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Abstract

The measurement of the emittance and Twiss parameters of a low to medium energy ion beam is a time
intensive procedure and requires special hardware as well as data acquisition and analysis. Especially
for the commissioning and optimization of sources and Low Energy Beam Transport (LEBT) lines for
the injection into Radio Frequency Quadrupoles (RFQs) it is however not always necessary to have the
full phase space information of the beam. The main question is often just to know how much of the
ion beam falls into the transverse RFQ acceptance and can be accelerated. For this purpose, the so-
called RFQ acceptance box has been developed at CERN. It reproduces the transverse RFQ acceptance
and in combination with a Faraday cup allows for fast methods to optimize the source and the LEBT
to match the beam to the RFQ. In this paper the general principle of the acceptance box and how to
define its parameters is introduced starting from basic beam dynamics. Examples of acceptance boxes
produced for different RFQs at CERN are presented. Finally, the working principle of the acceptance
box is validated with simulations and measurements.
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1 Introduction

The knowledge of the transverse beam parameters, beam sizes, Twiss parameters and especially emit-
tances inside accelerators is crucial for the commissioning as well as operation and optimization of
different accelerator structures. For storage rings as well as for Linacs it is important to ensure stable
conditions and mitigate losses. An overview about the transverse emittance and measurement techniques
to obtain it is given in Ref. [1]. The most popular methods for ion beams are for example: The combi-
nation of a movable slit plus a downstream wire grid, the combination of two movable slits at different
positions plus a Faraday cup, a profile measurement in combination with a quadrupole scan, a pepper
pot, or the measurement of the beam profile at three different positions. All methods, in addition, require
a dedicated analysis to obtain the emittance from the measurement data.

For this note we will focus on the low and medium beam energies between some tens of keV up to a
few MeV inside ion Linacs. Especially the injection of the ion beam into a Radio Frequency Quadrupole
(RFQ), which bunches and accelerates the beam to high energies in the range of hundreds of keV to
some MeV, is a critical step. The so-called acceptance of an RFQ in the transverse planes is defined by
the maximum continuous transverse emittance area effectively accelerated through the structure at the
start of the RFQ, the RFQ Matching Plane (MP). To achieve proper matching and focusing of the beam
into the transverse RFQ acceptance usually a dedicated Low Energy Beam Transport (LEBT) line is
designed. Thus, it is crucial to know transverse beam parameters, its emittance and Twiss parameters, at
the RFQ MP for the design and commissioning of the source and the LEBT. A very effective procedure
used to obtain emittance and Twiss parameter information of the beam at the MP of the Linac4 RFQ
based on slit grid emittance measurements has been described in [2f]. It has been extensively used to
estimate beam current falling into the RFQ acceptance and the matching conditions [3]].

The measurement of the emittance and Twiss parameters is time intensive and requires special hard-
ware, data acquisition, and data analysis. However, for source optimization and LEBT commissioning
it is in many cases sufficient just to know the fraction of the beam which falls into the RFQ acceptance.
Therefore, a more rapid method has been developed and put in place in parallel. This method is based
on mimicking the transverse RFQ acceptance by a series of transverse aperture limitations, representing
the so-called acceptance box, and collecting the ions which fall in the transverse RFQ acceptance by
measuring the current with a Faraday cup behind the acceptance box. This method, besides being faster,
is more suitable for an automatic optimization of source and LEBT parameters [3|.

The RFQ acceptance box consists of intercepting plates with squared aperture restrictions. The aper-
ture sizes and their relative distances are chosen such that only the particles within the transverse RFQ
acceptance can pass through all four aperture restrictions. Extensive calculations under different regimes
of space charge distribution and intensity have been performed to validate this device. However, the use
case of the acceptance box is not limited to only imitate transverse RFQ acceptances. The principle is in
general valid and can be used to measure which part of a beam falls into a transverse emittance with re-
spect to a reference plane. While the principle will be explained generally, the examples and applications
in this paper will concentrate on the application to simulate RFQ acceptances.

First, the general principle of the acceptance box and how to define its parameters is introduced and
outlined in Section 2} Three examples of acceptance boxes designed for RFQs at CERN are given in
Section[3] Finally, simulations to validate the working principle of the acceptance box are performed and
comparison of measurements are presented for the Linac4 RFQ in Section[4]

2 Acceptance Box

This section introduces the general working principle of the acceptance box, a device that can select the
portion of a particle beam inside a given transverse phase space area with multiple subsequent aperture
limitations. For the explanation we will consider a one-dimensional, uniform, converging beam and
use the position of the beam waist as reference plane. First, the transverse phase advance in a drift is
introduced in Section [2.1] then the connection of the phase advance to confining the transverse phase
space area is demonstrated in Section and examples how to define an acceptance box are given in
Section[2.3] Finally, the extension to two dimensions and the limitations of the method are discussed in
Section2.4]
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2.1 Transverse Phase Advance

The acceptance box principle is based on linear beam dynamics considerations in a drift space in absence
of space charge effects. The transverse phase advance 1 between two longitudinal positions Ly and L
along the z-coordinate is defined as the integral of the inverse of the S-function [4]

L
w(LO%L)Z/ dz (1)

Lo B(2)

where (3 is one of the Twiss parameters o, 8 and y used to describe a beam phase space ellipse. In a drift
the S-function can be calculated using the corresponding matrix transformation for the Twiss parameters
(4]

B(L) 1 —2AL AL? Bo
all)| =10 1 —AL ap |, 2)
v(L) 0 0 1 Y0

where o, 5o and 7 are the Twiss parameters at the initial position Ly and AL = L — Lg. Thus, the
[B-function is given by

B(L) = fo — 200AL + AL, 3)

Assuming a converging beam, we will set the reference position of the drift to the beam waist for
simplicity. Considering 37 — a? = 1 the Twiss parameters at the beam waist are by definition

ap = 0,
Y0 = 1/Bo.

