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Abstract

Since starting the user operation of Facility for Rare Iso-
tope Beams (FRIB) at Michigan State University in May
2022, the driver linac has provided more than a dozen ion
beam species from Oxygen to Uranium to the production
target. FRIB routinely provided 20 kW primary beams on
target since March 2025, which is a factor of 20 higher than
at the beginning of the scientific user operation. In this
presentation, the recent progress of FRIB driver linac beam
development, a discussion of efficient primary beam tun-
ing procedures based on physics applications, and acceler-
ator improvement projects for low-loss accelerator will be
discussed.

INTRODUCTION

FRIB is a heavy ion accelerator facility constructed at
Michigan State University under the corporate agreement
with the U.S. Department of Energy Office of Science to
support the Office of Nuclear Physics mission. The facility
is comprised of the driver linac, fragment separator, and
experimental area including 6 MeV/u reacceleator. Con-
struction was completed in January 2022, and user opera-
tion started in May 2022.

The driver linac is designed to provide a 400 kW contin-
uous wave beam to the production target [1]. The required
primary ions are generated in the Electron Cyclotron Res-
onance (ECR) source, selected after a 90° bend, and trans-
ported to the accelerator tunnel through 24-meter-long
Low Energy Beam Transport (LEBT). The beam is accel-
erated by Radio Frequency Quadrupole (RFQ) and the fol-
lowing three linac segments (LS1, LS2 and LS3). The
beam acceleration is provided by four types of Supercon-
ducting (SC) RF cavities with optimal § from 0.041 to 0.54.
For the beam focusing in the cryomodules, we use SC so-
lenoids equipped with horizontal and vertical steering
coils. The layout of the linac is shown in Fig. 1. For a de-
tailed description of the linac structure, we refer to earlier
publications, for example, [2]. The beam accelerated by the
LSI interacts with the charge stripper, which is a highly
beneficial technique for heavy ion accelerators. The elec-
trons are stripped off the ions while passing through a thin
material, which boosts the charge-to-mass ratio (g/4) of
beams for efficient acceleration. FRIB has developed 20 —
30 pm thick liquid lithium film as the stripper (LLCS) [3]
because of its high capability of thermal load and radiation
resistance. Due to the stochastic nature of the stripping pro-
cess, the output beam is distributed to several charge states.
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In most cases, the charge state distribution is a Gaussian
function, and the fraction of beam intensity in a single
charge state is low. Table 1 shows recently operated beams,
including the stripping efficiencies measured in FRIB. The
yield of the central charge state of the 23U beam is only
21% of the initial intensity.

Table 1: Beam parameters during the recent beam
operations. The stripping efficiencies were measured at
17 MeV/u for **Xe and 2**U, and 20 MeV/u for the rest of
ions.

Charge Energy at Stripping ef-
Ion states after the target ficiency

stripper [MeV/u] 1q / Multi-q
#Ca 19+, 20+ 225 72% / 98%
3Ni 26+, 27+ 250 66% / 94%
%47Zn 28+, 29+ 240 71% / 88%
82Se 32+, 33+ 200 74% / 88%
124Xe 48+ ~50+ 240 30% / 76%
238y 73+~ 77+ 177 21% / 83%

To provide higher stripping efficiency, the FRIB linac
has been designed to accelerate multiple charge states sim-
ultaneously. To avoid the growth of the effective emittance
due to trajectories’ displacement, the bending systems in
FS1, FS2 and BDS have been designed to satisfy achromat
conditions and merge all charge states’ central trajectories
after the bends [4]. The aperture in the dispersive plane is
sufficient to accept five charge states of the uranium beam
with charge state spread 4g/qc.n, equal to 5.3%. The multi-
charge acceleration substantially reduces the deposited
power of unwanted charge states on the Charge Selection
Slits (CSS) installed after the first bending dipole in the
FS1 and reduces required radiation shielding. In the present
CSS, absorbed beam power at the single spot is limited to
500 W. For example, after the stripping, the “Ca!®* fraction
is 26% and the 500 W limit corresponds to approximately
13 kW of ¥8Ca*" only delivered to the target.

