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(¢  Background: Gas-Sheet Beam Profile Monitor
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“* Non-invasive beam profile monitor

High-intensity accelerator requires non-invasive monitoring
=> We developed “Gas-Sheet Beam Profile Monitor’

< Principle > Captured 2D image
- Injecting a sheet-shaped gas into beamline Ve ‘

- Beam interacts with gas sheet Detector

Beam profile

- Gas produces plasma and photons

- Detecting photons as an image Photons Y
—> distribution proportional to beam profile

- Beam profile can be obtained from the image
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We were successful to obtain a profile
corresponding with a wire-scanner monitor
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(@  Background: invasiveness of GSM
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% How is invasiveness of GSM?

GSM is non-invasive monitor but injecting an extra gas
—> Quantified the invasiveness from perspectives of
- beam current reduction
- phase space distribution change

with J-PARC RFQ test stand

5.6 m

& >
1.6 m 4m
- > < >
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MEBT chamber: Emittance monitor - 1 bunch 7
Quadrupole

\ Bending mag.

magnet,” RpQ  Solenoid magnet X

E | -
. A 3MeV <= 50 keV
Wire-scanner monitor Beam Ion source
H_

Cutrent ;4o SHEET MONITOR 50keV, 60 mA
tranSformer or wire-scanner monitor 50 us pulse, 25 Hz
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Faraday cup
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(2 Background: invasiveness of GSM

L/ AV RS
< 5.6 m %
1.6 m 4 m
< Invasiveness: beam current reduction MEBT chamber: Emitance monitor 225 mm . “
. Bending mag. Quadrupole :
Beam current was measured at 11-deg. bent line Faraday cup \ ~p magnet/ RFQ  Solenoid magnet *

‘ =N | B RN vevesorev] M M
“ Wire-scanner monitor Beam Ion source
< PrEdiCtion > ‘A trcurffent GAS SHEET MONITOR SOSOkeVII.I-(SO 11511;
anSIOrMeET  op wire-scanner monitor us pulse, 25 Hz
Extra electron weakly attaches to H atom S Rttt i et et
—> (Gas may strip the electron E=sii
- - . I et
H™ 4+ Gas - H'+ Gas + ¢ S R R A L
H™ + Gas — H" + Gas + 2e~ R
e
g 0 1 f’ ,r”’ """"" o Mg S St H St st S =
s n ]
< Result > . 57 (5
. . . ) . e I 1 ,,/’ -
- Reduction ratio linearly increased against gas flux 5 0.01 =——== e
i f | "
- Ratio agrees with the e- stripping cross-section I o =
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(.2 Background: invasiveness of GSM

> < >

< Invasiveness: phase space distribution (emittance) s cuser mitance monior 25m

1 bunch 7€ |
\ Bending mag. erlﬁg?n%% 0 X

Solenoid magnet

Beam RMS emittances in transverse were measured  raraday cup

3MeV <= 50 keV

~ Wire-scanner monitor Beam Ion source
< Pred|Ct|0n > ’A ufnu?ent GAS SHEET MONITOR 50ke\/l,{ 60 mA
SIOTMCT  op wire-scanner monitor 50 us pulse, 25 Hz
Emittance should increase due to scattering
0.38F———— T o o 12 7 5 e o 2 5 7 — o o 1 3 7 2
]
< Results > = 036 o o o & T
; et o)
- X-X" plane: no significant change = - 0o .
- Y-Y' plane: decreased at high flux!! U ® :xx space
= O :y-y space
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(¢  Background: Space-Charge Neutralization — —

/ VRS

 Space-Charge Neutralization (Compensation)
Beam-Gas interaction produces plasma as well as photons

=> lons in plasma are integrated by H™ beam’s potential
and neutralize space charge

=> Non-linear force inducing emittance growth disappears

=> Emittance relatively decreases

\ 4

Does use of Gas Sheet Monitor
Improve beam quality,
rather than disturb beam!?
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Objectives & Methods

'IJ ARG

<+ Objectives
Understanding and Modeling neutralization in terms of beam dynamics
for developing a beam profile monitor having relative cooling function

* Methods
- Check code with simple model
- Simulate GSM experiment to evaluate measured emittance reduction
- Clarify SCN and emittance reduction and their conditions/limitations
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(‘S Methods: Particle-in-Cell Simulation Model
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* Simulation Code

WARP code developed in LBNL: one of Particle-in-Cell code
—> Calculating time development of beam and plasma motions

% Simulation Model

Beam :H™ (assumed rapidly eliminated by beam potentialj
+ e
Plasma : N, " ions w/o electrons

Production probability = ngasaion(ﬁcAt)

soe.- =6 ¥ 10F~" m"
- distribution in trans. ) same as beam

- distribution in long. ) proportional to gas distribution

- distribution in velocity) thermal motion (300 K)
)

- time structure uniform = produced in each time step

Elimination: collision with wall

_
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Result: Checking code

< Coasting Beam Model

For coasting beam,
SCN degree may reach 1 at steady state
—> Code evaluation

< Conditions >
- Beam: 3 MeV, 60 mA,
Gaussian(trans.)+uniform(long.)
- External Force: uniform focusing
- Gas density: 10-3 Pa, uniform

< Result >
Plasma density has a steady state
where SCN degree took 1 as expected

X [mm]

Density [X10"° m™]
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Plasma
eliminated
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=> WARP code can simulate space-charge neutralization

_
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(7. Result: Emittance Reduction with Gas Sheet Monitor

