Wk1LOr3A-04

DOI: 10.1109/TASC.2021.3057846
FERMILAB-PUB-21-584-T(accepted)
1

Fabrication and Testing of 18-mm-Period,
0.5-m-Long Nb3Sn Superconducting Undulator
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Abstract— The Advanced Photon Source at Argonne National
Laboratory, in collaboration with FNAL and LBNL, is developing
a NbsSn superconducting undulator with the goal of installing this
device on the APS storage ring. A series of short, ~ 8-cm-long,
18-mm-period undulator prototype magnets have been designed,
fabricated, and tested. The same design was scaled to fabricate a
0.5-m-long undulator prototype. Tests of this prototype showed
that the designed peak magnetic field of 1.2 T at 850 A was suc-
cessfully achieved. It represents at least a 20% improvement in
comparison with a NbTi SCU having the same period and mag-
netic gap. Test results and lessons learned from the design process
are reported.

Index Terms—Nb3Sn, superconducting undulator, SCU, stability,
magnet design, quench

I. INTRODUCTION

HE superconducting undulator (SCU) team at the Advanced

Photon Source, in collaboration with Fermilab and LBNL,
has been working on the design and fabrication of a new NbsSn-
based SCU. A spatially periodic magnetic field generated by a
pair of undulator magnets induces an oscillatory motion of rel-
ativistic electrons, which results in the emission of high-energy
x-ray photons. The main goals of this project are to advance
NbsSn-based SCU technology, and to deliver a novel x-ray
source to APS users. A new, ~1.1-m-long, 1.8-cm-period
Nbs3Sn SCU will replace the existing NbTi SCU and, since the
new device is almost the same length as the existing one, the
brightness of the x-rays will be preserved but the spectral range
will be extended.

Several attempts in the last decade to introduce Nb3;Sn SC
material into undulator technology did not bring to life any de-
vice that could be used at the light source [1-6]. These attempts
highlighted significant technical challenges in the path toward
building a Nb3Sn SCU that meets the requirements of existing
light sources. Recognizing these challenges and capitalizing on
the successful APS experience with NbTi SCUs, the project
was divided into three phases. In Phase I, a series of short,
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~ 8-cm-long, 18-mm-period undulator prototype magnets were
fabricated, and, from one prototype to the next, the design was
iteratively optimized [7, 8]. In Phase II, the main effort was fo-
cused on scaling the short magnet design to an intermediate
length of about 0.5 m. The main motivation for this intermedi-
ate exercise was to optimize the insulation between the wire and
magnet winding former and to develop a robust quench detec-
tion and protection system. Several new insulation schemes
were investigated. The final choice of insulation scheme and
optimized quench protection system will ensure the reliable op-
eration of the SCU and its robust defense against the high volt-
ages generated during a quench. In Phase III, full-length mag-
nets, ~ 1.1 m long, will be designed, fabricated, and tested. In
the final phase of the project, a novel NbsSn SCU will be in-
stalled on the APS storage ring to provide bright x-ray beam to
the APS users.

In parallel with building the Nb3;Sn SCU magnets, modifica-
tions of the existing cryostat are ongoing. These modifications
were primarily triggered by the high operating current of the
Nb3Sn SCU, which almost doubles the maximum operating cur-
rent of NbTi SCUs. The magnet cooling approach for the Nb;Sn
SCU duplicates the well-proven cooling scheme of the NbTi
SCU [9, 10].

Currently, both Phases I and II of the project have been com-
pleted. The design of the short undulator prototype is scaled up
to an intermediate (~ 0.5 m) length, and details of the test results
are presented in the following sections.

II. NB3SN SUPERCONDUCTING UNDULATOR DESIGN
OPTIMIZATIONS AND FABRICATION

The design approach for the magnet follows the footsteps of
the NbTi SCU magnets [9, 11, 12]. In short, each of two SCU
magnets consists of the magnet former made of a soft iron. Each
magnet former has a multitude of grooves on its body to accom-
modate the SC wire [13]. The magnet parameters are provided
in Table 1. For comparison, the table also gives the parameters
of the NbTi-based SCU currently operating at the APS. Design
optimizations are highlighted below.

A. Magnet Design

The Nbs;Sn magnet design was iteratively optimized using
short undulator prototypes. Several of these optimizations led
to the design of the short undulator prototypes that met the de-
sired SCU performance level [7].
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TABLE I
NB3;SN SCU SPECIFICATIONS AND COMPARISONS WITH AN EXISTING
NBTI SCU

Intermediate length NbTi SCU, 1.1m

Nbs;Sn (IMM), 0.5m

Design Maximum 1.2 0.97
undulator field (T)
Design maximum 850 450
current ~80% of L. (A)
Magnetic gap (mm) 9.5 9.5
Number of turns in a 46 53
coil pack
Number of periods 28.5 59.5
Groove width (mm) 5.35 5.25
Groove depth (mm) 4.9 42
Superconductor Nbs;Sn RRP 144/169* NbTi 57 filament*
Wire diameter (mm) 0.6 0.6
Insulation thickness 65 20
(~pm)

*Nb;Sn and NbTi wires purchased from Bruker-OST and Supercon, respec-
tively.

