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A key challenge in particle accelerators is to achieve high peak intensity. Space charge is particularly
strong at lower energy such as during injection and typically limits achievable peak intensity. The beam
stacking technique can overcome this limitation by accumulating a beam at high energy where space charge
is weaker. In beam stacking, a bunch of particles is injected and accelerated to high energy. This bunch
continues to circulate, while a second and subsequent bunches are accelerated to merge into the first. It also
allows the user cycle and acceleration cycles to be separated which is often valuable. Beam stacking is not
possible in a time varying magnetic field, but a fixed field machine such as an fixed field alternating
gradient accelerator (FFA) does not sweep the magnetic field. In this paper, we describe experimental
demonstration of beam stacking of two beams at KURNS FFA in Kyoto University. The momentum spread
and intensity of the beam was analyzed by study of the Schottky signal, demonstrating stacking with only a
slight increase of momentum spread of the combined beams. The intensity of the first beam was, however,

significantly reduced. rf knockout is the suspected source of the beam loss.
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I. INTRODUCTION

The next generation intensity-frontier machines demand
increasingly high beam powers. Some applications of
high intensity beams, such as proton drivers for a spallation
neutron source or neutrino physics [1-3], require high
average beam power. Meanwhile, other applications demand
high peak beam power as well as high average beam power.
For example, a proton driver for a muon collider would
demand high peak beam power because the collider lumi-
nosity depends on the number of particles-per-bunch [4].

Beam energy and average current determine the average
beam power of a particle accelerator. Average current is the
product of particles-per-cycle and the repetition rate. To
achieve a higher average beam power, either the repetition
rate or particles-per-cycle must be increased. While the
particles-per-cycle has a fundamental physics limitation in
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the form of space charge, the repetition rate is limited only
by the technology of the accelerator. From a beam physics
perspective, continuous acceleration is the easiest way to
achieve a high average beam current. However, applica-
tions such as spallation neutron sources demand a pulsed
time structure [5].

A beam’s space charge tune shift is given by [6]
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where O, and Q, are the horizontal and vertical tunes,
respectively, r,, is the classical proton radius, n, is the total
number of particles, R is the average machine radius, f = 2
is the relativistic velocity, y is the Lorentz factor, Exy is the
geometrical transverse emittance in the horizontal and

vertical plane respectively, D, is the average dispersion
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function, 6p/py is the momentum spread, ﬁx,y is the
average lattice f function in the horizontal and vertical
planes, respectively, and B is the bunching factor. A(Q,)
and A(Q,) must both be less than 1 to avoid crossing
resonances, which limits the number of particles-per-cycle.
It can be seen that f%y® increases during acceleration, so
A(Q32) and A(Q3) decrease rapidly with beam energy. In
other words, average beam power is limited by a beam’s
properties at injection.

This interpretation assumes beams are injected, accel-
erated, and extracted from the ring one at a time. If multiple
beams could be fully accelerated and combined into single
bunch at a higher energy, then n, could be increased for a
given tune spread. This process, known as “beam stacking,”
is one way to increase the number of particles-per-cycle;
although we must now distinguish machine cycles T',.. and
extraction for a user cycle T.. The time periods of these
are related by Tr = N T,c» Where N, is the number of
stacked beams. The proposed scheme is to increase the
number of particles-per-user-cycle by stacking multiple
beams at the extraction energy. Since the number of
particles-per-accelerator cycle is smaller by N times, the
space charge spread need not be a limitation. To avoid large
values of Ty, T, must be minimized, and a proper
stacking procedure must be established to prevent beam
loss and control emittance.

By allowing the extraction rate and intensity to be varied
cycle-to-cycle, a spallation neutron source based on stack-
ing would be a first of its kind in terms of experimental
flexibility. Target stations could be envisaged with different
repetition rates and different peak beam powers, while
maintaining the same average beam power. Users of such a
facility would have the option of lower-intensity rapid
pulses or higher-intensity slow pulses. The implications of
this new regime are yet to be fully explored.

Beam stacking [7] is possible only if the stacked beam
can be kept circulating in the ring during subsequent beam
acceleration. Fixed field alternating gradient accelerators
(FFAs) enable this operation. FFAs use fixed-field magnets
whose strengths vary with a beam’s orbit. They differ from
synchrotrons, whose magnet strength is synchronized with
beam momentum [8-12]. The cycle time of an FFA is
defined entirely by the available rf power and its low-level
control. Repetition rates on the order of kHz have been
demonstrated [13], which represents an order-of-magnitude
improvement compared to current rapid cycling synchro-
trons [14].

Since Liouville’s theorem prohibits the increase of phase
space density by adding particles, the stacking technique
proposed here stacks consecutive beams on the momentum
direction. This increases longitudinal emittance proportion-
ally to the number of stacked beams, while maintaining
transverse emittance. Such a scheme was first proposed
and demonstrated in the FFA accelerator at Midwestern
University Research Association [15] and developed at the

CERN ISR [16]. It requires an accelerator with a large
momentum acceptance, such as an FFA, which accom-
modates the range from injection to its design maximum
momentum. Provided the rf frequency sweep range from
injection to extraction is within the revolution frequency of
an injected beam, an FFA can simultaneously accelerate
one beam while storing another in a single machine. This
suggests that a high intensity FFA, which exceeds the
intensity of conventional accelerators, could be possible,
and is one reason they are being considered as a driver for a
future spallation neutron source [5].

