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@ J'C Beam Delivery Simulation C\E?D/
m”abmoal“:g - (BDSIM) IMPERIAL

+ Based on Geant4
o Access to all Geant4 physical processes

« Matrix and numerical tracking
o Tracking of all particle types and production of secondaries

» Supports custom beamline elements / geometries

* Recently a 'muon cooler' beam line element has been developed:
o Absorbers
o RF cavities
o Solenoid coils
o Dipole coils under development (for 6d cooling)

o h JIwww.pp.rhul.ac. im/manual/index.html
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Passed 10° on-axis muons
through MICE-like lithium
hydride and liquid hydrogen
absorbers, for different beam
momenta

Parameter Unit Magnitude
Material LiH
Thickness mm 65.37
Density g cm ™3 0.69

Li6 Fraction by mass 0.814

Li7 Fraction by mass 0.043

H Fraction by mass 0.143
Momenta, 171.55, 199.93, 239.76
Material liquid Ho
Thickness mm 349.6
Density g cm 3 0.07053
Momenta MeV ¢t 164.9, 199.0, 237.1
Material liquid Ho
Thickness mm 10
Density g cm ™3 0.07053
Momenta MeV ¢! 30
Number of particles 10°

Table 1: Reference absorbers and associated momenta.
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+  BDSIM does not yet have an option to model Parameter Unit  Magnitude

Coil inner radius mim 250.0

the field from a bl(_)Ck of current Coil radial thickness mim 169.3

o Onlysolenoid sheet Coil outer radius mm 419.3

Coil length mm 140.0

* Here, the G4Beamline recipe was followed, i. Current density A/mm? 500.0
e., modeled the block as a stack of sheets (in Paft?de species pt
this case 20 sheets) Part}cle momentum MeV/c 200.0

o Particle z start mim -500.0

*  Numerical intergrators: Particle z end mim 500.0
e G4ClassicalRK4 Particle radial step mm 10.0

* G4DormandPrince745 Particle maximum radius mim 200.0

* Max integ. step lengths:
e 01,0205,1,2,5,10,20 mm

Table 2: Coil and test particles.
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Cooling Software Mini-Workshop / Paul-Bogdan Jurj / Imperial College London 8 ,




SRS M Col Solenoid SZ~

IMPERIAL

X, y trajectories, G4ClassicalRK4, 10 mm max step
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Initial and final particle position, G4ClassicalRK4, 10 mm max step
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Solenoid

Trajectory residuals, G4ClassicalRK4
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Trajectory residuals, G4DormandPrince745
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No apparent difference between the two
integrators (to double check)
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o Parameter Unit  Magnitude
* C_aVIty In TMg0 mOde_ Frequency MHz 704.0
* Timed such that the field Peak electric field MV /m 30.0
is 0 when the 200 MeV/c Length mm 183.6
ticl . tth Window thickness min 0.0
par. ICIES arrive a € Phase relative to bunching mode ° 0.0
cavity center Particle species it
* Only results using the Particle momentum MeV/c 200.0
. . Particle z start mim -500.0
Gé_lCIaSSIcaIRKZI. mjcegrator Particle z end mm 500.0
with 10 mm max integ. Particle radial step mm 10.0
step are shown Particle maximum radius mm 200.0
Particle time step ns 0.1/0.704
Particle maximum time ns 1/0.704

Table 3: RF Cell and test particles.
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Parameter Unit Magnitude
. . . . Beam pipe radius min 81.6
* Field on-axis from cylindrical current Cooling cell length m 800.0
sheets instead of blocks RF Cavity as Table 3
. Phase relative to bunching mode © 20.0
» Fitted the BDSIM current sheet RF cell separation mim 5
model to the analytic on-axis field RF centre-to-centre distance mm 188.6
Iris radius mm 81.6
Solenoid as Table 2
— Analytic Coil Z centre position mm 100.7
7.5 - T So",Sheei model No absorber
- Residual 7100 Beam momentum MeV/c 200.0
5.0 1 Beam distribution Gaussian
Beam longitudinal emittance eV ms 1.3 x 1073
E 257 Beam transverse emittance mm 2.5 x 1073
< oy ns 0.003532
2 0.0 oE MeV 0.3692
e Beam 3 mim 107
© -2.51 Beam o | 0
Beam Ljin mm MeV/c 0
—5.0 1
Table 4: Cooling Cell definition - with a low emittance beam.
—=7.5 1

T T T T

-0.2 0.0 0.2 0.4 0.6 0.8
z[m]

-08 -06 -04
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Start profiles

Events

Events

-15

-1.0

-0.5

0.0
x [mm]

Mean: -0.003
RMS: 0.378

0.5 1.0 15

Events

600

Mean: -0.005
RMS: 0.375

Events

500

400

300

200

100

Mean: 0.000
RMS: 0.004

0.000 0.005
t[ns]

]
px [MeV/c]

Mean: 0.013
W pMs: 0.704

Events

600

Mean: -0.005
W pMs: 0.704

Events

700

Mean: 120.534
W pMs: 0.366

119.5 120.0 1205 121.0 1215 122.0

Kinetic Energy [MeV]

