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Abstract

Linac4 is a new H’ linear accelerator presently studied at CERN. This machine
consists of normal-conducting structures operating at 352.2 MHz and 704.4 MHz re-
using the RF equipment from the decommissioned LEP collider. It consists of a 95 keV
H- source, a 352 MHz RFQ bringing the energy the energy to 3 MeV, a Chopper line, a
352 MHz Drift Tube Linac bringing the energy to 40 MeV, a 352 MHz Coupled Cavity
Drift Tube Linac bringing the energy to 90 MeV and a 704 MHz Side Coupled Linac
bringing the energy to 160 MeV. Each section is designed and optimized as stand-alone
machines for a good transmission and minimum possible emittance growth. End-to-end
simulations starting from the RFQ have been carried out in order to validate and compare
the multiparticle simulation codes PATH Manager and TRACEWIN used for beam
dynamics calculations as well as to perform a global optimization of the structures in the
context of a complex machine.
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Introduction

Linac4 is a new H' linear accelerator presently studied at CERN. This machine consists of normal-
conducting structures operating at 352.2 MHz and 704.4 MHz (Fig. 1) re-using the RF equipment from the
decommissioned LEP collider. It is designed to replace the existing Linac2 and to inject the beam into the
CERN PS Booster (PSB) at 160 MeV instead of present 50 MeV injection energy to overcome the space-
charge limitation. At the same time it is a front-end for the future high power 3.5 GeV superconducting
linac (SPL) [1].

The layout of LINAC4 is sketched in Fig 1. It consists of a RF volume source (identical to the one in
DESY) which provides an H- beam at 35 kV further post-accelerated to 95keV. The first RF acceleration
(from 95keV to 3 MeV) is done by a Radio Frequency Quadrupole (the IPHI RFQ from CEA [2]). The
RFQ resonates at 352 MHz, is 6 m long and it is powered by a 1 MW Klystron. At 3 MeV the beam enters
a 3.6 meter long chopper line, consisting of 11 quadrupoles, 3 bunchers and two sets of deflecting plates.
This system has the capability of removing micro-bunches on the RF scale and rematch the beam to the
subsequent system of accelerators. A rudimentary collimation is also performed in this line. The beam is
then further accelerated to 40 MeV in a conventional Drift Tube Linac at 352 MHz. The DTL, subdivided
in 3 tanks, is 13.4 meters long and it is powered by 5 klystrons for a total power of 4 MW. Each of the 82
drift tubes id equipped with a Permanet Magnet Quadrupole. At 40 MeV the velocity of the beam is such as
to allow the transition to structures which don’t follow cell-by-cell the beam velocity profile. In LINAC4
the acceleration from 40 to 90 MeV is provided by a Cell-Coupled Drift Tube Linac at 352 MHz. The
CCDTL is made of 24 tanks of 3 cells each for a total length of 25.3 meters. Four tanks are powered by the
same klystron, for a total of 8 klystrons delivering 6.5 MW. The focusing is provided by electromagnetic
quadrupoles placed outside each tank. The acceleration from 90 to 160 MeV is done in a Side Coupled
Linac resonating at 704 MHz. The SCL is made of 20 tanks of 11 cells each for a total of 28 m, powered by
4 klystrons delivering 12 MW. Focusing is provided by 20 Electromagnetic Quadrupoles.

This brings the total length of the linac to 80 m, for a total of 18 klystrons. The duty cycle of LINAC4 is
0.1% when used as injector to the PS booster but it grows to 3-4% if we consider its potential use as front-
end of a high power proton driver like the SPL [1]. During the design phase we have decided to take as
effective duty cycle the value of 15%: this value is used through the paper unless otherwise indicated.

95keV 3MeV 3MeV 40MeV 90MeV 160MeV

| !
H- RFQ [ CHOPPER | DTL 4 CCDTL L SCL
RF Radio Chopper Drift Tube || Cell-Coupled Side Coupled
volume | Frequency Linac Drift Tube Linac
source | Quadrupole | 352 MHz Linac
(DESY) | (IPHI) 36 m 352 MHz || 352 MHz 704 MHz
35 kV 352 MHz 134 m 253 m 28 m
Extrac. |6 m 3 tanks 24 tanks 20 tanks
60kV 1 Klystron 5 klystrons || 8 klystrons 4 klystrons
Postace. | 1 MW 4 MW 6.5 MW 12 MW

82 PMQuad || 24 EMQuads 20 EMQuads

Figure 1: Layout of the Linac4

The Chopper Line and following accelerating structures are designed and optimized as stand-alone
machines for a good transmission (beam losses <IW/m) and minimum possible emittance growth. The
purpose of the work presented in this note is to validate/compare the multiparticle simulation codes PATH
Manager and TRACEWIN used for beam dynamics calculations as well as to perform a global optimization
of the structures in the context of a complex machine. Therefore end-to-end simulations of the Linac4 have
been carried out. At this point we lack for simulation data of the H™ ion source and the simulations start
with a generated uniform beam distribution at the input of the IPHI RFQ [2], designed by CEA and IN2P3.
Beam dynamics simulations in the RFQ are performed using Toutatis code and the RFQ is under
construction, thus the actual code comparison and optimization of the structures starts from the Chopper
Line.



End-to-end simulation of Linac4 with PATH and TRACEWIN

The end-to-end simulation set-up comprises of the IPHI RFQ, the Chopper Line, the DTL, the
CCDTL and the SCL. The beam dynamics in each structure except the RFQ has been studied and analyzed
separately using as an input beam the output from the previous structure. Simulations are carried out first
for zero current to check and compare the structures in two codes in the absence of space-charge effects
and then with nominal current. For the simulations with current a 2D space-charge routine has been used in
both codes, which gives more pessimistic results for transverse emittance growth with respect to the 3D
space-charge routine.

1. Beam dynamics in the Chopper Line

The Chopper Line operates at 352.2 MHz and the input beam energy is 3 MeV with a bunch current of 69.9
mA per RF period. The number of particles is 49940. Twiss parameters of the Chopper input beam are
reported in Table 1.

Table 1: Input beam parameters of the Chopper Line

a B ERMSN €90%.N
X 0.96 | 0.20 mm/x mrad | 0.27 x mm mrad | 1.14x mm mrad
y -1.66 | 0.43 mm/mr mrad | 0.27 = mm mrad | 1.137x mm mrad
long | 0.26 | 594.71 deg/nr MeV | 0.14 = deg MeV | 0.64n deg MeV

The beam comes from the RFQ output. The Chopper Line structure is 3.698 m. The simulations are carried
out using both PATH and TRACEWIN codes.