While beam stacking has already been demonstrated, the
process must be optimized if it is to be applied at high
intensities. In particular, this study aims to minimize the
momentum spread of two stacked beams at an operating
FFA facility and investigate sources of beam loss during
the process. In this paper, details of the stacking process
are introduced as part of a simulation study in Sec. III,
and experimental results are then presented in Sec. V.
Experiments were carried out on the FFA accelerator at the
Institute for Integrated Radiation and Nuclear Science,
Kyoto University (KURNS), which is introduced in Sec. II,
and the particulars of these experiments are described in
Sec. IV. This paper concludes with a discussion and
summary in Secs. VI and VIL

II. KURNS FFA

The beam stacking experiment was performed using the
machine development time of the FFA accelerator at
KURNS. The FFA accelerator complex at KURNS was
designed as a proton driver for an accelerator driven system
[17]. It consists of a negative hydrogen ion souce, an
11 MeV linac, a 150 MeV FFA accelerator, referred to as
the main ring (MR), and beam transport lines [18]. The
main parameters of the complex are shown in Table I.

The MR is a radial scaling FFA accelerator [8—10] using
DFD triplet cells with 12-fold symmetry, as shown in

TABLE 1. Basic parameters of KURNS FFA accelerator
complex.
Linac

Repetition rate <200 Hz
Peak current <5 pA
Pulse length <100 ps
Energy 11 MeV

Main ring
Symmetry 12
Field index k 7.5
Energy 11-150 MeV
Betatron tune (3.64, 1.36)
Momentum compaction 0.12
Revolution frequency 1.6-4.3 MHz
rf voltage 4 kV
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FIG. 1. Footprint of KURNS MR. Main magnets are shown as a
red rectangular box. Injection and extraction orbits are shown
with green and blue lines, respectively. Some equipments are also
shown as indicated.

Fig. 1. Negative hydrogen beams are injected into the
MR through a charge stripping foil made of carbon with
thickness of 20 pg/cm?. No pulsed magnets are used for
the beam injection. Injected beams are captured and
accelerated by a moving rf bucket. In typical operation,
the rf voltage is fixed at 4 kV and the synchronous
phase is 20° over the acceleration; the orbit shift at injection
corresponds to 1 mm/30 turns (or 24 mm/MeV).
Simulations show that the rf bucket is fully filled in this
injection scheme [19]. The revolution time at injection in
the MR is 660 ns, and the typical pulse duration of the
injected beam is 100 ps, which corresponds to about 150
turns. Two kicker magnets and one septum magnet are used
for the beam extraction.

The major instruments used in this experiment are an rf
cavity in long straight S8, a full aperture bunch monitor
(FAB) in S5, which is discussed in Sec. IVC, and a
position-sensitive single plate bunch monitor in S3.

III. STACKING PROCESS IN SIMULATION

The aim of the stacking process is to place individual
coasting beams next to one another in momentum space,
ideally without an intervening gap and without emittance
increase. The first step is to accelerate the first bunch to the
desired energy E,..; = Egac With longitudinal emittance
&r. The rf waveform should ensure that the synchronous
phase ¢, reaches zero once the beam reaches Ej,. The rf
voltage is then reduced sufficiently slowly to achieve
adiabatic debunching, i.e., to ensure no emittance increase.
In that case, the energy spread of the coasting beam will be
OE;, = €Wy /27, Where wg,e is the angular revolution
frequency at Eg .

If the second bunch is then accelerated to the same
energy E,.., = Eg. the rf bucket passing through the

first beam will result in phase displacement of that beam
[20]. As a consequence of Liouville’s theorem, the final
mean energy of the first beam decreases by (AE), i.e.,
Eycer = Egtack — <AE>D’ and <AE>D = Awae /27, where
A is the bucket area. To ensure the first and second beams
are stacked without separation, (AE);, must be equal to the
energy spread of each coasting beam §E,,. It follows that the
condition A = ¢; must be satisfied, i.e., the bucket must be
full when the second beam arrives at Eg,. Since the
second beam ends up supplanting the first beam in
longitudinal phase space, this case is sometimes called
stacking at the top. Simulation results depicting this
scenario are shown in Figs. 2(a) and 2(b).

Phase displacement also results in an increase in the
energy spread of the first beam once the bucket has passed
through. This is because the energy displacement of
individual particles depends on their proximity to the rf
bucket as they pass through the out-of-bucket channel [21].
The rms energy increase depends on the area of the rf
bucket and the synchronous phase [22]. This effect is called
scattering. In the simulation results shown in Fig. 2(b), the
effect of scattering can be seen in the increased momentum
spread of the first beam (blue points) compared with the
second beam (orange points).

In order to avoid the effective emittance increase caused
by scattering, the second beam should be placed below the
first in momentum space (so-called stacking at the bottom).
In this case, the rf program is adjusted so that the second
beam arrives just below the first beam in momentum space.
Ideally, there should be no gap between the two beams and

dp/p

-2 0 2
Phase (rad)
(b)
0.003
0.002
2 0.001
S
0.000
—0.001
-2 0 2 -2 0 2
Phase (rad) Phase (rad)
(c) (d

FIG. 2. Longitudinal phase space for the case of stacking at the
top (a), (b) and stacking at the bottom (c), (d) without gap. The
figures on the left (a), (c) show the distribution at the point when
the synchronous phase reaches zero in each case. The black
contour shows the rf bucket separatrix. The figures on the right
(b), (d) show the distribution after the rf voltage has been
gradually reduced to zero. The area between the dashed black
lines on the right is equal to the bucket area in the figures on
the left.
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the second beam should completely fill the stationary
bucket [Fig. 2(c)]. Following adiabatic debunching, an
ideal stack of both beams is obtained [Fig. 2(d)].

