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Abstract

A description is presented of the highest energy, to date,
electron cooling studies (200 MeV protons cooled by 111 KeV
alectron beam). Results om - equilibrium proton distributions,
damping times, and longitudinal friction force are presented.
Preliminary investigation of stacking and coalescing successive
single turn proton injectlion batches into a cold core is reported.

1. Introduction

The electron cooling of ion beams confined in storage rings,
first demonstrated by the Novosibirsk group,® has been studied at
.. Fermilab as a means to cool and accumulate P target secondaries.
This method has the potential of providing the highest possible
luminosity beams for ultra high energy Pp collisions (such as the
Fermilab ED/S).? Here we describe the cooling of proton beams
produced by the Fermilab linac (fixing the kinetic energy of this
work = 200 MeV/c?) and degraded ("heated") to provide a large
emittance beam to simulate P accumulation conditions. Both the
storage ring and electron cooler were designed to function (with
possible modifications) as the accumulator components for a
working HEP P source. Thus key parameters of the cooler derive
from the need to "match™ to the exlsting Fermilab complex
(e.g. emittance, location, energy, circumference, cycle time,
ete.). In particular the electron cooling beam 1s typlcally rum

at much higher power (designed for 28 ampere ~200 kV operation).
than has been previously attempted.?

Both the ring and electron device as well as their planned P
accumulation use have been previously described.® Here we report
the actual cooling data measured at 200 MeV (as well as some
. initial data taken at 114 MeV)% along with an Interpretation and
comparison with oter existant results. Emphasis in these studies
was on parameters directly relating to momentum cooling and
momentum stacking of large initlal phase space ion beams (the mode
of accumulatfon natural to the electron cooling method). These
include: cooled/uncooled beam lifetimes; 1longlitudinal f£riction

force, equilibrium ion emittances; accretlion of fresh protons into

an existant cold core ("stacking").

A natural notation 1s used where 3p.e = proton, electron
yeleeityendn pkig meRR mOVERE {rage i U5T) pesplesstBn® EERIOHES
friction force experfenced b? the proEons moving through an
electron distribution f(ve) R
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dff = -

sL{u) f(ve)d’ve

where L 1s the relegant Coulomb logarithm. Unless otherwise
stated we use (e.g. F) moving frame quantities.
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FIG. 1. Plan view of electron cooling ring (ECR). Open
rectangles are bends; small open squares are quadrupoles
(FODO structure)



2. Electron Cooling Ring (ECR) and Diagonstics

The design strategy of the storage synchrotron (figure 1) was
to 1ncorporate compactness and large phase space acceptance (i.e.
strong focusing) along with low dispersion <(for simultaneous
cooling at different momenta with a minmum diameter e~ beam); high
B, function (to minimize v, where frictlonal force « $p/vp' for
|i7p| > [¥,]); and [2] long straight sectlons (allow:lng large ).’
The actual nominal operating parameters are given in Table I “(for

114 MeV run parameters see Hef. 5).

TABLE I. Parameters of the electron cooling ring (ECR) and
eleotron beam during ccoling experiments with symbols used in text

indicated.

PARAMETER VALUE (units)

Ralativistic parameters 8,y 0.57, 1.21

Revolution period, To 0.798 usec.

Effective radius 21.56 m

Bend field 'R.gz kogzgzs
3.68, 0.

1Bes, v - 5.42, 3.68

AcceptanXe, , 20%, 40W mm-mrad

Bota functiond’It cooler (B,7,m) s m, 20m

@~ cathode potential vo -111 KeV

e~ current (I ); e density (m) 0.5-4amp;

0.75-5.0x10" "G *

Interaction length; fraction () 5 m; 0.037

e~ beam radius r1e1d (B.) ) g;g om

Solenodial guide fiel gauss

Cooling regguon vacuua (2 Zmp) 2 5x10_’ Torr

Mean ring vacuum (e~ off) . £ 2x1071% Torr

The lattice has matural & fold symmetry, broken only by the
electron gulde soleniod (tune shift = 0.00U45) and the electron
beam space charge Successful running was accomplished close enough
to the T"ooupling resonance™ (aqual fractional V., W) that the
marked ¥/H solemoid coupling could be studied.

The extreme ion beam conditions possible in electron cooling
place unique demands on diagnostics. All cooling experiments to
date have had diagnostic limited data in some respects, with their .
strong points complimentary. However, this situation has made
data difficult to compare due to the diverse machine parameters.
Besldes traditional accelerator physices diagnosties ("wires”
scanned aceross the aperture; scintillator loss monitors; RF
resonant knock outs; intercepting profile wire chambers, ete.) we
developed several novel non destructive techniques.

