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A decade-long effort at the Advanced Photon Source (APS) of Argonne National Laboratory (ANL) on
development of superconducting undulators culminated in December 2012 with the installation of the first
superconducting undulator “SCU0” into Sector 6 of the APS storage ring. The device was commissioned in
January 2013 and has been in user operation since. This paper presents the magnetic and cryogenic design
of the SCU0 together with the results of stand-alone cold tests. The initial commissioning and
characterization of SCU0 as well as its operating experience in the APS storage ring are described.

DOI: 10.1103/PhysRevSTAB.18.040703 PACS numbers: 07.85.Qe, 84.71.Ba

I. INTRODUCTION

Superconducting magnets and superconducting wigglers
have been successfully employed at various low and
medium energy synchrotron light sources for generation
of high energy photons using high magnetic fields not
attainable with conventional magnets [1–7]. Undulators are
much brighter radiation sources, but require small periods
and near-ideal magnetic fields. In contrast with wigglers,
magnetic field errors of undulators need to be kept very
small to achieve high flux of radiation harmonics. While
correcting field errors is relatively simple in permanent
magnet or hybrid undulator devices, it is muchmore difficult
in superconducting devices, thus, a precise fabrication of a
superconducting magnet is required. Another difficult
aspect in building a superconducting undulator (SCU) is
construction of a low heat loss cryogenic system capable of
maintaining a sufficiently low temperature in the undulator
magnet using a small number of cryocoolers. A part of this
challenge is an integration of the device into a storage ring

lattice avoiding an excessive heat load induced by the
electron beam and synchrotron radiation from the upstream
magnetic devices. Yet another challenge is precise meas-
urement of the magnetic field in a device embedded into a
cryostat that severely limits access to the device.
The slow pace of deployment of SCUs is, perhaps, a

direct manifestation of these and other difficulties. So far
there are only two SCUs in operation worldwide; one is
installed at the ANKA light source [8] and the other,
described in this paper, is installed at the Advanced
Photon Source (APS). The main motivation for the develop-
ment of the SCU for the APS is the potential improvement
of the x-ray brightness illustrated in Fig. 1. Herewe compare
the brightness of two superconducting undulators (SCUs)
and two hybrid permanent magnet undulators (HPMUs).
For both the SCUs and HPMUs, the same minimum
magnetic gap of 9.5 mm and vacuum gap of 7 mm are
assumed for direct comparison. A 3.3-cm-period HPMU,
popular at the APS, is chosen because it is used in the
comparison of the measured photon flux of the SCU0, as
described later in the paper. A 2.9-cm-period HPMU is also
shown to illustrate that higher brightness could be obtained
with this type of undulator having a smaller period length.
The energy coverage is still continuous but it has a higher
cutoff at the low-energy end compared to the 3.3-cm
HPMU. For the SCUs, the SCU0 described in this paper,
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is shown. A 1.8-cm-period SCU is chosen as well to show
the performance of a devicewith a nearly continuous energy
coverage above 30 keV. The magnetic length for this
undulator is chosen such that it fits inside a 2.4-m long
cryostat that occupies the same space as a 2.4-m long
HPMU. Clearly the SCUs outperform the HPMUs in terms
of brightness by a large margin approaching an order of
magnitude at high photon energies.
The undulator SCU0 described in this paper, is the first

superconducting undulator built at the APS. It was com-
missioned with the electron beam at APS in January of
2013 and has remained in operation since then. The
“transition to operation” culminated a long process of
development of superconducting undulator technology at
APS, which is described elsewhere [9].
In this paper we first give a concise description of the

SCU0, with an emphasis on magnetic design, expected heat
loads, and cooling system design. We then describe
the results of a stand-alone cool-down test, including
magnetic measurements and cryogenic behavior of the
SCU0. Finally, we review our experience of operating the
SCU0 in the APS storage ring, presenting the observed heat
loads in the SCU0, the undulator performance, and its
effect on the electron beam.

II. DESIGN OF SCU0

The goal of building SCU0 was to validate the design
concept and to gain experience in operating a super-
conducting undulator at the APS. The undulator design
parameters, given in Table I, were chosen to deliver
20–25 keV photon energy at the fundamental.
Below we present the main conceptual points of the

SCU0 design. A more detailed description can be found
in [10–12].

