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Muon Moderation

Frictional Cooling of Muons



Slow Muons

Moderate surface ut to (epi—)thermal energies
and reaccelerate them to a few tens of keV
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Moderation Method

_____________________________________________________________________

_____________________________________________________________________

i PSI SpS Laser ionization of muonium
Solid rare—gas (Ar / Ne) '+ High efficiency (~1073)

 Highly polarized u* (>90%) + Polarization <50%

4.1 MeV Epithermal
S / . E—— ‘ . ---------- > .
e = N

BRG] - N

— i" _ 122 nm (1S—2P)

- \ Mu emitter 355 nm (2P—Unbound)

Surface muon  Muonium Released muon
4 MeV 25 meV 25 meV

=100 um Ag ~ 500 nm
at T=6K Cryo-solid

A. Amato, presentation at 2@ Workshop on CSNS Muon . .
Source Multidisciplinary Applications, Hefei, China, 2019 S. Kanda, presentation at JCANS XXV, Dongguan, China, 2023
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Physics Process

> 4 MeV - 10 keV

* |onization of atoms

«  Coulomb collisions with e~ F> Heliurm
> 10keV-106V « Wide band gap (24.6 V)
* lonization . o
. » Cross section of Mu ionization >
* Charge-exchange cycles (1™ = Mu) formation below keV energy

« Elastic scatterings

u*-He cross sections vs. E,+

+ . ] .
» LE-u™ loss mainly due to neutralization _
Ng 10 B % Elastic scattering
© ®  Muon neutralization
-15 B
T. Prokscha, et. al, PRA, 58, 5, 3739 (1998) 10 % A Muonium ionization
-16 ORI T . . . .
(b) 10 e~ loss ‘A.““ . A“ — Helium ionization
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Moderation
Moderator efficiency E, [eV]

Moderator

Ne 1.4+02x10"* | 21.58
Ar 8.6£1.2x107" | 14.16
Kr 1.7402x107% | 11.61

» Experimental data show that moderation Xe 57+1.1x1077 | 9.33
- - G . N, 6.3+1.1x107° | 15.1
efficiency increases with increasing band- o, 1 4402105 | 1208
gap energy of the moderator CH, 1.4402x107° | 1251
LiF 1.9405x10°7 | 14.1

SiO, 3.0£1.0x10°7 ] ~9

Al 2.0£04x1077 0

Cu 1.04£0.3x10°7 0

E. Morenzoni, Physics and applications of low energy muons, Muon Science:
Muons in Physics, Chemistry and Materials (Bristol and Philadelphia, 1999),
vol. 51, eds. by S.L. Lee, S.H. Kilcoyne, R. Cywinski, pp. 343—404 (1998)

o Alkali metal
o Alkaline earth metal
o Transition metal

30 o Post-transition metal
o Lanthanide
= 5 He 2466V o Actinide
= Ne . o Metalloid
> 0 21.56 eV N:14.5eV o Polyatomic nonmetal
o 20 o Diatomic nonmetal
@ o Ar 15.75 eV oNoble gas
§ 15 o — Kr
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Y. Bao et al., PRL 112, 224801 (2014)
A. Antognini et al., PRL 125, 164802 (2020)

u™ Frictional Cooling

» He gas moderator

» Apply electric field in He gas
« Compensate for energy loss, reaching equilibrium
» Electric discharges inside the He gas

« Charge build-up on the gas cell wall
« Beam extraction into vacuum

10°
F © Stopping power . Difference: He formation
- v Elastic scattering "‘"/:;_" and excitation
- : m Charge exchange Oooi‘ '.-.--. 2
E jo2k % - . o
S, F—Smbar, 625 Viem Og * Mu formation and ionization
= . "v"y"v vv"""'v"vv.i"'v y -
= = v vy H
- 12 wHar, 68.75 V/om = i, .
E sl . S
Kinetic energy gained S 10 i . v -
in electric field v F i L x .
- . o Y
7' E ‘/’_’._’D ' |
Equilibrium kinetic /|- T 1 i. | r o aaanl RN | ! I:IIIIII EETERTIT | el
energy 10" 1 10 10° 10° 10 10°
T [eV]

Stopping power (energy loss per unit length in the
electric field direction) of u* in He gas
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Simulation
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Simulation Software Charge exchange

> Investigate low-energy muon processes in *  Electronic stopping power (SP)
materials and implement them in simulation depends only on the velocity of the
. Geantd-based code projectile, but not on its mass
+  Implemented into G4beamline » Therefore, the electronic SP for
muons in He is same as that for
> LE u*-He interaction (cross sections scaled protons in He at the same velocity

from proton-He cross sections) (velocity-scaling)

Muon in Helium

=
A

Elastic collisions

« Differential and total cross sections
for elastic collisions are the same for

S X H <0 D>

x

AA O
- |

Stopping Power [MeV cm?/g]

R TP muons and protons at the same

- o8 'x"’:;

- wwa. center-of-mass energy (energy-

» v .

