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ABSTRACT

The Radio Frequency Quadrupole (RFQ) is a linear accelerator that focuses, bunches, and accelerates a continuous input of charged particles
while preserving the beam emittance. This paper focuses on the study of the transverse acceptance of an RFQ and how this concept can be
used in the design of frontend structures. A simple and fast system to qualify a source and low energy transfer line has been developed in
terms of the number of particles delivered in the RFQ acceptance. Multi-particle simulation results show a dependence of the RFQ transverse
acceptance on the particle phase in the radio frequency period. The usually referred-to acceptance value is, in fact, just an average value over
the 360° phase range, whereas a modulation has been found between more and less favorable phase values, with different patterns depending
on the specific structure. We use as a study case three RFQs designed and operated at CERN to investigate such correlations.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145935

. INTRODUCTION

In hadron linear accelerators (Ref. 1, pp. 2-4), the first
acceleration stage is the most critical one due to high beam diver-
gence (Ref. 2, pp. 368-375), large transverse size, space charge
effects (Ref. 2, pp. 720-727), and un-bunched particle distribution
in the longitudinal plane. Accelerating the beam while maintaining
high transmission and beam quality is a challenging scientific and
technological problem. ™

As the first acceleration stage in hadron Linacs, Radio Fre-
quency Quadrupoles (RFQ)° have reduced the size of the acceler-
ators, increased the transmitted beam current, and accelerated to
higher energies than their predecessors” because of their com-
bined capacity to bunch particles, providing transverse focusing
and accelerating the beam while preserving the emittance, all
through the same structure that is typically less than 4 m in
length.”*%?

A modern RFQ is typically divided into four sections (Ref. 1,
pp. 232-281): the radial matching section, the shaper, the gentle
buncher, and the accelerating section.

The radial matching section adapts a continuous beam to a
time-dependent focusing channel, after which the particles travel
through an initial slow bunching section called the shaper section
where the longitudinal emittance is formed. The acceleration starts
smoothly at the gentle buncher section, where the beam bunch
reaches its minimum phase spread. Finally, the beam energy
increases linearly with longitudinal distance in the accelerating
section until the beam exits the RFQ (Ref. 10, pp. 108-113 and
Ref. 11)

The RFQ acceptance bottleneck is located at the transition
between the gentle buncher and the accelerator where the aperture is
at a minimum. This cell, called the critical cell, is typically located at
2/3 of the final length (Ref. 10, pp. 108-110). The transverse accep-
tance at the critical cell is chosen as a compromise between the
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maximum field on the vane tips, RFQ length, and final longitudinal
emittance. In the case of space-charge-dominated beams, the rate of
bunching is also adapted to the transverse phase advance in order to
avoid emittance growth due to coupling between the transverse and
longitudinal planes.

The RFQ transverse acceptance is defined as the area in phase
space (xx’ and yy') at the entrance of the RFQ covered by the par-
ticles that can be transferred and accelerated. Such an area typically
has an elliptical shape given by A = me, with the orientation of the
ellipse matched to the chosen RFQ focusing force and phase advance
and described in terms of the Twiss parameters y, a, and f3, (Ref. 2,
pp. 213-236).

The RFQ transverse acceptance can be expressed in terms of
&, 9, &, and 3 values. There is no equivalent definition for the longi-
tudinal acceptance since the beam is continuous at the RFQ input;
the quality factors in this case are limited to the average energy and
energy spread. As will be shown in this paper, there is, neverthe-
less, a coupling between the transverse and longitudinal planes, with
variations in the transverse acceptance along the RF period.

At the input of the radial matching section, the beam must sat-
isfy specific transverse properties described by the Twiss parameters,
which depend on the beam current and the RF electric field: the
RFQ acceptance decreases for higher beam current and increases as
a function of the RF electric field. The beam properties required to
match the beam to the RFQ input must be provided by the source
and the Low Energy Beam Transport (LEBT) section: an emittance
smaller than the acceptance is desired in order to reduce the beam
halo and particle losses (Ref. 10, pp. 108-110).