A. Magnetic design

As in planar permanent magnet or hybrid undulators, the
magnetic field in the superconducting planar undulator is
created by a pair of identical magnets, separated by a
vertical gap which accommodates a beam vacuum cham-
ber. Each magnet is a series of vertical racetrack super-
conducting coil packs wound onto a former, or a core [13].
The adjacent coil packs with currents flowing in opposite
directions are separated by magnetic poles.
An assembled design of the magnetic core [10] was

chosen where individual, precisely ground and lapped
poles are inserted in slots machined in the ground and
polished sub-core, as shown in Fig. 2. A superconducting
wire is then wound in the rectangular groves between the
poles. In such a design, the groove surfaces have 0.4-μm
finish to help avoid electrically shorting the wire to the core
in the winding process. The design model of the SCU0 core
is shown in Fig. 3.
The SCU0 magnets are wound with a round NbTi

0.7-mm wire available from Supercon Inc. [14].
Parameters of the wire are presented in Table II. Each
magnet has a main coil with 39 turns per winding pack
(fewer in the last two grooves at each end of the core), and
two correction coils that are wound on top of the main coil
in the last two end grooves. The correction coils are
separately powered and are used for tuning the first- and
second-integrals of the vertical magnetic field [15].

FIG. 1. The x-ray brightness as a function of photon energy for
two hybrid permanent magnet undulators and two superconduct-
ing undulators. The period length and the magnetic length of each
device are given in the figure.

TABLE I. Design parameters of SCU0.

Parameter Value

Electron beam energy (GeV) 7
Photon energy at the fundamental (keV) 20–25
Period length (mm) 16
Number of periods 20.5
Vacuum gap (mm) 7.2
Magnetic gap (mm) 9.5
Design magnetic field (T) 0.64
Design operating current (A) 500
Design undulator parameter K 0.96
Magnetic length (m) 0.33
Cryostat length (m)a 2.063

aCryostat can accommodate a 1.2-m long undulator magnet.

FIG. 2. Main parts of the SCU0 magnetic core.
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The technological steps of the magnet manufacture
included winding the superconducting wire onto the cores
using a computer controlled winding machine. A winding
scheme was developed in the R&D phase of the project and
described in [16]. The SCU0 core is designed to wind the
undulator coil first in one direction into every other groove
for the full length. After making a 180-degree turn, the
superconducting wire is then similarly wound into the
alternate grooves in the opposite direction forming an
undulator magnet coil without any splicing. The magnet
cores were then impregnated with epoxy resin in a special
mold. The completed magnets were tested separately or in
an assembly in a vertical liquid helium (LHe) bath cryostat.
The test included initial magnet “training” and a prelimi-
nary measurement of the undulator field with a Hall probe.
The SCU0 magnetic assembly consisting of two magnets

is shown in Fig. 4.

B. Cryostat and cooling system

The design of SCU0 cryostat is based on the concept
developed at the Budker Institute of Nuclear Physics (INP),
Novosibirsk, Russia, and implemented in the supercon-
ducting wigglers that have been built by the INP team for a
number of light sources worldwide [17]. The 2-m long
cryostat is designed to accommodate a 1.2-m long magnet,
but in the case of the SCU0, it holds a relatively short
magnetic structure, as shown in Fig. 5. The second super-
conducting undulator for the APS, SCU1, uses the same
cryostat design to hold a longer magnet.
The SCU0 cryostat is a stainless-steel vacuum vessel that

contains two copper radiation shields and a cold mass. The
cold mass consists of the superconducting magnet assembly
including a beam vacuum chamber, and a 100-liter liquid

helium tank with piping making a closed loop 4-K circuit.
The central part of the beam vacuum chamber is made of
aluminum alloy 6063-T5with two stainless-steel transitions
on both ends. A stainless-steel frame supports both the
magnet assembly and the LHe tank and is supported inside
the vacuum vessel by a set of Kevlar strings. The cryostat
also incorporates two turrets not visible in Fig. 5, and a
helium fill turret.
It is important to note that the beam-induced heating is

actually applied to the vacuum chamber through which the
electron beam passes. If the superconducting magnet coils
were to be in direct thermal contact with the vacuum
chamber, this heat would be transferred to the super-
conducting magnet, which is undesirable. One of the most
important conceptual points in the SCU0 design is that the
SCU0 coils are thermally isolated from the vacuum
chamber. This substantially reduces the heat load from
the beam on the superconducting magnet. The vacuum
chamber can then be cooled independently and does not
need to be at the temperature—typically 4 K—of the
superconducting coils. This solution opens a way of cool-
ing the vacuum chamber with cryocoolers, the cooling
capacity of which rises with temperature.
The superconducting coils are cooled indirectly by LHe

that passes through channels in the magnet cores. The flow
of liquid helium through these channels is driven by the
thermosiphon effect [18]. Since, as far as we know, the
thermosiphon concept has not been used before in super-
conducting wigglers or undulators, an R&D program
dedicated to verifying the concept was carried out at the
APS in collaboration with the University of Wisconsin -
Madison. Measurements were conducted in a specially-
constructed cryostat using a test pipe structure with
hydraulic properties similar to those of a single magnet
core. Test results indicated that helium circulation via the
predominantly horizontal thermosiphon could be enhanced
with an additional heater mounted on a vertical helium
return pipe [12]. Provision for such a heater has been
implemented in the SCU cryostat design [11].
The SCU0 cooling system consists of four 2-stage

cryocoolers delivering cooling power at three temperature

FIG. 3. Design model of the SCU0 core.