Magnetic simulations have been conducted to optimize the
groove dimensions, and an ideal winding configuration was
chosen for the best performance and convenient winding. Re-
sults of magnetic simulations were used as an input into me-
chanical simulations.

Mechanical simulations have been performed to calculate the
deformation of the SCU magnets under high magnetic forces. It
has been found that the forces at each end of the magnet are not
counteracted due to the lack of neighboring winding. Simula-
tions revealed large deformations in these areas, and the very

LI
Fig 1. Photographs of the fabricated undulator magnets and assembly in
the undulator configuration. Side view is shown at the bottom.

first short magnet design was optimized to reduce these defor-
mations [7]. After several more iterations in the mechanical de-
sign of the former, the final design was initially chosen for scal-
ing to an intermediate length of 0.5 m. This magnet design had
inserted poles (Fig. 1, bottom). Basically, grooves in the magnet
former were machined, pole pieces were inserted into these
grooves, and the poles were secured with spring pins. Mechan-
ical simulations addressed the pin positions to reduce the large
deformations at the ends. The heat treatment cycle was also op-
timized during the short prototype studies [1, 14].

B. 0.5-m-Long Undulator Fabrication

The design was further optimized to improve the mechanical
robustness. Each magnet former was fabricated from multiple
pieces, instead of inserted poles, and these pieces were bolted
together from the sides. This is called a block assembly and is
shown in Fig. 1, bottom. This design significantly improved the
mechanical rigidity. Each groove on the assembled former was
formed by slots machined in each separate piece. A 100-
pm-thick mica layer was placed inside each groove prior to the
winding, covering both bottom and sides of the grooves in both
magnets, called IMMI1 and IMM?2. After winding was com-
pleted, the magnets were heat treated at the Technical Division
facilities at FNAL.

After the heat treatments, the magnets were vacuum epoxy
impregnated using CTD-101k epoxy and then cured in the fur-
nace. Next each magnet, one after another, was quench-trained
in a liquid helium (LHe) bath cryostat. After the training, the
magnets were assembled as an undulator as shown in Fig. 1.

III. RESULTS AND DISCUSSIONS

A. Individual Magnet Training

Before the magnets were assembled into the undulator con-
figuration, each magnet was trained in a LHe bath cryostat. The
maximum training current was about 1000 A for both magnets.
The IMMI1 was cooled down twice; both training profiles are
shown in Fig. 2a. The magnet demonstrated an excellent train-
ing memory after thermal cycling, and it required only one
quench to reach the design current of 850 A. The training pro-
file of IMM2 is shown in Fig 2b. It displayed similar behavior
as IMM1, and only a few quenches were required to reach the
design current.

B. Quench Analysis

The operational current of a Nb3;Sn undulator is almost twice
as high as a NbTi undulator and thus requires a robust and reli-
able quench detection and protection system. An active protec-
tion scheme was implemented with an external dump resistor
(0.25 Ohm for single-magnet tests) to extract the energy from
the Nb3Sn undulator magnets. The expected maximum voltage
level was 250 V at 1000 A, and the maximum coil-to-ground
voltage the magnet can withstand was experimentally found in
the short-magnet studies to be 500 V without breakdown. It
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Fig 2. Training profiles for IMM1 (a) and IMM2 (b). The magnets required

only a few quenches to reach the design current. The two quenches circled in
the top plot are most likely false and triggered by the low set threshold voltage.

started showing some degradation when the magnet was ex-
posed to 600-V terminal voltage attained by changing the dump
resistor value and the quench current. A mica insulation layer
between the NbsSn strands and the metallic former was intro-
duced to improve this level in the 0.5-m-long magnets.

During a quench a hot spot forms, and the hot spot tempera-
ture can be calculated, assuming an adiabatic system, by inte-
grating the /2 over the time span and using the temperature-de-
pendent material properties. The hot spot temperatures calcu-
lated by this method are very conservative, and the real temper-
ature is lower than the calculated ones.

The calculated hot spot temperatures are shown in Fig. 3 for
current decaying from different current levels. The same calcu-
lations were performed including a 2-ms detection time. Typi-
cal detection time is lower than 1 ms. These temperature levels
are significantly lower than the safe limit of 300 K [15], which
indicate that there is still room to further adjust the dump resis-
tor to reduce the maximum voltage that appears during a
quench. It is important to note that all of these quenches are
artificial, meaning that the current is kept at a certain value until
the quench detection is manually triggered. The natural quench
is triggered by a voltage drop caused by a hot spot formed due
to a small disturbance that exceeds the minimum quench en-
ergy. The relevant voltage drop activates the detection system.