1.1 Beam from the RFQ, unmatched case (I = 0 mA)

In order to check the structure, the space-charge effects are disabled in the first simulation by running the
structure with 0 mA current. In Figure 2 the RMS beam size sizes along the Chopper Line obtained in
PATH and TRACEWIN are compared. Figure 3 compares the RMS normalized emittances along the
structure.



s (M)

2 | ——Path  —— Tracewin| e
3 AN
25 / N FaY

TN P
15 M \._ __/
[l' g

] =
05 e
] . . . . . .
0 0.5 1 15 2 25 3 a5
Z {m}
3
; | —+—Path —— Tracewin|
= 4
E A\ / .
2, [ e, / M
=
11/""‘-" _\_,/ \ f
4
0 . . . . .
] 0.5 1 15 2 25 25
Z {m}
. Wi
T o
:E., iz _. // -“-"ﬁ._‘_.:l_. i
20 / \ \\.
W
T B
= 4 b
@ || ——Path ——Tracewin |
< 0
] 05 i 15 25 3 35

z
Z{mj}

Figure 2: RMS beam size along the Chopper Line
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Figure 3: RMS normalized emittance envelopes along the Chopper Line

The transmission is 63.88% in PATH and 63.86% in TRACEWIN and about 36% of the particles are lost

in the dump.

The Twiss parameters of the beam at the end of the Chopper Line obtained with PATH and TRACEWIN
are summarized in Table 2 and 3 respectively. The beam phase space plots are presented in Figure 4 and 5.

Table 2: Chopper Line output beam parameters in PATH

o B ERMS.N €90%.N
x| 11.27 1.03 mm/mr mrad | 0.29 x mm mrad | 1.18 = mm mrad
y | -22.57 | 2.07 mm/s mrad | 0.16 x mm mrad | 0.65 x mm mrad
z| 0.29 | 132.37 deg/nr MeV | 0.15 = deg MeV | 0.67 = deg MeV

Table 3: Chopper Line output beam parameters in TRACEWIN

) B ERMS,N €90%.N
x| 11.31 1.03 mm/mr mrad | 0.29 n mm mrad | 1.18 = mm mrad
y|-23.38 | 215 mm/rmrad | 0.16 x mm mrad | 0.62 x mm mrad
z| 0.30 | 132.72 deg/xr MeV | 0.15 = deg MeV | 0.68 = deg MeV
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Figure 4: Beam phase space in PATH Figure 5: beam phase space in TRACEWIN

1.2 Beam from the RFQ, matched case (I = 69.9 mA)

Beam parameters have been compared with space-charge effects for the current of 69.9 mA using a 2D

space charge routine (Rings of Charge in PATH and Picnir in TRACEWIN) in both codes.
The RMS beam size sizes along the Chopper Line obtained in PATH and TRACEWIN are compared in

Figure 6.
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Figure 6: RMS beam size along the Chopper Line

The RMS and 90% emittance growth in the Chopper Line are reported in the Table 4 and Table 5
respectively.

Table 4: RMS emittance growth in the Chopper Line

Ex €long

gy
PATH 23.9% | 7.6% | 18.6%
TRACEWIN | 21.0% | 3.5% | 17.5%

Table 5: 90% emittance growth in the Chopper Line

Ex gy €long
PATH 26.2% | 17.5% | 16.5%
TRACEWIN | 21.9% | 10.8% | 15.3%

The RMS normalized emittances along the Chopper Line are compared in Figure 7 for both codes. The
maximum difference between the emittance values in two codes is Ag/e =3-4% (for g).
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Figure 7: RMS normalized emittances along the Chopper Line

The transmission in the line is 88.52% in PATH and 88.95% in TRACEWIN, so the output current is 61.9
mA and 62.2 mA respectively. The losses are shown in Figure 8: about 63% of the lost particles are
concentrated in the final part of the dump.
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Figure 8: Losses along the Chopper Line



Twiss parameters of the beam at the end of the Chopper Line obtained with PATH and TRACEWIN are
summarized in Table 6 and Table 7 respectively. Beam phase space plots are presented in Figure 9 and 10.

Table 6: Chopper Line output beam parameters in PATH

o B ERMS,N €90%.N
X| 466 | 0.59 mm/rmrad | 0.34 x mm mrad | 1.43 x mm mrad
y|[-162] 0.13mm/r mrad | 0.29 x mm mrad | 1.32 x mm mrad
z | 0.28 | 307.94 deg/m MeV | 0.16 = deg MeV | 0.73 = deg MeV

Table 7: Chopper Line output beam parameters in TRACEWIN

o B ERMS,N €90%.N
x| 470 | 0.60 mm/rmrad | 0.33 xt mm mrad | 1.39 x mm mrad
y|-1.72 | 013 mm/rmrad | 0.28 x mm mrad | 1.26 x mm mrad
z | 0.30 | 291.29 deg/m MeV | 0.16 = deg MeV | 0.73 n deg MeV
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Figure 9: Beam phase space in PATH Figure 10: Beam phase space in TRACEWIN
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1.3 Summary of Section 1

The results of comparison between the two codes are quite good both with and without space-charge effect.
The beam characteristics obtained with both codes are similar. With space-charge effects the PATH output
beam is a little more spread compared to the TRACEWIN one; the maximum difference between Twiss
parameters is about Aa/a~9% and AP/B~5%. For this case the difference between both the RMS
emittances and the losses is big, so the difference in emittances can probably be due to the difference in
losses.

2. Beam dynamics in the DTL

As in the previous section, in order to check the structure the first simulation has been done without space-
charge effects and with a test beam generated at the input of the DTL. Further, the beam coming from the
Chopper Line has been used for simulations with and without space-charge.

2.1 Test beam, I = 0 mA

The generated input beam characteristics are:
e Number of particles = 50000
e {=3522MHz
e E;,=3.01924 MeV
e  Twiss parameters:

a B ERMS,N
X 4.7 0.6 mm/r mrad 0.28 1 mm mrad
y [-1.7] 013 mm/xmrad | 0.28 x mm mrad
long | -0.3 | 291.23 deg/x MeV | 0.17 = deg MeV

For 0 mA current the transmission is 100% in both codes. The energy evolution is plotted in Figure 11. The
output beam energy is 39.89 MeV in PATH and 39.84 MeV in TRACEWIN.