FIG. 4. Photograph of SCU0 magnetic assembly.

TABLE II. Parameters of Supercon 56S53 NbTi wire [14].

Parameter Value

Bare diameter (mm) 0.7
Insulated diameter (mm) 0.753
Cu:Sc ratio 0.9:1
Number of filaments 56
Filament diameter (μm) 68
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levels of roughly 4 K, 20 K, and 60 K (the design values).
The first stage of all four units cools the outer thermal
shield to a temperature below 60 K as shown on a cooling
scheme conceptual diagram in Fig. 6. The upper ends of all
the high-temperature superconductor (HTS) current leads
(two 1-kA-rated leads for the main magnet coils plus four
100-A-rated leads for corrector coils) also receive cooling
at this temperature level, primarily from the upper two
cryocoolers. The cryocooler second stages operate at
different temperatures depending on their connected ther-
mal loads. The upper two cryocoolers (with a design
cooling power of 1.5 W total at 4 K) are connected to
the liquid helium reservoir and recondense helium vapor
back to liquid. The superconducting magnet cores are
connected with piping to the LHe reservoir, thus making
a closed helium circuit. The lower two cryocoolers (with a
design cooling power of 20 W each at 20 K) are connected
to the vacuum chamber via a copper thermal bus and

thermal links. Those two cryocoolers also cool the internal
radiation shield.

C. Design heat loads

As noted earlier, the analysis of anticipated heat loads on
the superconducting magnet is crucial for the design of the
superconducting undulator cooling circuit. The total heat
load in the superconducting undulator includes both static
heat loads, which are typical for superconducting magnets,
and the heat load from the electron beam. The latter
includes heating of the SCU vacuum chamber by beam-
induced image currents, synchrotron radiation generated in
upstream dipole magnets, wakefield effects, particle losses,
and electron cloud-induced multipacting [19–21]. Under
nominal operating conditions CW (or equilibrium) heat
loads are present from several of these effects, while
specific machine fault conditions may occur that give rise
to particular transient heat loads.
Predictions of the various contributions to the CW heat

load due to the stored beam of 100 mA are described below
and summarized in Table III, assuming operation with
24 uniformly spaced bunches and 10-mm rms bunch
length. The central part of the SCU0 vacuum chamber is
nominally at 20 K and is thermally isolated from the 4-K

FIG. 5. Solid model cutaway view of the inside of the SCU0 cryostat.

FIG. 6. SCU0 cooling scheme concept.

TABLE III. Predicted beam-related heat loads on 2-m-long
SCU0 vacuum chamber, assuming 100 mA beam current.

Heat source Heat loads at 20 K (60 K)

CW heat loads
Image current (W) 4.7 (6)
Wakefields (W) <0.5
Injection losses (W) 2
Synchrotron radiation (W) 0.2
Average particle losses (W) ∼0.1
Electron cloud (W) [21] <2
Total CW heat load (W) <9.5 ð6Þ
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superconducting magnet. The chamber cold-to-warm tran-
sitions are in the 60- to 300-K region. Where appropriate,
the heat loads at 20 K and 60 K are given separately.
For calculation of resistive wall heating, temperature-

dependent resistivity values [22,23] and numerically-
modeled values of the current-dependent bunch length
[24] were used. The Bane/Krinsky impedance model
was used [25], and anomalous skin effects were included
in the case of Al at 10 K [26]. Surface roughness increases
the surface resistance and, thereby, the power deposited on
the walls. Therefore the SCU0 chamber was polished to
obtain surface roughness on the order of 0.1 μm rms, which
limits the roughness-related increase in power to only 10%.
Another important source of SCU vacuum chamber

heating is the flux of photons from an upstream dipole
magnet. Large orbit displacement and/or angle errors in the
dipole can potentially cause a synchrotron radiation heat
load of >25 W on the SCU0 chamber walls. Mitigation of
this potentially substantial heating is achieved by using a
photon absorber to mask the SCU0 chamber walls, and by
restricting the electron beam steering in the dipole radiation
source. The resulting heat load is then reduced to the level
of <1 W.
Care was taken to design the chamber transitions to

minimize the wakefield heating in the warm-to-cold tran-
sition tapers. The wakefields were computed in the fre-
quency and time domains using CST Microwave Studio.
Based on this, the heat load was computed using 36
electromagnetic field modes, giving <2 W on the tapers.
Based on these analyses, the maximum CW heat load on

the vacuum chamber during normal operation was esti-
mated to be less than 9.5 W. The design value for the heat
load at the 20-K stage was increased to 12 W to include a
small margin as well as an additional heat load on the inner
thermal shield that is also connected to this thermal stage.
The SCU0 20-K stage cooling system has a capacity of
40 W, as listed in Table IV, which provides a comfortable
margin for normal operation. Transient heat loads could
potentially occur under various fault conditions that cause
beam orbit displacement or angle errors; peak heating up to
25 W over a short time interval of ≲1 sec is possible.
Temperature monitoring using thermal sensors mounted on
the chamber detects anomalous heating, and temperature
interlocks shut off the SCU0 power supply to prevent the
magnet from quenching.