The highest 1ntensity routinely injected 1into our ring
(1imited by radiation safety) was 0.30pA (2 x 10° protons). High
sensitivity, slow wave (taking advantage of our B = 1/2) Schottky
pick ups were excluslvely used to monitor 8p/p and measure tunes.”
Much higher real time sensitivity was possible by RF bunching the
beam (which distorts and complicates the cooling dynamies but is
ideal for intensity monitoring). Much less sensitive transversly
split pick up pairs (one 1in each quadrupole) were employed as
monitors of the horizontal closed orbit position. A4 aimilar but
doubly split (giving horizontal and vertical displacement
information) piek up was installed contiguously with the ends of
ths 5 m electron interaction region. By signal comparison, this
allowed alignment of the proton and electron beam charge centers
of gravity.

"Profilometers™ directly measured coasting beam projected
density by position sensitive counting of ions forme! by beam-gas
collisions which were swept perpendicularly out of the aperture by
a tranaverse DC electric field.!® The position sensitive counter
consisted of a two stage 8 x 10 cm MCP proxdmity focused onto a
resistive sheet charge division metwork. Profiles consisted of
512 ionization events digitally reconstructed into scatter plots
or histograms. Resolution of the device was digital LSB limited (
8 bit ADC’s) and measured to be £ 0.2 mm. The "frame" rate depends
on local residual gas density at the monitor up to a digitization
rate limitation of .100 Hz. When good temporal resolution was
essential (e.g. to follow tranaverse cooling evolution) or beam
intensity was low, a local plezoelectric valve "puffed® H into
the aperture. 2

Finally, 1limited neutral hydrogen recombination rate
information was obtained by "observing” the interacticn ssction
through a thin window with a colnadence/ranging scintiliation
counter teleoscope.

The electron system is fllustrated in figure 2.:! An energy
recuperating design is employed which was remarkably successful:
typleally §I/I loss with (£ 3 ampere beam current) was only a few
x 107" (we have achieved 1.0 x 10~ loss £ 2.0 ampare). We credit
the unique immersed |B| design of the deceleration
column/collector for this performance. The system vacuum and loas
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characteristics are partlally summarized in figure 3, which shows
a residual vacuum pressure above the cold system value
(24 x 10~19T), He attribute this to the unpumped cathode lag
(unbaked as well, In contrast to the hard baked inteéraction
region) being outgassed by the 1100°C cathode.

108
=4
Qo
E
83 £
5 -
- -]
© | b
52 2
® 8

a

c R

—+10%

1 1

1 L
05 1.0 15 2.0(kv)
collector volts

FIG. 3. Vacuum in cooling region as a function of
collector anode potential above cathode potential.

A convergent Pierce gun design was chosen (area convergence
ratio = 6.25) to accommodate the high beam currents needed for
fast FNAL booster matched, accumulation. Convergence, however,
leads to an adiabadic increase T (alectron temperature at the
cathode: 1100 = 0.7 ev) To °T 1=6.25 7T, =1.01 ev
(interaction reglon, moving ffame transvenfe electron
temperature). Much larger coherent (gun opties aberrations, etc.)

contributions to T oould be tuned away by adjustment of the GO
SOLENOID current an@lthe relative potentials of resonant focusing

electrodes which surround the beam after the basic diode but
before the interaction region.'?

The mean B field diraction was adjusted via 5 m long V and H
dipole wiInding” pairs, surrounding the interaction reglon. Local
B /IB | wobble was minimized by constructing the solenoid from 1
méter Al sheet wound segr=nts. The five segments were
individually aligned by minimizing the deviatin of a 0.5 mm ¢ test
@~ beam from a straight line. An rms B_.yx z/lazl =4 x 107" at =
1 om off axis, corresponding to Te:. z 0‘339 ev, was achieved.

%



Microwave pickup loops were installed next to the e~ beam at
one end of the 5 m interaction region in order to directly measure
T = magnetic dipole radiation at the eyclotron 'frequency).
Sgéh( signals wergogbserved as well as unexpgcted ones athHF g&e
to lost electrons oscillating between the gun and collector
virtual cathodes. Although used for initial qualitative tuning of
the e~ system this diagnostic was not persued during the cooling
runs,

The entire e~ beam path is surrounded by drift electrodes,
' segments of which could be held at portentlals appropriate for
clearing or trapping ions/electrons: 1In this way, we were able,
for instance, to ensure full radial space charge well conditions
(i.e. no neutralization for trapped ioms): AE(r)sc = 30
"I -{(r /a)? + 20n r /a}/B. " This dependence was confirmed by
m&asuring the equilfbrium cooled proton beam emergy as a  function
of T -, Similar measurements as a function of relative
proton?electron beam spatial offset, and other indirect
indications were crudely consistant with a homogeneous n. Ro
direct measurement of n{r) was attempted.!!