45

s0f—{ ——Path  ——tracewin }7—-
25 f

Z{mj}

Figure 11: Energy evolution along the DTL, test beam, [ = 0 mA

The DTL output beam phase space plots are presented in Figure 12 and Figure 13 and Twiss parameters are
reported in Table 8 and Table 9. RMS beam size envelopes and emittances are plotted in Figures 14 and 15.

11
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Table 8: Twiss parameters of the DTL output beam in TRACEWIN, test beam, [ = 0 mA

o B ERMS.N €90%.N
X -1.16 | 1.17 mm/x mrad | 0.28 x mm mrad | 1.28 x mm mrad
y 1.28 | 0.97 mm/m mrad | 0.28 n mm mrad | 1.28 x mm mrad
long | -0.28 | 26.41 deg/r MeV | 0.17 n deg MeV | 0.78 = deg MeV

Table 9: Twiss parameters of the DTL output beam in PATH, test beam, I = 0 mA

a B ERMS,N €90%.N
X |-113 | 117 mm/xm mrad | 0.28 = mm mrad | 1.27 = mm mrad
y 1.32 | 0.98 mm/mr mrad | 0.28 x mm mrad | 1.28 x mm mrad
long | -0.31 | 30.21 deg/n MeV | 0.17 = deg MeV | 0.77 = deg MeV

12
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Figure 14: RMS beam size envelopes along the DTL, test beam, I = 0 mA
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The maximum difference between the RMS normalized emittances and RMS beam size envelopes are

reported in Table 10 and Table 11 respectively.

Table 10: Maximum difference between the emittances, test beam, I = 0 mA

Max Ae, /ey Max Ae,/e,

Max A8|ong/8]°n9

0.33% 0.29%

0.54%

Table 11: Maximum difference between the RMS beam size envel

opes, test beam, [ = 0 mA

Max Axpms/ Xrms Max AYRMS/YRMS

Max Aphaserms/phaserms

21.8% 17.2%

7.1%

The big difference in the values of the RMS beam size envelopes is due to the different ways PATH and
TRACEWIN treat the DTL cell: in PATH the DTL cell is modeled as a simple sequence of quadrupoles,
drifts and buncher cavities where the only input parameters are the synchronous phase and the effective
voltage, whereas in TRACEWIN additional information about the beta, the transit time factor and its
derivatives is provided. In fact, if in both codes we model the DTL cell, in this case only the first tank, as it
is done in PATH, we obtain the same results, which are presented in Tables 12-13 and Figures 16-17.

Table 12: DTL 1* tank output beam Twiss parameters in TRACEWIN, test beam, I = 0 mA

a B ERMS.N €90%.N
X 1.64 | 0.55mm/rmrad | 0.28 x mm mrad | 1.28 x mm mrad
y |-246| 0.77 mm/mmrad | 0.28 x mm mrad | 1.29 = mm mrad
long | -0.46 | 102.16 deg/xr MeV | 0.17 = deg MeV | 0.78 = deg MeV
Table 13: DTL 1% tank output beam Twiss parameters in PATH, test beam, I = 0 mA
a B ERMSN €90%.N
X 1.60 | 0.55mm/r mrad | 0.28 x mm mrad | 1.27 * mm mrad
y -247 | 0.77 mm/m mrad | 0.28 x mm mrad | 1.28 = mm mrad
long | -0.46 | 100.08 deg/mr MeV | 0.17 = deg MeV | 0.77 = deg MeV
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Figure 16: RMS beam size envelopes along the DTL 1* tank, test beam, I = 0 mA
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Figure 17: RMS normalized emittances along the DTL 1% tank, test beam, I = 0 mA

The maximum differences between emittances in the two codes are reported in Table 14.

Table 14: Maximum difference between emittances, test beam, I = 0 mA

Max Ae, /ey

Max Ag, /¢,

Max Aglong/glong

0.6%

0.5%

0.2%

2.2 Test beam, I = 65 mA

In these simulations a 65 mA current generated input beam was used. The transmission is 100% in both
codes. The energy evolution along the DTL is plotted in Figure 18. The output energy is 39.85 MeV in

PATH and 39.84 MeV in TRACEWIN.

15




Twiss parameters of the DTL output beam are reported in Table 15 and 16. The output beam phase space is
presented in Figures 19 and 20.
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Figure 18: Energy evolution along the DTL, test beam, I = 65 mA

Table 15: DTL output beam Twiss parameters in TRACEWIN, test beam, [ = 65 mA

o B ERMSN €90%.N
X -3.03 | 2.49 mm/x mrad | 0.31 x mm mrad | 1.41 = mm mrad
y 2.30 | 2.39 mm/mr mrad | 0.30 x mm mrad | 1.38 x mm mrad
long | -0.20 | 59.74 deg/x MeV | 0.18 = deg MeV | 0.81 = deg MeV

Table 16: DTL output beam Twiss parameters in PATH, test beam, I = 65 mA

a B ERMS.N €90%.N
X | -277 | 236 mm/rmrad | 3.11x mmmrad | 1.41 = mm mrad
y 2.40 | 2.37 mm/mrmrad | 0.30 x mm mrad | 1.37 = mm mrad
long | -0.24 | 63.64 deg/r MeV | 0.18 = deg MeV | 0.80Q = deg MeV
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Figure 19: DTL output beam in PATH,
test beam, I = 65 mA

Figure 20: DTL output beam in TRACEWIN,

test beam, I = 65 mA
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The RMS beam size envelopes and emittances are plotted in Figures 21 and 22.

i} 2 4 B

s {Tm}

¥en

-

W

=)
m

4‘ —— Fath —— Tracew in i

o o
[ERN

=

=)

2 4 E z {m) 2 10 12

phase .. (deg)

,%

="
s .
"i_—-—— ——“‘

3

z

al —— Path —— Tracewin

i

i 2 4 [ z{m} 8 10 12 %

Figure 21: RMS beam size envelopes along the DTL, test beam, I = 65 mA
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Figure 22: RMS normalized emittance evolution along the DTL, test beam, I = 65 mA
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Tables 17 and 18 show the relative difference between the RMS envelopes and RMS emittances in the two

codes.

Table 17: Maximum difference between the RMS envelopes, test beam, [ = 65 mA

Max Axrms/ Xrms

Max Ayrms/Yrms

Max AthSQRMs/thSQRMs

5.4%

3.1%

4.6%

Table 18: Maximum difference between the emittances, tes

t beam, [ = 65 mA

Max Ae, /¢,

Max Ae, /e,

Max Agjong/ €long

1.30%

1.46%

0.88%

2.3 Beam from Chopper Line, unmatched case (I =0 mA)

In these simulations the Chopper Line output beam with zero current was used at the input of the DTL. The
transmission is 99.94% in PATH and 99.95% in TRACEWIN.