III. COLD TEST RESULTS

A. Cryogenic test

Before installation in the APS storage ring, SCU0
performance was thoroughly tested. The device was cooled
down and kept cool for almost two months. The cool-down
strategy is to establish insulating vacuum, purify the helium
circuit by multiple cycles of evacuation followed by
repressurization with pure helium gas, and then start all
four cryocoolers. Cool-down is essentially completed after
two days, after which the process is finished by transferring
about 50 liters of liquid helium into the liquid helium
reservoir. This fills the reservoir halfway, leaving about
0.2 m2 surface area within the reservoir to enable efficient
helium recondensation. The temperatures of the SCU0
cryocoolers recorded during the cool down are shown in
Fig. 7. When required, a warm-up process is accomplished
using heaters installed in the cryomodule. A four-day
warm-up period is typical.
In the stand-alone test the observed temperatures in the

SCU0 were lower than or equal to the design temperatures,
indicating lower than expected static heat leaks in the
system. The design and measured temperatures are
summarized in Table V.
In the interest of brevity, from this point forward we will

use the observed temperature levels to describe three SCU0
thermal stages as 4 K, 10 K, and 30 K.
Operation of the SCU0 without helium loss was

observed over the 1.5-month test period. It was also
observed that cooling power exceeded the static heat loads
enabling the possibility of building liquid helium inventory
if so desired. This is accomplished by connecting a
regulated supply of pure helium gas to the SCU0 helium
circuit. The helium condensation rate matches the
surplus cooling power. With zero beam heating and zero
magnet current, the rate of helium collection is about
0.23 liters=hour. The resulting rise in liquid helium level
within the reservoir during the test is shown in Fig. 8.
The effect of electron beam heating was simulated

during the stand-alone test by using heaters mounted on

TABLE IV. Design heat loads and installed cooling capacity.

Heat source
Temperature

(K)

Design
load
(W)

Installed
capacity
(W)

Magnet 4.2 0.5 ∼1.5
Vacuum chamber and inner
radiation shield

20 12 40

Outer radiation shield 60 86 224 FIG. 7. SCU0 4 K cryocooler stage and top magnet core
temperatures during the cool down process.
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the cold part of the SCU0 vacuum chamber. As Table VI
shows, a vacuum chamber temperature rise of almost 20 K
was observed with 45 Wof heat applied to the chamber, but
the temperature of the LHe circuit increased by only about
0.15 K. This demonstrates good thermal isolation between
the SCU0 magnet and the vacuum chamber. As expected,
the magnet did not quench during this test.

B. Magnetic measurements

A crucial part of the cold test was SCU0 magnetic
performance characterization. For this purpose a dedicated
magnetic measurement system was built [27,28]. The
system includes a moving Hall probe for field mapping
and wire coils for measurements of field integrals.
The SCU0 magnet coils achieved the design excitation

current of 500 A and delivered the design field of 0.64 Ton
the first current ramp without quenching. After two more
quenches a current of 600 A was reached, and with three
more additional quenches a current of 700 Awas achieved,
thus expanding the operating range. It is worth mentioning
that at the design current of 500 A the SCU0 NbTi
superconductor operates at about 60% of the critical current
of a short sample, while the operating currents of 600 A and
700 A correspond to about 72% and 85%, respectively, of
the critical current of a short sample. We were able to
operate the magnet at 700 A when the heater on the LHe

circuit was off, and the LHe temperature dropped to 3.8 K.
The simulated and measured SCU0 magnet excitation
curves are shown in Fig. 9 together with undulator
parameter K. A typical measured field profile is shown
in Fig. 10, and a corresponding calculated electron trajec-
tory is shown in Fig. 11. The measured field errors
characterized by so-called undulator phase errors [29] were
below 2 degrees rms for currents from 100 A to 600 A, and
the measured rms field errors at the peaks (Fig. 10) were
less than 0.3%, essentially independent of the magnet
current. The higher harmonic content of the measured
magnetic field was also analyzed. For the SCU0, it was
typically less than 0.2% for b3=b1 and less than 0.1%
for b5=b1 where b1 is the magnitude of the fundamental,
and b3 and b5 are the amplitudes of the 3rd and the

FIG. 8. Helium liquefaction using excess refrigeration capacity.
Steps in the data represent the resolution of the helium liquid level
probe.