So by setting Ly = 0 at the waist, the S-function is completely defined by 5 at the waist

L*  pE+ L2
BL)=fo+ o ==
(L) Bo Bo
Inserting this into the transverse phase advance relation Eq. (I)), one can solve the integral for a drift
space after the waist

A Y Y L
W)‘/o <ﬁ8+22>d2‘/0 5 (/)2 etan <ﬁo> ©)

For L — oo the phase advance v — 7/2, thus considering the symmetry around the waist, the maximum
total phase advance in a drift is 7 or 180° for any 5y > 0 [4]. Making use of the symmetry around the
waist, the relative phase advance with respect to the waist is used in the following. The 3-function and the
corresponding transverse phase advance relative to the waist are shown exemplarily for 5y = 1 m/rad in
a drift space around the waist in Fig.[I] The S-function describes a parabola and the relative transverse
phase advance approaches £90° for large distances from the waist, as discussed above.

. “)

2.2 Transverse Emittance Evolution

To demonstrate the connection between the transverse beam size and the transverse phase advance in a
drift space we will use a uniform example beam with the waist as reference plane. The beam is shown in
Fig. with a geometric RMS emittance erys = 0.25 mm mrad, maximal extensions of £o max = 1 mm,
L0 max = 1 mrad, and Sy = 1m/rad. The resulting transverse phase space in a drift can be calculated
using the matrix transformation for a single or multiple particles

<f> = (é f) (iﬁ) : ©)
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Figure 1: Evolution of the Twiss 3-function corresponding to Eq. (@) (left) and phase advance relative to the waist
corresponding to Eq. (3)) (right) in a drift space.
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Figure 2: Uniform one-dimensional example beam at the waist in z-z’-phase space with a geometric RMS emit-
tance of 0.25 mm mrad used for the introduction and demonstration of the acceptance box in this section.

where L is the drift distance, z( the initial position, and z, the initial angle, which does not change in a
drift. On the other hand, we already know how to calculate the phase advance of the beam in a drift of a
certain distance from the waist from the previous section. Solving Eq. (3)) for the position yields

L = Bytan. (7

The drift from the waist of the demonstration beam in Fig. [2] to the positions L; = 0.577m, 1m,
1.732m corresponding to phase advances of 1; = 30°, 45°, 60° from the waist is illustrated in Fig. 3
It shows the transverse phase ellipses at the respective drift positions and how it deforms and that the
beam gets broader for larger drift distances from the waist. In addition, the respective phase advances
are indicated in the transverse phase advance as function of the drift distance relative to the waist and
the particles, which are at the corresponding “angle” in the transverse phase space, are highlighted in the
transverse phase spaces of the beam at the waist. These particles are also highlighted in the transverse
phase space plots at the respective drift positions. Looking at these particles at the drifted positions it
becomes clear that these are exactly the particles at the edge of the beam with the maximum x positions
after the drift. Thus, the outer particles in x after a certain drift distance correspond to an initial “angle”
in the transverse phase space at the waist equal to the relative phase advance from the waist. The same is
true for the minimum « position and as well for drifts in negative z direction.

For this simple example beam at the waist, the maximum beam position .« can be described directly
with the S-function given in Eq. . Utilizing the relation 3 = (22), where ¢ is the emittance, and that
the emittance stays constant in a drift, one can derive

xmax(L) o B(L) o &/Bg + L?
To.max = BO = xmax(L) = T0,max Bg . (8)

3
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Figure 3: Illustration how the transverse phase space of the demonstration beam from Fig. 2] evolves in a drift in
connection to the transverse phase advance. It shows the transverse phase advance relative to the waist as function
of the drift distance L (left) and the transverse phase space of the beam at the waist (middle) as well as after drift
of L; = 0.577m, 1 m, 1.732m (right) corresponding to a phase advance of i; = 30°, 45°, 60° from the waist
(top to bottom). The positions where these phase advances are reached are marked in the relative phase advance
plot. In addition, the particles which are at the corresponding “angle” in the transverse phase space at the waist are
highlighted in the transverse phase space plots at both positions.

The maximum beam size according to Eq. (8) is plotted in Fig. @ as function of the drift distance from
the waist. It resembles the envelope of a beam with the typical waist, while approaching linear expansion
further away from the waist.

2.3 Defining the Acceptance Box Parameters

Making use of this basic relation between the transverse phase advance and the transverse beam size,
one can confine a region in the transverse phase space. Ideally a continuous aperture limitation following
the maximum beam size at each position as shown in Fig. d would exactly accept all particles within the
boundaries of the demonstration beam at the waist reference position. However, such a funnel-like beam
pipe is costly and inflexible. It will be demonstrated in the following that a sufficient confinement of
the transverse phase space can already be achieved with a few apertures at certain positions. To define
the parameters, first the number of apertures is chosen. Considering again the illustration of the drift in
the transverse phase space in Fig. [3]it is evident that one wants to put the apertures such that they are
maximally apart in terms of transverse phase advance to evenly confine the phase space region with a
regular shape of equal “angles”.
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Figure 4: Maximum or 100 % beam size of the demonstration beam shown in Fig. [2]in a drift as a function of the
drift distance from the waist corresponding to Eq. (8).

The principle is demonstrated alongside an example, defining the acceptance box parameters for the
uniform beam from Fig. [2| at the waist as reference plane. We will start with an example for a four-
aperture setup in the symmetric configuration, which is also the most compact solution (see also the
discussion of asymmetric configurations below).