0.06

Path Tracew in
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Figure 23: Losses along the DTL, beam from the Chopper Line, unmatched case

The output energy is 40.02 MeV in PATH and 39.84 MeV in TRACEWIN.
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Figure 24: Energy evolution along the DTL, beam from the Chopper, unmatched case

Figures 25 and 26 present the DTL output beam phase space and Twiss parameters are reported in Tables
19 and 20 for TRACEWIN and PATH respectively.
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Table 19: DTL output beam Twiss parameters in TRACEWIN, beam from the Chopper Line, unmatched case

o B ERMSN €90%.N
X |-6.69 | 3.53mm/mr mrad | 0.35 xt mm mrad | 1.47 = mm mrad
y 5.63 | 2.32 mm/mr mrad | 0.51 x mm mrad | 2.40 x mm mrad
long | 0.29 | 42.89 deg/x MeV | 0.17 n deg MeV | 0.77 = deg MeV

Table 20: DTL output beam Twiss parameters in PATH, beam from the Chopper Line, unmatched case

¥ {mrad)

X {mimj)

o B £RMS,N €90%.N
X -7.23 | 411 mm/mrmrad | 0.35 7w mm mrad | 1.45 = mm mrad
y 4.58 | 1.74 mm/mrmrad | 0.55 x mm mrad | 2.52 x mm mrad
long | 0.46 | 37.09 deg/nr MeV | 0.17 n deg MeV | 0.78 = deg MeV
15 15

X {mrad}

15

y' (mrad)

y' {mrad)

)

W {MeV)

LS

T

S0 F

phase {deq)

Figure 25: DTL output beam in PATH,
beam from the Chopper, unmatched case
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{dea)

Figure 26: DTL output beam in TRACEWIN,
beam from the Chopper, unmatched case

The RMS beam size envelopes and emittances are plotted in Figures 27 and 28.
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Figure 27: RMS beam size envelopes along the DTL, beam from Chopper, unmatched case
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Table 21: Maximum difference between the RMS beam size envelopes, beam from the Chopper Line, unmatched case

Max Axpms/ Xrms

Max Ayrms/Yrms

Max Aphaserums/phaserms

12.2%

33.2%

11.7%

Table 22: Maximum difference between the emittances, beam from the

Chopper Line, unmatched case

Max Ae, /¢,

Max Ae, /e,

Max Aéjong/ €long

1.7%

7.4%

4.1%

2.4 Beam from Chopper Line, matched case

In these simulations the Chopper Line output beam with space charge was used. The beam current is 62.2
mA in TRACEWIN and 61.9 mA in PATH, because of the different transmission (88.95% in TRACEWIN
and 88.52% in PATH, with an initial current of 69.9 mA) for the Chopper Line in the two codes.

The transmission in the DTL is 100% in both codes (just one lost particle on 44201 in the middle of the
first tank). The output energy is 39.85 MeV in PATH and 39.84 MeV in TRACEWIN.

Figures 29 and 30 present the DTL output beams and their Twiss parameters are reported in Tables 23 and
24, obtained with TRACEWIN and PATH respectively.

Table 23: DTL output beam Twiss parameters in TRACEWIN, beam from Chopper, I = 62 mA

a B ERMS,N €90%.N
X |-2.89| 2.52 mm/xr mrad | 0.34 x mm mrad | 1.46 = mm mrad
y 2.28 | 2.12 mm/x mrad | 0.32 x mm mrad | 1.35 x mm mrad
long | 0.11 | 56.08 deg/r MeV | 0.18 = deg MeV | 0.87 = deg MeV

Table 24: DTL output beam Twiss parameters in PATH, beam from Chopper, [ = 62 mA

a B ERMSN €90%.N
X | -2.65| 2.35mm/r mrad | 0.35 x mm mrad | 1.48 x mm mrad
y 224 | 203 mm/mrmrad | 0.33 xt mm mrad | 1.35 x mm mrad
long | 0.08 | 56.03 deg/x MeV | 0.18 = deg MeV | 0.86 & deg MeV

X' (mrad)

' (mrad)

WiMev)

Sie

a4
phase {deqg)

X' (mrad)

}{I(I'I'II'I'I}

V' {mrad)

Wil

Phas-e {cde o)

Figure 29: DTL output beam in PATH,
beam from the Chopper, [ = 62 mA

Figure 30: DTL output beam in TRACEWIN,
beam from the Chopper, [ = 62 mA
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The

RMS beam size envelopes and emittances are plotted in Figures 31 and 32.
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Table 25: Maximum difference between the RMS beam size envelopes, beam from the Chopper Line,

I1=62 mA
Max AxXpms/ Xrms Max AYRMS/YRMS Max AphOSCRMs/thSCRMS
4.7% 10% 3.2%

Table 26: Maximum difference between the emittances, beam from the Chopper Line, I = 62 mA

Max Aex/ex Max Aey/e, Max Agiong/ €long

2.4% 4.4% 2.1%

The RMS and 90% emittance growth in the DTL is reported in Tables 27 and 28.

Table 27: RMS emittance growth in the DTL

Ex Ey €long
PATH 2.4% | 12.6% | 13.3%
TRACEWIN | 2.5% | 12.8% | 12.6%

Table 28: 90% emittance growth in the DTL

Ex Ey €long
PATH 3.7% | 2.8% | 18.4%
TRACEWIN | 4.7% | 7.4% | 18.2%

2.5 Summary of Section 2

The envelopes of the beam characteristics obtained with the PATH and TRACEWIN are quite similar, both
without and with space charge effects.

The differences are due mainly to the different ways the two codes treat the DTL cell.

With the space charge the agreement between the codes is better than the 0 mA current one, so this effect is
somehow overridden by the space charge effects.

3. Beam dynamics in the CCDTL

As in the previous sections, in order to check the structure the first simulation has been done without space-
charge effects and with a test beam generated at the input of the CCDTL. Further, the beam coming from
the DTL has been used for simulations with and without space-charge.