The beam time of most experiments is less than a week.
Each experiment requires different primary ion species and
energy on the target. Therefore, shortening the primary
beam tuning time through efficient procedures is essential
to provide more time for science.
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Figure 1: Layout of the FRIB driver linac.

NEW BEAM DEVELOPMENT

The development of a new primary beam starts with a
pre-calculation of the accelerator setting by simulation
tools. The RF cavities’ from MEBT to the target are calcu-
lated by a model-based Instant Phase Setting (IPS) appli-
cation [5]. The amplitude and synchronous phase of each
cavity are optimized to meet the energy requirement and
provide sufficient stability area in the longitudinal phase
space. The calculated RF cavities’ settings are loaded to 3D
beam envelope code FLAME to calculate required focus-
ing fields. The solenoids in the acceleration segments LS1
and LS2 are set to provide the transverse phase advance per
period below 90°. Then, five sections of quadrupoles (up-
stream of the LS1, upstream of the LS2, upstream of the
stripper, FS2 and BDS sections) are optimized to match
Courant-Snyder (CS) parameters of all charge states sim-
ultaneously to the following beam optics. The magnets’
setting is registered to the application “Settings Manager”
[6] and matched CS parameters are registered to the beam
envelope tuning application in the accelerator control net-
work.

The calculated setting is applied to beamline devices at
the beginning of Primary beam Development Time (PDT).
The latter includes beam central trajectory tuning and en-
velope matching along the linac. We typically conduct
matching in 5 sections of the accelerator. RMS beam size
is measured in each location by varying quadrupole set-
tings to calculate the RMS CS parameters and calculate the
optimum quadrupole setting to match all charge states sim-
ultaneously.

RECENT PROGRESS WITH
LINAC TUNING

Since the start of the scientific user operation in May
2022, the beam power of the driver linac has gradually in-
creased to 20 kW. Up to now, 13 stable isotope (%0, ?*Ne,
28Gi, 3Ar, Ar, #¥Ca, **Ni, *Zn, 7°Zn, 3?Se, '**Xe, 1°*Pt, and
233U) beams have been accelerated up to 300 MeV/u and
delivered to the production target. In addition, seven iso-
tope (190, YAr, 8K, '7Ag, 12Xe, '°Tm, and 2*Bi) beams
have been provided to the test station in the Single Event
Experiment (SEE) beamline with energies ranging from 10
to 40 MeV/u.

Lithium Film Stage Feedback in Operation

We have observed the energy loss fluctuation at LLCS
from the beginning of its operation. Figure 2 shows energy
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loss distribution for '*Xe and *®U beams. There are
3 ~ 5 meta-stable states of the lithium film thickness
quickly jumping from one to another in a 0.1 s time scale.
The energy feedback system has been developed, and it is
in operation to stabilize the post-stripper energy and bunch
timing by automatically adjusting the driven phase of the
last cavity in LS1 with 0.1 s response time [7]. This feed-
back system helps us to control the longitudinal emittance
growth due to longitudinal tails folded by non-linear fields
in FS1 buncher cavities and minimize the beam losses in
the LS2 cryomodules. The letter results in the temperature
increase of cold beam pipes in the cryomodules. In the ab-
sence of the feedback, the beam losses in LS2 are increased,
especially for the uranium beam, if the stripper film sud-
denly jumps to another meta-stable state of the lithium flow.
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Figure 2: Distribution of energy loss at LLCS for **Xe
(pale blue) and 238U (pale red) beams without LLCS stage
feedback.