The first step is to determine the aperture positions with respect to the reference position. In the case
of four apertures a transverse phase advance of 45° is wanted between each neighboring apertures. Thus,
in the compact symmetric configuration, the apertures are placed at ¢); = +22.5° and £67.5° from the
waist. The aperture positions L; = +0.4141 m and £2.4142 m are then calculated using Eq. (7). In a
second step the aperture widths d; are determined. From the obtained positions the beam sizes at these
positions are calculated with Eq. (8) and one obtains d = 1.08 mm for the inner and d = 2.61 mm for the
outer aperture widths. The procedure to determine the aperture positions and widths is shown in Fig. [3]
together with the transverse phase advance relative to the waist and the maximum transverse beam size,
respectively.
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Figure 5: Illustration how the aperture properties of the acceptance box for the demonstration beam from Fig.[2]are
determined in the case of four apertures. First, the aperture positions defined by where the relative phase advances
; = £22.5°, £67.5° from the waist are reached (left). Next, the aperture widths are obtained by the maximum
beam size at these positions (right).

An illustration of the limitation of a large uniform beam in the transverse phase space with the ac-
ceptance box for the demonstration beam defined above is shown in Fig. [f] For each aperture the cut
in the transverse phase space is subsequently applied in the direction of the beam drift. The transverse
phase space is shown with these cuts at the position of the respective aperture and at the waist position
of the reference beam, which is the reference plane of the demonstration beam at the waist for which the
acceptance box is designed. It is apparent that the phase space resulting from the four cuts at the different
positions in z is a regular octagon at the reference beam position in the z-z’-phase space.

5
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Figure 6: Illustration how the acceptance box determined for the demonstration beam in Fig. [5] confines a large
uniform beam in the z-z’-phase space. The aperture cuts in the transverse phase space are applied consecutively in
direction of the drift (top to bottom) and are shown together with the maximum beam size from Fig. E (left). The
corresponding cuts in the z-z’-phase space at the waist as reference plane for the example beam (middle) and at
the slit position (right) and are depicted and compared to the edge of the demonstration beam (red ellipse).

In comparison to the ellipse representing the edge of the uniform beam the accepted phase space region
is a bit larger since the cuts only tangentially enclose the ellipse. To compensate this effect, it is possible
to compromise and cut slightly into the ellipse, so that the total enclosed area would be the same.

While it will become apparent that the configuration discussed above is the most convenient, it is not
necessary to place the apertures symmetrically around the waist. The position of all apertures can be
shifted simultaneously in phase advance, in principle almost up to 22.5°, so that there are always two
apertures on each side of the waist. However, the closer one aperture gets to the waist, the less compact
is the acceptance box. Since the transverse phase advance increases less with further distance, the outer
aperture on the other side has to be placed even further away from the waist. An example is given placing

6
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the aperture with a phase shift of 10°, so at 1); = —57.5°, —12.5°, 32.5°, 77.5° relative to the waist. As
above the aperture position and widths are defined, which is shown in Fig.[7]
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Figure 7: Illustration of the determination of the acceptance box aperture properties for the demonstration beam
using four apertures as in Fig.[5] but for a non-symmetric case with phase advances by shifted by 10°. The aperture
positions for the resulting phase advances ¢; = —57.5°, —12.5°, 32.5°, 77.5° relative to the waist are defined (left)
and the aperture widths are obtained at these positions (right).

In comparison to the symmetric case, the distance from the first to the last aperture position, so the
total length of the acceptance box, increases from about 5 m to 6 m in this example. Therefore, the more
compact symmetric configuration is preferred in reality. In addition, the machining is easier if only two
sets of aperture widths and two different distances are needed. However, the non-symmetric case might
be sensible, if e. g. there is only limited transverse phase advance before waist and the focusing cannot be
changed. The comparison of the resulting enclosed transverse phase space at the reference waist position
for the symmetric and the shifted acceptance box is shown in Fig.[8] The enclosed areas are identical,
but the octagon is rotated exactly by the 10° the acceptance box is shifted.

T T T T T T
- 10} 1o 10F -
© (0]
- —
£ 05f 1€ ost -
~ ~
W 00f 1~ o0of -
Q Q
o 05 15 051 -
C C
< 10t 4 << -10} .
1 1 1 1 1 1
-1 0 1 -1 0 1
Position z / mm Position z / mm

Figure 8: Comparison of the resulting confined transverse phase spaces in x-z’-phase space at the reference waist
position using an acceptance box with four apertures in the symmetric configuration as determined in Fig. [3] (left)
and in the shifted configuration as in Fig.[7] (right). In addition, the edge of the demonstration beam, for which the
acceptance box is designed, is indicated by the red ellipse.

Finally, the effect of the number of apertures is discussed. As mentioned above the more apertures
are placed, the more the acceptance box approaches the ideal case of a continuous beam pipe, exactly
enclosing the wanted ellipse. This effect is illustrated using two to four apertures for the acceptance box
of the example beam. The placement of the slits at the respective positions according to the transverse
phase advance around the waist and the enclosed transverse phase space at the reference waist position is
shown in Fig.[9] Already with four apertures the ellipse is described quite accurately, with the enclosed
area being only about 5 % larger. As discussed above this can be compensated by cutting a bit into the
beam region resulting in the same total area.



Internal Note CERN-ACC-NOTE-2024-0021

3.0 b

25 b

15 b

Beam Size ¢ / mm
5
Angle z' / mrad

3.0 b

20 b

15 b

Beam Size ¢ / mm
Angle z' / mrad

1.0} , , .

3.0 B

25 b

20 B

Angle z' / mrad

Beam Size ¢ / mm

10 1 Y 1 7 1 1 1

-2 0 2 -1 0 1
Drift Distance L / m Position z / mm

Figure 9: Comparison of acceptance boxes with two, three and four apertures for the demonstration beam (top to
bottom). The aperture configurations are shown together with the maximum beam size from Fig. @] (left) and the
resulting confined beam in the z-x’-phase space at the reference waist position (right) are depicted and compared
to the edge of the demonstration beam (red ellipse).