3.1 Test beam, I = 0 mA

The characteristics of the generated input beam are:
e  Number of particles = 44670
e {=3522MHz
e E;,=39.8364 MeV
e  Twiss parameters:

o B ERMS.N
X | -4.36 | 4.55 mm/xr mrad | 0.33 x mm mrad
y 1.12 | 1.10 mm/x mrad | 0.32 x mm mrad
long | 0.38 | 60.63 deg/mr MeV | 0.17 = deg MeV

Without space charge effects, the transmission is 99.996% with both codes. The evolution of losses is
plotted in Figure 33.
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Figure 33: Losses along the CCDTL, test beam, [ = 0 mA

The energy evolution is plotted in Figure 34. The final energies are, respectively, 89.670 MeV in PATH
and 89.685 MeV in TRACEWIN.
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Figure 34: Energy evolution along the CCDTL, test beam, I = 0 mA

The CCDTL output beam shapes are plotted in Figures 35 and 36.Twiss parameters are reported in Tables
29 and 30.

X' {mrad)
X' {mrad)

X {Imam}

a

phase (deg) Phase (deg)
Figure 35: CCDTL output beam in PATH, Figure 36: CCDTL output beam in TRACEWIN,
test beam, I = 0 mA test beam, I = 0 mA
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Table 29: CCDTL output beam Twiss parameters in TRACEWIN, test beam, [ = 0 mA

o B ERMSN €90%.N
X -2.07 | 5.11 mm/z mrad | 0.33 x mm mrad | 1.38 * mm mrad
y 1.47 | 1.09 mm/x mrad | 0.32 xt mm mrad | 1.32 x mm mrad
long | 0.49 | 16.93 deg/x MeV | 0.17 = deg MeV | 0.79 = deg MeV

Table 30: CCDTL output beam Twiss parameters in PATH, test beam, [ = 0 mA

o B ERMS,N €90%.N
X | -2.10 | 515 mm/m mrad | 0.33 x mm mrad | 1.33 x mm mrad
y 1.48 | 111 mm/mmrad | 0.32 x mm mrad | 1.30x mm mrad
long | 0.49 | 16.87 deg/nr MeV | 0.17 r deg MeV | 0.78 = deg MeV

The RMS envelopes and emittances are plotted in Figures 37 and 38.
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Figure 38: RMS normalized emittance evolution along the CCDTL, test beam, [ = 0 mA

In Table 31 the maximum difference between emittances in the two codes are reported, taking the
TRACEWIN results as reference ((Xpaty — XTRACEWIN) XTRACEWIN)-

Table 31: Maximum difference between the emittances, test beam, I = 0 mA

Max Ae,/eyx Max Ae,/e, Max Agjong/ €long

-0.15% -0.12% -0.12%

3.2 Test beam, I = 65 mA
In the simulations with space-charge, the transmission is 100% in both codes. The energy evolution is

plotted in Figure 39. The final energy is the same as in the case without space charge in TRACEWIN
(89.69 MeV), but it has changed in PATH (89.69 MeV).
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Figure 39: Energy evolution along the CCDTL, test beam, I = 65 mA

The CCDTL output beam shapes are presented in Figures 40 and 41. Twiss parameters are reported in
Tables 32 and 33, obtained respectively with TRACEWIN and PATH.

Table 32: CCDTL output beam Twiss parameters in TRACEWIN, test beam, [ = 65 mA

a B ERMSN €90%.N
X -3.01 | 6.78 mm/x mrad | 0.32 x mm mrad | 1.35 x mm mrad
y 1.44 | 1.75 mm/mx mrad | 0.33 x mm mrad | 1.36 x mm mrad
long | -0.61 | 26.33 deg/x MeV | 0.17 = deg MeV | 0.78 = deg MeV

Table 33: CCDTL output beam Twiss parameters in PATH, test beam, I = 65 mA

a B ERMSN €90%.N
x |-3.09| 236 mm/rmrad | 3.13 x mm mrad | 1.33 = mm mrad
y 147 | 2.37 mm/mr mrad | 0.33 x mm mrad | 1.31 x mm mrad
long | -0.58 | 25.05 deg/mr MeV | 0.17 = deg MeV | 0.76 = deg MeV
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Figure 40: CCDTL output beam in PATH,
test beam, I = 65 mA

Figure 41: CCDTL output beam in TRACEWIN,
test beam, I = 65 mA

27



The RMS envelopes and emittances are plotted in Figures 42 and 43.
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Figure 42: RMS beam size envelopes along the CCDTL, test beam, I = 65 mA
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Figure 43: RMS normalized emittance along the CCDTL, test beam, I = 65 mA
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Table 34: Maximum difference between the RMS envelopes, test beam, [ = 65 mA

Max Axpms/ Xrms

Max Ayrms/Yrms

Max Aphasegms/phaserms

2.8%

2.7%

2.3%

Table 35: Maximum difference between the emittances, tes

t beam, I = 65 mA

Max Asy/ex

Max Aey,/e,

Max Aglong/glong

0.5%

-0.4%

0.9%

3.3 Beam from the DTL, unmatched case (I =0 mA)

The transmission is 100% in both codes. The final energy is 89.92 MeV in PATH and 89.69 MeV in

TRACEWIN.
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Figure 44: Energy evolution along the CCDTL, beam from the DTL, unmatched case

The CCDTL output beam shapes are represented in Figures 45 and 46. Twiss parameters are reported in
Tables 36 and 37, obtained respectively with TRACEWIN and PATH.

Table 36: CCDTL output beam Twiss parameters in TRACEWIN, beam from the DTL, unmatched case

o B ERMSN €90%.N
X -8.55 | 15.33 mm/x mrad | 0.35 x mm mrad | 1.48 x mm mrad
y -0.86 | 3.43 mm/x mrad | 0.51 x mm mrad | 2.30 x mm mrad
long | 0.36 | 13.27 deg/r MeV | 0.16 = deg MeV | 0.74 = deg MeV

Table 37: CCDTL output beam Twiss paramet

ers in PATH, beam from the DTL, unmatched case

o B ERMS.N €90%.N
X | -7.91 | 14.99 mm/x mrad | 0.35 t mm mrad | 1.47 = mm mrad
y -0.60 | 3.61 mm/x mrad | 0.54 x mm mrad | 2.42 ® mm mrad
long | 0.31 | 9.22 deg/xr MeV | 0.16 = deg MeV | 0.73 = deg MeV
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Figure 45: DTL output beam in PATH,
beam from the DTL, unmatched case

Figure 46: CCDTL output beam in TRACEWIN,
TRACEWIN from the DTL, unmatched case

The RMS beam size envelopes and emittances are plotted in Figures 47 and 48.
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Figure 47: RMS beam size envelopes along the CCDTL, beam from the DTL, unmatched case
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Figure 48: RMS emittances along the CCDTL, beam from the DTL, unmatched case

Table 38: Maximum difference between the RMS beam size, beam from the DTL, unmatched case

Max Axpms/ Xrms Max AYRMS/YRMS Max AthSCRMs/phOSCRMs

17.5% 15.5% 21.9%

Table 39: Maximum difference between the emittances, beam from the DTL, unmatched case

Max Aex/ex Max Aey,/e, Max Agiong/ €long

1.4% 7.7% -2.4%

3.4 Beam from the DTL, matched case

The beam current is 62.2 mA in TRACEWIN and 61.9 mA in PATH, because of the different
transmissions in the Chopper Line with the two codes. The transmission in CCDTL is 100%. The final
energy is 89.67 MeV in PATH and 89.69 MeV in TRACEWIN. The two codes agree within 0.03%.

