5th North American Particle Accel. Conf.
ISBN: 978-3-95450-232-5

NAPAC2022, Albuquerque, NM, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2022-THZD1

INSTANT PHASE SETTING IN A LARGE SUPERCONDUCTING LINAC *

A. S. Plastun, P. N. Ostroumov
Facility for Rare Isotope Beams (FRIB), Michigan State University, East Lansing, MI, USA

Abstract

The instant phase setting reduces the time needed to setup
328 radiofrequency cavities of the Facility for Rare Isotope
Beams (FRIB) linac from 20 hours to 10 minutes. This tech-
nique uses a 1-D computer model of the linac to predict the
cavities’ phases. The model has been accurately calibrated
using the data of the 360-degree phase scans — a common
procedure for phasing of linear accelerators. The model
was validated by comparison with a conventional phase scan
results. The predictions applied to the linac are then verified
by multiple time-of-flight energy measurements and the re-
sponse of the beam position/phase monitors (BPMs) to an
intentional energy and phase mismatch.

The presented approach not just reduces the time and
the effort required to tune the FRIB accelerator for new
experiments every couple of weeks, but it also provides
an easy recovery from cavity failures. It is beneficial for
user facilities requiring high beam availability, as well as
for radioactive ion beam accelerators, where quick time-of-
flight energy measurement via the BPMs is not possible due
to the low intensities of these beams.

INTRODUCTION

The Facility for Rare Isotope Beams (FRIB) is a new U.S.
Department of Energy (DOE) Office of Science user facil-
ity [1]. Maintaining high beam variability and availability
are our goals. The variability is important because the user
experiments last only about a week or two, and the facility
needs to be quickly retuned for a new user. The beam avail-
ability is essential for good user experience and scheduling
of the experiments.

The FRIB driver linac is a folded superconducting RF
(SRF) accelerator, as shown in Fig. 1. The number of inde-
pendently phased RF cavities in the linac is 328 [2—4] (see
Table 1), which makes it very flexible for acceleration of
various ion species to different energies. Changing the beam
velocity profile requires the rephasing of many cavities. The
variance of the energy loss of different ion species in the
charge stripper makes scaling from one beam to another
challenging. When the tune is established and the experi-
ment is running, statistically the chance of a cavity (or its
RF circuit) failure is not negligible [5]. The fault scenarios
may require the retuning of several cryomodules or even
linac segments. If it is done by conventional phase scans, it
takes many hours. In this paper, we describe a model-based
phasing approach that allows us to change velocity profiles
in just several minutes.

* This work is supported by the U.S. Department of Energy Office of
Science under Cooperative Agreement No. DE-SC0000661, the State of
Michigan, and Michigan State University.
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PHASING OF A LINEAR ACCELERATOR

Tuning of field amplitudes and phases of cavities is in-
tended to match the design velocity profile and to provide
sufficient stability of longitudinal motion of the beam parti-
cles [6]. Usually, it is performed by a phase scan procedure
when the cavity phase is scanned in a range of up to 360°
and the beam energy is measured. The measurement can be
done in different ways, for example, using a sole calibrated
dipole magnet [7] or in a combination with a beam position
detector [11], using silicon detectors [8,9], or various time-
of-flight techniques by means of gamma-ray detectors [7],
fast current transformers [10], beam position/phase monitors
(BPPMs or BPMs) [12, 13] and even cavities as the beam
phase detectors [14, 15]. The measurements are usually fit-
ted into a model, which sets cavities to a given accelerating
(also known as synchronous or reference) phase.

A first-order model, coupling the input Wi, and output
Wout beam energies, follows from the Panofsky equation [6,
16] (which was originally derived for an accelerating gap of
a drift-tube linac) and can be written as:

Wout = Win + AWax COS(‘PCaV + A‘P)’ (D

here AWy, is the maximum energy gain of a charged par-
ticle, which can be achieved in the cavity at a given field
level, ¢,y is the cavity phase control variable, and Ay is the
phase offset of the cosine-like waveform which depends on
delays in the cavity’s RF circuits and the beam arrival time
to the cavity. The cavity is tuned to a given synchronous
phase ¢ when ¢cay + Ap = 5. Assuming the input energy
is known from the phasing of an upstream cavity, Eq. (1)
has two unknowns, namely the AW, and the Ag, which
can be found from at least two sets of (¢cay, Wout)-

In SRF linacs phase scans may look significantly different
from a cosine curve due to high accelerating field amplitudes
and low beam energies. Figure 2 presents several examples
obtained by particle tracking, as well as their first and second-
order approximations [17]. In such cases, the cavity phase
¢eav corresponding to the desired ¢, should be set in the
same way as the particle tracking (beam dynamics) codes
do that.