2.4 Extension to 2D and Limitations

Until now we only discussed the principle and design of the acceptance box in one transverse dimension.
In reality one is, however, usually interested in both transverse dimensions. For the extension to two
dimension the acceptance box can in principle be designed independently for each dimension, if = and
y are decoupled, but this is not very practical. In general, there are the following options for a two-
dimensional acceptance box with four apertures in each dimension:

— FEight 1D apertures. The four aperture positions and widths are defined and placed independently
for each dimension.

— Four 2D apertures. If the beam is rotationally symmetric and the four apertures for each dimen-
sion would be placed at the same positions, a 2D aperture with identical aperture widths in both
dimensions can be used.

— Seven apertures, with six 1D apertures and one 2D aperture, to save one aperture compared to the
first case. One can make use of the possibility of shifting the phase of the acceptance box in one
dimension and align them at one position. The rest of the 1D apertures are then placed accordingly.

For the general use case as diagnostics for a beam coming out of a source or LEBT, the beam is expected
to be close to rotationally symmetric. Therefore, normally an acceptance box with four 2D apertures
is used. Another option for non-symmetric beam in other cases is to symmetrize the beam before the
acceptance box, to still only require four apertures. Assuming no correlation in the transverse plane the
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2D apertures have a squared or more general a rectangular shape. Alternatively, one can use round (or
more general elliptical) apertures to only accept a fully correlated beam in the transverse plane.

Due to being a very basic tool the acceptance box has some limitations. It can only ever confirm the
transmission of a beam through a single defined transverse phase space region. Therefore, the shape of
the transverse acceptance area needs to be reasonably similar to an ellipse. For the result to be useful the
beam has to go through a waist and significant drift space before the waist or strong focusing is required
for sufficient transverse phase advance. An in principle free parameter is the longitudinal position of the
complete acceptance box, moving all four apertures simultaneously. However, this is only applicable,
if it is possible to change the position of the reference beam within the setup for the actual experiment.
E. g., moving an acceptance box for an RFQ, means that also the RFQ has to be moved, as the acceptance
box is designed with respect to the RFQ MP. In addition, the LEBT settings need to be adapted to match
the beam has at the new MP position, which can only be done to a certain extend.

Two other limitations of an acceptance box are that it cannot account for possible correlations in the 6D
phase space and for space charge. Since the aperture cuts are applied in real space no distinction of other
beam parameters and correlations apart from the x-y-plane can be made. In addition, any correlation to
the longitudinal phase-space or longitudinal acceptance itself are not considered, since the acceptance
box does not discriminate longitudinally. These correlations are especially present considering the 6D
acceptance of an RFQ. This can be analyzed in simulations and will be discussed in the next section.
A similar issue concerns space charge effects. The acceptance is considered to be a property of the
structure, the acceptance box is thus designed assuming zero beam current using linear beam dynamics
as explained above.

3 Acceptance Box Examples

In this section we will present three real life examples of acceptance boxes that are in use at CERN. All
of them are designed to imitate the acceptance of RFQs, which is our most common use case. However,
the transverse acceptance of an RFQ is not a straight-forward parameter. The separate 2D acceptances
in both transverse dimensions depend on the longitudinal phase and beam energy and in addition may
correlate with each other as well [5]]. Thus, the transmission of a beam through an RFQ always depends
on its distribution and correlation in the 6D phase space. Therefore, there is no single definite acceptance
box design and the parameters may vary within a certain range.

In the following we will give three examples, which can be used as guideline or recipe to find the
transverse RFQ acceptance and define the corresponding acceptance box. The first is the acceptance box
for the carbon RFQ, which is part of the project for a carbon Linac for hadron therapy in Section[3.1] Next
is the acceptance box for the alike RFQs of the ELISA and MACHINA projects in Section Finally,
the acceptance box for the Linac4 RFQ, which is used at the Linac4 source test stand, is presented in
Section[3.3] The design process of the acceptance box for the carbon RFQ will be described in detail. The
acceptance of the carbon RFQ is explained, the derivation of the aperture parameters is demonstrated, the
acceptance of the RFQ and the acceptance box are compared and discussed. For the other two RFQs the
acceptance is discussed and directly the obtained acceptance box parameters are presented. All examples
feature an acceptance box with four apertures.

3.1 Carbon RFQ Acceptance Box

The carbon RFQ is the follow-up project the HF-RFQ operating at 750 MHz, which was patented at
CERN [6] and is part of a Linac-based proton therapy facility LIGHT [7,|8]]. The design of the RFQ has
been modified to accelerate ions with ¢/m = 1/2, e.g. carbon 2C%* or helium “He?* [9, [10] and a
full carbon Linac for hadron therapy has been proposed [11]. The RFQ consists of two cavities with a
length of 2.5 m to ensure a stable RF field at its frequency and features a trapezoidal vane geometry. It
accelerates the ions from an input energy of 15 keV to 2.5 MeV with the first and then to 5 MeV with the
second cavity. More details on the design and parameters of the carbon RFQ can be found in Refs. [9-
11]]. In the scope of this note only the RFQ acceptance is relevant to demonstrate the design and principle
of an acceptance box for an RFQ.
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The carbon RFQ acceptance is determined by multi-particle simulations with the tracking code Travel
[12]]. The beam dynamics simulations are performed using an electric field map of the RFQ obtained
with Comsol [13]]. To determine the acceptance of the carbon RFQ a large uniform uncorrelated beam in
6D space is used. This beam is shown as the green distribution in the background of Fig.[I0] This beam
is then tracked through the first carbon RFQ cavity field map without considering space charge effects.
From the resulting beam at the end of the first cavity only the particles, which are accelerated to the
nominal energy by the RFQ, are selected. The distribution corresponding to these accelerated particles
at the RFQ entrance, the so-called Matching Plane (MP), characterizes the acceptance of the RFQ. The
full 6D acceptance of the first carbon RFQ cavity is shown in Fig.[I0]in comparison to the uniform beam
used as input for the simulation. In both transverse phase spaces a similar normalized acceptance of
about 0.21 mm mrad is estimated from the ellipse enclosing 95 % of the distribution at the RFQ MP
corresponding to the accelerated particles. In addition, it is visible in the distribution of the acceptance
beam in the longitudinal phase space that the acceptance of the RFQ is phase and energy dependent [|14].
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Figure 10: 6D phase space of the particle distribution accelerated by the first cavity of the carbon RFQ (copper-
black distribution) remaining from a uniform fully stripped 2C®* carbon ion input beam (green distribution in
the background) at the RFQ MP defining its acceptance. The full projections (orange) and the 95 % Twiss ellipses
(red) are shown with the corresponding parameters.

