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Abstract

APS has been developing superconducting undulators
for over a decade. Presently, two planar and one helical de-
vice are in operation in the Advanced Photon Source (APS)
storage ring, and a number of devices will be installed in
the APS Upgrade ring (APS-U). All superconducting de-
vices perform with very high reliability and have very mi-
nor effect on the storage ring operation. To achieve this, a
number of storage ring modifications had to be done, such
as introduction of the beam abort system to eliminate de-
vice quenches during beam dumps, and lattice and orbit
modifications to allow for installation of the small horizon-
tal aperture helical device with magnet coils in the plane of
synchrotron radiation.

INTRODUCTION

The APS has been developing superconducting undula-
tors (SCUs) for over a decade [1]. SCUs provide a higher
peak field on axis for a given undulator gap and period
length [2, 3]. Two planar and one helical SCU are in oper-
ation in the APS [4, 5]. All of the SCUs are highly reliable
and minimally impact APS operations, including the qual-
ity and stability of the storage ring electron beam.

It is noted that in the worldwide landscape, SCUs are in
operation only at APS and at Karlsruhe Research Acceler-
ator, Karlsruhe Institute of Technology (KIT)/Noell [6, 7].
All of these devices use niobium titanium (NbTi) conduc-
tors, and all devices are cooled to ~4 K using cryocoolers.
The APS devices include a closed-loop liquid helium
(LHe) circuit.

Technical details of the APS SCU designs have been
published elsewhere [1, 4, 5, 8, 9]. In this paper, we de-
scribe the operational experience with, and integration of,
the SCUs into the APS storage ring.

OPERATIONAL HISTORY

After the first 0.33-m-long, 16-mm period superconduct-
ing undulator (SCU) was successfully developed, installed,
and commissioned in APS in 2013 [1,10], two 1.1-m-long,
18-mm period planar SCUs [4] and a 1.2-m-long, 31.5-mm
period helical SCU (HSCU) [5] have been installed and are
presently in operation. An extensive beam commissioning
plan was executed for SCUO: the equivalent of 5 days [10].
Lessons learned allowed for more compressed commis-
sioning plans for the next devices: the equivalent of 1-2
days. All SCUs were turned over to the beamline for oper-
ations immediately after its commissioning period, and all
have been very reliable.
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The basic operational history for each device (through
August 2019) is shown in Table 1. The device operational
names are listed; the formal names are in the footnote. SCU
operation (power and excitation current) is controlled by
the individual beamline. The availability is expressed as
the ratio of SCU operating hours relative to the sum of the
SCU operating hours and device downtime. The operation
percent is given by the ratio of the total hours of SCU op-
eration relative to the total hours of APS user beam deliv-
ered (APS delivers just under 5000 hours per year). It is
noted that the beamline operating SCU6 was down in cal-
endar year 2019, and user demand for HSCU has been rel-
atively low so far; this explains the lower operation ratios
for these two devices. Detailed operational statistics can be
found in [11].

Table 1: Basic Operational History of SCUs at APS

Device  Operation  Availa- Opera- # Quenches
name period bility tion beam/self
SCUO  Jan.2013-  98.9%  92.3% 98/6

Sep. 2016

SCU1!  May 2015° 99.992% 96.6% 40/5
SCU6?  Sep.2016° 99.89%  84.9% 32/3
HSCU Jan.2018°  100% 14% 0/0

' Also known as SCU18-1
2 Also known as SCU18-2
3 Presently in operation

The last column in the table shows the total number of
times each device quenched during APS operation. A
quench refers to the sudden loss of superconductivity when
the temperature of any part of the SCU magnet coil wind-
ings is raised above the superconductivity threshold tem-
perature. As a result, the windings suddenly develop a fi-
nite resistance. A quench detection interlock shuts off the
power supply, and the coil heating causes a sudden boil-off
of the liquid helium (LHe), which temporarily raises the
LHe tank pressure [8]. Quenches are transparent to APS
operation.