However, in practice, it may not be possible to stack at
the bottom without gap. Here, we describe two consid-
erations that can result in a gap between the two beams.
First, if the moving rf bucket makes too close an approach
to the already coasting beam, some particles may be phase
displaced, resulting in an increase in energy spread. In this
case, the separation between the two beams should be
greater than JE,, to avoid phase displacement. Second, it
may not be possible for the second beam to completely fill
the rf bucket without some particles near the separatrix
being lost during acceleration. Figure 3 shows a case where
both of these conditions apply. The separation between the
beams after debunching, shown in Fig. 3(b), is a result of
the fact the energy separation is greater than 6E,, and the rf
bucket is not filled (A > ;).

A set of simulations, using a longitudinal tracking code,
was carried out in order to calculate the optimal conditions
for stacking within constraints dictated by our experimental
setup. During the simulation, the second beam is accel-
erated and stacked alongside the first beam, which is
already coasting at energy FE,.. At the start of each
simulation, the rf voltage is 4 kV and the synchronous
phase, ¢, = 20°, according to the nominal operating
parameters of the KURNS machine. During the first
10,000 turns of the simulation, ¢, is reduced linearly to
zero. At the same time, the rf voltage is reduced to 0.35 kV
in order to reduce the bucket area, and hence increase the
bucket fill factor (the final bucket fill factor is 0.77). During
the subsequent 5000 turns, the rf voltage is reduced to zero
to debunch the beam. The results of one the simulations are
shown in Fig. 3.

The longitudinal tracking code integrates the energy E;
and phase ¢; of each particle i from turn n to n + 1 with the
following kick-drift algorithm:

EMY = B 4 v sing”,

0
Phase (rad)

(@) (b)

0
Phase (rad)

FIG. 3. Stacking at the bottom [as in Figs. 2(c) and 2(d)] but in
this case A > ¢; and the separation between the beams is greater
than 6E,,.

where Vé") is rf voltage amplitude at turn n and the angular

revolution frequency of each particle w; follows from the
FFA scaling condition [8—10]:

_k_

W — o E. ot < Pi >"+1

i — Wref s
Ei Pref

where p; is the momentum of each particle, s and E
are the angular frequency and the total energy at reference
momentum p,.r, respectively, and k is the field index. The
if frequency term w,¢(¢p?) assumes a linear variation in rf

frequency between @'} to a):‘f+1 depending on the phase of

each particle qﬁl(."). It should be noted that this algorithm
implicitly includes phase slip to all orders. High order terms
in phase slip need to be included for accuracy when the
difference between the rf frequency and the revolution
frequency of the coasting beam is significant.

For each simulation, the final energy of the second beam
is set to be greater than or less than the initial energy of the
first coasting beam E,. (we refer to the difference as the
energy separation AEg ., = Ey.cr — Eguer, Where Ey.o 18
the final energy of the second beam). This is done by
adjusting the initial energy of the second beam at the start
of the simulation but keeping the voltage and ¢, pattern
fixed. The momentum projections shown in Fig. 4 show
some representative examples of the coasting beam dis-
tribution, depending on the choice of AEg,. The full
momentum spread spanning both beams, as well as the
momentum spread of the individual beams, is shown as a
function of AE, in Fig. 5.

We can identify three regimes in Fig. 5, corresponding
to the case where the rf bucket does not cross the first
beam (AEg, < AE,,), the partial crossing regime
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FIG. 4. Relative momentum projection of two coasting beam
distributions when the second beam (orange) is accelerated to a
final energy offset AEy, of (a) —168 keV, (b) —103 keV,
(c¢) 0 keV, and (d) 200 keV compared to the initial energy of
the first beam (blue). Dashed lines indicate 90% widths.
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FIG. 5. Relative momentum width as a function of AE,,. The

green points show the 90% and 100% widths of the total
distribution of the first and second beams, including any
separation between the beams, using empty and filled markers,
respectively. The blue and orange points show the 100% width of
the undisplaced and displaced parts of the first beam, respec-
tively. The gray points show the 100% width of the second beam.
The vertical lines divide the plot into the three regimes described
in the text, from the left: that of no crossing, partial crossing, or
complete crossing of the first beam by the rf bucket.

where just part of the first beam is phase displaced
(AEg, s < AEy, < AE,.), and the complete crossing
regime AEg, > AE, .. In the no crossing case, there is
no change in the momentum spread of either beam. On the
other hand, in the partial or complete crossing cases
(AEg, > AE, ), the momentum spread of the first beam
tends to increase with AE.,. This is because both ¢, and
Vo at the point of rf bucket crossing, and hence the
scattering resulting from phase displacement, increases
with AE,. In the complete crossing case, there is also

TABLE II.

an increase in mean phase displacement (AE) , with AE,
caused by the increase of bucket area at the point of
crossing. This contributes to the increase in the total
momentum spread with AE,.

The minimum total momentum spread in Fig. 5 is at
energy separation AE, ;. This is the case of stacking at the
bottom, where the rf bucket makes its closest approach to
the first beam without causing phase displacement. The
corresponding phase space distribution and momentum
projection are shown in Figs. 3 and 4(a), respectively.

IV. EXPERIMENTAL SETUP
A. Acceleration pattern by AWG

rf gymnastics of the beam stacking experiment is
controlled by the low-level rf with an arbitrary waveform
generator (AWG). The output of the AWG controls
amplitude and phase of the rf as a function of time.
Since it is more intuitive to specify amplitude and syn-
chronous phase, ¢,, a script was prepared to convert these
to AWG amplitude and phase outputs as a function of time.
Table II and Fig. 6 shows the input of the script for
injection, acceleration, stacking, and recapturing.