3. Cooled Equilibrium

Within a few seconds of thelr injection protons have cooled
such that one observes steady state Schottky bands and transverse

profiles: the protons have come into equilibrium with the electron.

velocity distribution. This is only a quasi-equilibrium since the
slectron distribution is not (it is replenished to keep it a
®dise® - see flgure 8). Indeed, we assume here that the
frictional and diffusional influence of the electrons are much
larger than Eroton intra beam scattering (IBS) relaxation to true
equilibrium.‘ Within the proton current range 1investigated hers
there 1s no evidence of current dependent equilibrium 8p/p.'3 The
tnitial (hot) proton distribution was nearly isotropic {8p/p FWHM
Z 0.17%) and is represented 1n veloeity space in fligure &,
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FIG. 4. One o @envelopes of equilibrium velocity
distributiona. Initial proton and perpendicular

equilibrium proton valves are measured. Longitudinal
proton equilibrium valve i3 measured upper limit. Electron
values are inferred (see text). Upper horizontal scale is

e~ beam voltage (V ) change needed to produce dv /e
below. 11

Additionally, there 13 a mechanism for coherzant distortion of
the Schottky signals; a freezing out of longitudinal space charge

.modes on the proton beam above a certain critical current =

1

Héng. This mechanlsm can cause a suppression of observed
Schottky pover density, thus giving a galse mgasure of beam
intensity. For our conditions N_ . nx 1p' (S/p)* > 107 for even
the lowest 8p/p”s observed or exgected. %/p

Thus we interpret the Schottlky band power spectra area and

its FWHM directly as a measure of the beam intensity and momentum
spread: .

8P/ Pyogmy = ot o&ese — 2)



It was necessary to observe the highest possible (limited by
electronics bandwidth) harmonic bands to maximize &f. Even so, the
extreme narrowness of the equilibrium bands allowed only an upper
1imit of 850 Hz FWHM (&p/p = ¥ x 10~%) to be measured (at 453 MHz;
h = 360). This was a consequence of a $+10 V pp residual jJitter in
the high voltage supply (Vo). In this context it is important to
distinguish two cases. Fast fluctuations in V_ contribute only %o
an effective Increase in longitudinal efectron temperature
AT R ¢ ) (=5 x 10" % ev for observed Jitter). On
thguothermgandszg;golu enough modulation allows the mean proton
momentum TO be dragged aiong, 1N wWnlch case the oDservea SCOOGTKY
band as a whole will jitter: Af = AVEn/B2%y (Z 25 kHz). Long time
average spectra show this 25 ki{z envelope, whereas the 0.85 kHz
"moving band® measurement sets a 5 volt rms limit on a fast
Jitter coapopent zmplitude. This 1s roughly consistant with
directly measured longitudinal drag forces (Fig. 5) and observed
& o time structure. :

The projected (horizontal - or vertical) transverse proton
temperature may be defined at any lattice points as:
T (s) = M(oByc/B )2 where B, i3 the local beta function and ¢ 1s
tBe “rms laborato profile #Hdth (horizontal or vertical). Since
thermal equilibriua (Tp ~ T_,) with the electrons is expected we
quofe T =T (sg) = 4 ?gmonit ) B,/B8g. Our minimum observed

1 or e
T = O.E{ ev ?“—2 amp Be) = which corresponds to_ an 1lab rms
aBgular deviation, 8,(s,), from B,/ [B,| of 3.7 x 107%. As expected
from (1) we observed'no change in“thiS equilibrium as Bz/laz[ was
varied by ep&/. (using steering dipoles at sg).

Ve summarize the various temperatures measured in figure U
(using the upper limit Tp. ). The large anisotropy in equilibrium
proton ¥ distribugion is &tear evidence for the expected "disc"
v, distribution. However a detalled inference of T_ from T

quires some model assumptions. In the simplest ef%act di8d
(T =0, B, = model T, = 1/2 T, (> 0.51 ev minimum cathode
cc»géxlibut::{on)?""?g Isgthfc electfdns (st11l B - 0) would
require T = T_ (> 1.62 ev). For B_ such that r < rp(B=0)
(i.e. the Bixinud®tnitial impact parafieter in our }:grsq'g()".‘ ThS full
v,, becomes partially decoupled from the frietion and diffusion
médnanisms. Sxﬁh “"adiabadic” collisions take over entirely in the
1mit e <n~*?, (Just satisfied for our data), under the
ocmditiok of low parallel velocities observed near equilibrium.2®
A more detailed argument suggests T , & T (< 10”" evl).