Cooling Software Mini-Workshop / Paul-Bogdan Jurj / Imperial College London

D



International
UON Collider
Collaboration

wc.. Cooling Cell — Low Emittance

CERN

\
NS

IMPERIAL

No RF

End profiles

Events

Events

600 4

x [mm]

Mean: -0.004
= RMs: 0,365

Events

600 1

Mean: 0.005
RMS: 0.363

y [mm]

Events

600

3.010 3.015 3.020
t[ns]

Mean: 3.018
== RMs: 0,004

3.025

px [MeV/c]

Mean: -0.011
RMS: 0.729

Events

600

Mean: -0.005
RMS: 0.729

px [MeV/c]

Events

700

Mean: 120.534
RMS: 0.366

119.5 120.0 120.5 121.0 1215
Kinetic Energy [MeV]

Cooling Software Mini-Workshop / Paul-Bogdan Jurj / Imperial College London




7

CERN

maze ueeo COOlING Cell — Low Emittance 2

IMPERIAL

Bunching
mode

0.0030 0.0020
0.30
0.0028 { 0.0018
0.25
0.0026 4 0.0016
= k)
8 E :
= E >
B 2
@ 0.201 < @
0.0024 4 0.0014
0.15
0.0022 4 0.0012 1
0.10 1
0.0020 0.0010
-04 -03 -02 -01 00 01 02 03 04 -04 -03 -02 -01 00 01 02 03 04 -04 -03 -02 -01 00 01 02 03 04
z[m] z[m] z[m]
210.0 le-6
207.5 1.0 104
205.0
Y 0.5 102
=
2025 2 _
_/—\/\/\_ £ )
—_ £ c
g = 5
3 S
2 200.0 4 E & 100
= E 0.0 £
&
o g E
197.5 2
2
>3 98 4
195.0 =051
192.5 96
-1.0
-0.4 =0.3 -0.2 =-0.1 0.0 0.1 0.2 0.3 0.4 -0.4 -0.3 =0.2 =0.1 0.0 0.1 0.2 03 0.4 -0.4 -03 =0.2 =0.1 0.0 0.1 0.2 0.3 0.4
z[m] z[m] z[m]

Cooling Software Mini-Workshop / Paul-Bogdan Jurj / Imperial College London



International
UON Collider
Collaboration

CERN

wco. Cooling Cell — Low Emittance N2

IMPERIAL

Acc Mode

0.30 4

0.25 1

[m]

B

0.20

0.10

2124

2104

208 4

p [MeVi/c]
.
=
&

204 4

202 4

2004

0.0030

0.0028

0.0026

£, [mml

0.0024

0.0022

0.0020

1.0

0.5

0.0

Kinetic ang mom [mm MeV/c]

-1.0

04 -03 -02 -01 00 01 02 03 04
z[m]

le-6

04 -03 -02 -01 00 01 02 03 04
2 [m]

£ [eV ms]

0.0020

0.0018

0.0016 4

0.0014 4

0.0012 1

0.0010

104 4

102

Transmission [%]

98 1

96

100

03 -02 -01 00 01 02 03 04
z[m]
03 -02 -01 00 01 02 03 04

z[m]

Cooling Software Mini-Workshop / Paul-Bogdan Jurj / Imperial College London



4 . ] CERN
s weo Cooling Cell — Low Emittance L

IMPERIAL

0.0030 0.0020
RF phase
0.0028 1 0.0018 4
o | .
20° relative to
bunching mode °“|
0.0026 | 0.0016
= 7
- A g
E £ 2
o = z
=020 Py =
0.0024 0.0014 4
0.15
0.0022 0.0012 4
0.10 T T T T T T T T T 0.0020 T T T T T T T T T 0.0010 T T T T T T T T T
-04 -03 -02 -01 00 01 02 03 04 -04 -03 -02 -01 00 01 02 03 04 -04 -03 -02 -01 00 01 02 03 04
z[m] z[m] z[m]
le—6
1.0
205 104
204 4 T 0.5 102 4
>
5
= _—
£ =
_3203 E 5
@ a B
2 E 0.0 g 100
a @ g
5 B
202 4 o £
g
< 98 |
-0.5
201
96 1
-1.0
200 4
=0.4 =0.3 —6.2 =0.1 0.0 D:l 0.2 0.3 014 =0.4 =0.3 —D‘.Z —6.1 0.0 0:1 D:Z 0.3 014 —6.4 =0.3 =0.2 —6.1 0.0 0.1 D:Z 0.3 0.4
z[m] z[m] z[m]

Cooling Software Mini-Workshop / Paul-Bogdan Jurj / Imperial College London 24 ,



ollaboration

CERN
\

reze weee COOlING Cell — Low Emittance 2

IMPERIAL

RF phase
20° relative to
bunching mode

Start profiles

Events

Events

600 4

500 4

4004

3004

200

100

Mean: -0.003
RMS: 0.378

Events

600

Mean: -0.005
RMS: 0.375

400

Events

200

100

Mean: 0.000
RMS: 0.004

-0.010 —0.005 0.000 0.005
t[ns]

