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Outline

- Brief Introduction of J-PARC Main Ring and Its Slow Extraction
- Beam Test Results of Beam Diffusers
- Stmulation Studies on Bent Silicon Crystal

* Summary
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MR Params. in Slow Extraction

Circumference 1567.5 m

Kinetic Energy 30 GeV or 8 GeV

Betatron Tune (22.333, 20.78)
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Hadron Experimental Facility & Its Extension Plan

Acceptable
Beam Power:
115 kW

Present HEF
(2009~)

New Production Target
(under development)

He gas cooled (assuming 50 W/m?/K)

temperature

x 342°C

ma
(AT

Cooling Water
- .
1 production target (T1) J Acceptable
1 secondary-charged beamline {Kl.S/Kl.BBRj Beam Power: >150kW
1 neutral beamline (KL) :

1 primary beamline (High-p)
1 muon beamline (COMET)



Beam Power Trend of J-PARC Slow Extraction

Beam Power [kW]

[S—
-
-

o0
-

AN
S

=~
-

(\®
-

S

2009

Z
5 2 5 =~
QO S o 4‘
_4 2 = . é
5 > >
(J Q .Ic
= < Z = . éz
o B -
< %Dccs = D
ad =~ .9 >
S = = m
g3 :
a7 b E
=)
C] [ -
— NN <t n O ~~00 O O — OV
— e e e e ] O] O]
o O O O O O O O O O o O
o\l e\ o\ I o\l o\ I o\ I o\ I o\l o\ Il o\ I o\ B @\

N <

2023

2024
2025

— 2025-May

Beam power: 92 KW
Repetition: 4.24 s
Particle Number:

8.1 e+13 protons/pulse
(world record)

Ext. efficiency: ~99.6%

Spill duty: ~83%

I
Achieve 99.5% Extraction Efficiency

with Dynamic Bump



Issues on J-PARC MR Slow Extraction

Beam Power

* Beam Loss Reduction
Crystals and Beam Diffusers for Higher Extraction Efficiency at J-PARC (Mon) Ryotaro Muto

- Suppress Beam Instability at Debunch Timing

Studies on collective phenomena related to slow beam extraction (Tue) Masahito Tomizawa
Analysis of Beam Instability During Debunching at J-PARC Slow Extraction (Poster) Keita Itahashi

Spill Structure
Studies on spill quality improvement at J-PARC (Wed) Ryotaro Muto

Optics Correction
Precise evaluation of time-varying quadrupole field errors in the J-PARC Main Ring (Wed) Takashi Asami



Beam Diffuser and Bent Silicon Crystal
for Beam Loss Reduction



Beam Diffuser and Bent Silicon Crystal

Top View Ti Electrode

MM Electric field

proton beam > méé coe

Electrostatic septum ribbons

Coulomb scattering

by diffuser
proton beam = = I GERE
diffuser Electrostatic septum ribbons

Channeling or Volume Reflection

by bent silicon crystal
proton beam > hy HE BN EE oo
Electrostatic septum ribbons
bent sm
crystal

W-Re alloy Each ribbon : 30 um thick, 1 mm long
In total : 495 ribbons in 1.5 m length,
effective thickness : 60 um

Beam diffuser
in the J-PARC MR

(b)

Bent silicon crystal developed for CERN LHC
beam collimation



Beam Diffusers



[.ocations for Difftusers

BMP1 BMP2 ESS1 ESS2

1
Diffuser O jmpm
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Installed Beam Diftusers

Photo from downstream




Beam Loss Distribution with Diffusers

10 kW Beam
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Beam Loss Distribution with Diffusers

10 kW Beam
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Beam Loss Distribution with Diffusers

10 kW Beam
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Beam Loss Distribution with Diffusers

10 kW Beam
30
= ®No Diff
5%  Diff 0
= 20 ®-Diff 1
15 oDIiff 0 &1
" No Diff 1 1
. Dift 0 0.40 042 0.61
; Diff 1 0.58 047 1.21
74 75T76'7‘77 78 79 80 81T82A83/L84 g5 Diff 0 &1 0.28  0.35 0.72
BLM Address
ESST SMS1 | SMS3
ESS2

SMS2
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Issue on Diffuser O

There are steering mag + BPM
at the just downstream of
Diffuser 0

For the continuous operation,
we chose NOT to use Diffuser 0
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Beam Loss Distribution with Diffusers

81 kW Beam
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Residual Rad. Dose after 92 kW Op. with Diff. 1

16
14
12
10

Residual Radiation Dose [mSv/h]