Pa'1s e11

We note that no experiments have yet seen this most direct
manifestation of ®"magnetized® cooling, while clear evidence of an
adiabadic regime has beean found in cooling rates.?7'!% Fpurther
confusion comes from anaylsis of recombination (H®) rate data,
which plausibly ought to yleld unblased v_  {nformation ({.e. not
dependent on B_or f{v, 1. 2 o Gbselted HO rates only durling
our 114 MeV runs® but duf to the extremely low proton 1intensities

“involved can only say that they were in agreement with the
profilometer T_ | This deseription of adiabadieity assumes perfect
alignment of €fe Larmor "tube" axis with the mean proton veloelty
(82 Larmor cycles along our full interaction region). Our
uncertanity in solenold alignment and closed orbit centering in
the solenoids (the various effects discussed now ideally vanish on
axis) allow a Larmor/closed orbit divergence of a few x 10~°. This
means that near equilibrium protons diverge ar

(2n~1/3 zr_ =2 x 10~° em)2? over 10 cm of flight path (l.e. only
1.6 Larmor Gycles: hardly adiabadic). This divergence, and other
transverse drifts (such as ExB_ gpace charge precession) alsc
contribute non-adiabadic componentd to v_ . yhich although small
(£ 0.05 eV here), certainly dominate the®fire adiabadic value.

A non magnetized expression for equilibrium ‘I’p ' 1g1?
3

"
o =T Moy, Tar  Ll¥ay/L(vg ) )

ey,

This gives values only about 25% greater than the more
comprehensive result of Sorensen'® for the conditions of Table 1.
Our upper limit T value plus T, = 2T, ylelds T, 4 0.23 107%
(+3.6/-0). Not1Bd! that g determfned this wi} 1s extremely
sensitive, « (§p/P FWHM)®, t8ifhe original data to which we assign
a + 1008 uncertanity. The dominant contribution to T in our
beam 1s expected to be from equipartition with Coulomb ?éﬁulsion:
T = ezn1/s = 3.7 x 1075 eV.1? A non magnetized discussion must
ifdtude 1IBS amongst electrons, which would create
AT = 3.3 x 1008 eV at the interaction center. Although
magﬂétizatiou (agaln for r, ¢ n"l/’) should suppress IBS, a large
contribution comes from “the high n low B_ convergent gun (a
distinct disadvantage of this desIgn). ~ z

A partilcular difficulty during these experiments was the lack
of good proton beam 1lifetime, T,, _with electron beam but
not cooling (energles for detuned).” Desplte extensive “tune
point™ hunting we were unable to achleve T > 30 sec. for I > 1
amp,., Apparently this was due to nonlinear ®resonance effect of
the e~ beam (as a lattice element) since good lifetime (2 350 sec)
with e~ beam off but all magnetic elements at nominal settings was
possible. Our longest observed cooled beam 1ifetime T_. 6200 s,
i1s only . U40% less than an estiiateé based on singlg coulomb
scatter out of the ring acceptance for our mean running vacuumn.
The vacuum density and composition cancels in the multiple Coulomb
scatter <T_ to T_ ratio, which has been calculated to be 0.076 for
the ECR. fThis yfelds a T multiple scattering limit of 470s. We
attribute our inability find an adequate operating point to the
{for a storeage ringl] rather poor 1lattice magnet ourrent
regulation (only 2 x 10”° rmsl).



In order to taks advantage of the large conerent longitudlnal
3ignals possible with RF bunched beans we performed many
measarements by a "cooling fnto buckats" technique, i1llustrated in
figure 523, Bunch sizes achlevable in this way (1deally down to
widths « VT— for wgp tuned to V,) were limited by only the

Jitter 1n ¥ ltener detuning) and bend magnet supply (path length
detuning). % P1xe§ydetuning produces the interesting dynamical

equilibrium shown in figurs 5b, where the protons clrculate around
the torus at synchrotron frequency. We observed many detailed
manifestations of this behavior. Unfortunately the average
cooling friction forces acting on the protons is reduced in
proportion to the fraction of torus overlap with the Vo 1ine.
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FIG. 5. a) Schematic in longitudinal phase space of
"cooling into RF Bucketa™ TOP: initial proton distribution
BOTTOM: equilibrium distribution b) exact 100 particle
dynamical simulation showing a steady state arrlved at from
initial conditions as in a) TOP.
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4. Cooling Rates
By instantaneously stepping the e~ beam voltage (A?D) we can

follow the history f(t) of a Schottky band peak as it 13 "dragged"
to the new equilibrium point. F of (1) is then
1