There are two types of quenches. The majority of
quenches are caused when the Machine Protection System
(MPS) dumps the stored beam due to a machine fault un-
related to the SCU; the number of instances is given by the
first number in the last column in the table. The devices
typically recover rapidly [4]; i.e., the magnet temperatures
return to ~4 K and the LHe tank pressure reduces to oper-
ational levels, such that the devices can be re-energized af-
ter the stored beam is recovered. The controls system mon-
itors the status and automatically restores the excitation
current if the device is ready. This rapid recovery, 30-
45 min. overall, and automation minimizes the device
downtime. The second type of quench is when the device
quenches while the beam is stored; this is referred to as a
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§ self-quench and the number of instances is given by the
g second number in the last column in the table. For all four
2 devices, no self-quench has ever caused the stored beam to
3 be lost, and perturbation of the stored beam is minimal, as
; designed. There is more discussion on quenches later.
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INTEGRATION OF PLANAR SCUS

An important criterion for any insertion device (ID), in-
luding the SCUs, is that it not degrade the APS storage
ring operation below an acceptable level. IDs can affect the
torage ring beam through magnetic field errors and by in-
troducing small physical apertures. Small physical aperture
® and nonlinear field errors could negatively affect injection
efﬁc1ency, electron beam lifetime, and accumulation of
2 = high charge in a single bunch. First- and second-field inte-
-2 gral errors could negatively affect stable operating param-
£ eters (e.g., beam orbit, tunes, etc.).
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Physical Aperture

The SCUO chamber vertical full aperture (7.2 mm) is
similar to that of the vacuum chamber for an APS hybrid
2 permanent magnet (HPM) ID (7.5 mm). To accommodate
E the SCUO, a standard 4.8-m-long HPM ID chamber was
g replaced with a half-length ID chamber. A special transi-
2 tion from the ID to SCUO chamber was designed, using a
f small-aperture gate valve and bellows. This gate valve and
2 bellows are outside the SCUO cryosystem. In order to mit-
2 1gate risk to APS operations, a test chamber was pre-in-
-o stalled with the same aperture, and in the same location, as
Rz SCUO in May 2012. The SCUO test chamber performed as
> expected However, due to an oversight, there was no rig-
< orous reviews of the special transition. The heat load from
& the beam image currents melted the rf liner of the bellows.
The vacuum transition was changed for the SCUOQ instal-
© lation. Two transitions were added and a standard-aperture
o gate valve and bellows were used between the upstream
§ HPM ID and the SCU. No further vacuum issues occurred
= when the SCUO was installed in Jan. 2013. All SCU de-
s signs now avoid gate valves or bellows at small apertures.
E Another potential concern is long-term drift of the vac-
& uum chamber position. The cold mass is suspended using
2 Kevlar strings, and the vacuum chamber is attached to the
% cold mass [1, 12]. The chamber position could change with
« time, which could negatively affect the vertical aperture in
& particular. The electron beam was used to measure the ver-
2 tical position of the vacuum chamber over time [13]. The
i chamber temperature is sensitive to the beam position,
g which allows measurement of the relative position of the
2 beam and chamber with high accuracy. Over the first 18
£ months of operation, SCUO showed a small vertical posi-
8 tion change of < 0.2 mm. A design modification in the cold
Z'mass suspension [4] was implemented in next device
2 (SCUI) that reduced the size of the long-term drift by an
§ order of magnitude.
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£  The strongest effect expected from IDs is on the beam
= orbit through changing field integrals when a device gap
F—‘é (or current) changes. Requirements are given on device
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field integral errors to limit the effect [1,4]. The field qual-
ity of the SCUs is met through precise placement of the
windings, precision machining of the magnet cores, and in-
ternal correction coils [1,4]. Feedforward (FF) tables com-
bined with orbit feedback then ensure that the devices do
not perturb beam orbit.

All SCUs are transparent to user operation after applying
corrections. The SCUO FF table required skew quadrupole
correction due to the effect on the beam coupling, but
SCU1, SCU6, and HSCU did not. Measurements in the lab
[14] of the change in the first-field integral with excitation
current agreed well with measurements made with the
beam [1].

It was anticipated that SCUs could self-quench during
user operation. In case of a quench, the SCU field integrals
can change substantially in < 0.1 s. This could lead to a
beam dump if the resulting orbit excursion at any ID were
to exceed the machine protection limits (2 mm in X and
+1 mm in Y). In magnetic measurements, all SCUs satisfy
the requirement on the maximum allowable field integral
change during a quench [1, 4, 5].

During commissioning, the beam orbit was measured at
all ID locations during a quench induced with internal heat-
ers on the SCU magnet cores. The main effect is in the hor-
izontal plane. With fast orbit feedback turned off, the max-
imum horizontal orbit excursion was £0.6 mm, and with
fast orbit feedback turned on (normal user operation), the
maximum excursion was about £0.1 mm [4]. As designed,
during the total 14 self-quenches, the stored beam was
never lost.