The transverse phase space of the acceptance beam obtained by simulation has not such a clear edge
as the example beam discussed in Section 2] Therefore, it will to some extent be necessary to cut
outside particles with the acceptance box when defining the acceptance box aperture properties, so that
the acceptance is not overestimated. To define the acceptance box parameters we will thus use a tracking
simulation instead of direct calculation to determine the aperture positions from the phase advance and
the aperture widths from the beam distribution at those positions. As discussed above, the transverse
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acceptance of the RFQ depends on the energy and phase of the particles in the distribution. In this case
we opted to average over all possibilities by using the 6D acceptance beam for the simulation.

The transverse phase advance is calculated from the transverse Twiss S-function, which is obtained
by simulating a backward and forward drift of the acceptance beam from the RFQ MP. The aperture
positions are determined as explained in Section [2.3] but from the simulation results as shown in Fig. [ 1]
In addition, a 95 % beam size derived from the 95 % emittance and Twiss 3-function via o = /&3 is
shown together with the aperture positions. Small deviations are visible for the horizontal and vertical
direction. However, the differences are not significant, thus the mean value is used for the four aperture
positions for both dimensions.
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Figure 11: Determination of the acceptance box aperture positions for the carbon RFQ from the phase advance
relative to the waist (left). The 95 % beam size derived from the 95 % emittance and Twiss S-function via o =
/B is shown with the aperture positions and widths (right), but the aperture widths are defined by additionally
analyzing the beam at the respective positions (see text). Note that the waist is still used a reference so that the
minimum beam size is at L = 0 and ¢(0) = 0, while the reference beam at the RFQ MP is slightly behind the
second aperture (dashed grey line).

The aperture widths are more difficult to define with an actual beam due to the outside sputtered
particles. In this case we choose to aim for a transmission of about 95 % of the acceptance beam,
i.e. loosing about 5 % of the outer beam parts in the acceptance box. Therefore, the aperture widths are
increased somewhat in comparison to the 95 % beam size obtained above. In this case we set the aperture
width to enclose 99 % of the particles in the respective dimension. This is illustrated in Fig. where
the shown beam distribution is drifted to the four aperture positions and the 99 % radii are indicated for
both dimensions. Again, there are small but not significant differences in the two transverse dimensions,
so the average can be used to have square apertures.

The exact parameters determined by simulation are however not crucial. It was confirmed in sim-
ulations that displacements of +5° in phase advance or changes of the aperture below 0.1 mm do not
significantly change the transmission through the acceptance box. Thus, the machining parameters are
rounded up to 0.1 mm. The final parameters of the carbon RFQ acceptance box apertures as it is con-
structed are summarized in Tab. |1 and are also indicated in Fig. [l 1| for comparison with the 95 % beam
size. The apertures are squared and the full aperture is given.

Table 1: Carbon RFQ Acceptance Box Aperture Properties

Aperture Width/ mm Distance to RFQ MP/mm Distance Between / mm

1 3.4 —-21.3

2 14 —-1.5 179'68
3 1.4 6.1 19' 0
4 3.4 25.1 '

In reality the acceptance box consists of aperture plates and spacers, which are placed inside a ded-
icated vacuum tube. Thus, note that the aperture plates have a finite thickness, which In case of the
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Figure 12: Beam distribution of carbon RFQ acceptance in the z-y-plane at the aperture positions determined
in Fig. The red ellipses indicate the region enclosing 95 % of the beam, the respective radii for the z and y
dimension are given.

acceptance box of the carbon RFQ is 0.5 mm. This thickness must then always be subtracted from the
calculated drift distances between the apertures, to produce the respective spacers. The technical drawing
of the carbon RFQ acceptance box and the first aperture are shown in Fig.[T3]

The confined region of the acceptance box for the carbon RFQ is illustrated together with the transverse
phase spaces of the RFQ acceptance at the RFQ MP in Fig.[14] The cuts according to the four apertures
are indicated and the central beam region is transmitted. About 2.5 % of the particle distribution is
outside of the cuts in each of the transverse dimensions. Thus considering independent distributions, in
total about 5 % of the beam are not accepted.

3.2 ELISA / MACHINA RFQ Acceptance Box

Another very compact RFQ was developed at CERN based on the HF-RFQ design. Two copies of this
RFQ are produced for different societal applications. One RFQ is used for the Movable Accelerator for
Cultural Heritage In-situ Non-destructive Analysis (MACHINA) project, which transportable accelerator
for the use in examining for example art with Proton Induced X-ray Emission (PIXE) [15]]. The other
RFQ is part of the Experimental LInac for Surface Analysis (ELISA) project as a accelerator demonstra-
tor experiment installed at the CERN Science Gateway exhibition [[16}|17]].