Time duration for injection and acceleration of the
second beam [f,.., (ms) in Table II] is taken as one
of the main parameters in the experiment because it
determines the final energy of the second beam E,. ,, that
is slightly different from the first beam to optimize the
stacking process. Note that the ramping pattern for the
second beam is slightly different from the first one.
The larger t,.., than f,.; does not necessarily lead to
the high energy of the second beam.

Specifications of rf gymnastics corresponding to Fig. 6.

Process

Duration (ms)

Injection and acceleration of the first beam

Constant AWG voltage of 4 (arb. units) and ¢, of 20 (deg) lace] = 0.55
Linear ramp of ¢, to 0 (deg) 4
Stationary bucket for diagnostics 1
Linear ramp of AWG voltage to 1.18 (arb. units) 4
Linear ramp of AWG voltage to 0.0 (arb. units) 2
Waiting for the second beam 15.673
Injection and acceleration of the second beam
Constant AWG voltage of 4 (arb. units) and ¢, of 20 (deg) tace
Linear ramp of ¢, to 0 (deg) and AWG voltage to 1.18 (arb. units) 4
Stationary bucket for diagnostics 1
Linear ramp of AWG voltage to 0.0 (arb. units) 2
Coasting time ?coast
Recapture and extract stacked beam
Linear ramp of AWG voltage to 4 (arb. units) 8
Stationary bucket for diagnostics 4
Linear ramp of ¢, to 20 (deg) 4
Acceleration toward aperture limit 18
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(b) Recapture of the two beams.

FIG. 6. AWG voltage and phase profile of two beams stacking.

Table III lists the final energy of the second beam as a
function of f,., and the energy separation between the
stacking energy (35.0206 MeV) and the second beam.

Typically, there is a coasting time before recapturing
[fcoast (ms) in Table II)] of 303 ms for the Schottky
measurement. However, it is as short as 1 ms for some
measurements, such as the measurement of the beam
intensity right after the stacking.

The rf frequency of the recapturing process is chosen at
the average of the first and second beams’ rf frequency to
ensure the maximum number of particles are captured. This
capturing process is necessary to make sure that no particle
is circulating before the next set of accelerating cycles.
Since the main lattice magnet has a fixed field, particles can
circulate in the machine for the beam lifetime.

The peak rf voltage at the cavity is approximately
4 kV when the AWG voltage is 4 (arb. units). This value
slightly depends on the rf frequency, which is corrected by
adding a frequency dependent weighting factor on the
AWG output.

TABLE III. Energy separation of the stacking target energy
(35.0206 MeV) and the second beam.

taCC,Z (ms) Eacc.2 (MCV) AEsep (MCV)
6.96 34.7852 —0.2354
6.97 34.8204 —0.2006
6.98 34.8556 —0.1650
6.99 34.8909 —0.1297
7.00 34.9262 —0.0944
7.01 34.9751 —0.0591
7.02 34.9968 —0.0238
7.03 35.0321 +0.0115
7.04 35.0674 +0.0468
7.05 35.1028 +0.0822
7.06 35.1382 +0.1176
7.07 35.1735 +0.1529
7.08 35.2089 +0.1883

A separate rf pattern was prepared in order to measure
the lifetime and momentum spread of a single beam.
Only difference from the standard pattern is that the pattern
for the second beam is replaced by the empty pattern with
the length of 7., . Initial frequency of the recapturing rf is
chosen to match the revolution frequency of the single
beam, rather than the average of the two beams.

B. Schottky signals

Since stacked beams are initially coasting, obtaining
their momentum distribution, without potentially distorting
excitation or extraction, requires a measurement of the
incoherent particle momenta. Since momentum and revo-
lution frequency are connected with the slippage factor,
n= /% - #, the relationship

b n5—p 6]

@o Po
can be used to infer the momentum distribution from a
measurement of the incoherent revolution frequency; oy is
the nominal angular revolution frequency, éw is the spread
in revolution frequency, p is the nominal momentum, and
op is the momentum spread. Incoherent revolution fre-
quency, distributions can be measured from the spectra of
longitudinal Schottky signals induced in capacitive pickups
[23]. Such pickups typically have bandwidths covering
many revolution frequency harmonics and are insensitive to
the coherent dc excitation of a coasting beam.

If the pickup is independent of the beams’ transverse
position, and its amplifier chain has a flat frequency
response, then the longitudinal Schottky spectra is expected
to resemble a series of broadening peaks centered on
revolution harmonics. Any harmonic can be used to
analyze the momentum distribution in principle, but if
spectra are obtained from the FFT of a time-sampled signal,
then the broader peaks provide a better momentum reso-
lution up until adjacent peaks overlap. In practice, the
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improved signal-to-noise-ratio and the existence of
external noise can justify the analysis of lower frequency
harmonics [24].

The power spectral density (PSD) in a small frequency
band is proportional to the number of protons with a revolu-
tion frequency contributing to that band. Consequently, the
integrated PSD of a single harmonic is proportional to the
total number of circulating protons. For a sampled signal,
the PSD can be estimated from the periodogram, which is the
squared magnitude of the FFT [25]. To reduce the variance
of each frequency sample, it is possible to average periodo-
grams. Where frequency resolution can be sacrificed, a
single time-series acquisition can be split into several subsets
and the PSD computed for each one. This is the basis of
Bartlett’s method, which computes the mean of the com-
puted PSDs [26]. The Welch method is a refinement, which
allows adjacent subsets to overlap and applies a window
function to each one before computing the periodogram
[27]; it is used extensively in the following analysis.

