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Abstract—A novel NbiSn-based snperconducting undulator
(SCU) was developed and integrated into the Advanced Photon
Source (APS) atArgonne National Laboratory. The SCU achieved
user operation within an accelerator environment. Compared to
its Nb-Ti counterpart, the NbsSn SCU operates at substantially
higher currents. Thus, a detailed experimental evaluation of tbe
SCU magnets’ performance was necessary under both “wet” and
indirectly cooled conditions to ensure its reliability during opera-
tion. Our study indicated that the cooling method has a noticeable
influence on the magnet’s behavior. Specifically, energy dissipa-
tion in the magnets during quenches was observed to be greater
under indirect cooling than with “wet” cooling. This investigation
provided insights into the safe operational limits. Guided by these
insights the more challenging high-current tests were successfelly
carried out at the end of the user phase. The SCU achieved the
design undulator field of 1.17T at 820A and 4.2K, with a magnetic
gap of 9.5 mm and a period of 18 mm. Actual performance ex-
ceeded the specifications, reaching 850A.

Index Terms—NbsSn, superconducting undulator, SCU, stability,
magnet design, quench energy, dissipations, quench back, losses

I. INTRODUCTION

HE Advanced Photon Source (APS) at Argonne National

Laboratory has marked a milestone by successfully de-
ploying the Nb;Sn superconducting undulator (SCU) in its stor-
age ring. This innovative device was in use throughout the last
APS run prior to the storage 1ing upgrade. To the best of our
knowledge, this stands as the sole Nb3Sn accelerator magnet
functioning in a real accelerator context.

The project primanly aimed a developing technology for
fabricating Nb3Sn SCUs, demonstrating an increase in the un-
dulator field compared to NbT1i SCUs. This paper will particu-
larly concentrate on the quench analysis of the Nb;Sn SCU
magnets, which played a crucial role in ensunng that they con-
sistently delivered the expected performance and functioned re-
liably without issues during the user run.
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TABLEI
NB;SN SCU SPECIFICATIONS
Parameters Value
Design max. undulator field 117T
Magnetic Length 1lm
Desigp maxamum current 820 A (~70% of1)
Magnatic gap 9.5 mm
Number of tums ira coil pack 46
Number of periods 59.5
Groove width and depth 5.35 mm ard 5 mm
Period length 18 mm
Superconductor and non-Cu fraction RRP 144/169 and ~48%
Wire diameter and msulation thickness 0.6 mm and 65 ym

The high operating current density of the Nb;Sn SCU re-
quires an advanced quench detection and protection system
(QDPS). An active protection method was conceived in collab-
oration with Lawrence Berkeley National Laboratory [1].

Simulating quench events is challenging, given the difficulty
in pinpointing accurate material properties. The rapid curent
decay time constant of SCU magnets sets them apart from many
other SC magnet vanants. The fast decay with the resulting
dB/dt leads to large dynamic losses, which not only facilitate
quench distiibution but also complicate simulations. This pro-
cess generally is called “quench-back (QB) effect”. While sim-
ulations provide guidance for the quench protection system, the
bedrock of our safety strategy is empurical quench analyses. The
following sections provide some details on the magnet fabrica-
tion and an in-depth examination of the quench behaviors of the
1.1-m-long Nb3Sn SCU magnets under two different cooling
configurations.

II. FABRICATION OF 1.1-M-LONG NB3SN SCU MAGNET

Table I presents a sumnmary of the Nb3Sn SCU parameters.
Further insigh# on the fabrication steps can be found in [2-7).
The design is based on the APS’s previous SCU versions [2, 8,
9]. The magnets were wound in ANL and transpoited to Fer-
milab to be heat treated (HT), then transported back to ANL for
the following fabrication and characterizations steps. The HT
cycle was ophmized through several small prototypes [5, 7, 10]
to suppress flux jump instabilities.
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Fig 1. Optical mucroscope mage of the AlD; plasma-sprayed groowve,
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displaymg varying dimensions across different regions. Thickness
measurements range from as thin as 70 pm to as thack as 350 pm.