The ELISA RFQ acceptance is again determined using a large uniform input beam in all dimensions
and the RFQ acceptance defined by the particles accelerated to the nominal energy in the particle tracking
simulation is shown together with the uniform input beam in Fig. [I5] Space charge effects are again not
considered, but do not play a role for this RFQ anyway, since only very low beam currents up to about
15mA are the target for the ELISA source commissioning and only few pA are needed with MACHINA
for PIXE studies, respectively.
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Figure 13: Technical drawing of carbon RFQ acceptance box: Front view with the first aperture blade (left) and
side view (right, beam coming from the left), with indicated distances between the aperture plates and width of the
first aperture.
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Figure 14: Illustration of region confined by the carbon RFQ acceptance box compared with the carbon RFQ
acceptance in the z-z’ and y-y'-phase spaces resulting in approximately 95 % transmission for the acceptance
beam.

The ELISA RFQ acceptance is even more limited in the longitudinal phase space than the carbon RFQ,
due to pushing for an even more compact design trading off longitudinal acceptance. The normalized
transverse acceptance of about 0.33 mm mrad in both transverse dimensions is a bit larger than for the
carbon RFQ.

The acceptance box parameters for ELISA/MACHINA RFQ are summarized in Tab. 2| again the
squared and full apertures are given. The dimensions are a bit smaller than for the carbon RFQ acceptance
box, although the transverse acceptance of the ELISA/MACHINA RFQ is bit larger. However, a more
conservative acceptance box was designed due to the smaller longitudinal acceptance.
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Figure 15: 6D phase space of the particle distribution corresponding to the particles accelerated by the
ELISA/MACHINA RFQ (copper-black distribution) remaining from proton input beam (green distribution in the
background) at the RFQ MP defining its acceptance. The full projections (orange) and the 95 % Twiss ellipses
(red) are shown with the corresponding parameters.

Table 2: ELISA RFQ Acceptance Box Aperture Properties

Aperture Width/ mm Distance to RFQ MP/mm Distance Between / mm
1 2.8 —14.65

2 1.04 1.45 166.91
3 1.04 8.35 17’ 3
4 2.8 25.65 '

3.3 Linac4 RFQ Acceptance Box

Linac4 is the injector for the CERN proton accelerator complex. It features a H™ source, a LEBT and an
RFQ, before further acceleration with different Linac structures and finally injecting into the PS booster
(18H20]. To do measurement test and preparations with spare sources as well as for developments of new
sources an acceptance box is used at the source test stand at CERN to imitate the transverse acceptance
of the Linac4 RFQ . The Linac4 RFQ operates at 352 MHz and accelerates the H™ ions from
an input energy of 45keV to 3 MeV [24].

The Linac4 RFQ acceptance is determined in the same way as for the carbon RFQ using a large
uniform input beam in all dimensions. Although Linac4 provides much higher currents, still no space
charge effects are considered to obtain the RFQ acceptance. The RFQ acceptance defined by the particles
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accelerated to the nominal energy in the particle tracking simulation is shown together with the uniform
input beam in Fig. [T§
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Figure 16: 6D phase space of the particle distribution corresponding to the particles accelerated by the Linac4
RFQ (copper-black distribution) remaining from H™ ion input beam (green distribution in the background) at the
RFQ MP defining its acceptance. The full projections (orange) and the 95 % Twiss ellipses (red) are shown with
the corresponding parameters.

It is apparent that the Linac4 RFQ has a much larger acceptance, since it is designed for a different
purpose than the carbon RFQ. Operating at a lower frequency, the distance between RFQ vanes is larger
and the RFQ thus accepts larger transverse dimensions. Furthermore, it is optimized for maximal trans-
mission and is thus much less phase dependent than the carbon RFQ to capture and accelerate particles
at all phases [5]]. The majority of particles are accepted for all phases and energies even up to a relative
energy spread of 10 %. Therefore, the Linac4 RFQ is mainly limited by the transverse acceptance, with
a normalized acceptance of about 4.2 mm mrad in both transverse dimensions.

The parameters derived for the Linac4 RFQ acceptance box are summarized in Tab. [3] again the
squared and full apertures are given. Due to the larger acceptance of the RFQ, the apertures are larger as
for the carbon RFQ acceptance box. Furthermore, the distance between the apertures is longer since the
Linac4 input beam energy is higher as for the carbon RFQ.

4 Validation and Measurements for Linac4

The performance of the acceptance box is validated in simulation and with measurements for the Linac4
RFQ, since experience has been gathered in multiple years of operation at Linac4 and for the source
commissioning with the acceptance box. In addition, the Linac4 RFQ has the least losses in the longi-
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Table 3: Linac4 RFQ Acceptance Box Aperture Properties

Aperture Width/ mm Distance to RFQ MP/mm Distance Between / mm

1 10.4 —20.0

2 4.34 6.7 ??Z
3 4.34 18.1 24'2
4 9.8 42.3 '

tudinal acceptance, so the transmission results are less different than for the ELISA and carbon RFQ.
Two validation studies comparing the transmission through the Linac4 RFQ and the corresponding ac-
ceptance box are performed in Section Finally, measurements at Linac4 and the source test stand are
presented in Section #.2]

4.1 Linac4 Acceptance Box Validation

As first test to verify that acceptance box represents the transverse RFQ acceptance the transmission of
a variety of beams is compared for the RFQ and the acceptance box. The beams used for this study in-
clude beams with very different properties, e. g. regenerated from simulations or measurements, uniform,
round, asymmetric, scaled and combination of these. The transverse phase-space at the RFQ MP of all
beams used for this study can be found in the Appendix [A]

The beams are tracked through the RFQ field map and through the acceptance box apertures in sim-
ulation without considering space charge effects. Note that for the simulation with the acceptance box,
the beam is first tracked backward to the first aperture and then drifted forward, as the beam is generated
at RFQ MP, which is downstream of the first aperture. The transmissions through the acceptance box
and the Linac4 RFQ, where the latter considers only the particles which are accelerated, are compared in

Fig.
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Figure 17: Comparison of the Linac4 acceptance box and RFQ transmission for different input beams sorted by
increasing transmission through the acceptance box (see also Appendix [A]for the beams used for this study). For
the RFQ transmission only particles accelerated to the nominal output energy are considered.