Table 1: FRIB Linac Cavities

Type # Segments Popt  Va (MV)
Buncher 2 MEBT 0.038 0.10
QWR041 12 LS1 0.043 0.81
QWRO085 92 LSI1,FSl1 0.086 1.78
IH-Buncher 2 FS1 0.185 1.00
HWR029 72 LS2 0.290 2.09
HWRO053 148 LS2,FS2,LS3 0.543 3.70
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Figure 1: Layout of the FRIB driver linac.

At FRIB, for example, we use the TRACK code [20] for
beam dynamics simulations. TRACK sets ¢,y by getting
the phase of the maximum energy gain, and adding the ¢  to
it. In order to find the maximum energy gain phase, TRACK
does several steps. First, it calculates the energy gain of a ref-
erence particle for 900 values of ¢,y uniformly distributed
in the range of [—180°, 180°]. Then the code creates a cubic
spline using these data and evaluates it at 36,000 points in
the same 360°-range. Finally, it selects the point giving the
highest energy, which is then added to ¢, and set as @cay.
This procedure is performed sequentially for every cavity in
the lattice.

History of Phase Scans at FRIB

Beam commissioning of the FRIB SREF linac started in
July 2018. Twelve QWRO041 cavities (see Table 1) acceler-
ated the *°Ar™* beam to 2 MeV/u. A simple one-page-long
python script scanned ¢,y with 10° steps and measured the
phase signal of the nearest downstream BPM. Following the
TRACK phase setting procedure, the measured data were
interpolated by a cubic spline and displayed to the user. The
phase corresponding to the minimum of the curve (i.e. the
maximum energy gain) was found by eye, added to the given
¢s, and set as the cavity operating phase. The accuracy of
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Figure 2: Phase scans of SRF cavities and their approxima-
tions. The field levels are at the design values. The field
aps of the PIP-II [18] and SPIRAL?2 [19] cavities used for
these calculations are not exact.

the setpoint obviously could not exceed 5°. The field set-
points in the cavities were set based on rf field calibration
and were not adjusted to match the simulated velocity profile.
Tuning of these twelve cavities took about 5 hours.

The next commissioning stage was completed in Febru-
ary 2019 and made the FRIB driver accelerator the highest
energy continuous-wave hadron linac in the world. The ac-
celeration was done in an LS1 segment of the linac, which
includes 14 cryomodules housing 100 SRF cavities. The
need for automated phase scans was clear after the previous
commissioning run. An extrapolation from 12 cavities in
5 hours to 100 cavities gives 42 hours or five 8-hour shifts.

We developed a high-level application (HLA) to automate
most of the cavity tuning work. The turn-on procedure
for LS1 cavities was already automated by that time [21,
22]. The HLA turned on cavities, performed phase scans,
set requested synchronous phases, saved the scan data, and
it could do that for a sequence of cavities with no human
intervention. The HLA was called ALPha, which states for
an Automated Linac Phasing.

ALPha used a difference of two BPMs’ phase signals to
find the cavity’s phase of maximum energy gain. It did 30°
steps, measured the BPM phases at every step, built a cubic
spline with these data, evaluated it at 0.05° steps, and se-
lected the point with the lowest BPM phase difference. And
as before, this cavity phase was added to the synchronous
phase value and set as an operating phase.

A new remarkable feature was that ALPha adjusted the
field setpoints to match the simulated beam energies. The
40Ar%* beam reached the energy of 20.3MeV/u in a total
phasing time of about 10 hours, which also included the
interleaved transverse trajectory corrections (which them-
selves were done manually at that time). Next two years we
worked on minimizing the cavity turn-on time, increasing
the field and phase ramp rates, using 5 Hz BPM data instead
of 1 Hz, and reducing the number of the phase scan steps.
Currently, phase setting for the whole LS1 still takes about
5 hours.

The beam commissioning of LS2 took place in March
2020, when 148 out of 168 SRF half-wave resonant cavities
accelerated the fully-stripped 3°Ar'®* beam to 204.4 MeV/u
in 12 hours. The automated turn-on was not available for
LS2 cavities yet. When doing phase scans at the end of LS2,
we had an issue related to their accuracy. First, the BPM
signal strengths were lower than we observed at the begin-
ning of LS2 because the voltage measured on the outputs
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of a button-like BPM is inversely proportional to the beam
velocity [24]. Second, the beam energy was significantly
higher than the energy gain in a single cavity. Therefore, the
relative variation of the beam velocity and its time of flight
during the phase scan was small. Third, the beam did not
have a long drift space at the end of LS2 to accumulate any
significant time of flight. A combination of these factors
made the phase scan data noisier than we observed before.
Reduction of the step size and taking more data samples at
each step would help to overcome this problem. However, at
that moment ALPha could make only one measurement per
step and still used the cubic spline interpolation which in
presence of measurement errors is prone to detect the point
of maximum energy gain incorrectly. The next day after the
beam commissioning, the code of ALPha was changed to fit
a two-harmonic waveform [17] into the measured data. A
comparison between interpolation and approximation of the
measured phase scan data is presented in Fig. 3.
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Figure 3: Cubic spline interpolation and 2-harmonic curve-
fit approximation of the phase scan data.