C. FAB bunch monitor

Longitudinal beam profiles for Schottky analysis were
acquired using the FAB [28]. The FAB is a capacitive
pickup with a wide rectangular aperture, measuring
1000 mm horizontally and 75 mm vertically. This covers
the beam orbit from injection to extraction, and its output
voltage is independent of the beam’s transverse position.

The monitor was terminated using a SA220-F5 low-
noise amplifier [(C) NF Corporation] with a 1 MQ input
impedance. The power gain of the amplifier is 46 dB and
the upper bandwidth is 80 MHz. The capacitance of the
monitor is about 270 pF including the amplifier and
vacuum feedthrough.

D. Data acquisition

In order to use the Schottky signals to measure the
momentum spread of the coasting beam, it is critical that
the noise in the measurement is reduced as much as
possible, or the Schottky signal will be obscured. In
preliminary measurements, it was not possible to identify
a clear signal as there was too much noise to make out a
Schottky peak. Much of this noise originated from the long
20-30 m cable between the FAB and the control room.
Moving the oscilloscope to the machine room, and con-
necting it via a ~4 m cable, reduced the noise sufficiently
to see a Schottky signal from the coasting beam. To observe
as high a harmonic Schottky peak as possible, the noise in
the frequency domain was further reduced by using a low-
pass filter and increasing the sample rate.

V. MEASUREMENT

A. Beam lifetime

An important outcome of the experiments was to
determine the efficiency of beam stacking in capturing

both beams. In order to understand the losses, it was
necessary to measure the beam lifetime. Two complemen-
tary measurement techniques were used to measure the
beam lifetime: one based on the decay of the bunched beam
intensity and the second based on the Schottky signal of a
coasting beam.

1. Bunched beam lifetime

A measurement of beam lifetime was made by storing
the bunch in a stationary bucket at the stacked beam energy.
The FAB monitor signal was integrated turn-by-turn. In
order to measure the effect of noise, the same measurement
was made without injecting beam. The bunch intensity
is given by the integrated, turn-by-turn FAB monitor
signal, with the mean noise subtracted. A fit was made
to a function of the form N exp(—¢/7). From the 10 sets of
data obtained, the mean lifetime was found to be
7 = (270 £ 11) ms, where the uncertainty is the standard
deviation of the measurements. An example measurement
is shown in Fig. 7. Another approach to calculate the
bunched beam lifetime, based on the magnitude of the
fundamental Fourier harmonic, is described in Appendix B.

2. Coasting beam lifetime

The beam lifetime was also estimated from the Schottky
signals after coasting for different periods of time. The
integrated PSD over a single Schottky harmonic is propor-
tional to the total number of circulating protons, N(¢). The
lifetime can be estimated by assuming an exponential decay
with decay constant 7 and computing the integrated PSD at
two times. Coasting beam data was acquired with the FAB
for 50 ms with a delay setting of 122 and 272 ms; starting
from approximately 80 and 230 ms after the rf amplitude
reached O V. Figure 8 shows the PSD computed from the
entire acquisition window with the Welch method and 20
chunks. From this, it is clear that, in addition to the
anticipated reduction in amplitude, the revolution fre-
quency has also reduced; this effect has been attributed
to small-angle scattering from residual gas.

—~ 15
>
£
Tgb 10
g
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- 5
S
=
&0
e
O 1 1 I 1
0.0 0.1 0.2 0.3
Time (s)

FIG. 7. Beam lifetime measurement with the beam stored in a
stationary bucket. The time constant of the exponential fit (solid
orange line) provides a measure of lifetime.
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FIG. 8. PSD estimated by the Welch method for a single

injected bunch, with two delay settings. Each beam-on acquis-
ition is the mean of five measurements, and the beam-off is a
mean of two.

The acquisition duration of 50 ms was not expected to be a
negligible fraction of the beam lifetime. To avoid systematic
distortions from this large acquisition window, each dataset
was split into chunks of 5 ms and the integrated PSD
computed for each chunk. This duration was expected to be
negligible compared to the beam lifetime. Since both data-
sets had the same duration, pairs of corresponding chunks
with a constant time-separation were identified and used to
compute a lifetime (see Fig. 9). A weighted mean was
obtained from the computed lifetimes on several days, which
ranged from 7 = (300 = 10) to (390 £ 30) ms.

While the lifetimes of bunched and unbunched beams
differed, and the latter varied by up to 30% day-to-day, all
measurements were consistently above 270 ms. Crucially,
this meant that beam losses of <12% are expected for the
first beam, because of the extra time (~33 ms) it spends
circulating the machine. More than 25% of the first beam is
expected to survive for the overall ~350 ms spent in the

X  Delay = 122 ms
X Delay = 272 ms

8000_$$$X$XX%%
6000-%$%%$%X%%

10 20 30 40
Chunk Central Time (ms)

FIG. 9. Integrated PSD of a single Schottky harmonic com-
puted with different delay settings, from 5 ms chunks of a 50 ms
acquisition window. Points are a mean of five beam-on acquis-
itions, with the mean of two beam-off acquisitions subtracted;
uncertainties are the standard error in the beam-on mean. The
dashed box indicates a pair of chunks used to compute a lifetime.

ring, allowing faster loss mechanisms associated with the
stacking process to be identified.

B. Stacked beam momentum spread

Beam stacking was optimized by holding the final
energy of the first beam constant and varying the final
energy of the second beam by modifying the 1f settings for
the second acceleration cycle. Five beam-on and two beam-
off measurements were acquired for each final energy. The
PSD was computed for each dataset using the Welch
method, and the mean beam-off PSD subtracted from
the beam-on. Figure 10 shows the resulting PSD for several
acceleration times of the second beam. As seen in the
figure, especially Figs. 10(a) and 10(d), two peaks appear
that can be identified as the two beams. This indicates
successful injection and stacking in the FFA machine.