The CCDTL output beam shapes are plotted in Figures 49 and 50. Twiss parameters are reported in Tables
40 and 41, respectively for TRACEWIN and PATH.
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Table 40: CCDTL output beam Twiss parameters in TRACEWIN, beam from DTL, I = 62 mA

a B ERMS.N €90%,N
x |-3.02 | 6.63mm/x mrad | 0.34 xt mm mrad | 1.47 = mm mrad
y 1.39 | 1.77 mm/x mrad | 0.32 x mm mrad | 1.38 x mm mrad
long | -0.53 | 26.58 deg/x MeV | 0.18 = deg MeV | 0.85 = deg MeV
Table 41: CCDTL output beam Twiss parameters in PATH, beam from DTL, I = 62 mA
o B ERMS,N €90%.N
X -3.07 | 6.77 mm/x mrad | 0.35 ® mm mrad | 1.45 x mm mrad
y 1.47 | 1.82 mm/mr mrad | 0.33 x mm mrad | 1.37 x mm mrad
long | -0.54 | 25.45 deg/r MeV | 0.18 = deg MeV | 0.85 = deg MeV
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Figure 49: CCDTL output beam in PATH,
beam from the DTL, I = 62 mA

Figure 50: CCDTL output beam in TRACEWIN,
beam from the DTL, [ = 62 mA

The RMS beam size envelopes and emittances along the CCDTL are plotted in Figures 51 and 52.
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Figure 51: RMS beam size along the CCDTL, beam from the DTL, I = 62 mA
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Figure 52: RMS emittances along the CCDTL, beam from the DTL, I = 62 mA
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Table 42: Maximum difference between the RMS beam size, beam from the DTL, I = 62 mA

Max Axpms/ Xrms Max AYRMS/YRMS Max AthSCRMs/phOSCRMs

4.6% 6.4% -2.0%

Table 43: Maximum difference between the emittances, beam from the DTL, I = 62 mA

Max Aex/ex Max Aey,/e, Max Agiong/ €long

2.8% 3.2% 3%

The RMS and 90% emittance growth in the CCDTL are reported in Tables 44 and 45.

Table 44: RMS emittance growth in the CCDTL

Ex &y €long
PATH -04% | 1.4% | 1.1%
TRACEWIN | -1.1% | 1.7% | 0.8%

Table 45: 90% emittance growth in the CCDTL

Ex &y €long
PATH 24% | 1.2% | -1.1%
TRACEWIN | -0.6% | 3.0% | -0.6%

3.5 Summary for the CCDTL

The check with a generated beam shows that the structure is treated the same way both in PATH and
TRACEWIN. In fact, without space charge effects, the RMS beam sizes are practically the same, the RMS
emittances are very similar with a maximum Ae/g of 0.15% (€iong) and we have equal transmissions.
Considering space charge effects, the results are still very good, with a maximum Ae/e of 0.9% (&jong) and
the difference between the RMS beam size envelopes is under 3%.

Using the beam coming from the DTL, the differences become greater, especially without space charge
effects: the difference in RMS emittance is between 1.4% and 7.7% and the difference in RMS beam size is
15% to 22% (in absolute value).

With space charge, these differences are about 3% for emittances and between 2% and 6.5% for RMS beam
size. Moreover, the beam RMS characteristics are very similar.

All these differences between the output beams are probably due to the differences in the input beam,
caused by the different ways PATH and TRACEWIN treat the DTL cell. This effect is partially overridden
by the space-charge.

4. Beam dynamics in the SCL

The SCL operates at twice the frequency of the preceding structures. As the beam current used in the
simulations is defined per RF frequency, the beam current in the SCL simulations has to be doubled with
respect to the beam current used in the preceding structures. The longitudinal beam parameters related to
the RF frequency have to be doubled as well.

The output energy is 180 MeV (24 tanks, 34.433 m) when the Linac4 injects in the SPL, and 160 MeV (20
tanks, 28.046 m), to inject into the PS Booster. The simulations have been performed until 180 MeV

In order to check the structure of the SCL in both codes, the first runs have been done with a generated
input beam. Once the structure is checked the runs have been performed with the beam coming from the
CCDTL, with and without space charge.
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4.1 Test beam, I = 0 mA

The characteristics of the generated input beam are:
e Number of particles = 50000
e f =704.4MHz
e E,=90MeV
e  Twiss parameters:

o B ERMS.N
X 3.91 | 6.03 mm/r mrad | 0.30 x mm mrad
y |-1.10| 1.56 mm/zr mrad | 0.30 x mm mrad
long | 0.11 | 44.67 deg/m MeV | 0.37 = deg MeV

Without space charge effects, the transmission in the SCL is 100% in both codes. The energy evolution is
plotted in Figure 53. The final energy is 180.18 MeV in PATH and 180.23 MeV in TRACEWIN,

respectively.
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Figure 53: Energy evolution along the SCL, test beam, I = 0 mA

The SCL output beam shapes are presented in Figures 54 and 55. Twiss parameters are reported in Tables
46 and 47, obtained respectively with TRACEWIN and PATH.
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Table 46: SCL output beam Twiss parameters in TRACEWIN, test beam, [ = 0 mA