A Coil-to-Ground Insulation — Al;0; Plasma Spraying

Dunng quench events, high voltages arise, and a coil-to-
gromnd msulation 15 integral to prevent dielectric breakdowns.
However, the HT process considerably restricts the selection of
maternals.

The Al;0; plasma spraying process, a frequently used coat-
ing technique in aerospace applications, was chosen to coat the
magnet low carbon steel (LCS) cores. This technique generates
a plasma zone, through which Al,0; powders are propelled, ad-
hering to the targeted surface. Due to the inherent randommess
of this method, the resulting coatings often exhibit non-uniform
thickness. Fig 1 presents a cross-section of the coated LCS
core, illustrating the variations in thickness. These differences
can be substantial, ranging from 70 pm to 350 pm_ Visual in-
spections of the coating further revealed significant contrasts. It
became challenging to ascertain whether darker areas were un-
coated or merely had an extremely thin layer, particularly since
the Al 05 layer can appear transparent. Despite considerable ef-
forts to optimize and achieve a more uniform result, the final
coatings remained less consistent than desired.

Such inconsistency in the coating thickness emerged as a pri-
mary confributor to the magnet failure. For quality control pur-
poses, we consistently monitored the coil-to-ground resistance.
After the winding, this resistance was very high, basically infi-
nite. However, post-HT, the resistance readings were notably
lower, 1.e., in the k) range We noticed that the resistance grad-
ually increases as the magnets cooling down and decreases
upon warming up, a charactenistic reminiscent of semmiconduc-
tor behavior. Residues from the organic binder material in the
braided insulation are the most likely reason for this behavior.
We are currently investigating a more efficient removal method
for these residues during the HT process.

. RESULTS AND DISCUSSIONS

A Individual Magnet Training

Before evaluating the magnets in the undulator setup, each
magnet was mdividually placed inside a vertical cryostat and
cooled to 190 K using liquid nitrogen in the outer jacket. The
assembly was then further cooled to liquid helmm (LHe) tem-
perature by transferring I.He fo the inner reservoir.

Magnet traiming at L.He temperature 15 illustrated in Fig 2.
Both magnets show similar training behavior. The peak training
currents for individual magnets reached to 936A for M1 (Mag-
net 1) and 905A for M2 (Magnet 2) in the first cool down. The
magnets underwent subsequent cooling cycles and achieved
their maximum design current without needing additional frain-
ing, reaching 960A for M1 and 920A for M2. The same figure
also presents the short sample limits (S5Ls) for the two magnets
calculated based on witness sample data, depicting the potential
for further performance enhancement for both magnets. The
SSL for M1 (1160A) is smaller than that for M2 (1204A). The
measured residual resistivity ratios (RREs) from the short sam-
ples also differ. being 82 for M1 and 117 for M2.

B. Magnet Cooling Schemes — LHe Bath & Indirect Cooling

The Nb;Sn SCU magnets were tested in fwo distinct config-
urafions: in a vertical LHe bath cryostat (directly cooled by a
liquid helinm bath), and in an indirectly cooled horizontal cry-
ostat. In the indirect cooling method, a specifically designed
central cooling channel, drilled into the magnet, was filled with
LHe, facilitating the cooling of the magnet windings from
within The effect of cooling scheme is discussed below.

C. Magnet Voliage Analysis

After individual quench training, the magnets were assem-
bled into an undulator configuration and finther tested. The as-
sembly was charged to 800A without requiring additional train-
ing. During quench measurements, artificial quenches were in-
duced, the quench detection system was manually triggered,
and the current-voltage dynamics captured. This approach fa-
cilitated a more refined comparison between the magnets. The
behavior of the undulator magnets was not uniform as it was
marked by voltage deviations between M1 and M2 in Fig 3.
This non-uniformity became evident when dynamic losses
cansed the SC volume to transition into a non- SC state, leading
to an increase in internal resistance. Most of the stored energy
15 dissipated into the magnet with the lower I; and lower RRE_

The magnet behaviors depend on the cooling schemes. Indi-
rect cooling exacerbated the non-uniform behavior, as it accel-
erated quench propagation. As a result, voltage deviations be-
tween the magnets became more evident, an effect illustrated in

S5L-m2
1. R Ty ——
1100 S5L-M1
= 1000 M1
f -
o M2
g 900 s aglig, e e
= Apgh atd
= —_—— i
L " "
Ul T =i
700 | ofas .
.
o
00
a 10 mn in 40

Quench Number

Fig 1. Trainmg profiles for M1 and M2 with compansen of ther respectve
short sample limits. Individual magnets were trained up to 905 for M2 and
936A for M1, respectively in the first cool down.