The two beams shown in Fig. 10 are not equally populated
and have different momentum distributions. This makes
estimating the overall momentum spread challenging, as all
width estimators will be distribution dependent. For exam-
ple, computing the 90% width will systematically measure
smaller widths when the less populous beam surrounds the
other, as in Fig. 10(b). To investigate the impact of this and
ensure that it does not affect conclusions, an additional
method is described in Appendix A. Both show a similar
distribution of width with energy gap.

90% widths were computed from a cumulative trapezoid
integral of PSD around the eighth harmonic. Linear inter-
polation was used to identify frequencies delimiting 5% and
95% of the integral. Figure 10 shows some indicativewidth
markers, and Fig. 11 shows the mean 90% width of five
beam-on datasets. Uncertainties were estimated from the
standard error on the mean, which is the standard deviation

0.6 4 0.6 4
g g
S04 2044
L L
A 02 A 02
7] 72}
~ ! Ay
0.0 i 0.01
20.55 20.60 20.65 20.70 20.55 20.60 20.65 20.70
Frequency (MHz) Frequency (MHz)
(@) (b)
0.20
0.6 4
—~ —~ 0.15 1
N N
= .44 ]
= % 0.104
= =
0.2
a ja) i
&) g: 0.05
0.0 4
0.00
T T T T T T T T
20.55 20.60 20.65 20.70 20.55 20.60 20.65 20.70
Frequency (MFHz) Frequency (MFHz)
(© (@

FIG. 10. PSD of the eighth revolution harmonic, estimated with
Welch’s method for final energy separations of (a) —235 keV,
(b) =130 keV, (c) —24 keV, and (d) +180 keV. Dashed lines
indicate 90% widths.
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FIG. 11. 90% width computed from the PSD of the eighth

revolution harmonic. Error bars are the standard error on the
mean of five datasets. The dashed line indicates twice the mean
90% width of a single beam.

divided by the square-root of samples number, and repeat
measurements were made over a number of days to highlight
systematic variations from environmental or machine con-
ditions. For example, the longitudinal emittance of the
injected beam can be a source of day-to-day discrepancy.
While variations are observed, minima are consistently
found with an energy separation of —180 keV.

Since stacking cannot reduce longitudinal emittance, the
stacked beam must have a momentum spread equal to or
greater than the sum of its component beams. The optimum
dp/ po was obtained with an energy gap close to —180 keV,
however, Fig. 11 demonstrates that this exceeded twice the
single-beam momentum spread. This effective emittance
growth is attributed to processes described in Sec. IIL

C. Stacked beam intensity

Although a similar rf pattern was used for both beams,
the amplitude of the first beam in Fig. 10(a) is significantly
reduced compared to that of the second beam. While the rf
knockout effect was expected to cause beam loss, the extent
of this was not known in advance. Provided the two peaks
are sufficiently separated, the fractional loss can be esti-
mated from the ratio between the areas under the individual
Schottky PSD harmonics.

These were estimated using the distributions shown in
Figs. 10(a) and 10(d). The ratios between second and first

1.0 1.0 T
—— DBeam On
—— Beam Off

0.0 T T :
20.5 20.6 20.7
Frequency (MHz)

(b) Case 2

—— DBeam On
—— Beam Off

0.0 T T T
20.5 20.6 20.7
Frequency (MHz)

PSD (uV2/Hz)

PSD (nV?/Hz)

(a) Case 1

TABLE IV. Four different beam-filling patterns.

First beam rf bucket Second beam rf bucket

Case 1 Filled None
Case 2 Filled Empty
Case 3 Empty Filled
Case 4 Filled Filled

beams are (0.51 £ 0.04) and (0.47 £ 0.05), which are both
consistent with half of the first beam being lost as the
second was accelerated. Since the measured lifetime
predicts <12.1% losses over the 33 ms coasting time, a
separate loss mechanism, such as rf knockout, was required
to explain this observation.

VI. DISCUSSION

The Schottky signal shows that the momentum spread of
the stored beam is similar to the first and the second beams
for the whole process. The beam intensity of the first beam
is, however, significantly reduced (about a half) when the
second beam is accelerated. In order to identify the source
of the beam intensity reduction, we compared the beam
intensity of the first and second beams in the four different
beam-filling patterns described in Table IV.

The first pattern (named case 1) was a reference. The
beam was captured in the rf bucket and accelerated to the
top energy. No rf or beam was filled for the second beam.
The rest of the three cases have an identical rf pattern for the
both beams, but the beam filling was different. Case 2 had
the first beam injected into the rf bucket, while the second rf
bucket was kept empty. Case 3 started with an empty rf
bucket with the same rf pattern for acceleration. A beam
was then injected into the second rf bucket when the first
empty bucket reached the top energy. In case 4, both rf
buckets were filled, as for the nominal beam stacking case.

The Schottky signals of all four cases are shown in
Fig. 12. Cases 1 and 3 are similar, because they differed
only in when the Schottky signal was observed. The sweep
of an empty bucket before the acceleration of the second
beam did not affect the second beam. In cases 2 and 4, on
the other hand, the intensity of the first beam was reduced,
whether the second rf bucket was filled or not. 1f knockout
[29,30] is one possible source of the intensity reduction of
the first beam.