= S A

On Contact, 7h cooling

DIFFO D

Q75D

|

|

ESS1 U

ESS1 D

Q76 D

ESS2 M

Position

SMS1 U

©2021-Jun 64 kW
©2025-Apr 92 kW

SMS1 D

\ i N
AS oo A A
(o) | N — o N

-

~ 0.85 mSv/h at 1 m from beam line around ESS1 (7h cooling)

The distribution of
residual radiation
dose rate was 1n good
agreement with the
expectation from the
beam loss
distribution.
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Bent Silicon Crystal



Location of the Bent Silicon Crystal

The angular spread comparison

Diffuser 0 between diffuser and silicon crystal
—> Bent Silicon Crystal || Diffuser 1

—

— with diffiiser
—— with bent crystal

10*

A
e -

10

10°

P M PR
8 82 84 86 88 9 92 94 96 98 10

X’ [mrad]

The angular spread produced by a bent silicon crystal is

much smaller than that produced by a tantalum diffuser



Optimization of the Dimension of the Crystal

FLUKA simulation for 30 GeV proton deflection by bent silicon crystal

Channeling (CH)

0.3 7= .
"= ) - -! 4. " - L} I- " - "
= - -. L I | I L} = " =
= - -I - - I JI . .- : . " - -I " L}
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]
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0.1 judl

Beam deflection angle (mrad)

Initial beam angle (mrad)

Bent Silicon Crystal Dimensions

Longitudinal Length 1.0 mm
Bending Angle 0.2 mrad

100

Volume
Reflection (VR)

Channeling (CH)
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Optimization of the Dimension of the Crystal

FLUKA simulation for 30 GeV proton deflection by bent silicon crystal
Channeling (CH)

0.3 1=

=
(!

0.1 judl

Beam deflection angle (mrad)

M . | Reflection (VR),

PRRE I E.'um ﬁm.acb%

0.3

c: ]

Initial beam angle (mrad)

Bent Silicon Crystal Dimensions

Longitudinal Length 1.0 mm
Bending Angle 0.2 mrad

100

Multiple Scattering
400 - 2
——————— 0=0.044
200
0
400 -
dechanneled CH
200
0
400 - VR
200 I
0
400 -
VR ‘ Multiple Scattering
200 -
0 T T T ;
-0.2 -0.1 0.0 0.1 0.2

Beam deflection angle (mrad)

0.3

Initial Angle

-0.05 mrad

0.0 mrad

0.1 mrad

0.2 mrad
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Situation around the Edge of the VR Acceptance

Going INTO the VR acceptance
Going OUT of the VR acceptance
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Situation around the Edge of the VR Acceptance

Reflected by VR Going OUT of the VR acceptance

400 -

VR Multiple Scattering

200 f ‘ F “Half-VR”

O T T : T
-0.2 -0.1 0.0 0.1 0.2 0.3
Beam deflection angle (mrad)



Deflection angle dependence on the length of the crystal

500

400

300+

200 4

1001

— 0.5 mm

CH

1 mm

-0.1 0.0 0.1 0.2 0.3 0.4

Beam deflection angle (mrad)

Shorter 1s better

(dechanneling rate is smaller)

-0.2

800

600 -

400

2001

VR

1 mm
— 2 mm

Pau

— 0.5 mm

0.2 -0.1 0.0 0.1 0.2 0.3

Beam deflection angle (mrad)

Shorter 1s better

(Angle spread
from Coulomb scattering
1s smaller)

0.4

Whether CH or VR 1s
used,

the crystal should be
short.

- We assume that we
can manufacture the
bent silicon crystal
with 1 mm length.
(width = 0.2 mm)



700

600 1

5001

400+

300 4

200 -

100 4

Deflection Angle Dep

. on the Bending Angle of the Crystal

CH —— 50 urad
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—— 200 urad
—— 300 urad
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Bent Silicon Crystal Dimensions

Longitudinal Length 1.0 mm for 30 GeV proton
Bending Angle (for CH) 0.3 mrad
0.2 mm No mitigation 1.00
CH 0.48
VR 0.53

Width

Estimation of the Beam LLoss Reduction

Beam Loss Estimated by FLUKA

Half-VR 0.24
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How to Bend Crystal

Anticlastic Deformation .
channeling

% ¢/
T $%

% volume
reflection
S Z<—?y
oo)
Sorl T X
O : :
WS R is applied to produce Ra

z  Crystal 1s anisotropic

l< x =2 Ra/R depends on the crystal orientation

y
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How to Bend Crystal

Vertical beam size 1s non-negligible (001)
especially with 8 GeV beam A (001
O 1110) 0
—>Small 0x is preferred | )
- Large R is preferred @ | < g (110)
- Small Ra/R is preferred (100) (11;(;“’) (110) y
0 = 0 1s preferred (Ra/R = 2.8)
.
o ® o
st o «— RaR=3.6