It is possible to qualify a Source + LEBT frontend perfor-
mance in terms of the number of particles delivered in the RFQ
acceptance with a relatively simple diagnostic device known as an
acceptance box.'” This consists of a system of four plates located
within a drift space that allows for ~+120° zero current beam phase
advance around a waist. In our case, the plates have square aper-
ture restrictions to cut the beam both horizontally and vertically,
thus reproducing the symmetric transverse acceptance of the RFQ.
A downstream Faraday cup is used for beam transmission measure-
ments. The particles that pass through the four apertures are the
ones that fall within the transverse acceptance of the RFQ. A trans-
verse view of the acceptance box used at the Linac4 source test stand
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FIG. 2. Representation of the beam size evolution inside the acceptance box:
before the matching plane (blue dashed line) and after the matching plane
(solid red line). The RFQ matching plane and the blades are represented with
perpendicular lines, green and black, respectively.

at CERN is shown in Fig. 1, together with a picture of one of the
installed plates."”

The plates are installed around the RFQ matching plane such
that Plate 1 is located at a distance corresponding to 22.5° phase
advance before the minimal beam size and Plate 2 is 22.5° after it.
Two additional plates are placed at 45° phase advance upstream of
Plate 1 and 45° phase advance downstream of Plate 2, such that
the plate cuts are uniformly distributed around the ellipse (see the
schematic layout in Fig. 2). The aperture of the plates is defined by
the transverse dimensions of the beam at their location.

The comparison between the acceptance of the Linac4 test
stand box and the Linac4 RFQ is shown in Fig. 3. The areas of the
two acceptance ellipses are very similar, with the beam of the accep-
tance box being slightly bigger. The orientation of the ellipses is

FIG. 1. (a) Linac4 test stand acceptance box layout. The
four plates are in red with rectangular holes in green (not
on scale). The Faraday cup is located downstream of the
plates. (b) A picture of one plate mounted in the acceptance
box where the rectangular aperture is visible.
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FIG. 3. Comparison between the transverse acceptance of the acceptance box (a) and Linac4 RFQ (b) at zero current.

also in very good agreement. Despite the nearly identical machine
layouts in the two setups, transmission measurements through
the acceptance box at the Linac4 source test stand have repeat-
edly shown higher transmission values than measurements at the
Linac4 RFQ taken for the same input beam currents. Measurements
through the acceptance box overestimate the transmission through
the Linac4 RFQ by 15% at 40 mA beam current. Agreement between
the two improves for low currents and worsens for high currents
(see Fig. 4).1°

This discrepancy can be explained by the fact that the accep-
tance box only reproduces the transverse losses and does not take
into account the effects of longitudinal mechanisms during the
bunching and acceleration processes.'”

The focus of this paper is to study the correlation that devel-
ops between longitudinal and transverse planes in the transport of a
beam through an RFQ. The study aims to establish a methodology to
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FIG. 4. Beam current measurement comparison after the RFQ (red points) and
after the acceptance box (blue points) as a function of the input beam current. The
black dashed line represents 100% transmission.

TABLE I. Main parameters of the RFQs studied.

Parameter Linac4 Linac3 ELISA
Input energy (keV/u) 45 2.5 20
Output energy (MeV/u) 3 0.25 2
RF frequency (MHz) 352.2 101.28 750
Particle species H™ 208ppy29+ p
Design current (mA) 40 0.20 >0.005
Length (m) 3.06 2.5 1
Transmission (%) ~80" ~80" 20°
Design vane voltage (kV) 78 70 35
Minimum aperture (mm) 1.77 2.96 0.71
Maximum modulation 2416 2.055 2.825

*Measured at operational configuration.
PExpected.

qualify a source plus LEBT frontend in terms of the number of par-
ticles delivered in the matched RFQ acceptance and hence in terms
of its suitability to a given RFQ.

The methodology was tested on three RFQs with differing
internal structures installed at CERN'* in the linear accelerators
Linac4,"”"" Linac3,'"”” and ELISA.”** The main parameters are
listed in Table I.

Il. SIMULATION TOOLS AND METHOD

The software used for simulations was Path Manager,ZS whose
features include the ability to track particles in the presence of space
charge effects and through electromagnetic field (EMF) maps. The
EMF maps for each RFQ were generated in Parmteq’® such that
the modulated aperture due to the vanes profiles is included. If not
specified, the beam particle distribution plots shown in this paper
correspond to the Linac4 case.

