~ @ Sl i N
( ¥ =~ Photon Factory

PEARL Low emittance electron beam transportation

from photocathode DC gun

Beam Physics Workshop 2013
OIST Main Campus, Seminar Room B250
Nov. 28 (Thu), 2013, 13:25-14:05

Tsukasa Miyajima?, Yosuke Honda?!, Nobuyuki Nishimori?, Ryoji Nagai?,

Masahiro Yamamoto?, Takashi Uchiyama?, Kentaro Haradal,
Miho Shimada?!, Ryota Takail, Tatsuya Kume?!, Shinya Nagahashi?,
Takashi Obinat,Shogo Sakanaka!, Norio Nakamura?, Ryoichi Hajima?,
Ji-gwang Hwang3
1 KEK, 2 JAEA, 3 KNU

LA U

Fhargsar Ligarzsasy




A S

Contents

Introduction

Photo cathode DC gun in compact ERL (cERL)
How to adjust numerical model of gun focusing
Beam transportation without space charge effect
Beam transportation with space charge effect
Summary



1. Introduction
Photo cathode DC gun

Property of electron beam from photo cathode DC gun
e * Low emittance (~0.1 mm mrad, normalized

emittance)
« Short pulse length (few ps - )

« High bunch charge (~77 pC/bunch)

electron bunch
cathode

\__/ « CW operation (~ 1.3 GHz repetition rate)

Example: compact ERL (cERL) DC gun
Maximum beam energy: 500 keV =  Space charge effect is dominan

t.

To keep high quality, to understand
beam optics from the gun is important.

~5 MeV

compact ERL injector beam line
Tsukasa Miyajima, et.
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Motivation and Goal

What dose affect beam optics around the gun?
— Gun focusing effect due to transverse electric field
— Initial condition of excitation laser (laser spot size, laser pulse width, laser power, ...)
— Focusing magnet (solenoid magnet)
— Space charge effect (it depends on charge density)

Motivation

— To reproduce measured low emittance beam transportation from photo
cathode DC gun by numerical model

— Beam line: cERL injector beam line (Gun + solenoid magnets)

Goal: to reproduce the following measurement results
— Gun focusing effect (single particle model)
— Beam profile without space charge effect (multi particle model)
— Beam profile with space charge effect (multi particle model + SC effect)



2. Photo cathode DC gun
in compact ERL (cERL)



Photo cathode DC gun in cERL

Goals , The cERL photocathode gun was
High voltage 500 kV i developed by JAEA.
Electric field on > 5MV/m Ei
cathode ﬁ Performance at JAEA
Beam current 100 mA i « Successful production of 500-keV, 1.8-
Normalized 0.1-1 ¢ mA beams
emittance mm-mrad  Electric field on cathode surface: 5.8

cecon MV/m (@500 kV)
aser | Y '_ o\~ Performance at cERL

Normalized emittance: 0.07 mm-mrad

Successful production of 500-keV, 1.8 mA beam @10fC (at cERL, V=390 kV)
*Long term operation (~ 260 hours) at

25 . °00 =390 kV at cERL
< 20F 1y 1500 >
£ sl 1400 ¢ Using this DC gun, we carried out
5 {300 2 experiments to measure the gun
37T / {200 2  focusing and beam optics in the

051 / I 1100 £  beam transportation line.

0.0 . - 0

Bunch charge:
N. Nishimori et al., Appl. Phys. Lett. 102, 234103 (2013). 10 fC/bunch = 7.7 pC/bunch
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3. How to adjust numerical model
of gun focusing



Focusing effect due to gun electric field

e Origin of gun focusing effect
— Transverse electric field

(1) Parallel plate cathode (2) Cathode with recess
Equipotential line is parallel to Equipotential line is deformed around
cathode surface. center.
Transverse electric field is zero. Transverse electric field in non-zero.
No focusing effec’s.\ It cause focusing effect.
‘ V4
—A—

/*

cathode I r
cathode :

JAEA 500 kV photocathode DC gun
Cathode electrode has recess around
center. o W N )

O EWE (L 710 ] 0.5 mm recess

i
yo) ™

TN GAFEL TP
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Gun focusing due to electric field with axial symmetry