The acceptance box transmissions range from 10 % up to almost 100 %. The values for the transmis-
sions through the RFQ and the general trend are clearly similar. Differences up to 5 % are obtained for
a few beams, but for most beams only small deviations are observed. The transmissions for the RFQ
are a bit better for low transmission beams as the acceptance box cuts a bit of the outer regions of the
transverse acceptance. On the other hand, the acceptance box has a somewhat better transmission for
beams with high transmissions, as it does not discriminate longitudinally. In reality the difference will
increase due to space charge effects, which is considered in the following LEBT optimization study and
is discussed for the measurements in Section 4.2
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A second simulation study to confirm the acceptance box performance is the optimization of the LEBT
for the transmission through acceptance box and RFQ field map. An overview of the setup and devices
of the LEBT at the Linac4 source test stand is shown together with the Linac RFQ acceptance box in
Fig.[I8 The optical elements are the same as for the LEBT installed at Linac4, transporting the beam
from the source to the RFQ. It consists of two solenoids, two horizontal and vertical correctors, and
additional diagnostic devices. The diagnostics includes the beam current transformer (BCT) for current
measurements and slits plus SEM grids for emittance measurements.

15t Solenoid BCT Slit " Grids 21d Solenoid

HV 1 RFQ
correctors, M';, acceptance mask

Figure 18: Linac4 test stand LEBT layout with the RFQ acceptance box [3].

As starting point for the optimization the beam shown in Fig. [19]is used. The horizontal and vertical
beam emittance was measured with the slit and the SEM grid in the LEBT and the corresponding beam
distribution has been created for the simulation. The beam at the measurement position is then tracked
backwards in simulation to the start of the LEBT to the output plane of the source considering the setting
of the first solenoid.
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Figure 19: Transverse phase spaces of the Linac4 source test stand LEBT input beam. Created based on emittance
measurements in the LEBT (Fig.[I8) and tracked backwards to the source output plane.

Apart from the steerers for correcting the beam position and angle, the two knobs to focus and match
the beam at the RFQ MP are the solenoids in the LEBT. Both solenoid currents were changed in the
range of 80 mA to 125 mA and the complete setup is simulated separately with the acceptance box and
the RFQ. The simulations are run with space charge effects at a beam current of 35 mA, but in the LEBT
90 % space charge compensations is considered, thus the beam current in the LEBT is set to 3.5mA.
The transmission through the acceptance box and the RFQ field map in simulation are shown as function
of the solenoid currents in Fig.[20] Note that the simulation scan with the RFQ is performed with coarser
steps due to this simulation being much more time intensive.

17



Internal Note CERN-ACC-NOTE-2024-0021

100 100
120 120
80 80
L
110 110
1 60 . 60
100 . 100
40 40
90 20 90 20
80 0 80 0
80 90 100 110 120 80 90 100 110 120

Solenoid 2 Current/ A Solenoid 2 Current/ A

Solenoid 1 Current/ A
Transmission / %
Solenoid 1 Current/ A
Transmission / %

Figure 20: Comparison of the simulated transmission through the acceptance box (left) and the RFQ field map
(right) of the beam out of the source shown in Fig. [T9)as function of the solenoid current settings in the LEBT
considering a beam current of 35 mA and 90 % space charge compensation in the LEBT.

The regions of high transmission have a similar bow-like shape with a maximum around both solenoids
set to about 110 mA for the acceptance box and the RFQ. However, as expected the transmission through
the acceptance box is in general a bit higher and the region of transmissions above 90 % is larger. The
optimal transmission of 94.1 % through the RFQ was achieved with the solenoids set to 105.85 A and
108.75 A, respectively. The transverse phase space of the corresponding beam was also used as beam
15 for the transmission comparison test and is shown in Fig. [A-T5]in Appendix [A] For these settings
the transmission through the acceptance box is 98.5 %. This is however not the highest value for the
acceptance box and transmission up to 99 % can be achieved for several combinations.

4.2 Linac4 and Source Test Stand Measurements

Measurements of the transmission through the Linac4 RFQ and the corresponding acceptance box have
been performed for two different sources (IS03 and IS04) at Linac4 and at the Linac4 source test stand,
respectively 22)]. The transmitted beam current is measured as a function of the input beam current
from the source ranging from 20 mA up to 60 mA. The solenoid settings are optimized for each single
measurement configuration. The absolute transmitted beam current and the relative transmission of RFQ
transmission and acceptance box are compared in Fig. [21] for both sources. The input beam currents
were in both cases measured with the BCT in the LEBT (see Fig.[I8] The transmitted beam current was
measured with a BCT downstream the RFQ and with a Faraday cup behind the acceptance box [22} 23]].
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Figure 21: Measurements of total transmitted current (left) and relative transmission (right) for the IS03 and IS04
sources at Linac4 through the RFQ and the Linac4 test stand through the acceptance box, respectively 22} 23]].

While as expected the transmission through the acceptance box is higher in all cases, the trend for the
transmission through the RFQ and the acceptance box are similar. With the acceptance box transmissions
over 90 % can be achieved for a wide range of source currents. For the RFQ the transmission is also quite
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stable, but around 80 %, for currents up to 40 mA. The difference between the two different source types
is small for both, RFQ and acceptance box, below 40 mA. For higher currents the transmission is better
for the 1S04, which has a better beam quality for higher currents.