In order to determine the RFQ acceptance, the starting point
was to create a uniform particle distribution adapted for each RFQ
under study, with more than five million particles, extending in
x/y over the maximum RFQ aperture, in x'/y" over the maximum
accepted angle (such that the transverse emittance is five times larger
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than the nominal rms value). In the longitudinal plane, the beam beam for the first iteration and is shown in Fig. 5. The red lines
spans over 360° simulating a continuous beam, and the energy is  represent the projections of the particle distribution along each
equal to the nominal input beam energy with energy spread small plane and the color scale represents the density of particles.

enough so as not to influence the results (less than 0.3% variation This input beam for first iteration is tracked through the corre-
on the nominal energy). This particle distribution is called the input sponding RFQ field map at zero current. The maximum transverse

€€:0%:21 €202 AInf 92

4001 1 a8 !
204
0.8 0.8
200 [ I
| 101 |
= YRS 0.6
2 L
g o | = 0] FIG. 5. Input beam for first iteration par-
= ! :’.;" ! ticle distribution and projections. Left:
s 04 5 -0.4 transverse xx” (analogous for yy”) plane;
o -10 right: longitudinal ¢—dE plane.
-200+ =
0.2 20] 0.2
400, ‘ I 3 ] ‘ Mo 301 | | | LN
6 4 50 2 4 6 200 -100 0 100 200
X (mm) Phase (degrees)
300 30 !
0.8
20+ :
_70.6
—~ 10- |
> [
L -0.4 o
> 0] ! FIG. 6. Beam particle distribution of the
%‘) maximum accepted beam in xx" (left),
= 104 and analogous for yy’, and ¢—dE (right)
M- planes.
-0.2
-0.1
-20+
; =30+ . : ; .
6 200 -100 0 100 200
Phase (degrees)
300 [1 30
20+
~ 107
=) >
] L T
‘é = 0 FIG. 7. Input beam for second iteration.
=~ on U The transverse plane retains the max-
>< 1 imum accepted emittance but is now
0.1 M -10- uniformly distributed in the longitudinal
plane.
=204
6 304, | . ! |
-200 -100 0 100 200
Phase (degrees)
AIP Advances 13, 055105 (2023); doi: 10.1063/5.0145935 13, 055105-4

© Author(s) 2023


https://scitation.org/journal/adv

AIP Advances

100
30 |
S
=) 3
.S
7“1
g
=]
S
&= 404 « Linac4
e Linac3
* ELISA
20 J
0 20 40 60 80 100
RFQ length (%)

FIG. 8. Transmission behavior for the input beams for second iteration through the
three RFQ studied.

TABLE II. Comparison of the Twiss parameters in the xx” plane of the maximum
accepted beam (beam 1) vs accepted beam (beam 2).

Parameter Beam Linac4 Linac3 ELISA
. 1 0.91 0.27 0.063
Emittance (mm mrad) ) 0.73 022 0.049
1 0.022 0.03 0.01
Beta (mm) 2 0.022  0.03 0.01
. 1 0.76 1.05 0.47
Alpha (no units) 2 0.77 0.02 0.45
Change in emittance (%) 79.8 18.5 22.3

acceptance of the RFQ is then defined as the input emittance of
the particles that are 100% transmitted and accelerated through the
RFQ, i.e., the maximum accepted beam (as shown in Fig. 6). In these
plots, a magenta ellipse covering 90% of the particle population is

(a) (b) ©

ARTICLE scitation.org/journall/adv

shown. The maximum accepted beam is more densely populated
around the center, is phase modulated, and shows no energy spread
dependence.

To study the coupling between longitudinal and transverse
planes, the longitudinal distribution of the maximum accepted beam
was regenerated to be uniform, while keeping the transverse planes
untouched (see Fig. 7). The beam with the modified longitudinal
distribution is named the input beam for second iteration. Tracking
the beam for zero beam current with the regenerated longitudi-
nal particle distribution through the RFQs proved the influence of
longitudinal mechanisms on the transverse acceptance as will be
described in Sec. I1I.

Ill. RESULTS

Figure 8 presents the transmission for the input beam for second
iteration through the three RFQs studied. The resulting beam losses
are direct evidence of the correlation between the transverse posi-
tion and longitudinal phase position of the particles. The distance
that the beams travel through the RFQ is normalized to the total
RFQ length. An energy filter that cuts out particles with an energy
less than 85% of the expected output energy is applied at the end of
the RFQ. In all three RFQs, the transmission starts to decrease after
the radial matching section and continues to decrease at different
rates until the exit of the RFQ. The losses associated with a longitu-
dinal mechanism were simulated to be 35.5% for Linac4, 33.3% for
Linac3, and up to 79.3% for ELISA. The low energy tails at the RFQ
exit were found to be 0% for Linac4, 2% for Linac3, and 12.2% for
ELISA.