TABLE V. SCU0 design and observed temperatures in the
stand-alone test.

Component

Design
temperature

(K)

Observed
temperature

(K)

LHe circuit 4.2 4.2–4.3
Vacuum chamber and inner
radiation shield

20 7–8

Outer radiation shield 60 32–33

TABLE VI. Observed temperature changes during beam heat
load simulation test.

Heater power (W) 0 10 20 45

Vacuum chamber temperature (K) 10.6 13.5 16.3 30.0
LHe tank temperature (K) 4.29 4.30 4.30 4.44

FIG. 9. Measured SCU0 magnet excitation curve.

FIG. 10. SCU0 vertical magnetic field measured with moving
Hall probe at the magnet current of 500 A.
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5th harmonics. The ratios slightly increase with magnet
current.
In SCU0, the field integrals are minimized using

corrector coils. The corrector coil currents are varied based
on the value of the main coil current, Fig. 12, as defined in a
look-up table that was tuned during the cold test. In the end,
very small changes were achieved for the field integrals
when the main current was varied between 200 A and
600 A –less than 60 μTm for the first field integral and less
than 80 μTm2 for the second field integral. Dynamical
changes in the field integrals of similar magnitude were
observed during intentional magnet quenches. The require-
ments for maximum first- and second-field integral errors
(vertical field) are 100 μTm and 100; 000 μTm2, respec-
tively, over the full undulator operating range, to keep the
beam orbit perturbation to within 10% of the beam
size [30].
The integrated field uniformity for both the vertical and

horizontal field components was measured with a rotating
coil over a horizontal range of �4 mm. It was found that a
skew quadrupole component of 12 mT (at 500 A) was
present, which is larger than the APS undulator error
tolerance of 5 mT for a normal and skew integrated

quadrupole [30]. This skew component of the field is
believed to be due to net horizontal currents flowing on the
back sides of the magnetic cores. These currents are caused
by the chosen geometry of the coil winding with crossover
wires between every other winding pack [16]. To suppress
this undesirable effect, a new coil winding scheme will be
implemented in the next device. Compensation of the skew
quadrupole during machine operations is described below.
The successful completion of the SCU0 stand-alone cold

test enabled installation of the device into Sector 6 of the
APS storage ring in December 2012, Fig. 13.

IV. SCU0 OPERATING EXPERIENCE

A. Commissioning

In order to ensure continued reliable operation of the
facility for APS users, stringent requirements must be met
by all insertion devices that are installed in the APS storage
ring. In the case of SCU0, all requirements were satisfied
during a short but detailed beam commissioning in January
2013: (a) When powered, SCU0 is transparent to normal
user operation; i.e., it does not measurably increase the
storage ring impedance, or decrease the injection efficiency
or electron beam lifetime; (b) When powered, SCU0 only
perturbs the beam within the beam stability specifications,
and (c) SCU0 is sufficiently protected from beam-induced
heat loads; i.e., does not exceed the cryosystem cooling
capacity (Table IV). To establish that these requirements
were indeed met, a detailed commissioning plan was
carried out in several steps, including assessment of thermal
and vacuum monitoring, magnet alignment, cryogenic
performance, beam orbit stability, quench response, end-
coil field correction, x-ray performance, and operation
procedures. Approximately 110 hours were used for
SCU0 commissioning. The SCU0 was released for user
operation on January 29, 2013.

FIG. 11. Electron trajectory in the SCU0 for the APS electron
beam of 7.0 GeV derived from the measured magnetic field
shown in Fig. 10.

FIG. 12. Dependence of the corrector coil current on the main
coil current for the SCU0.

FIG. 13. Photograph of SCU0 installed into Sector 6 of the APS
storage ring.
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B. Observed heat load

The SCU0 beam-induced heat loads are calculated and
presented in [19]. Using the measured load maps of
cryocoolers, we estimated the observed heat loads on the
thermal stages in the SCU0 as listed in Table VII. In this
table, the 4-K stage refers to the SCU0 magnet and helium
circuit, the 10-K stage is the vacuum chamber and the
internal thermal shield, while the 30-K stage corresponds to
the outer thermal shield, the warm-to-cold transition parts
of the vacuum chamber, and the current leads.
The higher than expected heat load on the 4-K stage is

due to excessive heat leaking from the 10-K stage through
the support structure. As a result, the SCU0 is operating at a
slightly higher pressure in the helium system. This issue is
currently being addressed in the design of the next device
by using in the standoff a material with lower thermal
conductivity.
The heat load on the vacuum chamber is also higher than

