decided 

that the discussion of new tunnels was beyond the scope 

of this workshop. 
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Completely new injector complex 

It was pointed out that by the time that an HE-LHC 

could conceivably be built, parts of the existing injector 

complex would be extremely old.  In light of this, perhaps 

it would make sense to consider a completely new 

injector chain, inspired by Fermilab’s Project X.  Straw 

man parameters for such a complex are shown in Table 3. 

Table 3: Proposed new injector complex 

Accelerator Tunnel Energy range 
Max ramp 

rate 

SC Linac new 0-8 GeV --- 

S-PS PS 8-100 GeV 3 T/s 

S-SPS SPS 100 – 1200 GeV 2 T/s 

BEAM TRANSFER AND DUMP ISSUES 

It is assumed that the existing TI2 and TI8 will be used 

for transfers from the SPS tunnel to the LHC tunnel.  If 

the beam is coming from a higher energy S-SPS, then the 

transfer line magnets would have to be replaced.  Options 

for reusing magnets from existing accelerators were 

considered.  The minimum curvature radius of these 

transfer lines is the same as the SPS, so the same field 

would be required as the S-SPS. Tevatron magnets might 

be sufficient for a 1 TeV injection energy, but not if the 

energy is higher [2]. HERA magnets have the required 

field, but would need significant retrofitting to fit in the 

tunnel and to handle the fact that the polarity is reversed 

relative to HERA.  Also, TI2 has a large vertical slope, 

which would present problems for any superconducting 

magnets not specifically designed for it [4]. 

The injection, extraction and dump systems present 

significant challenges at increased energy; however, they 

do not appear to be a priori insurmountable [6]
 †
. 

The dump system consists of extraction kickers, 

septum, dilution sweep magnets, and the physical dump 

itself, none of which are adequate at 16.5 TeV. In 

addition, there are passive elements which protect the 

accelerator in the event of kicker misfires or beam in the 

abort gap, and these would also be destroyed at the 

increased energy. 

Increasing either the length or the field of the existing 

extraction kickers does not appear feasible. However, one 

can design new kickers with smaller apertures thanks to 

the smaller maximum beam size that comes with the 

increased injection energy. These appear to present a 

reasonable option. 

The extraction appears just feasible by using an 

increased number of existing B and C type septa, running 

at the maximum field. The total required length would 

increase from 73 to 136 m, and the resulting integration 

issues would have to be carefully studied. 

                                                           
†
 The speaker, Brennan Goddard, was unable to attend the workshop.  

This discussion summarizes the transparencies which he subsequently 

submitted. 

Although the total stored energy of the beam does not 

increase, the energy density does, requiring an increased 

amplitude and/or frequency of the dilution kickers. These 

appear to be feasible, although more study is needed.  It 

might be possible to amplify the effect of these kickers 

with quadrupoles in the dump line, but integration might 

be an issue. 

The dump itself would have to be redesigned, likely 

made longer with a lower density material. However, 

there is room to accommodate this. 

The passive protection devices in the extraction area are 

inadequate for the increased energy and energy density, 

and it’s not clear that a robust solution exists to replace 

them. In a worst case scenario, “sacrificial” absorbers 

could be implemented, which would be replaced after 

(hopefully rare) exposure to high intensity beams. 

The injection system is somewhat more challenging. 

This is because the existing injection kickers use all the 

available space, assuming that the HE-LHC magnet 

layout is similar to the current layout. Again, taking 

advantage of the fact that a smaller aperture can be used 

with the higher energy beams, new, higher field kickers 

should be feasible. 

INTENSITY LIMITS AND MACHINE 

PROTECTION 

Although the total stored energy of the HE-LHC will be 

roughly the same as the HL-LHC, the increased beam 

energy and energy density will have significant 

implications for the collimation system [5].  

 

 
Figure 3: Energy Density of various machines, 

including the LHC and HE-LHC. 

 

Figure 3 shows the energy density of various machines. 

As can be seen, the LHC has already exceeded all 

previous records in this area, but the nominal LHC will be 

more than an order of magnitude higher and the HE-LHC 

would be roughly two orders of magnitude. 

Collimation inefficiency is a complex function of 

energy, but it is approximately proportional to the fraction 

of protons which undergo single diffractive (SD) 

scattering in the primary collimators compared to those 

which experience only multiple Coulomb scattering 

(MCS). This fraction scatters in a controlled way into 
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secondary and tertiary collimators, while the former 

produce off energy protons that are lost in an uncontrolled 

way.  

Based on this model, the collimation inefficiency will 

be a factor of two to three worse at 16.5 TeV than at 

7 TeV. This will have a strong impact, but it is believed a 

solution can be found. 

The other effect of the higher energy density will be the 

robustness of the collimators in the event of catastrophic 

beam loss. At the nominal brightness, the HE-LHC 

exceeds the currently implemented limits for collimator 

survival. It is possible that these limits are overly 

conservative, and that further simulation and tests in the 

HiRadMat facility might allow the limits to be raised, but 

this is not guaranteed. Another solution would be to 

decrease the brightness, but this would lead to a decrease 

in luminosity. It is hoped that the problem can be solved 

through research to find a new, more robust, absorber 

material. 

The reduced physical beam size at higher energy will 

necessitate smaller collimator gaps to achieve the desired 

cleaning efficiency and protection of the triplet aperture. 

This will have implications for beam control, and will 

also dramatically increase the impedance of the 

collimation system. Detailed calculations and simulations 

will be required to determine the impact of these effects. 

RADIOLOGICAL ISSUES 

In the current plan, the HE-LHC would be built after 

that ~3000 fb
-1

 have been collected at the LHC and HL-

LHC. Thus, radiological considerations are very 

important. Thought must be given to both the handling of 

activated components and their eventual storage and/or 

disposal [7]. 

The most radioactive areas will be the inner triplets and 

collimators. After 10 years of operation at HL-LHC 

luminosities, these could generate exposures to those 

working nearby of more than 1 mSv/h, respectively, after 

a four-month cool down.  Preparation must be made for 

ALARA procedures, and quite likely some degree of 

automation will need to be employed. 

Objects with this level of activation will be very 

difficult to dispose of and will likely need to be stored at 

the laboratory indefinitely.   

The majority of the accelerator components will have a 

much lower level of activation.  After four months of 

cooling, the dipoles will produce less than 1 Sv/h at the 

surfaces and less than 10 Sv/h near the interconnect 

areas.  With care, worker exposure can be kept to a 

minimum.   

The dipoles could potentially be disposed of at an 

offsite location, such as the CSTFA facility in Aube, 

which currently charges about 1000 Euros/m
3
 for long 

term storage of low level waste.  It is important to 

remember, however, that rules for handling of radioactive 

waste may well change in the next 20 years. 

SUMMARY 

While there are no obvious show stoppers for the 

injectors and other infrastructure required for the HE-

LHC, there are significant engineering challenges.  There 

are pros and cons to both the S-SPS and LER options for 

intermediate acceleration, and careful consideration must 

be given to injection and extraction form the HE-LHC 

itself.   

At least at this point, it looks like little use can be made 

of magnets from existing machines, or indeed from the 

existing LHC itself. Collimation, machine protection, and 

radiological issues appear manageable, but certainly 

should not be neglected. 
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