Beam Effects on the SCU

Beam-induced heating is a unique challenge for SCUs,
The electron beam generates a heat load on the SCU vac-
uum chamber from three sources:

e Synchrotron radiation from the upstream dipole

(6.6 kW for 7 GeV beam energy and 100 mA current).

e Beam image-current heating.

e Higher-order mode heating in transitions.

Beam heating needs to be accurately predicted in order
to design adequate cooling for the SCU. Ray tracing and
analytical calculations were used to compute the synchro-
tron radiation power incident on the SCU vacuum chamber
walls for nominal and missteered electron beam. Detailed
photon tracking confirmed analytical estimates [15]. Heat-
ing by beam-driven higher-order modes in the vacuum
transition upstream of the SCUs (described above) was
computed using CST Microwave Studio [16]. Power dissi-
pation is predominantly at the gate valve; therefore, there
is minimal heat leak into the SCU.

The planar SCU vacuum chamber is designed to allow
most of the high-energy photons to pass; only 0.2 W inter-
cepts the walls. Image-current heating on the 20-K alumi-
num chamber walls, including the anomalous skin effect,
was computed to be 4.7 W [17], so this source dominates.
The measured chamber temperature with beam was within
1 degree kelvin of the expected temperature. Calibrated
chamber heaters were used to correlate power with temper-
ature.
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Abort Kicker

As discussed earlier, the SCUs often quench during
beam dumps. Such quenches have no effect on operations.
However, to minimize the impact on the device, a dedi-
cated abort system was implemented to redirect beam
losses away from the devices [18, 19]. This scheme was
inspired by quench mitigation implemented for supercon-
ducting wigglers [20].

In the original APS beam dump process, the rf drive is
removed and the beam loses energy to synchrotron radia-
tion until most of the beam is lost on the smallest inboard
half aperture of 15 mm at ID4. However, there are enough
electrons lost locally, with enough energy carried by scat-
tered electrons through the vacuum chamber, to heat up the
magnet coils. Estimates show that 0.1-1 nC (0.03%-0.3%
of the total stored beam charge) reaching the coils is
enough to cause a quench [19].

Simulations were used to design the beam abort process.
A horizontal kicker was modified to serve as a dedicated
beam abort kicker. The pulse was stretched to last for sev-
eral turns. Beam bunches near the peak of the pulse get
kicked out on the first turn, and beam bunches on the rise
of the pulse get kicked out on the second turn. To improve
the localization of losses, the kicker is fired with some de-
lay after the rf drive is taken away. Since the abort system
was implemented, most of the beam is now lost on the in-
jection septum, the second smallest horizontal aperture af-
ter ID4. In the first year, the SCUO quench rate decreased
from 80% to 14% of beam dumps. Fiber-optic beam loss
monitors mounted at the SCUs [21] show that with the
abort system, the local losses after a beam dump can be
reduced by an order of magnitude at SCUI and SCU®6 [19].

INTEGRATION OF HELICAL SCU

The HSCU presented a unique challenge, given the small
horizontal aperture of the vacuum chamber. Another chal-
lenge is that the beam chamber can only be cooled at the
ends, leading to a greater temperature rise at the center,
compared to the planar devices.

Lattice Change

HSCU vacuum chamber is the smallest horizontal aper-
ture in the APS storage ring: £13 mm. To make its ac-
ceptance larger than the two next-smallest acceptances in
the ring, the horizontal beta function at the device had to
be reduced from 20 m to 9 m. Multi-objective genetic op-
timization [22] was used to design the lattice without im-
pact on lifetime or injection efficiency. The lattice was first
tested before any hardware modifications. Figure 1 shows
the modified lattice functions at the HSCU location.
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Figure 1: Reduced lattice functions at the HSCU location.

Test Chamber

Unlike planar devices, the HSCU chamber cannot be
fully protected from synchrotron radiation heating, which
is, in this case, the dominant heat load.

Prior to HSCU installation, a test chamber with identical
13x4 mm half aperture and cross section (shown in Fig. 2)
was installed in the APS ring. Similar to the planar cham-
bers, calibrated heater wires were used to calibrate power
with temperature; the measurements are shown in Fig. 3.

Beam heating was estimated for the test chamber, assum-
ing 24 bunches; the results are shown in Table 2. For syn-
chrotron radiation, it is assumed that all incident photons
are absorbed. For the resistive wall power, room tempera-
ture resistivities of 3.2x10® Q m for Al, and 77.7x10% Q
m for SS, were used.