Fig 3. The (B effect in the indirectly cooled setup started about
2 ms earlier. This earlier onset of the QB effect causes greater
energy dissipafion in the magnets and less exiraction by the
dump resistors, as will be explained later in this section. The
fipure also depicts the corresponding current decays. In an in-
directly cooled configuration, current decays more swifily.
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Fig. 3. Voltage profiles (left) and cumrent decays (nght) observed during a
quench in the two different cooling schemes. Points where the quench-back
(QB) effect starts are also displayed. “V™ represents results for the vertical tests
{LHe bath}, while “H"” denotes honzontal tests (mdirectly cooled).

Combined with the uneven thickness of the ground insula-
tion, these observations informed the decision to set a maxi-
mum operational current limit of 700A (1.04T) during standard
mns, keeping higher current tests for the end of the user min.
After three months of stable operation, the magnets were tested
beyond the current threshold up to 8504, confirming their opti-
mal performance. Reaching this current level necessitated only
two quenches. Additional intentional quenches were introduced
from these high curmrent levels, which did not compromise the
e-beam stability and did not introduce any beam loss. Magnets
stably operated at this high current level with the regular oper-
ational beam current of 100 mA.

D Hot Spot Temperature

Durnng a quench, a localized region, termed the “hot spot™
(HS), experienced a rapid temperature rise. The temperature of
this region can be computed adiabatically by integrating I over
time using temperature-dependent material properties. The cal-
culated HS temperatures using this method are provided in

250

- ~ -
& Indirectly coaled
® LHebath cooled _ -]

-]

Maximum Temperature [K]
5 ] B
= =] =]
on

o
a 00 400 600 00 1000

Eurrcnl[ﬁ]
Fig. 4. Caleulated hot spot temperature versus current for the two different
cooling schemes. Indwect cooling causes faster cmrrent decay and lowers
the femperatures.
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Fig. 5. Vanstor voltage at different currents. Resistance merease 15 rapid up
to 6004, and then it slows down.

Fig 4 These computations account for a 2-ms detection fime.
The target temperature is to keep it below the safe limit of
300K

Similar to the observed voltage profiles, the calculated HS
temperatures exhibit variances confingent upon the employed
cooling methodologies. These discrepancies are particularly
emphasized at elevated currents, 1e_, larger than 6004 where
QB effects are pronounced. In the case of indirectly cooled
magnets, the HS temperatures tend to be lower due to earlier
start of the QB and the faster quench propagation.

E. Energy Dissipations — Magnets and Resistor & Varisior

Durning the electromagnetic tests of the magnets, the current-
dependent inductance, L(7), was measured. The energy depos-
ited on the resistor/varistor can be determined by integrating the
product of Fit) and Jyi) with respect to time. The stored energy
can be calculated from the formula L) {1)2/2.

As seen in Fig 7, approximately 40% of the total stored en-
ergy is extracted throngh the resistor/varistor circuit at an 800A
level The dump resistor has a value of (.56 Ohms. The behav-
ior of the vanstor (I vs. V curve) is current dependent and is
shown in Fig. 5. We adjusted the varistor value to increase re-
sistance rapidly up to an infermediate current of 700A, after
which it increases more slowly. This is because the dynamic
losses contribute to the magnet resistance at higher currents,
and the overall system possesses a relatively higher resistance
at current levels greater than 700A. However, this effect is less
pronounced at intermediate current levels (500-700A), necessi-
tating higher resistance values. Using a linear resistor would
canse the voltage to rise significantly at higher currents, poten-
tially leading to insulation failore. The varistor is integrated to
mitigate this. However, the calculated varistor values were in-
sufficient, so we had to pair it with a linear resistor in series.