Another feedback system has been implemented re-
cently to stabilize the beam energy loss in the stripper. The
feedback automatically moves the LLCS stage vertically,
i.e. the beam spot on the film to correct the energy loss on
the film once the energy loss varies more than 5% from the
reference value which is set by an accelerator physicist dur-
ing the PDT. The feedback response time is approximately
tens of seconds. These two kinds of feedback systems sta-
bilize the output beam energy, arrival timing, and stripper
energy loss with two orders of different time scales. Fig-
ure 3 shows how the feedback worked in a recent operation.
The energy loss (red) suddenly increased from 0.43 to
0.49 MeV/u at (a). The post stripper energy (green)
changes accordingly but immediately returns to the origi-
nal energy by adjusting the LS1 cavity’s phase (blue). The
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stage feedback recognized the change of energy loss at (b)
and started moving the stage (purple). The motion of the
stage continued for ~45 sec, and the LS1 cavity phase con-
tinuously changed during the stage to keep the post-strip-
per energy through the end of motion at (c). Note that the
energies on this plot are average for the last one second, so
the energy feedback response is quicker than the plot. By
activating these feedbacks simultaneously, the temperature
increase in LS2 crymodules is reduced to nearly half,
which unleashes 50 kW operation for 233U and even higher
for lighter ions.
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Figure 3: The post-stripper energy and energy loss at LLCS
are controlled by energy and LLCS stage feedbacks. The
energies (red and green) on this plot are averages for the
last 1 sec, so the actual energy change is quicker than this
plot.

Acceleration of Five Charge States of Uranium
Beam

The world record of 10.4 kW was demonstrated in De-
cember 2023 by accelerating three charge states (3-q, 74+,
75+, 76+) [8] to 177 MeV/u, resulting in 58% stripping ef-
ficiency. While a 10 kW beam has been stably delivered to
the target for new isotope search, there were relatively high
beam losses in the FS2 and BDS, and temperature sensors
in the LS2 showed a 0.4 K increase. Note that at that time,
the stripper stage feedback was not available.

Further improvements of the 23U beam optics was
conducted in June 2024. The RF cavities’ setting was opti-
mized to provide stability for five charge states of uranium.
The differences between the central trajectories of all
charge states are mitigated to be within 1.5 mm in non-dis-
persive sections by carefully tuning dipoles, quadrupoles
and sextupoles in the bending systems. Also, the simulta-
neous 5-q transverse matchings were performed upstream
of the LS2, LS3, and BDS sections. This tune accepts 5-q
(73+ to 77+), and stripping efficiency was increased to
83%. During the ramping up of the beam power to the tar-
get, the beam image of 5-q on the 2.1 mm thick static car-
bon target was taken at 500 W as shown in Fig. 4. No beam-
lets were observed on the image, and RMS beam size on
both horizontal and vertical directions is below 0.5 mm.
This optics is our current reference setting and has been
employed for the recent 20 kW operations with trajectories’
corrections and some tunings in the front end to compen-

sate for the beam profile variation from the ECR ion source.
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The ICs, Neutron Detectors (NDs) and thermal sensor sig-
nals during the recent 20 kW operation are shown in Fig. 5
(top). Their signals from 220 to 240 meters come from the
stripper and CSS. ICs in FS2 and BDS detect signals below
20 mR/hr, which is less by a factor of 5 compared to 3-q
operation in 2023.

4
1.0
3
0.8
28
0.6
=
£ 1
e}
0.4
0 /
0.2
-1
0.0

1 0 1 2 3 4
X [mm]

Figure 4: Thermal image of 5-q 2*®U beam image on the
static fragmentation target. The temperature range is scaled
from 0 to 1.
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Figure 5: Beam loss signals during 20 kW 23¥U%1 (top) and
*8Ca? (bottom). The Neutron Detectors (NDs, blue), ion
chambers (ICs, green), and thermal sensors in LS2 cry-
omodules (red) are shown. The signals from 220 to 240 m
come from the stripper and the CSS.

Although the beam losses have been successfully miti-
gated, significant emittance growth was observed during
the transverse beam tunings. Figure 6 shows the measured
normalized emittance of each charge state. The emittance
of 73+ is approximately doubled at LS3 entrance and fur-
ther increased by ~3.5 times at BDS upstream. 74+ also
shows a factor of two growth from LS3 to BDS but much
less than 73+. The emittances of other charge states remain
nearly constant. The SC solenoids are installed for LSs
transverse focusing, which can mix up the horizontal and
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vertical emittance in 4D phase space if the beam is mis-
matched. The number of quadruples available for the
matching is ten for the section upstream of the LS2 and
eight for LS3, which is less than a number of quadrupoles
available in the BDS. This has motivated us to plan the in-
stallation of additional quadrupoles in these areas to better
match multi-q beams.