Phase scans of the LS3 cavities do not have the accuracy
problem thanks to a long drift section (see Fig. 1). Table 2
presents our best estimate of the time required for phase scans
if they are done today. If one includes the time for trajectory
correction, tuning of the folding segments, measurement of
the charge state distribution after the charge stripper, and
other necessary procedures, the tuning would take about
24 hours. When user experiments last only about a week
or two, the tuning time significantly impacts the availability
of the facility. The instant phase setting is, therefore, very
demanded at FRIB.

Table 2: Phase Scan Duration

Segment Cavities Duration (HH:MM)
MEBT 2 0:10
LS1 12 + 88 5:00
FS1 4+2 0:20
LS2 168 12:00
FS2 4 0:15
LS3 48 2:00
Total 328 19:45
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INSTANT PHASE SETTING

The instant phase setting (IPS) is a model-based tuning
approach. The IPS model does not rely on any transit-time
factor models and performs numerical integration of 1-D
particle motion. The system of ordinary differential equa-
tions describing the phase trajectory of a particle can be
written as

aw
d =qE.(z,1),
Z
dt 1 @
dz v,

Here W is the particle kinetic energy, g is the charge of the
particle, E.(z,t) is the longitudinal component of the elec-
tric field in the linac at the longitudinal position z and time ¢,
v, is the longitudinal component of the particle velocity and
is related to the particle kinetic energy via formulas of rela-
tivistic mechanics [6]. Let us first consider a single-cavity
case. The field distribution E,(z) in a cavity is simulated
in CST Studio Suite [25], scaled by a coefficient K and the
field setpoint A, and multiplied by a time term including the
phase setpoint ¢,y of the cavity as follows:

E (z,t) =K -A-E (z) - cos(wt + Ap + ¢cay).  (3)

Here Ay is a value representing a sum of all RF circuit
delays and may be considered a phase offset of the cavity
relative to the stable RF reference line, see Fig. 4. Every
cavity and BPM have their own phase offsets. We assume
they, as well as the K values, do not change unless the RF
circuit has been changed. By solving Eq. (2) with initial
conditions

W(=Lecav/2) = Wo, 4)
t(=Lcay/2) = to,

We get the beam energy at the exit of the cavity and the :

arrival time to this point. A set of parameters (K, Ag) is
found by fitting the Eq. (2) solution to the measured phase
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Figure 4: Simplified scheme of an RF system for a short
segment of a linear accelerator.
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scan. In this text, we call it cavity calibration. A model-
based tuning method developed at Spallation Neutron Source
(SNS) [23] also uses similar techniques to fit the model
parameters.

If a cavity is placed at z = zcay, Eq. (3) changes to

E,(z,t) =K -A-E (2 — Zcay) - cos(wt + Ap + @cay). (5)

Now, any sequence of N cavities can be described by a
linear combination of Eq. (5) for every cavity:

N
E.(z,t) = ZKn'An'EZ(Z_Zn)'Cos(wt"'A‘Pn'Hpn)- (6)

n=1

The phase offsets of the model’s BPMs can be calibrated
in the same way as the cavities. The IPS models for each
linear segment of the FRIB linac have been developed and
calibrated using the previously obtained phase scan data.
Accurate positions of cavities and BPMs are important for
the calibration. We got them from the alignment survey data.

Validation

The first test of the IPS model was performed with the last
17 cavities of LS3. The synchronous phases of these cavities
were varied from -10° to -90° with 10-deg steps, and the LS3
output energy was measured and compared with a cosine law.
The plot of the data is shown in Fig. 5. A little discrepancy
at -20° and -10° is due to the transit-time factor decrease
in the cavities. That was a successful demonstration of the
model-based phasing in the FRIB linac.

The next test was done with 72 HWRO029 cavities in LS2
in the beginning of the liquid-lithium stripper commission-
ing. The cavities were phased by the IPS model, and then we
turned off them sequentially to measure the output energies.
Figure 6 presents the difference between the model predic-
tion and the measurements. Despite the variation of the
input LS2 energy, the energy difference is not accumulated
toward the end of the HWRO029 section.