F. Pressure Analysis in the LHe Reservoir

For a system containing a saturated liquid-vapor mixture, the
total energy (E) can be determined by considering the energy of
both the liquid and vapor phases. The volume is 100 liters,
which remains constant and encompasses both liquid, 23.5 li-
ters, and vapor at 755 Torr.



The quality x;, which represents the mass ratio of the vapor
given by Muapar / (Mhvapar + Mizguid). can be used fo find the imitial
specific mternal energy of the mixture:

!J'}Zﬂﬂ{f—_l’;} + UgX],
where uyis the specific internal energy of the saturated liquid
and ug 15 the specific internal energy of the saturated vapor

Similarly, using the quality x; for the final state, the final spe-
cific infernal energy can be determined as:

= —x1) + ugna
For a system with mass m, the energy change AF is:
AE=m{uz—ur).

This fornmla assumes that the only form of energy being con-
sidered is internal energy, neglecting other forms.

The pressure increase inside the L.He reservoir during a
quench is recorded using a pressure transducer, as shown in
Fig 6 (right axis), alongside the SCU's operating curmrent on the
left axis with a maximum of 850A just before the initiation of
the intentional quench. The peak observed pressure reaches 950
Torr right after the quench. At this point, the liquid is in a sub-
cooled state, and the vapor is superheated. The pressure gradu-
ally recedes to its baseline within an hour, facilitated by the re-
condensafion of the vapor due to cooling effects provided by
the cryocoolers.

The HEPAK Excel add-in was used for calculating the ther-
mophysical properties of helmm . Given the observed pressure
rise during a quench, the energy required to elevate the pressure
to this level can be found In Fig 7, bottom, the computed en-
ergy values called LHe Dissipation (represented by red circles)
are compared with results from the values computed from the
electrical circuit analysis (illustrated by a dashed dark blue
curves). Both sets of calculations are in perfect agreement and
represent the energy dissipated info the magnets. The same
analysis is not possible in the . He bath cooling case since the
He vapor is not collected.

In Fig 7, the energy dissipation into the resistor/varistor
{called exiracted by Res+Var) and the magnets are also de-
picted with the L. He bath cooling case at the top and the indi-
rectly cooled case at the bottom. As anticipated, the total stored
energy is consistent in both situations as inductance does not
change with different cooling type. However, energy dissipa-
tions into the magnets and resistor/varistor show slight differ-
ences at high current levels. Notably, the resistor and varistor in
the I.He bath cooled configuration extracts more energy, 46%
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Fig 6. The cwrent (left) 15 at 8504 just prior to the onset of the quench. The
pressure (nght) swiftly nses to 950 Tomr and then gradually retums to the
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Fig 7. Energy dissipations dunng quenches from vanous cwrent levels. The
top plot displays results for LHe bath tests (wet), while the bottom plot
of the stored energy is extracted via resistorvanstor at lower cumrent levels
while reducing gradually as current increases.

vs 39% in the mdirectly cooled case at operating currents
around 800A.

IV. CoNCLUSION

A novel Nb;Sn SCU with a magnetic gap of 9.5 mm and a
period of 18 mm was fabricated, installed and operated at the
APS. Experimental quench analysis of the Nb;Sn SCU magnets
was one of the key factors that contributed to the successful op-
eration of the NbsSn SCU. The magnet quench behavior, ob-
served duning testing, exhibited slight variations based on the
chosen cooling scheme. Quench energy estimates from voltage-
current analysis were consistent with values from pressure anal-
ysis in the LHe tank. It was identified that one magnet absorbs
higher energy during a quench, a condition that was further ex-
acerbated by indirect cooling. Non-homogeneous magnet be-
havior, combined with a non-consistent coil-to-ground insula-
tion thickness, poses a risk of dielectric breakdown, and a deci-
sion was made to postpone the high-current testing to the end
of the user min. Then, these tests were concluded successfully,

and the device surpassed the anticipated design performance.
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