Admittedly, the transmission measurements can never be made under the exact same circumstances
with the RFQ and the acceptance box and were in this case made in different setups. Even when using the
same source and LEBT setup, there are always differences between the setups apart from minor drifts or
changes, since the measurements with the RFQ and the acceptance box cannot be done at the same time.
The same would however be the case for any other diagnostics. As explained above for the simulation
results shown in Fig. the acceptance box does not discriminate any longitudinal losses, or any other
correlation in general. In addition, space charge effects are reducing the transmission through the RFQ
even more for higher currents. Thus, it is in any case advised to perform complementary beam dynamics
simulations to understand and verify the results.

Further measurements are foreseen at the Linac4 source test stand, especially for the commissioning
and validation of the Linac4 spare RFQ. A solenoid scan is planned to have the transmission comparison
shown in Fig. [20]also for measurements.

5 Conclusion

The concept of the acceptance box enclosing a transverse phase space has been introduced and derived
based on the transverse phase advance. Further, a recipe for the definition the acceptance box parameters
for a transverse beam distribution has been given. At CERN three acceptance boxes for RFQs have
been designed and are used successfully for source and LEBT commissioning and optimization. The
performance of the Linac4 RFQ acceptance box has been validated by simulations and measurements
of the transmission through the RFQ and the acceptance box. More results will be available as the
commissioning of the ELISA RFQ is ongoing and the carbon RFQ will be delivered soon.

In conclusion, the acceptance box is an essential ingredient for a source test stand and proved to be
a valuable tool. It is an efficient, robust and simple device for fast source and LEBT optimization. It is
much cheaper in comparison to typical emittance measurement methods, and does not require a specific
analysis. Currently, acceptance boxes are used in Linacs at low energies in the range of some ten keVs.
Especially imitating the transverse acceptance of an RFQ, they represent a cheap and efficient method
to prepare sources without needing the RFQ itself. However, the use case of acceptance boxes can be
extended within reasonable distances up to energies of a few MeV, whenever a quick method is needed
to obtain the ratio of beam inside a certain transverse emittance.
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Appendix
A Beams for Acceptance Box Validation

This appendix section complements the acceptance box validation studies in Section 4.1l The trans-
mission of the beams through the acceptance box and the RFQ field map without space charge effects
corresponding to the results shown in Fig. [I7] are summarized in Tab. [A.T] using the same numbering
increasing with transmission through the acceptance box. The transverse phase spaces of the beams used
for the study are shown in the following in Figs.[AT|to[AT5] Different distributions have been used or
created, e. g. uniform or binomial distributed beams with different shapes (Figs. [A.T] to [A.4), matched
or mismatched beams with different emittances (Figs. [A.3]to [A.11] and [A.T4)), beams created based on
measurements (Figs. [A.TT|and[A.12] [21]]), and the optimized beam from the solenoid scan study in Sec-
tion 41| (Fig.[A.T3). The transverse acceptance ellipse of the Linac4 RFQ is shown as red dashed ellipse
in all phase-space plots as reference. The energy is set to 45 keV with 1 % RMS relative energy spread
and the longitudinal phase is uniform for all beams.

Table A.1: Transmissions through the Linac4 RFQ Acceptance Box and the Linac4 RFQ shown in Fig.

Beam No. Phase-Space Plot Acc. Box Transmission/ % RFQ Transmission / %
1 Fig.|A.1 10.9 11.9
2 Fig.|A.2 14.5 20.1
3 Fig.|A.3 17.4 237
4 Fig.|A.4 24.4 24.3
5 Fig.|A.5 37.0 39.6
6 Fig.|A.6 44.5 46.4
7 Fig.|A.7 50.9 49.5
8 Fig.|A.8 56.3 54.2
9 Fig.|A.9 65.8 64.4
10 Fig.|A.10 70.4 65.7
11 Fig.|A.11 83.0 79.1
12 Fig.|A.12 94.4 90.0
13 Fig.|A.13 95.4 89.9
14 Fig.|A.14 98.2 94.6
15 Fig.|A.15 98.5 97.8
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Figure A.1: Transverse phase space distribution of beam 1.
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Figure A.2: Transverse phase space distribution of beam 2.
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Figure A.3: Transverse phase space distribution of beam 3.
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Figure A.4: Transverse phase space distribution of beam 4.
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Figure A.5: Transverse phase space distribution of beam 5.
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Figure A.6: Transverse phase space distribution of beam 6.
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Figure A.7: Transverse phase space distribution of beam 7.
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Figure A.8: Transverse phase space distribution of beam 8.
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Figure A.9: Transverse phase space distribution of beam 9.
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Figure A.10: Transverse phase space distribution of beam 10.
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Figure A.11: Transverse phase space distribution of beam 11.
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Figure A.12: Transverse phase space distribution of beam 12.
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Figure A.13: Transverse phase space distribution of beam 13.
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Figure A.14: Transverse phase space distribution of beam 14.
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Figure A.15: Transverse phase space distribution of beam 15.
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B Used Acceptance Box Plates

Fig.[B.1|shows some images of apertures used for the first aperture of the Linac4 RFQ acceptance box at
the Linac4 source test stand. The apertures in the top images have been used with mostly focused beams
and it is visible that the metal starts to melt at the surface. The aperture in the lower left has been exposed
to a less focused beam and a larger beam spot is visible. The aperture in the lower right was used during
a steerer scan, resulting in a regular pattern.

Figure B.1: Images of apertures used for the first aperture of the Linac4 RFQ acceptance box at the Linac4 source
test stand.
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