calculated in [19] where only the cold central part was
taken into account. This is likely because the measured
10-K stage heat load includes the resistive-wall vacuum
chamber heat leaking from the warmer vacuum chamber
transitions cooled by the 30-K stage [6 W (24 bunches) or
0.7 W (324 bunches), from Table III], while in the 10-K
stage design calculations this heat leak was not considered.
Further analysis of the cold central part, which involves
converting the calculated resistive-wall and synchrotron
radiation power to temperature using the chamber-mounted
heater calibration, shows good agreement (within 60%)
with measured central chamber temperatures under varying
beam conditions, and the measured chamber temperatures
are typically lower than predicted [31]. This is further
evidence that the heat leak from the ends contributes to the
measured 10-K stage heat load.
The 30-K stage observed heat load varies with both the

beam current and the beam bunch pattern due to image-
current heating of the warm-to-cold transitions of the
vacuum chamber. Synchrotron radiation is well masked
and the contribution to the warm-to-cold transition heating
is negligible during operations. The 30-K stage heating also
depends on the magnet current because of the higher heat

leak (at higher magnet current) through the current leads
that are also cooled by this stage.

C. Observed SCU0 behavior

1. Magnet

The SCU0 magnet was designed to operate at the
current of 500 A, but has been operated mainly at 600–
700 A, reaching up to 0.8 T with no significant issues
(see Fig. 14). By user demand SCU0 was operated for
over 7800 hours, which is 88% of available user beam
time (see Table VIII). SCU0 downtime caused by high
LHe pressure was <1%. For the remaining 11% of
available beam time, SCU0 was not operated by user
choice. SCU0 was tested at 150 mA beam current (324
bunches), 50% higher than it was designed for, with no
significant issues.

2. Cooling system

In the SCU0 the cooling power is provided by four
cryocoolers. We observed, in Table IX, that actual temper-
atures in the system are at or below the design levels given
in Table IV. One can therefore conclude that a cooling
system based on cryocoolers can provide adequate cooling
for a superconducting undulator.
As mentioned above, the SCU0 superconducting magnet

is cooled by liquid helium that passes through the channels
in the magnet cores. Liquid helium (LHe) is contained in an
internal tank that was initially filled with about 50 liters of

TABLE VII. SCU0 observed and calculated heat loads.

Beam current (mA) 0 100 100 100 100

Number of bunches 0 24 324 24 24
SCU0 current (A) 0 0 0 500 690
Observed (calculated)
heat load (W)
4-K stage 1.20 1.20 1.16 1.30 1.45

(0.5)
10-K stage 0.1 14.6 4.1 14.5 15.3

(7.5) (3.4)
30-K stage 80 97 85 112 128

(75)

FIG. 14. Histogram showing the SCU0 magnet operational
current normalized to the most frequent occurrence (design
current is marked).

TABLE VIII. SCU0 Operational Statistics.

APS
delivered

SCU0
operating

SCU0
down

(h) (h) (h)

2013 Jan–Dec 4872 4169 20
2014 Jan–Oct 4075 3703 42

Total 8947 7872 62
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LHe. Together with the magnet and associated piping, the
LHe tank comprises a closed system. No helium loss in the
system was observed in the first 12-month period during
normal operation, as shown in Fig. 15.
There was one occasion in December 2013 when the

cryocooler compressors stopped for a period of several
hours when the chilled water supplied by an external
water plant was shut down for maintenance. As a result,
the system started to warm up, and some helium was
vented. This is labeled “1” in the figure. The second
drop in the LHe level visible on the plot, labeled “2”, is
due to a small loss of helium during the replacement
of a pressure safety valve. A third small drop occurred
during a chilled water plant outage, labeled “3”. We did
not add any helium to the system after three losses. This
did not cause any deterioration in the cooling system
behavior.

3. SCU0 magnet position stability

The vertical position of the SCU0 vacuum chamber,
which is a part of the cold mass, was measured with the
electron beam in January 2013 after the initial cool down
and chamber realignment, using a novel method developed
at APS [32]. The electron beam was steered vertically
within the chamber while observing the response of thermal
sensors mounted on the chamber. The thermal sensor
minima determine the vertical center of the SCU0 chamber

with respect to the user orbit. Similar measurements were
repeated several times, indicating that the vacuum chamber
shifted down by up to 100 μm relative to the initial
measurement and has remained stable thereafter, shown
in Fig. 16. This insignificant movement can be attributed to
creep of the Kevlar strings that are holding the cold mass
and the vacuum chamber inside the SCU0 cryostat. The
overall vertical chamber alignment at the SCU0 magnet
cores (center three sensors) is about 0.35 mm below the
user beam orbit. The unique challenges of SCU chamber
alignment, given the extreme temperature changes in
combination with limited access to the magnet structure
and vacuum chamber are discussed in [33]. There were no
observed negative effects of this misalignment either with
respect to the undulator performance or protection from
excessive beam-induced heating. Nevertheless, the entire
cryomodule was vertically realigned to within 0.05 mm of
the user orbit during the second year of operation.
Significant knowledge was gained from the SCU0 chamber
alignment and installation and many improvements are
being implemented in the assembly and alignment of the
next device.