A center voltage tab is added in the magnet fabrications to
measure the voltages from each half of the magnet, and the dif-
ferential voltages are compared to a set threshold to detect the
quench. Voltage profiles and current decay from 900 A during
an artificial quench are shown in Fig. 4. The sum of the voltages
from both halves of the magnet and the voltage across the resis-
tor agree quite well. The temperature growth is also provided in

Current [A]
Fig. 3. Calculated hot spot temperatures. The 2-ms quench detection time is
included in the calculation of the hot spot temperature along with the tempera-
tures calculated in the cases of instant detections.

the same figure along with the current decay profile. Voltages
from each half of the magnet slightly deviate when the dynamic
losses start building the internal resistance. This effect starts
earlier in the top half.

C. 0.5-m-Long Undulator Assembly and Tests

Once the characterizations of the individual magnets were
completed, both magnets were assembled into an undulator
configuration with a magnetic gap of 9.5 mm—the same gap
that is set for all APS planar NbTi undulators—and cooled
down to LHe temperature (4.2 K). A 500-mOhm dump resistor
that doubles the single magnet value was used in these tests. As
standard practice, the excitation current was increased in incre-
ments of 100 A, at each step an intentional quench was initiated,
and stored energy was extracted through the quench protection
system. This was to make sure the magnets behaved as ex-
pected. The first intentional quench was at 100 A, and from the
current and voltage profiles, it was confirmed that the time de-
cay constant was the same as the single magnets. After charging
the magnets to 700 A and initiating an intentional quench, both
undulator magnets exhibited insulation breakdown. Analysis of
the data showed that the most likely cause of the failure was due
to weak locally specific ground insulation damage. This weak-
ness was the due to the relatively low quality of machining the
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Fig 4. Voltages during an artificially induced quench from 900 A with a 250-
mQ dump resistor. Temperature growth and current decay with time are also
shown.



grooves that house the coil windings in one of the magnets. In
addition, it was found that fast opening IGBTs also induce a
large voltage to the system, which could contribute to the
failure.

D. Design Improvements and Second Set of 0.5-m-Long Un-
dulator Magnets

Lessons learned from testing the first 0.5-m-long undulator
prototype have been applied to the design and fabrication of the
second 0.5-m-long prototype. The insulation on the second 0.5-
m-long undulator prototype included a 100-pm-thick plasma
sprayed Al,O3 layer in addition to a 100-pum-thick mica layer.
This brought the estimated safe voltage level to about 2-2.5 kV.
The quench detection and protection system was also improved
to significantly reduce the voltage spikes when the IGBTs
opened. After implementing these design and hardware
changes, a second set of 0.5-m-long undulator magnets were
successfully tested.

IMM3 and IMM4 were individually trained, and the results
are shown in Fig. 5. They are quite similar to the results ob-
tained with the first set of magnets and required only a few
quenches to reach the design current. Training results of two
short undulator magnet prototypes are shown in the same fig-
ure. SMM3 represents the best short prototype and SMM6 — the
worst. The 0.5-m-long prototype is about 6x longer than the
short magnet prototype. However, the number of quenches re-
quired to reach the design current for the 0.5-m-long prototype
was either the same or 3% the number of the short models and
did not scale with the length. It is important to note that these
current levels are 75-80% of the short sample limits, and it will
require many more quench trainings to reach higher currents.

L ] L] *
900 L atPat®e -+

800 a20e +

+ SMM3

L a00 s IMM3
=3 = SMME

4 IMM4

0 5 10 15 20 25 30
Quench Number

Fig. 5. Quench training profiles for 0.5-m-long magnets IMM3 & IMM4 (left)
and comparisons with the ~ 8-cm-long short magnets SMM3 & SMMG6 (right).

Right after the magnets reached the design current, the train-
ing was stopped, and the magnets were assembled into an un-
dulator configuration to measure the field profiles and cool
them down to LHe temperature. The magnets required only one
quench to reach the maximum operating current of 850 A,
which again indicates an excellent quench training memory.
Then, the field profiles were measured every 100 A. The 0.5-
m-long SCU structure delivered the design field of 1.2 T at
around 850 A. A plot that compares the currently operating

NbTi-based SCU to the NbsSn-based SCU is shown in Fig. 6.
It is clear that the Nb3;Sn SCU provides at least 20% more field
than its NbTi version.
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Fig 6. Field scans of a 0.5-m-long Nb;Sn SCU and the 1.1-m-long currently
operating NbTi SCU. The Nb3Sn SCU provides at least a 20% increase in the
undulator field.

IV. CONCLUSION

A 0.5-m-long Nb3Sn SCU prototype undulator has been fab-
ricated and successfully tested. The design peak field of 1.2 T
at the maximum operating current of 850 A has been confirmed
by the magnetic measurements. Further quench tests and anal-
ysis are ongoing to define the safe operation margin of the de-
vice. The design and fabrication of a 1.1-m-long Nb3Sn SCU is
currently in progress. The existing cryostat is being modified
to accommodate the 1.1-m long Nb3Sn SCU. The fully assem-
bled device will be characterized cryogenically and magneti-
cally prior to its installation next year on the APS storage ring.
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