0.38F———" S ——
< Simulating Gas Sheet Monitor Experiment j A 1 A Y:4.7%
Reproducing the GSM evaluation experiment .§. 034k 19 1
< Conditions > ,: Y O l
- Beam: 3 MeV, 60 mA, bunched (with 324 MHz RFQ), g s E e g L L dad]
phase space distr. measured by double-slit monitor % .. . X:~0%
- Lattice: RFQ test stand R N O

Gas sheet flux [Pa m /s]

- Gas: realistic distribution simulated with measured pressures 10™°-10~° Pa
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< Result > s [m]

Simulation reproduced the experimental emittance reduction
=> GSM has potential to reduce emittance through SCN when measuring beam profile

- | I. Yamada, Space Charge Workshop @CSNS, Sep. 2024 @




/2
©2,-24C

v WARP code can simulate SCN
v GSM can induce SCN

\

Modeling SCN
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(‘2 Result: Gas density enough to reduce emittance
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“ Time evolution dependance on gas density

To find enough gas density to reduce emittance,
time dependance of the emittance change was evaluated

|
- WN"‘\ i
LT i et

.V" |
I

o
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< Conditions >
- Beam : 6D Gaussian
- Lattice: RFQ-TS

- Gas : uniform

=
W

=)
<

4

o
W

Emittance growth (x) [%]

'y
=

< Result >
- 1016 [m-3] ~ 104 [Pa] is enough
=> GSM case reached steady state

2500 5000 7500 10000 12500 15000 17500 20000

Shot number x 3 ns =time

- Lower than 10-4 Pa does not lead to steady state because plasma disappears among pulses
( even thermal motion at 300 K-->500 m/s x40 ms =20 m )

- Denser gas leads to over relaxation?

_
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(7. Result: Comparison of densities

+ Densities of bunched beam and plasma at steady state
To understand the details of SCN, comparing densities of beam and plasma

< Conditions >

- Beam : 6D Gaussian

- Lattice: RFQ-TS

- Gas :uniformat 10177 m-

Log. scale] ” ol 7 o
= - n ﬂ ensity on £ axis Beam Plasma
31015 M A
: PO AT O P O T
@ 1014
)
1013 |

6 2(50 4(50 600 8(50 10'00
< Result > 2 [mm]

- Plasma density is 10 times lower even in steady state
=> SCN degree does not reach 1

=> Can plasma not respond to the beam passing and feel time-averaged field of the beam?
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“ Time average

Plasma feels time average field
=> Plasma density may reach time average
density of beam

< Result >

- Plasma density distribution well agreed
with time-averaged beam distribution

=> SCN degree for bunched beam is limited
by bunch compression ratio

- Over neutralization caused at denser gas
IS understandable because plasma density
can exceed the one at steady state
before steady state

_‘
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Result: Time-averaged beam density
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(‘2 Discussion: Proposal of SCN term for envelop equstion —
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+ Space-Charge Neutralization Term in Envelop Equation

For steady state, we propose space-charge neutralization model for envelop eq.
(we are trying to improve it for time evolution & consideration of gas density)

< Conventional >
- Arbitrary parameter: f d°c, e2 K op(l—=1)

- (perhaps) Only for continuous beam ds?2 o3 o, t+o

X 4
< Proposal >

- For bunched beam d’o, k(s) £ Kse Rsen 0

_ - + k(s)o, — — — iy =

- No arbitrarity ds?2 o3 (o,+o0)o, o,+0,

Kye = L de; + k(s)o, — = L —m g
‘ 32203 $)0; —— = — -
drr/ 2regmpP-c?y’ frp dis2 o3 00,
gl * In case of uniform beam

K =

SCI

dreomPB3cy
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'S  Discussion: SC and SCN terms
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< Comparison between SC and SCN terms
SCN term is

- bigger in factor of  ¥*/f > 1
=> Plasma is in Lab frame <—> Beam is in CM frame

- smaller in factor of 0,/4gg
=> Bunch compression ratio against continuous beam reduces SCN effect

5 [, v: Lorentz factor
Ksc Kscn . Ksc Y- @ :
<4 — 11—K/27 o,: Bunch length
0,0y + Gy) O T 0,05 + Gy) P Axe Arr: RF acceleration wavelength

SC term SCN term

_-;
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(.2 Discussion: Effect of SCN term

< Evaluation Env. eq. with PIC code

Beamline : RFQ test stand
Beam profile: 6D Gaussian => solve Poisson eq. in each time step for SC terms

Result: SCN term could improve the RMS evolution to match the PIC code

" (a) Horizontal 5 (b) Vertical

= 4- = 4+

£ £

ERS ERS

I I :

§ 2“ PIC code (w/ SCN)| & - PIC code (w/ SCN)

% | Envelope eq. (w/ SCN) E v Envelope eq. (w/ SCN)
Envelope eq (w/o SCN) Envelope eq (w/o SCN)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
z [m] z [m]
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* Summary

"J PARC
5 (b) Vertical
< Summary > .

- Gas-sheet beam profile monitor can induce space-charge neutralization S N

. . @ 2] PIC code (w/ SCN

and emittance reduction even for bunched beam z | L:i SN:

:nvelope eq (w/o SC
- Plasma density reaches to beam density corresponding to continuous beam = w7

=> Space-charge neutralization for bunched beam is limited by bunch compression ratio

- SCN term at steady state can be described by perveance for continuous beam

and improves envelop equation to match PIC code LN
}]ﬁ: L |
£l | i - "
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< Next Plans > \ \ e
Improve SCN term by taking into consideration of o\ | 1) \ K\ K \
- Time evolution _ Dl T e e b
- Gas density dependance 3 | _ — .
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