4. Quenches

The SCU0 superconducting magnet was found to quench
frequently during beam dumps triggered by the Machine
Protection System (MPS) (SCU0 is powered off during
intentional beam dumps.) A quench causes a magnet
temperature rise from 4.3 K up to 10-15 K. It takes only
1-3 min for the core temperature to return back to 4.3 K (see
left panel in Fig. 17).
The pressure in the LHe tank after a quench is shown in

the right panel in Fig. 17. It is observed that the pressure
rise in the tank due to a quench is about 70 Torr. It is also
noticeable that the pressure rise drops in about 10 min to
half the level of the pressure spike, but it then takes up to
several hours for the pressure to return back to the initial
level. Typically in operations, the pressure after a quench

TABLE IX. SCU0 design and observed temperatures.

Parameter

Design
temperature

(K)

Observed
temperature

(K)

Superconducting magnet 4.2 4.3
Vacuum chamber 20 9–13
Internal thermal shield 20 11–13
Outer thermal shield 60 34–36

FIG. 15. Level of liquid helium in an internal tank over a
15-month period. Labels 1, 2, 3 are discussed in the text.

FIG. 16. Measured vertical position of the vacuum chamber
over 15-month period using beam-based method.
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does not reach the threshold of 1000 Torr for opening the
pressure safety valve of the LHe circuit. Once the pressure
decreases below 900 Torr, the SCU0 magnet can be
powered again.
It should be noted that the LHe system exhibits a

complicated behavior despite its apparent simplicity. We
are planning to study the LHe circuit response to a quench
more rigorously and to publish the results separately.
Simulations suggest that a beam loss of > 50 pC

deposits energy sufficient to raise the coil temperature
above the critical temperature. This is a small fraction of the
375-nC (100 mA) circulating beam. To better control the
beam loss location at the level required, a dedicated abort
kicker system is being designed. An abort kicker test that
involved triggering the injection kickers with the MPS
demonstrated that beam losses at SCU0 were significantly
reduced and that a quench was prevented. Using the
injection kickers as an abort system is not compatible with
top-up operation.

D. SCU0 effect on the electron beam

1. SCU0 transparency

Prior to installing SCU0, a room temperature test
chamber with virtually the same length, aperture, and
transitions was installed in the same location in the storage
ring. This test was done to confirm that an unpowered
SCU0 does not affect normal beam operation; i.e., test
whether it increases the storage ring impedance and/or local
vacuum pressure, decreases the beam injection efficiency or
beam lifetime, or else lowers the beam collective instability
threshold. We confirmed that the test chamber did not
adversely affect normal user operation. As expected, the
SCU0 chamber also preserved normal user operation: the
operational single bunch limit of 16 mAwas preserved, and
100 mA could be stored in all bunch timing patterns at APS
[34]. The measured betatron tune shift with current, which
is a measure of the transverse impedance, did not change
within the experimental error. The beam injection effi-
ciency and beam lifetime were both in the normal range

after the standard startup procedures were carried out. The
beam injection efficiency and beam lifetime are also
unaffected when SCU0 is powered, which is relevant for
top-up operation.

2. Machine vacuum

There were no beam chamber vacuum pressure
issues and no negative effect observed on the beam. The
vacuum chamber was cleaned using the standard UHV
techniques—prewash and wash (ultrasound) with 2%
solution of Citranox at 65 °C, cold rinse with deionized
water, dry with 38 °C nitrogen—but was necessarily
exposed to air during magnetic measurements. After the
components were installed in the storage ring the system
was roughed down to about 200 nTorr on the cold cathode
gauge (CCG) located in the downstream transition. A 24-
hour, 130- °C bakeout was then performed on the transi-
tions upstream and downstream of SCU0. Bakeout of the
SCU0 vacuum chamber was not required, as shown below.
The CCG pressure after the bakeout and before the SCU0
was cooled down was at 3 nTorr. After cool-down and prior
to injecting beam, the vacuum pressure was measured as
0.4 nTorr. The first 100-mA beam caused pressure tran-
sients in the 10-nTorr range, but after about 4 days of
operation (10 A h), the pressure settled at 3 nTorr. After
200 A-h, the pressure was about 0.8 nTorr.