[ * = N % scaling)

i " v = . uHe ,MpHe __pHe
e \ Tar Groe Eem)= 031 (Ecw)

B u H "

- P _ MaMye

T \ ¢ Mypge = palite

Map+Mye

6

10 1 10 10? 10 10

100 10° °
E eV

« At the same Ecp, SP due to elastic collisions with target nuclei (nuclear SP) for protons in He
is larger by a factor of " MutMe 73 than that for muons in He
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Implementation

> 1 keV

< 1 keV, switch to custom low-energy processes:

Use standard Geant4 processes:
* G4Mulonisation

* G4MuMultipleScattering
* G4MuBremsstrahlung

* G4MuPairProduction

Elastic collisions
v" Elastic energy loss in the laboratory frame

. dE = Z2TATB_ (1 _ o5 0)E,

 (ma+mg)?
« A s projectile, 8 the scattering angle in the center-

of-mass frame

1
NO’el’

v" Mean free path A = N is the gas density

Charge exchange

» Electron-capture: Average inelastic energy loss 11 eV
(-24.6 eV to ionize He atom, +13.6 eV in Mu formation)

« Electron-loss: Average inelastic energy loss 13.6 eV
(ionization energy of Mu)

v" In one charge-exchange cycle, dE=24.6 eV, mean free

1 1
path A = +
Nocapt NOjoss
O, o
v dE —24.6¢V - capt 9loss
Ndx Ocaptt0loss
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Simulation Example (1)

> The evolution of u* kinetic energy with time for u* starting with
4 MeV energy at t = 0.
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Simulation Example (2)

» Muon drift in He gas and uniform electric field

« u*:0.1eVinitial energy
« He gas: 5 mbar, 293 K

Muon energy distributions at equilibrium

» Muon energy distributions for various reduced electric

eE/p=20 MeV cm?/g  eE/p=25 MeV cm?/g field st th |
[ela strengtn values
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400F : E 400F : E
200F H E 200F
e e
102 10" 1 10 10?2 10° 102 10" 1 10 10* 10°
Energy [eV] Energy [eV]
eE/p=30 MeV cm?/g  eE/p=35 MeV cm?/g
Bl R A T g : T
o ; 1 oo «E 10" Stopping power of u™ in He vs. energy
1000F : soop %
800F E 600F =
600F : E 3 5
400F | 9 %
200F 2001 g;
0 2 ‘-1 = ; l2 3 0-2 |-1 = . ‘2 3 £
102 107 1 10 10?2 10 102 107 1 10 10?2 10 =3
Energy [eV] Energy [eV] g—
eE/p=40 MeV cm?/g  eE/p=45 MeV cm?/g &» 10°
@y gogE T A0 e
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Simulation Example (3)

» Frictional cooling of surface u* to below 1 keV energy

® Frictional cooling

- H 2 , 293K -
@ gas 20 mbar, 29 @ Efficiency

(density ~3.29 ug/cm3),
@ Muon beam @ Degrader 300 mm long «  Efficiency vs. gas length
+ E-field 0.023 kV/mm . Upto~1x1073
* 29.8 MeV/c (~4 MeV) * 0.78 mm thick C foil * Equilibrium ~295 eV 10

« 0,/p=10% « u* energy peak to 2 MeV 2 . . g T, ]
% 25__103 T T T T T T = % 9;103 T i T T i ' é "%’ E %‘j’ 1; _é
& F 1 i s 3 8or _(% 0'93_ E
2of = 7 _ r %’ 08k E
Sk
1of E “E 3 40 F 1
F 1 3E = 06 ;
st E 24 3 20 E E
F ] E 3 L 0.5, I I | | 1 1 |

% 3 R R oL ! ] 100 150 200 250 300 350 400 450
Energy [MeV] Energy [MeV] 1 10 10° Energy [e\l]o He gas length [mm]

Efficiency of beam extraction into vacuum
not yet considered
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Simulation Example (4)

» Proton drift in He gas and uniform electric field
* Proton velocity distributions consistent with (Ushiroda et al. 1988)

Y
Y
w _1_—| I T T T I T T T I T T T I T T T I T T T I T T T I T T |—=
£ 107F e f 3
Q C — EN=283Td - g L1g-2 %
(] - ] ; "%
o 10%F —— EN=566Td = S kS
.0 c 3 g "
3] C 7 8 %
© I i $ K
-3 ] o
LA : i %,
- Runaway 3 o Ly A '."‘v.-..-
n v '..-.o.
4 | ""' ° ° ket . e
107 E E ° T
- e ’ y AR
N No runaway ] ® . Runaway
105 o No runawaye
4 2 0 2 4 6 8 10 5 0 5 10
Vol AV

Figure 4. The distribution of the H" ion velocity in the direction of the field in 0.2 Torr
of helium 10 us after ions left the anode. The velocity axes are normalised with respect
to AV, and are 2.5x10° and 5.0x 10°cms™! for 28.3 (O) and 56.6 Td (@), respectively.
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Experimental Progress
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Muon Beam TeSt Complete HiFi instrument for normal

user experiments

Top port 100mm diameter

Quadrupoles

» CW muon source: Frictional cooling I
experiment at PSI (Y. Bao et al. 2014)

About 220mm
~|- Beam pipe-and-window — —— — — [~~~ —— - 64mm diameter hole | clear diameter