1.0 1.0
§ —— Beam On = —— Beam On
~ —— Beam Off = —— Beam Off
205 205 J’T
=) a
0 w2
[aW =l
0.0 T T T 0.0 T T .
20.5 20.6 20.7 20.5 20.6 20.7
Frequency (MHz) Frequency (MHz)
(c) Case 3 (d) Case 4

FIG. 12. Schottky signals with the four filling patterns listed in Table IV.
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A. RF knockout

In the usual operation of accelerators, the rf frequency w,¢
for acceleration or storage has to be synchronized with the
revolution frequency of the particles @, or its harmonics
h@,.,. During the process of beam stacking, that is not
necessarily the case. The rf bucket has a frequency synchron-
ized with the speed of the accelerating beam. The previously
accelerated coasting beam circulates at the top energy and
always has a higher revolution frequency than the rf
frequency divided by the harmonic number /4. Here, we
assume that beam stacking is performed below the transition
energy.

Particles in the coasting beam see the voltage at the rf
cavity as

Vgap = VO Cos (a)rfnTrcV>

= V,cos <2]‘[ Ot n)

wl’CV

Aw
= V,cos <27z — n) , )
wrev

where
Aw = hope, — @,

and 7 is an integer number, V, is the amplitude of the rf
voltage, and T,., is the revolution time of the coasting
beam. Sudden energy gain at the rf cavity shifts the
equilibrium orbit proportional to the dispersion function
D, at the location of the cavity, that is

A
Ax =—-D, 2P
Po
o ny AEk
(1+7) Ew
D.V A
= a0 o <27z @ n>, (3)
(1 + Y)EkO Wrey
0.5 : ‘
(wrev'wrf)/ Opey —
0.4 4'0)11[1‘/ Opey
§~ 0.3
3 02} e
0.1
00 2 4 6
Time (ms)
(@)

FIG. 13.

where y is the Lorentz factor, E} is the nominal kinetic
energy, and AE, is its deviation.

When the frequency of the displacement is synchronized
with the frequency of horizontal betatron oscillation @y,

Aw ho — . (0] w

rev rf hp hp
—_— = =——yU; or I, (4)
WDrey Wrey rev rev

. . ,
where Q; is the nearest integer of # a resonance occurs,
rev

and the displacement will be coherently accumulated.
Eventually, a particle is lost when its betatron amplitude
exceeds either the physical or dynamic aperture.

Unlike the synchro-betatron resonance, the effects are in
the transverse phase space. In longitudinal phase space, the
coasting beam is unaffected by the accelerating rf bucket
until @, approaches w,, .

B. Simulation

A 6D phase space simulation was carried out to see if the
beam intensity reduction can be reproduced through
simulation of the rf knockout process. We used the 3D
field map of the KURNS FFA triplet magnet, which was
created in the OPERA 3D software. The ring is made of 12
identical field maps and the symmetry is preserved. The
magnet model is accurate to the real machine, which means
the scaling principle is not fully satisfied. The total trans-
verse tune varies for around 0.1. For the validation of the rf
knockout, the correct modeling of the longitudinal motion
is essential. A moving 1f bucket is created by increasing the
rf frequency and integrating the rf phase at the cavity.

Figure 13 shows that emittance growth occurs when the
resonance condition is satisfied at around 2.5 ms. Although
the horizontal physical aperture in an FFA is huge, the
limited dynamic aperture due to intrinsic nonlinearities of
the magnets causes the beam loss when the sizable
emittance growth occurs. After the particles go through
those resonances, no other effects in the horizontal direc-
tion are seen. As expected, there is no effect in the vertical
phase space.

3
)
g
=2
g
,§ 1 Hor—
L% Ver —

0

0 2 4 6
Time (ms)
(b)

Simulation results of the rf knockout in the KURNS FFA. (a) Sweep of the rf frequency in blue line and change of horizontal

tune in orange curve. Small oscillations of the tune is due to a numerical error. (b) Horizontal emittance evolution. When the rf frequency

is equal to horizontal tune, the emittance growth is observed.

012803-10



BEAM STACKING EXPERIMENT AT A FIXED ...

PHYS. REV. ACCEL. BEAMS 28, 012803 (2025)

C. Mitigation

Normally, the optics of an FFA has no dispersion-free
section. The knockout effects are inevitable during beam
stacking in an FFA. Several mitigation measures were
discussed previously [31]. One proposal was to reduce or
switch off the rf voltage at the time when the resonance
condition is satisfied. Although the rf knockout effects could
be mitigated, a mismatch in the longitudinal phase space is
unavoidable. After the reduction of the rf voltage, dipole
oscillations of the bunch could be a source of beam loss.

The most promising mitigation method is to use can-
cellation of the horizontal amplitude growth across several
rf cavities. A simple example is to place the rf cavities at
locations in the ring which satisfy the condition that the
betatron oscillation phase difference between cavity posi-
tions in the horizontal direction is z, and magnitude of the
dispersion function is the same at each rf cavity location.
The rf frequency should be the same and the phase
difference should be synchronized with the speed of the
coasting energy particles, not the accelerating beam.

It is not always easy to find two locations for the rf cavities
which satisfy these conditions. When there are more than 2 rf
cavities in the ring, cancellation of the knockout effects can
be achieved if the rf voltage of each rf cavity can be adjusted.
For example, let us assume that three 1f cavities are located
with the same dispersion function and the phase differences
between the first and the second and the second and the third
are equal. In that case, cancellation happens when the
voltage satisfies the following conditions:

V3 == Vl?
V, =2V, cos Ag, (5

where V; is the voltage of the cavity with the index i and A¢
is the horizontal phase advance between cavities.

When the beam intensity is high, space charge tune
spread is not negligible. Phase advance between cavities
will not be a single value. Further study on the mitigation
measure of the rf knockout is under consideration.