B

ERMS N

€90%.N

8.09 mm/r mrad

0.30 T mm mrad

1.37 # mm mrad

3.32 mm/r mrad

0.30 T mm mrad

1.37 # mm mrad

o
x | 3.16
y |-1.36
long | -0.49

10.50 deg/n MeV

0.38 © deg MeV

. 1.69 n deg MeV

Table 47: SCL output beam Twiss parameters in PATH, test beam, [ = 0 mA

a B ERMSN €90%.N
X 3.16 | 8.10 mm/x mrad | 0.30 x mm mrad | 1.36 x mm mrad
y |-1.38]| 3.32 mm/xr mrad | 0.30 x mm mrad | 1.36 = mm mrad
long | -0.47 | 10.22 deg/x MeV | 0.38 = deg MeV | 1.68 = deg MeV

The RMS beam size envelopes and emittances are plotted in Figures 56 and 57.
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The maximum difference between the emittances is reported in Table 48, taking the TRACEWIN results as
reference ((XpatH — XTRACEWIN)/ XTRACEWIN)-

Table 48: Maximum difference between the emittances, test beam, I = 0 mA

Max Ae,/eyx Max Ae,/e, Max A€jong/ €long

-0.02% -0.03% -0.13%

4.2 Test beam, I = 130 mA

The transmission is 100% in both codes. The energy evolution along the SCL is plotted in Figure 57. The
final energy is 180.24 MeV in TRACEWIN and 180.15 MeV in PATH.
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Figure 58: Energy evolution along the SCL, test beam, I = 130 mA

The SCL output beam shapes are plotted In Figures 59 and 60. Twiss parameters are reported in Tables 49
and 50, obtained respectively with TRACEWIN and PATH.

Table 49: SCL output beam Twiss parameters in TRACEWIN, test beam, I = 130 mA

a B ERMS,N €90%,N
X 298 | 7.66 mm/mr mrad | 0.31 x mm mrad | 1.42 x mm mrad
y -1.11 | 3.07 mm/xr mrad | 0.32 x mm mrad | 1.44 = mm mrad
long | 0.04 | 24.60 deg/r MeV | 0.38 n deg MeV | 1.69 = deg MeV

Table 50: SCL output beam Twiss parameters in PATH, test beam, I = 130 mA

a B ERMS,N €90%,N
X 3.14 | 8.18 mm/x mrad | 0.31 x mm mrad | 1.42 x mm mrad
y |-1.25]| 3.28 mm/rmrad | 0.32 xt mm mrad | 1.45 x mm mrad
long | 0.03 | 26.24 deg/r MeV | 0.39 = deg MeV | 1.68 = deg MeV
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The RMS beam size envelopes and emittances are plotted in Figures 61 and 62.
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Figure 62: RMS normalized emittance evolution along the SCL, test beam, I = 130 mA

As for the runs with no space-charge effects, there is no significant difference between the RMS transverse
sizes. And for the RMS phases the maximum difference is just 0.8%.

Table 51: Maximum difference between the emittances, test beam, I = 130 mA

Max Ae, /ey Max Ae,/e, Max Agiong/ €iong

0.4% 0.7% 0.6%

4.3 Beam from the CCDTL, unmatched case (I =0 mA)
The output energy of the SCL is 180 MeV in case of the SPL and 160 MeV in case of Linac4. For both

output energies the transmission is 99.57% in TRACEWIN and 99.59% in PATH. The beam losses along
the SCL are plotted in Figure 63.
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Figure 63: Beam losses along the SCL, beam from the CCDTL, unmatched case

At the output of the 20" tank the beam energy is 163.61 MeV in PATH and 163.13 MeV in TRACEWIN.
At the output of the 24™ tank the beam energy is 180.42 MeV in PATH and 179.86 MeV in TRACEWIN.
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Figure 64: Energy evolution along the SCL, beam from the CCDTL, unmatched case

Figures 65-68 present the SCL output beam shapes for both energies. Twiss parameters are reported in

Tables 52-55.

Table 52: SCL output beam Twiss parameters in TRACEWIN @ 160 MeV, beam from the CCDTL,

unmatched case

a B ERMS,N €90%.N
x |3.57 | 553 mm/rmrad | 0.39 x mm mrad | 1.68 x mm mrad
y |10.22 | 6.83 mm/mr mrad | 0.89 x mm mrad | 4.29 x mm mrad
long | 0.48 | 15.27 deg/x MeV | 0.40 = deg MeV | 1.88 = deg MeV

Table 53: SCL output beam Twiss parameters in PATH @ 160 MeV, beam from the CCDTL,

unmatched case

a B ERMSN €90%.N
X 2.54 | 3.80 mm/nm mrad | 0.39 xt mm mrad | 1.68 x mm mrad
y 1029 | 592 mm/mr mrad | 1.00 x mm mrad | 4.75 = mm mrad
long | 0.41 | 12.73 deg/r MeV | 0.44 = deg MeV | 2.07 = deg MeV

Table 54: SCL output beam Twiss parameters in TRACEWIN @ 180 MeV, beam from the CCDTL,

unmatched case

o B ERMS,N €90%,N
X 6.71 | 15.94 mm/n mrad | 0.38  mm mrad | 1.65 = mm mrad
y |-6.56 | 12.87 mm/x mrad | 0.85 = mm mrad | 3.96 = mm mrad
long | -0.52 | 15.91 deg/x MeV | 0.37 n deg MeV | 1.72 = deg MeV
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Table 55: SCL output beam Twiss parameters in PATH @ 180 MeV, beam from the CCDTL,
unmatched case

a B ERMSN €90%.N
X 6.12 | 13.74 mm/x mrad | 0.39 x mm mrad | 1.69 = mm mrad
y |-5.62 | 11.28 mm/x mrad | 0.98 x mm mrad | 4.48 = mm mrad
long | -0.40 | 19.89 deg/x MeV | 0.41 = deg MeV | 1.94 = deg MeV

¥ {mrad)

L= 1

¥{mm}

=
b
H
-
1
e
™
A
4
Vi{mm)
e
L=l gL
1 ae
e
G A
" L
3
= ‘ Sy ast
= i
—
— +
g' Halar + 4 5
15 -l 3
ey &
L Fala il hd
Herr
k (o I =
e
L Pl |

phase {deg)

X' {mrad}

¥{mm}

v {mrad)

yimm}

ETeY Wad

Terdhr

164

ETay B

| Ly -y

W (Mev)

LK

T adlad
e

b [=br . |

Phase (deqg)

Fig. 66: SCL output beam in TRACEWIN @ 160 MeV,
beam from the CCDTL, unmatched case

Fig. 65: CCDTL output beam in PATH @ 160 MeV,
beam from the CCDTL, unmatched case
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The RMS beam size envelopes and emittances are plotted in Figures 69 and 70.
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Figure 70: RMS emittances evolution along the SCL, beam from the CCDTL, unmatched case

The maximum difference between the values in above plotted graphs is presented in Tables 56 and 57.