Calculated field map of photocathode DC gun

Longitudinal electric field on beam axis

Cathode Anode
| | | € >
1 i | | i i I I i i
1 l|]l| T M —
\ B '\,\ i \\\\\l\‘\&l\\(\ | ‘
\ AR
s\ \\ \\ " \\\\\\\\
\ N
\\} \\\ \\§§\§ =
N\ ~.
ro \\\ N
=

Paraxial approximation of transverse electric field

2
E (r,z)=E ,(z)- l1*2 &02(2)
4 0z

[Er(r,z)=—%r%oz(z) ]

N

Transverse electric field depends on dEz/dz.

|_ Ezvs. z

Electric field data from file JAEA_500KV_160MM_Z0.AM
Problem title line 1: Electrostatic Problem, 500-kvV electrodes

0 JAKA_500kv_160mm_x0. BL 1-24-2013  17:21:42
T T T T T

Ez

* Focusing force of JAEA 500 kV photocathode gun:

— dEz/dz>0: Focus
— dEz/dz<0: Defocus

Tsukasa Miyajima, et.
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Particle tracking simulation result

* Particle tracking simulation: GPT and 2D field map of the previous slide

390 kv
Focus | | | . | | | | | | | | | | . | | ‘ _
s 1 Defocus 3
— > «——— > '
104 i i 1
5P IR

—_ —— 1

E 0= :

A e — l
s 1
451 i ‘\\\;\
IT I D‘;D5 El.=10 El.; D.=20 D,;25 D,=30 D.=35 0.1;10 D,AS D.j:';D D.éS DJ"SD El.:55 EI.F:"U D‘=75 D‘:BD El,=85 CI.‘EJD 0.55 T

;:‘:'w:.pr zZ{m)

Cathode Anode 1 m from cathode

* The focusing effect is very important to beam transportation.
* How to check the effect of the real photo cathode DC gun?

Tsukasa Miyajima, et.
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How to measure gun focusing?

* Moving laser position on cathode surface and measuring beam center position on screen
monitor (MS1). Screen monitor (MS1)

_________ (2) Measuring beam
e = = === = = = T 7T center position

Cathode

(1) Moving laser position

1020 mm

\'4

Between the gun and MS1,
there are solenoid magnets and
a bunching cavity.

In the measurement, the
solenoids and the bunching
cavity were tuned off.

Tsukasa Miyajima, et.
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Measurement results

Gun voltages in the measurements: 200 kV, and 390 kV

200 kV 200 kV 390 kV 390 kV
20 T T T T 1 | 1 1 1 1 1 : 20 T T T T T | T T T T T :
15E| ——=—- Measurement, x . 15E| ——=—- Measurement, x 3
— Measurement, y . ~ Measurement, y .
g 10| —=—— Calculation —; g 10E| —=— Calculation .

S

S n

TTTTTTTTTI I TTITTI I TITI T T

Position on MS1
Position on MS1
dn

AR AENE NN NN NN

EENEREENEENE NN EENENNE RN

~10F 10
-15 g -15 E
_20 E 1 1 1 1 1 | 1 1 1 1 | _20 - 1 1 1 1 1 | 1 1 1 1 1
-6 -4 =2 0 2 4 6 - -4 -2 0 2 4
Laser offset on cathode (mm) Laser offset on cathode (mm)

~

Horizontal and vertical responses are almost the same.
= The electrode has axisymmetric shape.

The measurement result did not agree with the particle tracking resulit.

To reproduce the measurement result, we modified the cathode electrode shape for the
particle tracking simulation, because the focusing effect is sensitive to it.

Tsukasa Miyajima, et.
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Correction of gun focusing

The focusing effect is sensitive to the cathode shape.

The cathode electrode has a margin to connect the cathode

pack which hold GaAs material.

— The recess may be different with original 0.5 mm recess.

We try to do particle tracking simulations with different

recess (r0=0.9,1.0,1.2 mm).