(1)

B -y SF(E)
F“(f) = ﬂym(Sns) 3t

Our data is presented in figure 6 as a functlon of v measured
from the new electron distribution center and scaledPditn respect
to n, Y in order to allow comparison with other
laboratorfés (exact for: B = 0, v. << v. and dise distribution).
A non magnetized theory (Just P(1)) © predicts F values
corrasponding to the (typical) L values shown. The cdftve from a
moire 3ophisticated (but still B = 0) treatment agrees -well with
our data.l®
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FIG. 6. Scaled 1longitudinal drag force (F ) in moving
frame. 8, 114 MeV run.s,0, A, x, 200 MeV run.!! Lower two
curves are CERN (~---- ) and INP ( ) data for comparison.




_ The simplest maganetized theory (where each collision ocecurs
within w© —}) predicts no adiabadie econtribution to F , under the
ndrag" experiment condifion of ¥ = 0. However Ddrbenev and
Skrinslkdi point out*? that co1lPéctive (i.e. proton-plasmon
processes with the Impact parameters in the range :E)
collisions, though entering with L = 1, can dominate F . A full
dialectric—-plasma description'® substantlates this concldsdion (see
Fig. 5), but grossly disagrees with existant data. Such
collisions are probably practically ineffectivgb by the sam:

used to explain T (Be/w, = 50 cm)“’. Novosibirs
::%:Tze?:;early shows eﬁdenca 5P -magnetlfgation via its negligible
F and H® production rate dependence on Tcatho qe (1.e. breaks
thd scaling used in Fig. 5}, which is all thé more pazzling given
the disagreement of their F with magnetized theory.~ Our
displayed F  data represents Bdst tune conditiQns (Te = 1.01
aV). Evidédce from runs with higher TeL (e.g. high I_T aluays
indicated degraded F“ values.

We have assumed that the 7 distributlon is the same during
the drag experiments as it 13 at their beginning and end points
{1.e. eguilibrive with v ), Diffusion (from finite T_.) 1s
negligible. The protons are not damped however, during the drag
period. QOur severe jifetime l1imitation in such circumstances
jeads to considerable beam blow up during draging (indeed we were
iimited by proton loss to X 500 steps). Although .this may
complicate any magnetizad theory interpretation VP»L £ 0), it
should lead systematieally to lowered I-‘“ values.

Transverse cooling rates were measured by comparing a serles
of wertical and horizontal profilomeler »snapshots® triggered at
wnown times after fresh (hot) proten beam 1njection. Thus ths
observed damping is of a beam ccoling simultaneously in all three
dimensions. figure 7 shows two basic sets of data. The first,
from our 114 MeV rum which showed evidence of a net B_, closed
orbit misalignment, has a conslderably larger damping time than
our best results (200 MeV). This is avidence of a "superfast™*’
magnetized cooling effect, since (for the misaligments imnvolved
here) nonmagnetized theory predicts a lower rate, independent of
angular alignment. Actually the data is clearly not exponential
suggesting the nesd of a complex interpretation which 'we have not
attempted.
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FIG. 7. Verticle proton beam profile width (o) as a
function of time after proton injection inte ECH with e”
beam optimally tuned (211 1 amp beam data excepl as noted).

5. Stacking Studies

The ECR was designed to allow single turn fast klcker
injection of fresh (hot) beam while leaving, unpertesbed, a cold
stack on an outer radius.” This is accomplished with two identical
full aperture kickers (see Fig. 1) placed symmetrically about the
injection point, w phase advance apart, and fired with a ralative
time delay equal to the tranat time between tham. Careful
chromaticity correction (sextapoles) allowed stable operation over
the large (22 %) momentum separation of the two orbits,

Figura 8 shows & preliminary accummulation sequence. In this
casa the fresh protons were RF captured and accelerated to the
cooled stack orbit. An intensity 4fncresse of =~ 12x 13 shown,
vhich has begun to saturate. The saturation is a result of the
anomolously low life time which the stack protons have when they
are phase displaced (and thus momentarily not being cooled) by the
moving RF bucket. Experiments are la progress to circumvent this
problem by turning the bucket off next to the stack and
subsequently draging the stack, with an ‘appropriat-iy programmed
V, ramp, to the fresh batch momentim.
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FIG. 8. Accumulation of injected (every _5 sec., this
plcture) proton batches 1nto a single cooled core the
intensity of which 1s plotted vs. time. Curve is. expected
result for no loss accumulation (normalized to first 60
sec.). Hotice beam dump 108 from trace end giving zero
level.
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