VII. CONCLUSION

Beam stacking is one way to increase the average and
peak intensity (or the number of particles-per-bunch) of
hadron beams without enhancing space charge effects at the
injection energy. In addition, it separates the accelerator
cycle and the user cycle, which is beneficial for applica-
tions, such as proton drivers of spallation neutron facilities.
In such facilities, the neutron users prefer low repetition
rates, such as 10 to 25 Hz, but it is easier for the beam loss
mitigation purposes in the accelerators to operate a high
repetition rate such as 100-200 Hz.

Since the beam stacking we consider here uses
stacking in the longitudinal phase space, in the momentum
direction, a wide momentum acceptance is necessary in the

accelerator. An FFA accelerates the beam from the injection
to extraction energy with fixed field magnets. The momen-
tum acceptance is given by the corresponding momentum
range and is typically huge and time-independent. Beam
stacking at the extraction energy, as well as acceleration of
consecutive beams, can be carried out in a single machine
using an FFA.

It is inevitable to have a larger longitudinal emittance and
momentum spread, which linearly increases with the
number of stacked beams. By simulation, additional
sources of the emittance increase due to nonadiabatic
processes such as scattering are clarified. Detailed simu-
lations were performed to minimize the final momentum
spread, which specifies the rf voltage and phase as a
function of time. This optimization is critical, especially
at the end of acceleration of consecutive beams.

We have demonstrated experimentally the beam stacking
of two beams at KURNS. The Schottky scan signal was
used to measure the momentum spread and the intensity of
the coasting beam after the stacking process. The results
show that beam stacking can be done with only a slight
increase of the momentum spread in Fig. 11.

The beam intensity of the first beam was, however,
reduced by a factor 0.51 £ 0.04 at the setting having the
lowest momentum spread. Beam lifetime measurements
indicate an expected loss of a factor 0.88. Therefore, this
rate of loss cannot be explained by the beam lifetime.

We suspect that the rf knockout is the source of the beam
loss. 6D simulation has been done to see the effects.
Mitigation measures such as the phasing of multiple rf
cavities are discussed. Further experiment to investigate the
proper measure of mitigation is summarized.
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APPENDIX A: ANOTHER WAY TO ESTIMATE
A WIDTH IN THE PSD

Schottky signal does not always clearly show a boundary
where the beam signal exists. It becomes even harder to
identify when two beams get close and some part of the first
beam is phase displaced. In Sec. V B, we took the measure
of 90% width to define the frequency spread. In this
appendix, we will discuss another way to define the width
of the PSD and the momentum spread. We called this
method a straight-line fitting because of the procedure we
will explain below.

After obtaining the PSD for each measurement, the
signal is integrated over the frequency axis. Assuming
the noise level is independent of frequency, the integrated
value increase linearly over the frequency axis as shown
in Fig. 14(a). When the distribution of the momentum is

012803-11



T. UESUGI et al.

PHYS. REV. ACCEL. BEAMS 28, 012803 (2025)

x1073
8 b 4
0.0020 A § Day 1
= 1 74 ¥ Day2
E, 0.0015 ; Day 3
el
£ 0.0010 S{ ¥ Dayd x
& < {
=) i Ry g 8
E 0.0005 5 - H s By 2
£2
0.0000 A
T T T T 4: 1 I 1 1 1
20.55 20.60 20.65 20.70 20.75 —200 —100 0 100 200
Frequency (MHz) AFEge, (keV)
(a) (b)
FIG. 14. (a) Example of straight-line fit for noise and beam. The orange areas are used to fit a straight line. Intersections of dashed lines

correspond to the frequency boundary of the beams. (b) Momentum spread calculation by straight-line fitting. Error bars are the standard

error on the mean of five datasets.

uniform and the Schottky signal has a rectangular shape, at
the frequency where the Schottky signal starts appearing,
the integrated value will linearly be rising with a steeper
slope until the upper edge of the frequency. The integrated
value becomes flatter again where only the noise signal
contributes to the integration.

By fitting several straight lines for noise and beam and
finding the intersection points, the beam width can be
calculated. Figure 14(b) shows the consistent result with
Fig. 11. Assignment of the straight-line fitting was done by
eye for each data.

APPENDIX B: LIFETIME FROM BUNCH
SPECTRUM

The bunched beam lifetime reported in Sec. VA is
sensitive to noise in the FAB monitor signal. Another
measure of lifetime can be made based on the magnitude
of the fundamental harmonic of the bunch spectrum. It is

370 7 o o
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é 350 ® )
N oo O @@ T
340 A
330 ® 9
2 4 6 8 10
Dataset #

(a)

FIG. 15.

observed that when the rf is on, but no beam is injected,
there is no noise component in the FAB monitor data at
the fundamental frequency. It follows, assuming there is
no significant change in the shape of the distribution
while the beam is stored, that the magnitude of the
fundamental harmonic is proportional to the bunched
beam intensity.

A spectrogram of the data was calculated in order to
obtain the magnitude at the fundamental frequency as a
function of time. A fit of the resulting data was made to
a function of the form N exp(—t/z). An example of an
individual measurement is shown in Fig. 15(a). The
mean result for the complete set of measurements,
shown in Fig. 15(b), is 7 = (347 &+ 15) ms, where the
uncertainty is the standard deviation of the measure-
ments. It can be concluded that the lifetime is too long
to explain the observed beam loss during the beam
stacking process.

0.015

0.000 == T T T
0.0 0.1 0.2 0.3

Time (s)
(b)

(a) Evolution of the fundamental harmonic of the beam spectrum (blue) and exponential fit (orange). (b) Lifetime, z, found for

each dataset. The dashed line is the mean value. Note the example shown on the left corresponds to the first dataset.
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