The reduction in transmission implies a change in the accepted
Twiss parameters of the beam. Table IT gives the comparison of the
Twiss parameters of the maximum accepted beam vs the accepted
beam for the three RFQ structures. Without loss of generality, the
values presented refer to only to the xx" plane. The reduction in
transmission implies a reduction in the accepted beam emittance of
around 20% for all the RFQs, with changes to the beta and alpha
Twiss parameters found to be less than 5%.

Figure 9 shows the accepted beam particle distribution in the
phase—energy plane for the three RFQ structures. The projections
onto the horizontal axis in conjunction with the density colors

0.03 [1 5] P -
0.02] 0.027
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FIG. 10. Phase-dependent transverse acceptance for (a) Linac4, (b) Linac3, and (c) ELISA.

show that the accepted beam is longitudinally modulated in phase.
In Linac4 and Linac3, particles are captured over 360°, whereas
in ELISA, the acceptance is only from —60° to 60° (implying that
for a continuous beam, the transmission in ELISA can at maxi-
mum be ~33%). Vertical projections show a uniform distribution
in energy spread, showing that this parameter does not influence the
results.

To study this correlation in more detail, the input accepted
beam particle distribution was divided into different phase slices of
10° width, with the RFQ transverse acceptance calculated for each
slice (see Fig. 10). The plots show the normalized rms emittance in
the transverse planes of the accepted beam per phase slice. The three
RFQs present similar trends in the horizontal and vertical planes.

The reduction in the transverse emittance with respect to the maxi-
mum value is between 24% and 28% for Linac4 and Linac3, whereas
for ELISA, the reduction is between 15% and 17% over the accepted
phase range.

The RFQ vane voltage was then changed to study its influence
on the RFQ acceptance. Figure 11 shows the variation in the num-
ber of particles in the accepted beam as a function of the applied vane
voltage (1.0 being the design voltage reported in Table I). For vane
voltages below the design value, acceptance is severely degraded,
whereas higher vane voltages can lead to improved acceptance. This
improvement was up to 5% at a relative vane voltage of 1.05 for
ELISA, up to 8% in Linac3, and 12% in Linac4 at a relative vane
voltage of 1.2.
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IV. DISCUSSION AND COMPARISON

Despite different design philosophies behind the three struc-
tures, all the RFQs studied in this paper present losses due to
longitudinal mechanisms. Linac4 is designed to work in high space
charge regimes, and for that reason, this RFQ prioritizes strong
focusing and acceleration; in Linac3, on the other hand, space charge
effects can be neglected due to the low current (0.20 mA), and the
structure is tailored to provide the bunch properties required for
the next acceleration stage (IH structure). The ELISA case is com-
pletely different to the others. This RFQ is designed such that it only
accepts particles in a specific longitudinal phase range of 120° and
provides acceleration as soon as possible after the radial matching
section.

The reduction in the emittance is similar for the three RFQs,
with the comparison between the maximum accepted beam and the
accepted beam showing a reduction of about 20% in emittance. The
beta and alfa Twiss parameters, on the other hand, remain nearly
unchanged.

The accepted beam is modulated in the phase-energy space,
thus implying a dependence of the transverse acceptance on the RF
phase. While the acceptance can be defined at the most favorable
phase, this will lead to an overestimation of the actual acceptance. To
be conservative, the least favorable phase value should be considered
in the beam dynamics design of the frontend, thus also covering for
the unwanted potential effects of factors, such as machining inaccu-
racies, beam position errors, and space charge effects, which reduce
the RFQ acceptance.

Increasing the RFQ vane voltage brings a higher number of
particles into the accepted beam due to the enhanced focusing for
all beam phases. At first glance, this can be a solution to improve
the acceptance; however, in Linac4 and Linac3, the transmission

scitation.org/journal/adv

improvement is less than 2% for a 10% power increase. This is, there-
fore, not a very efficient solution for improving the transmission in
Linac4 and Linac3, although it could be an option for ELISA.

V. CONCLUSIONS

Multiparticle simulations carried out on three different RFQ
structures have shown that the transverse RFQ acceptance also
depends on the longitudinal RF phase. The RFQ transverse accep-
tance value, as normally quoted, turns out to be close to the average
acceptance value across the 360° input beam phase span. This
study shows instead that we can define a maximum acceptance as
the acceptance at the most favorable phase value and a minimum
acceptance as the acceptance at the least favorable phase.

An ideal design of a frontend system composed of Source
+ LEBT + RFQ is such that the source and LEBT can deliver a
matched beam with an emittance smaller than the minimum accep-
tance. In order to be on the safe side, the least favorable value of
the acceptance in its phase modulation should be assumed for the
accelerator design.
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