P
| S—

Figure 2: HSCU test vacuum chamber cross section. Heater
wires were installed in the four marked machined groves.
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Figure 3: Temperature increase as a function of heater
power at all ten sensors [data courtesy M. Kasa].
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Table 2: Prediced Beam Power on HSCU Test Chamber
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Beam Synchrotron Resistive  Resistive  Total®
current  radiation! wall, Al  wall?, SS
(mA) W) W) W)
25 7.2 0.8 0.2 8.2
50 14.4 32 0.9 18.5
100 28.9 13.0 3.5 454

1 Only on Al; SS transitions are shielded. Dipole fringe field is included.
2 Average full height of 15 mm used.
3 Thermal diffusion and conductivity differences are not included.

The chamber temperatures were then measured with 24
uniformly-filled bunches, shown in Fig. 4. The heat load
from the beam was found to be in reasonable agreement
with predictions. The total predicted heat load was 45 W at
100 mA, while the measurements gave 30-40 W. For the
cold HSCU chamber, the synchrotron radiation heat load is
the same, but the resistive heat load is lower because the
resistivity at low temperature is reduced. Therefore, the as-
sumptions in Table 2 are conservative.

Compton Scattering

After HSCU was installed, unexpected heating of the
magnet coils was observed with beam, but the vacuum
chamber temperature rise was consistent with <40 W inci-
dent power. The magnet coils exceeded 6 K at 80 mA (op-
erational current is 100 mA). The cooling capacity was
clearly exceeded because the LHe pressure was rising. The
magnet temperatures did not depend on the chamber tem-
& perature during scans of the bump in Fig. 5, showing that
"ithe magnet heating was not caused by chamber heating.
£ Furthermore, the magnet heating did not depend on bunch
- pattern (which changes the resistive-wall heating), point-
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Figure 5: HSCU chamber vs. magnet temperature.
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During preparations for HSCU installation, we had an-
ticipated potential issues with radiation heating, consider-
ing only small-angle scattering of high-energy photons in-
cident on the wall. An orbit bump was designed ahead of
time that reduces the heat load on the chamber by steering
the beam in the upstream dipole. When the orbit bump was
applied, the magnet temperature showed a strong depend-
ence on amplitude, shown in Fig. 6. The orbit bump was
later optimized to utilize dipole trims (Fig. 7), which re-
duced the size of the orbit bump at the sextupoles, while at
the same time increasing the exit angle at the dipole from
0.3 mrad to 0.5 mrad.
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Figure 6: Magnet temperature vs. kick (bump) amplitude.
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Figure 7: Bump using dipole trim. HSCU location is at far
right.

The literature [23] shows that Compton scattering is the
dominant effect in photon interaction with aluminum at
100 keV and above. Compton scattering in this energy
range can result in large-angle events that significantly re-
duce the path length of scattered photons through the vac-
uum chamber.

Post-factum simulations with MARS [24] confirmed this
hypothesis. Results show that 2-3 W of synchrotron radia-
tion could be scattered into the HSCU magnet coils, de-
pending on the average energy of the photons [25]. The
principle transfer mechanism for photon energies in the di-
pole radiation spectrum is Compton scattering. Simula-
tions also show that lowering the average photon energy
(Fig. 8) (e.g., by steering the electron beam) is an effective
method to reduce the fraction of Compton-scattered power
reaching the magnet, as observed experimentally. These
power levels are consequential to operation of the HSCU.

The orbit bump moves the radiation that reaches the
chamber into the dipole fringe field and, therefore, into a
softer energy range (Fig, 9). The total radiation power on
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the chamber is also reduced from ~20 W with no bump to
~10 W with the bump. The HSCU is presently in operation
with the orbit bump and does not experience any issues.
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Figure 8: Spectra of photons exiting Al vacuum chamber
as a function of dipole field, modeled with MARS.
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Figure 9: Dipole field for synchrotron radiation incident on
HSCU chamber, comparing bump and no bump.

CONCLUSION

Superconducting undulators have been successfully op-
erated at APS since 2013. The SCUs do not degrade APS
operation. The effect on the beam orbit is controlled using
feedforward, like any HPM ID. The heat load on the planar
SCU vacuum chamber matches predictions well. An abort
kicker reduces beam-dump-induced quenches, and self-
quenches (~once a year per device) do not dump the stored
beam. HSCU installation required a lattice change due to
the small horizontal aperture. The HSCU showed unex-
pected heating of the coils attributed to Compton scatter-
ing. This heating was mitigated using an orbit bump in the
upstream dipole.

Given the successful operational experience with SCUs
at APS, SCUs are included the APS Upgrade project [26].
The status of SCU development for APS Upgrade and be-
yond is described elsewhere [11, 27].
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