Table 56: Maximum difference between the RMS sizes, beam from the CCDTL, unmatched case

Max AxXrms/ Xrms

Max Ayrms/Yrms

Max AthSQRMs/thSQRMs

-15.6%

17.3%

20.8%

Table 57: Maximum difference between the emittances, beam from the CCDTL, unmatched case

Max Ae, /¢,

Max Ae, /e,

Max Agjong/ €long

3.4%

15.4%

12.3%

4.4 Beam from the CCDTL, matched case

The beam current is 124.4 mA in TRACEWIN and 123.8 mA in PATH, doubled with respect to the current
in the previous structures to account for the frequency change. The difference in values is mainly due to the

difference in the transmission in the Chopper Line.
The transmission in the SCL is 100% in both codes. The final energy at the output of the 20™ tank is 163.05
MeV in PATH and 163.13 MeV in TRACEWIN and at the output of the 24" tank the energy is 179.83

MeV in PATH and 179.89 MeV in TRACEWIN, so the difference between the values in the two codes
AW/W is under 0.05% (in absolute value).
The SCL output beam shapes at both energies are represented in Figures 71-74. Twiss parameters are

reported in Tables 58-61.
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Table 58: SCL output beam Twiss parameters in TRACEWIN @ 160 MeV, beam from CCDTL, I = 124 mA

=124 mA

a B ERMS,N €90%,N
X 3.07 | 7.57 mm/x mrad | 0.34 x mm mrad | 1.46 x mm mrad
y -1.15 | 2.62 mm/x mrad | 0.33 x mm mrad | 1.46 x mm mrad
long | 0.05 | 28.70 deg/x MeV | 0.37 n deg MeV | 1.73 = deg MeV
Table 59: SCL output beam Twiss parameters in PATH @ 160 MeV, beam from CCDTL, [ = 124 mA
o B ERMS,N £€90%.N
X 3.08 | 7.56 mm/x mrad | 0.35® mm mrad | 1.42 x mm mrad
y -1.11 | 2.61 mm/x mrad | 0.35 x mm mrad | 1.49 x mm mrad
long | 0.04 | 28.40 deg/n MeV | 0.38 = deg MeV | 1.72 = deg MeV
Table 60: SCL output beam Twiss parameters in TRACEWIN @ 180 MeV, beam from CCDTL, I
o B ERMS.N €90%.N
X 3.05 | 7.88 mm/x mrad | 0.35 x mm mrad | 1.49 x mm mrad
y [-1.14] 295 mm/m mrad | 0.33 x mm mrad | 1.43 x mm mrad
long | 0.01 | 25.85 deg/r MeV | 0.37 n deg MeV | 1.74 = deg MeV
Table 61: SCL output beam Twiss parameters in PATH @ 180 MeV, beam from CCDTL, I = 124 mA
o B ERMS.N €90%,N
X 3.00 | 7.79 mm/zx mrad | 0.35t mm mrad | 1.48 = mm mrad
y |-1.14 | 2.93 mm/xr mrad | 0.35 x mm mrad | 1.42 = mm mrad
long | 0.01 | 25.59 deg/r MeV | 0.38 n deg MeV | 1.71 = deg MeV
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The RMS beam size envelopes and emittances are plotted in Figures 75 and 76.
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Figure 76: RMS emittances along the SCL, beam from the CCDTL, I = 124 mA

Table 62: Maximum difference between the RMS beam size envelopes, beam from the CCDTL, I = 124 mA

Max AXpms/ Xrms

Max Ayrms/Yrms

Max AthSQRMs/thSQRMs

3.4%

5.1%

-2.2%

Table 63: Maximum difference between the emittances, beam from the CCDTL, I = 124 mA

Max Ae, /¢,

Max Ae, /e,

Max A€jong/ €iong

4%

4.6%

2.2% (2.4% after 160MeV)

The RMS and 90% emittance growth in the SCL is reported in Tables 64-67.

Table 64: RMS emittance growth in the SCL @ 160 MeV

Ex Ey €long
PATH -1.0% | 4.6% | 3.3%
TRACEWIN | -0.1% | 4.3% | 2.7%

Table 65: 90% emittance growth in the SCL @ 160 MeV

Ex &y €long
PATH -32% | 9.1% | 1.5%
TRACEWIN | -0.05% | 6.1% | 1.4%

47



Table 66: RMS emittance growth in the SCL @ 180 MeV

Ex Ey €long
PATH -0.5% | 4.3% | 4.1%

TRACEWIN | 1.3% | 4.4% | 3.2%

Table 67: 90% emittance growth in the SCL @ 180 MeV

Ex &y €long
PATH 0.4% | 3.8% | 0.9%
TRACEWIN | 2.0% | 4.3% | 2.4%

4.5 Summary for the SCL

The check with the generated beam shows that the structure is treated in the same way both in PATH and in
TRACEWIN. In fact, without space charge effects, the RMS beam sizes are practically the same. The RMS

emittances are very similar with maximum difference of Ae/e= 0.13% (€1ong) and the transmission is the
same in both codes.

With space charge, the results are still very good, with maximum difference of Ae/=0.7% (&jong) and the
difference between the RMS beam sizes is less then 1%.

Using the beam coming from the output of the previous structure, the differences become greater and the
case without space-charge effect is the worst. In case of simulations with no space-charge the difference
between the RMS emittances is between 3% and 16% and the difference between the RMS beam sizes is
between 16% and 21% (in absolute value). In the simulations with space-charge the RMS emittances differ
by about 4%, except for the longitudinal (about 2%). The difference in the values of the RMS beam sizes is
between 2% and 5%.

All these differences between the output beams are probably due to the differences in the input beams,
caused by the different ways PATH and TRACEWIN treat the DTL cell and it is partially overridden by
the space-charge.

Conclusion and outlook

Linac4 has been simulated from 3 to 180 MeV with the codes Path and Tracewin: the results agree to better
than 10% everywhere.

End-to-end simulation has shown that the beam losses are practically all in the Chopper Line dump (11%
for the matched case, 36% for the fully unmatched case). The major emittance growth is in the Chopper
Line and, in the case of the vertical emittance, in the DTL, so the structures are well matched.

The simulations presented in this note start at the beginning of the RFQ; in future the simulations should
include the LEBT and the transfer line to the PS Booster in order to perform a complete end-to-end
simulation, from the source output to the Booster injection.
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