3. Cryocooler-induced vibrations

Mechanical vibration of the warm vacuum chamber just
upstream of the SCU0 caused by the SCU0 cryocoolers
was measured in the spectral range of 2–100 Hz. The
integrated vibrational power spectral density increased
from 0.38 μm rms with the cryocoolers off to 0.65 μm
rms with the cryocoolers on. Cryocooler vibration has not
been observed to adversely affect beam stability.

4. Magnetic performance

The SCU0 field-error tolerances are the same as for the
other planar insertion devices (IDs) installed in APS [30].

FIG. 17. Left panel: Magnet core temperatures after a quench measured by four temperature sensors on two magnet cores, shown in
different colors. Right panel: Pressure variation in the liquid helium system shown for the same quench.
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The field-integral error tolerances were specified using
simulations that include slow orbit correction and fast orbit
feedback. The magnet measurements show that the SCU0
magnet performs better for all design parameters except the
skew quadrupole component mentioned earlier. At the
maximum coil current, the skew quadrupole error produced
a 10% change in the typical 1.5% beam emittance ratio.
This effect is easily corrected by implementing feed-
forward using the adjacent skew quadrupoles, which is
checked at the beginning of every run and adjusted as
necessary. The first field integral was measured with the
beam by measuring the orbit correction response while
scanning the SCU0 current. The beam measurements
agreed well with the magnet measurements, as shown in
Fig. 18, where the vertical axis is the change in the first field
integral and 100 μTm is equal to 4.2 μrad.

5. Effect of quenches

Quenches may produce a field disturbance on a time
scale that is too fast for the real-time orbit feedback [35] to
correct. If the perturbation is very large, the resulting beam
trajectory displacement at the undulators could exceed the
beam position limit detector (BPLD) limits and cause a
beam dump. The maximum orbit perturbation is propor-
tional to the quantity A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I21 þ ðI2=βUÞ2
p

, where I1 and

I2 are the first- and second-field integrals, respectively and
βU is the beta function at the undulator ends. To avoid
dumping the beam during a quench, the specification forA
is 2100 μTm and 350 μTm for the x and y fields,
respectively. Magnet measurements show that SCU0 meets
this specification during a heater-induced quench. Tests
with the beam, shown in Fig. 19, demonstrate that an
induced quench at 0.5 sec produced only small beam
motion, even without fast orbit feedback running, and did
not cause loss of the beam. Fast orbit feedback reduces the
orbit perturbation by a factor of five. As seen in Fig. 19,
slow orbit recovery occurs over about 0.5 sec.
Besides the many MPS-dump-induced quenches, during

normal APS stored-beam operations SCU0 quenched only
four times over a 21-month period. These quenches did not
cause any beam loss, and quench recovery did not affect
storage ring operations. The impact of all quenches on
SCU0 operation, including those that occur frequently with
MPS-triggered beam dumps, has been minimal due to rapid
SCU0 recovery, typically less than 30 min.

E. Photon flux measurements

The x-rays produced by SCU0 were characterized by
measuring the photon flux passing through a bent-Laue
monochromator and comparing the SCU0 photon flux with
that from an in-line 3.3-cm-period length permanent
magnet hybrid undulator U33. At 85 keV, the 0.33-m-long
SCU0 produced ∼45% higher photon flux through an
aperture than the 2.3-m-long U33. Figure 20 shows the
simulated photon flux calculated from the measured mag-
netic fields compared to the measured photon flux at
85 keV for SCU0, and the measured photon flux for
U33 (inset). In these measurements, the U33 gap was
scanned from 11.0 mm to 12.0 mm to maximize the photon
flux. Smaller than expected flux from SCU0 is likely due to
an alignment error of the aperture (0.5 mm × 0.5 mm),
located 40 m from the undulator, with respect to the photon
beam. Nevertheless, this measurement demonstrates the
enhanced capability of superconducting undulators for
generating higher photon fluxes at higher energies.

FIG. 18. Field integral measurement with beam.

FIG. 19. Effect of induced quench on the beam orbit. Left panel: Slow orbit correction only. Right panel: Fast orbit feedback (FB)
turned on.
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V. SUMMARY

An almost decade-long activity focused on development
of superconducting undulators for the APS reached a
significant milestone in January of 2013 with the installa-
tion in the APS storage ring of a prototype undulator,
SCU0. Since then, the device has been in user operation.
The nearly two-year-long experience of operating this
device allows us to conclude that: the beam heat load
has been correctly estimated taking heat leaks into account,
a cryocooler-based cooling system has proven to be
efficient, helium loss-free operation is possible, and cry-
ocooler-induced mechanical vibrations do not disturb
the beam. SCU0 was successfully operated in all bunch
timing patterns at the APS while protected from excessive
beam-induced heating. At least for this short device, we
showed that a SCU with sufficient field quality can be built
without shimming. Finally, SCU quenches do not cause a
beam dump, and the SCU beam chamber does not require
baking.
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