A comparison between the phase scans performed by
ALPha and the IPS model prediction was also done for
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Figure 5: Model-based rephasing of last 17 LS3 cavities.
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profile established by conventional phase scans and the one

predicted by the IPS model.

88 LS1 QWRO08S5 cavities. LS1 had been phased by AL-
Pha to 17 MeV/u, and the phase scan data had been supplied
to the IPS model and used to calibrate it. Then both ALPha
and the IPS model phased LS1 to the same 20 MeV/u ve-
locity profile, and we reviewed the difference in the BPM
phases obtained by both methods. Figure 7 presents the plot
of these data. Although it reaches -50° at the end of LS1, the
cavity-to-cavity difference is within 1°. A closer look at the
phase scans revealed that the two-harmonic approximation
returns about 0.5-deg-different points of maximum energy
gain, which ALPha uses to set the operating phases. We
assume this value is the accuracy of the existing IPS model.
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Figure 8: Transverse-longitudinal coupling in a cavity.
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We experimentally studied the transverse-longitudinal
coupling in the beam acceleration and found it in perfect
agreement with analytical estimates, see Fig. 8. We steered
the beam upstream of the cavity and measured the output
beam energy as well as the beam position at the nearest
downstream BPM. From geometrical calculations, we found
the beam position at the cavity center and put it into an argu-
ment of the modified Bessel function [6]. This coupling is
an important factor for cavity calibration. It also contributes
to the beam energy gain through the finite beam size even if
the beam is aligned to the cavity axis.

Envelope Mapping

Another technique that we implemented to verify the IPS
tunes is the longitudinal envelope mapping. It is an exten-
sion of the SNS "longitudinal shaking" method [26]. By
detuning the phases of the MEBT bunchers, the beam center
can be mismatched in the phase-energy domain in a way that
it appears on the rms ellipse (estimated from simulations)
at the LS1 entrance. The mismatched beam trajectory then
represents the phase trajectory of a particle as if it originated
at the mismatched beam center. This trajectory can be mea-
sured by the linac BPMs. If one evaluates other points on the
same rms ellipse, the BPM phases show the transformation
of the initial ellipse along the linac. The envelope of these
trajectories becomes the rms envelope.

It is important to note that this is not a measurement of
the rms bunch length, this is only a mapping of a given
initial phase-space ellipse. Moreover, this method does not
do correct mapping in the post-stripper part of the linac,
because it cannot handle the longitudinal emittance growth
due to energy straggling in the stripper. However, if the
emittance growth is not very large, the envelope mapping
gives a good understanding of the envelope matching and
stability of the beam motion. An example of the envelope
mapping in the whole FRIB linac is presented in Fig. 9.

Bunch Length Measurements

To make the envelope mapping data actually represent
the beam envelope, we need to measure the bunch length in
several points along the linac and match it to the mapped
envelope. The measurements also give an estimate of real
beam emittance. An easy and convenient way to measure
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the bunch length is the acceptance scan method [27, 28].
We shift the phases of LS2 cavities by the same angle and
make the longitudinal acceptance shift relative to the beam.
Then the derivative of the measured LS2 transmission curve
becomes the longitudinal beam profile. We performed these
measurements in several places in LS2 and got information
about the bunch length variation (an indicator of the beam
envelope mismatch) and the variation of bunch position
relative to the reference particle (an indicator of the beam
trajectory mismatch). The information about the bunch tra-
jectory is particularly important for the multiple charge state
acceleration in LS2 [29]. An example of the bunch length
measurement in LS2 is shown in Fig. 9.

CONCLUSION

The presented IPS model has been implemented in a new
HLA and is used routinely for the FRIB linac operations.
Its superior capabilities have been demonstrated during the
beam commissioning of a new FSEE beamline of the linac
(see Fig. 1) [30], when during one evening we developed,
applied, and tested four different velocity profiles in LS1 for
three different ion species: “’Ar!** at 36.6 MeV/u, 107+
at 41 and 44.7MeV/u, and 'PXe28* at 27 and 15MeV/u
(these two share the same velocity profile). During one of
the FSEE experiments a faulty cavity had been bypassed in
only 10 minutes and the beam energy was recovered.

The IPS model was successfully applied to setup beams
for the first three FRIB user experiments. For example, the
settings for the first experiment were established by one
accelerator physicist in 6 hours from the ion source to the
beam dump at the end of LS3.

The IPS is planned to be applied for the phasing of the
MSU ReAccelerator facility which currently relies on the
time-consuming Si-detector energy measurements [8].
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