«—30mm at hole, overall abou

» Plan to conduct frictional cooling test at

|
ISIS under CSNS-ISIS collaboration MoU, R --
as MELODY to be a pulsed muon source

Side and bottom ports 89mm diameter

» Extensive discussions with ISIS muon

group this year
Detectors removed and new snout
» Tend to utilize ISIS HiFi instrument’s 5T and new window

superconducting magnet (Sep. next year)

Quadrupoles

» Simulation with HiFi’s magnetic field map

———— Beampipeandwindow |~~~ ————— : **************************

|
|
i
ay no !
. need :
support if
bellows

removed

Side and bottom ports 8 mm diameter

From J.S. Lord
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: : HiFi Field Map
Simulation T +
: T :
» Use full HiFi magnet to reduce incidence of o E
muons hitting gas cell wall g E
HiFi magnet 23— He gas cell —f
» Diameter = 1488 mm, length = 1078 mm - — .
« Main bore diameter = 300 mm 1 ‘ ‘ =
u* beam , oo e 01000
« 28 MeV/c, Fp = 8% (FHWM), 10° u* simulated HiFi coordinate z [mm]
«  Beam spot ¢10 mm (sigmaXY=-5, sigmaXpYp=-0.25)
+ Beam time structure: meanT=70 ns, FHWM=70 ns
* Energy degrader: 0.78—mm-thick carbon foil
Side view
Gas cell 12 345 67 8 910 11 12
* Diameter = 30 mm, length = 600 mm or 400 mm e s
© Material: POM I
+ He gas: 100 mbar, 293 K Gas cell
« E-field: 0.115 kV/mm : : .
! Top view !
Scintillation detector 5 :
« Purpose: To detect positrons from muon-decay _
¢ Size: 10x10x30 mms3 ; | =
+ Detector collimator: 40-mm-thick copper  Detectors and collimator i
«  Number of detectors: 12 E—field
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Sketch

Top port 100mm diameter

Quadrupoles

1 2 3 4 5 6 7 8 910 1 12 Diameter
. . I O B e I ™ s N R 300mm
e Beampipeandwindow { IEEEEEEEEEEEN————— @ S >

support if
bellows
removed

Side and bottom ports 89mm diameter

Not to scale
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B—field

»
»

Simulation Result

12 3 45 6 7 8 910 112 Detectors

) N e gas cell

Muon beam > < !
E—field

» Detected positron counts vs. time

x10°
g\ B T T T T T T T T T T T T T T T T T T T T T T T T |
> 10F .
= - | center detector
o - ]
o B[ ~
2 T i
§ 61— —{ v Muons stopped in He
w - - gas, steered to center
4 —e—Detl - Det6 ] by electric field
5 f_ —o— Det12 _f
i | | | | | | end detectors
OO 1000 2000 3000 4000 5000 6000

Time [ns]
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Test at CSNS

Accelerating grid: Copper tapes on Kapton foil
with resistor chain

Gas cell material: ElectroStatic Discharge
Polyoxymethylene (ESD POM) to mitigate charge
build-up on the wall

Accelerating grid (~2 kV/cm) inside a few tens of
mbar He gas = electrical breakdown

Accelerating grid wrapped around gas cell
High voltage stability test

Outgassing rate test

Demonstration test with protons in He gas

Gas cell prototype
¢ 3 cm, 24 cm long

Accelerating grid

» Outgassing rate:
1.21x1078 (133.3Pa-L-s~1-cm™2)

» >0.25 sccm gas flow to keep
contamination <0.1%
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, _ Vacuum chamber with source
Magnetic mirror and moderator inside

Positron Moderation

» Magnetic mirror assisted positron moderation to
improve efficiency, recycling the wasted fast
positrons

» Prototype set up and tested at USTC positron lab
Bmax = 0.1 T, magnetic mirror ratio = 2.5

» Potential use-case: Muonium production

£ pre IRARAN RS RS RARANEERRS RS AN A
§ 1400;_ with mirror 22/2/72
% 1200 o 2
L% ok . no magnetic field 2 Z %Z
800 %
6000 /
400 %
200 /
0

0O 01 02 03 04 05 06 07 08 09
W foil depth [um]
Simulation Experiment
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Summary

» PSI and J-PARC provide low-energy muons using different methods.
» PSI: Solid rare-gas moderator
» J-PARC: Laser ionization of thermal muonium
» At CSNS, R&D of muon frictional cooling with helium gas is currently underway.

> First test with pulsed muon beam is planned at ISIS HiFi next year; in future: at
the Test Port of MELODY.

» The use of magnetic mirror is being considered for efficient muonium production.

7810

OB IR

\ ~13.00=42/80
Cii N

H 2‘ %4.725m m>x%w, (
.t a3 . wan \ AT AE A

* Energy: 4 MeV * Intensity: 105~107p*/s

e Polarization: >95% * Time Resolution: 120ns
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Simulation Result

2 3 4 5 6 7 8 910 1 12

1

> Z resolution

10 11 12

Dashed line: detector position
Filled area: initial z of the detected
positron = muon-decay position

l
300
Z [mm]

|
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