0 15 30 45 60 75 oo estimation
Beam Injection Angle &[deg] using ANSY'S (FEA)
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How to Bend Crystal

Vertical beam size 1s non-negligible

especially with 8 GeV beam
Vertical beam size (30 GeV):

—>Small 0x 1s preferred ~ 7 mm (1 RMS)
—> Large R is preferred

> Small Ra/R is preferred  fialilifgeiit ox for 1 RMS |6x for 2 RMS
vertical pos vertical pos

300 urad 40 um 160 um
200 urad 1.8 27 um 109 um
100 urad 3.6 14 um 54 um

Crystal Width: 200 um
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Effect of the Ox

< 140
> e CH 300 urad 9
@ 120 e CH 200 urad s
S °
=0 - *VR *
7 2
3
S 80 .
£ 60
O § $
Q40
20

0 40 80 120 160 200
Transverse Displacement ox [um]

For CH, there is no large difference

between bending angle of 200 urad and 300 urad.

= 200 urad is better because ox is smaller
for the same vertical position

& 300 ®

=l

— e Half-VR

C

\®)
U
o

200

150 ®
100

50 Y

®
0

0 40 80 120 160 200
Transverse Displacement ox [um]

Beam Loss Rat

For VR and Half-VR,

the bending angle only affects the acceptance,

and 100 urad i1s sufficient.

(especially because Half-VR 1s very sensitive to 0X)
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Estimation of the Beam LLoss Reduction

With a Gaussian beam profile in the y-direction,
the beam loss rate for each ox(y) was multiplied
to estimate the beam loss reduction effects.

Configuration |Bending Angle

No mitigation - 1.00
CH 200 urad 0.50 - 0.57
VR 100 urad 0.53 2 0.54

Half-VR 100 prad 0.24 - 0.31

34



Estimation of the Beam LLoss Reduction

With a Gaussian beam profile in the y-direction,
the beam loss rate for each ox(y) was multiplied
to estimate the beam loss reduction effects.

Configuration |Bending Angle

No mitigation - 1.00
CH 200 prad 0.50 - 0.57
VR 100 prad 0.53 2 0.54
Half-VR 100 prad 0.24 - 0.31
CH + diff 1 200 prad 0.27
VR + diff 1 100 urad 0.26

Half-VR + diffl 100 prad 0.20



for 8 GeV Beam

FLUKA simulation for 8 GeV proton deflection by bent silicon crystal

Channehng (CH) _ 0 Multiple Scattering [nitial Angle
I 22:5 -~ 0=-0.154
= 20.0 1001 - st -0.05 mrad
= 50 1 - =
g 17.5 ;
%Jn 15.0 150
= “ | - . . - CH
g 2sE | | 0.0 mrad
B S 50 - |
g 10.0 ¥
& 0
g -Volume ., - - 75 150
= .
3 - Reflection (VR) Th 00, VR
o L 5.0
EEE 0.1 mrad
. 50 -
2 - 0
= S S 3 3 150
Initial beam angle (mrad) 1001 VR ‘ Multiple Scattering
Bent Silicon Crystal Dimensions 50 1 0.2 mrad
Longitudinal Length 1.0 mm %2 o1 00 01 02 03

Beam deflection angle (mrad)

Bending Angle 0.2 mrad



for 8 GeV Beam

Multiple scattering RMS angle by 1 mm
length silicon

| 8GeV | 30GeV

Orms [mrad] 154 44
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for 8 GeV Beam

Multiple? §cattering RMS angle by 1 mm 5x dependence of beam loss rate
length silicon for VR with 100 urad bending angle
= 120
| 8GeV | 30GeV i . ®
@rms [mrad] 154 44 E 0 ®
Qrms for % jg o ¢
Diffuser 0 - 166 = 20 @
[mrad] % 0

0 40 80 120 160 200
Transverse Displacement ox [um]

—->Beam Loss Rate
~ 46% for VR
~ 34% for Half-VR
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Goniometer for Crystal

~ Top View

Goniometer 1s now under fabrication

It has two axes for
NN insertion and angle adjustment of the crystal
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Summary

- J-PARC MR Slow Extraction currently operates with Diffuser 1
beam power: ~92 kW, extraction efficiency: ~99.6%

- For higher extraction efficiency
we are considering to replace Diffuser O with a bent silicon crystal

- Beam loss estimation was done

- Next step: crystal fabrication
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