0.4

03 u73+x m73+y
_ T4+x 1 74+y
‘é m75+x m75+y
§02 m76+x m76+y
g u 77+
£ y
£

0.1

0.0

LS2 injection

LS3 injection BDS injection

Figure 6: Normalized transverse RMS emittances for each
charge state of 2**U°d beam measured by quadrupole scans.

Acceleration of Two Charge States of Calcium
Beam

As mentioned, 2-q acceleration is essential for the Ca
beam to deliver 20 kW or higher to the target while adher-
ing to the single spot power limit of 500 W at the CSS. 2-q
beam development started from #?Se beam, which is the
least 4q/qave in our beam list, and then gradually extended
to the Ca beam with the highest charge spread, 5.1%, close
to the design limit of the bending systems.

In the initial Ca beam development, substantial emit-
tance growth has been observed for 20+ through LS2 and
LS3. The solenoid setting in LSs was originally developed
for 20+ acceleration, and increased by 2.6% for 2-q accel-
eration. This setting has been kept even when cavity set-
tings were changed for different velocity profiles in LS2,
which resulted in high transverse phase advance per period
and irregular descent along the LS2, as shown with the blue
line in Fig. 7. Currently, we speculate that the higher sole-
noid fields negatively impact the emittance projections into
x-x’ and y-y’ phase spaces for the magnetized beam pro-
duced in the ECR. The solenoid setting was re-calculated
so that the phase advance starts at 90° and adiabatically
changes to ~35° as the green line in Fig. 7. After the beam
development with the new solenoid setting, the emittance
growth is mitigated, and beam losses at 20 kW are below
20 mR/hr in BDS.

ACCELERATOR IMPROVEMENT
PROJECTS

Recent 20 kW operations with Ca, Ni, Zn, Se, Xe, and U
beams show that the linac's beam losses are tolerable for
> 50 kW if they increase linearly with the beam intensity.
FS1 upgrade projects are underway to further reduce the
beam losses, especially those related to the lithium stripper,
and prepare the linac for acceleration of beams above
50 kW.
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Figure 7: LS2 Transverse phase advance per period and so-
lenoids' field in each cryomodule in original (blue) and
new optics (green).

Large Bore Quadrupoles around the Stripper

The thin liquid lithium film has limited thickness uni-
formity. Because beam energy loss is proportional to the
thickness of the film, beam energy spread increases with
larger thickness nonuniformity, resulting in higher longitu-
dinal emittance growth. Consequenly, the longitudinal halo
causes beam losses in the LS2.

Improving the film thickness uniformity is essential for
reducing the beam losses in the cryomodules. To mitigate
the nonuniformity on the beam spot, we have tuned quad-
rupoles upstream of the stripper in every PDT so that the
beam size on the stripper is as small as possible with RMS
beam size in quadrupoles below % of aperture to avoid any
beam losses. The black line in Fig. 8 shows the correlation
between beam size and the standard deviation of the thick-
ness of the beam spot when the average thickness on the
beam spot is 1.0 mg/cm?, which is evaluated using the
thickness distribution measurements [3]. The RMS beam
size on the stripper film has typically been 0.5 mm in recent
operations, and the thickness nonuniformity is
0.12 mg/cm?. The nonuniformity exponentially increases
as a function of the beam size, so it is crucial to maintain
beam rms size on the stripper 0.5 mm or less.