Mean: 0.013
== RMs: 0.704

0
px [Mevic]

Events

600

px [MeV/c]

Mean: -0.005
= RMs: 0,704

700

Events

Mean: 120.534
== RMs: 0.366

119.5 120.0 1205 121.0 1215 122.0

Kinetic Energy [MeV]
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reze weee COOlING Cell — Low Emittance

CERN

\
NS

IMPERIAL

RF phase
20° relative to
bunching mode

End profiles

Events

Events

Mean: -0.003 Mean: 0.006 600
RMS: 0.373 W pMs: 0.370

500

400

Events
Events

300

200

100

o4
2.995

Mean: 3.009
RMS: 0.004

Events
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0 -1 0
px [MeV/ic] px [MeVic]

123.0

1235

3.000 3.005 3.015 3.020 3.025
x [mm)] y [mm] t[ns]
Mean: -0.012 Mean: -0.003 Mean: 124.359
= pwMs: 0.717 600 1 = pMs: 0.717 = pMs: 0.430

124.0 124.5 125.0
Kinetic Energy [MeV]

125.5 126.0
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O Cooling Cell — High céen)

International

UON Collider M u C 0 | [] \__/

Emittance IMPERIAL

Parameter Unit Magnitude
. Cooling cell as Table 4 except absorber and beam
® At 25 mm transvers_e emittan Ce1 some Absorber as LiH from Table 1 except thickness
particles start scraping, some go backwards Thickness mm 10
. : . . : Beam momentum MeV/c 200.0
o Still working on processing and cleaning the virtual Beam distribution Gaussian
detector data Beam longitudinal emittance eV ms 1.3
. o ns 0.1117
« To be continued.. o MeV 11.68
. . Beam transverse emittance min 2.5
« Simulated a 1 mm transverse emittance Beam (3. mm 107
beam through (see backup) Beam o, 0
Beam L, mm MeV/c 0

o Fully transmitted

o Just below equilibrium emittance so no cooling Table 5: Cooling Cell definition - with a high emittance beam.

* Note: previously shown transverse
cooling using an earlier iteration of the
cooling cell (see backup)
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Thank you

International
UON Collider MuCol Funded by
Collaboration the European Union

Funded by the European Union (EU).Views and opinions expressed are however those of the author(s) only and do not necessarily
reflect those of the EU or European Research Executive Agency (REA). Neither the EU nor the REA can be held responsible for them.
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International

ﬂUON Collider MuCol
Collaboration

Cﬁl\w
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NS
IMPERIAL

Back Up
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International
UON Collider
Collaboration

FIC

MuCol

Cooling Cell — High
Emittance

CERN

\
7~

Transverse
Emittance:
1 mm

B. m]
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0.0
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Kinetic ang mom [mm MeV/c]
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1.2 1
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0.0
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0.0004
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—0.0002 4

—0.0004

IMPERIAL

2.0

1.8
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0z -01 00 01 02 03 04
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01 00 01 0z 03 04
z[m]

104 4

._.
o
o

Transmission [%]
=
=]
S
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96 1

02 -01 00 01 02 03 04
z[m]

~04 -0.3

—04 -03
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International
/«UON Collider MuCol
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ollaboration

Cooling Cell — High

Emittance

CERN

\
NS

IMPERIAL

Transverse
Emittance:
1 mm

Start profiles

Events

Events

60 -

Mean: 0.075
RMS: 7.863

Mean: -0.110
RMS: 7.643

Events

60

Mean: 0.007
RMS: 0.116

t[ns]

4]
px [MeVic]

Mean: 0.124
W RMs: 14,354

Events

Mean: 0.188
= MS: 14.065

60 4

Events

Mean: 120.967
= pMs: 11.637

120 140
Kinetic Energy [MeV]
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ﬁlnterna;iona. ' COO“ng Ce” — ngh (iERN

Emittance IMPERIAL

60
Mean: -0.105 Mean: -0.142 Mean: 3.049

W= pMs: 7.023 601 = RMs: 7.116 W= pMs: 0.138

Transverse |
Emittance:’
1 mm

Events
Events
Events

301
20

104

End profiles

t‘[ns]

60 60
Mean: 0.343 Mean: -0.415 Mean: 120.377
60 W RMs: 16.383 = RMs: 15.705 = RMS: 13.669

Events
Events
Events

-20 0 -40 0 40 100 120 140
px [MeVjc] px [MeV/c] Kinetic Energy [MeV]
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O Cooling Cell — High céen)

Int t |
u”oif%iw'ﬁc?:, MuCol %

Emittance IMPERIAL

Cooling cell 04 1.575 -
version:2022-11-01 1.550 -
release E 0.3- £ 15051
@ w 1.500 A
. 02 -
Transverse cooling 1.475
observed 200 MeV/c | , , . . .
L -1 0 1 -1 0 1
beam with ~1.6 mm 4D 2 [m] 2 [m]
emittance 500 4
198 - \/\A
— 198 A %)
S S 196 1
v s
= | =
= 196 N 194 -
194 192 -
-1 0 1 -1 0 1
z[m] z[m]

P. Jurj, R. Kamath
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