As the beam intensity increases for higher power opera-
tion, the beam emittance from the ECR ion source is pos-
sibly larger. In preparation for the larger emittance, we are
planning to replace the 9 quadrupoles around the stripper
(section “A” in Fig. 1) to allow the beam size to be main-
tained to a similar level or to enable further focusing of the
beam with smaller emittances. The beam dynamics simu-
lation shows that a larger aperture and stronger focusing
quadrupoles are necessary to keep the beam size small at
the stripper without beam loss on the quadruples. The cur-
rently installed 50-mm-bore quadrupoles (Q1-type) will be
replaced with 75-mm-bore quadrupoles (Q2-type). The
beam size was calculated by FLAME with various normal-
ized emittance from 0.1 to 0.3 m-mm-mrad and turned out
that we can keep same beam size even if the emittance in-
creases by 50% or reduce beam size by 30% at same emit-
tance as shown in Fig. 8. At the same time, we will also
install a 15-mm-radius collimator just after the stripper
module to eliminate large-scattered particles produced by
the stripper.
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After the replacement is completed, two replaced QI-
type quadrupoles will be installed upstream of the LS2
(section “B” in Fig. 1) and four will be upstream of the LS3
(section “C” in Fig. 1) to obtain additional knobs for trans-
verse matching of multi-q beams. The placement of new
quadrupoles has already been optimized by FLAME simu-
lations for measured 2*¥U%1 CS parameters.
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Figure 8: Li film thickness nonuniformity as a function of
RMS beam size (black). Maximum normalized emittance
allowing to reach the beam size on the stripper with current
quadrupoles (blue) and larger aperture quadrupoles

(green).

Installation of Second Harmonic Cavities

The feedback systems to compensate for post-stripper
energy and energy loss at LLCS are beneficial in reducing
the beam losses in LS2 cryomodules, but further mitigation
is required to deliver 100 kW-level beams to the target.

After the beam passes through the LLCS, the so-called
Landau tail describes its low energy distribution due to sig-
nificant energy transfer by a single collision. The left side
plot of Fig. 9 is the longitudinal acceptance for the '*#Xe
beam at the LLCS. The ions are lost in the LS2 if not in the
white area after the stripper. The black points are simulated
124X e beam particles. These particles are simulated from
the LEBT through the stripper. Then the energy loss of each
particle is calculated by SRIM [9] using a measured lithium
film thickness distribution. The low energy side of the ac-
ceptance is close to the beam, and possibly the Landau tail
is out of the acceptance. The right plot in Fig. 9 is the ac-
ceptance with 2" harmonics bunchers installed behind
each of the current 161 MHz bunchers. The energy ac-
ceptance is significantly expanded.
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Figure 9: Simulated longitudinal phase-space acceptance at
the stripper for ?#Xe* without (left) and with (right) sec-
ond-harmonic cavities and beam (black).
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Installation of New Wire Profile Monitors

Profile monitor scans for CS parameters calculation are
one of the most time-consuming procedures during a PDT.
The profile monitor at the matching sections is scanned
with at least six different quadrupole settings for each
charge state to calculate the CS parameters on x-x’ and y-
y’ phase spaces. The measurement time is linearly propor-
tional to the number of charge states. To make this proce-
dure faster, we plan to install three profile monitors in the
LS3 BTS (section “D” in Fig. 1). This section is a periodic
FODO lattice with a 60° transverse phase advance per pe-
riod. These profile monitors will be installed in the middle
between the quadrupole doublets. Figure 10 shows the sim-
ulated rms beam ellipses on x-x’ (top) and y-y’ (bottom)
with constraints imposed by the profile monitor measure-
ments for 23¥U%,
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Figure 10: RMS beam ellipse on x-x (top) and y-y’ (bot-
tom) for each of 2*8U% beam and constraints imposed by
three profile monitor measurements in LS3 BTS.

SUMMARY

FRIB linac routinely delivers 20 kW ion beams to the
target from oxygen to uranium. We maintain uncontrolled
beam losses at the level of 10, At the current beam power
level, these losses are well below 1 W/m which is an ac-
ceptable value for high power proton linacs. There is a hy-
pothesis that the beam losses in the superconducting cavi-
ties can cause field emissions. Therefore, we keep the beam
losses in the post-stripper linac about two orders of magni-
tude lower than 1 W/m. Recently, accelerator tunes have
been developed for 2*¥U% and **Ca?? beams characterized
by low beam losses and suitable for higher beam power.
The recent implementation of fast energy feedback and
slow LLCS stage feedback reduced the beam losses in the
LS2 cryomodules, which is good progress toward the next
beam power level of 50 kW. Accelerator improvement pro-
jects are ongoing to mitigate further beam losses related to
the LLCS, shorten the PDT, and increase science time.
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