Recess:r0 = 0.5 mm (original)

Electrostatic Problem, 500-kV electrodes
I

1 1 1 1 1 1 1 1 1

Tsukasa Miyajima, et.
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Recess:r0 = 1.2 mm

Electrostatic Problem, 500-kV electrodes

T r0O =1.2 mm

T T T T
0 H 10 15

Beam Physics Workshop 2013
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Corrected model with recess of 0.9 mm

200 kV 390 kV
—=&—— Measurement: x —=&—— Measurement: X
Measurement: y Measurement: y
——— Calculation: recess 0.9 mm ——— Calculation: recess 0.9 mm
——=a—— Calculation: recess 0.5 mm ——=a—— Calculation: recess 0.5 mm
12 12 -
10 X
8 |

rrrrrrTrrrrrrTrTrTryT

Position on MS1 (mm)
Position on MS1 (mm)
N

TN NN T TN N TN TN TN N T N TN WO N A O

TN N T T TN T T N T N T T O OO

LR

N

[

—_— |

N O o0
))/r*lllllll]lllllllll[l

(@)
|
(@)
|
N
|
[\
(e
o
N
N

Laser offset on cathode (mm) @ Laser offset on cathode (mm)

The recess of 0.9 mm reproduced the measurement results for both voltages.

From the results, we decided the cathode shape for the particle tracking simulation as the
recess of 0.9 mm.

So far, we think single particle dynamics. The next step is to check the multi particle
dynamics (particle distribution).

Tsukasa Miyajima, et.
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4. Beam transportation
without space charge effect



Initial laser condition

* Photo electron is emitted from a photo cathode when laser is applied on it.
 Emitted electron beam from the cathode strongly depends on initial laser condition.

Initial laser condition Emitted electron beam
Laser spot size, d Transverse beam size
Laser pulse width Bunch length

Laser power Bunch charge

Laser wave length Initial emittance (kgT)

Laser distrit;ution

NT e .
Initial emittance

\ \ eln=d/4 VB T/mcT12

h Intensity / /
Transverse profile: uniform distribution

d = 1.2 mm (design) ‘

Measured kgT is 120 meV [1].

Longitudinal profile: gaussian distribution In the next step, we estimate the
o, = 3 ps (design) initial laser spot size using

experimental method.

[11 S. Matsuba et. al, Japanese Journal of Applied Physics 51 046402 (2012).



How to measure beam optics?

* We can estimate the initial laser spot size by measurement of the beam size on the screen.

Bunch charge : - 10 fC (to avoid space charge effect)

* Toincrease measurement accuracy, we carried out solenoid scan.

Important points in the solenoid scan:

— Positions of gun, solenoid and screen <- we checked them by laser tracker.

— Excitation curve of solenoid magnet <- we carried out the magnetic field measurement.

— Gun focusing <- we checked it in the previous section.

Initial transverse beam size depends on initial laser spot size.

“ |

X (mm)

w 0.05 0.10 0.15 0.20
-9
Ze9%0:o

Cathode

Solenoid Screen
(SL1) (MS1)

Tsukasa Miyajima, et.
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Results of solenoid scan

* We carried out the solenoid scan with very low charge beam to avoid space charge effect.
* Initial laser spot size in simulations: d = 1.2 mm (original)

Recess of 0.5 mm (original) Recess of 0.9 mm (corrected gun shape)

kgT = 120 meV kpT = 120 meV
4 . . : . . . . . . 4 . : . .
o Measurement: x £ | o Measurement: x i
e ° Measurement: y e o Measurement: y
é —=a—— Calculation: 0.5 mm recess pt g 3F | —=— Calculation: 0.9 mm recess
D
A h 7 !
= . = 9
5 g
bf‘x N b>.
S - S 1
0 0
20 0 10 20
Ig ) (A)

e Calculation result with corrected gun shape almost agreed with the measurement.
* However, the slight difference remains.
« Toimprove the agreement, we carried out the fine tuning of the initial laser spot size.

Tsukasa Miyajima, et.
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Correction of laser spot size

 We try to do particle tracking simulations with different initial laser spot size (d = 1.0, and

1.1 mm) kgT = 120 meV

3r o Measurement: x ¢
= o Measurement: x T 10mm
g [|———- Calculation: d = 1.0 mm i
E Calculation: d = 1.1 mm
5 2r Calculation: d = 1.2 mm
=
o
©
S 1 :
&

O 1

0 10 20

Ig, (A)

Measurement result of laser profile on a virtual cathode

£)—

e

Vertical size:1.09 mm
Horizontal size:1.02 mm [>

Average size:1.06 mm

—

. The calculation result with d = 1.1 mm
reproduced the measurement results.

The measured laser spot size
agreed with the above corrected
size of 1.1 mm.

Form the correction, we decided the
initial laser spot size as 1.1 mm.

The next step is to check space
charge effect for high bunch charge
beam.



5. Beam transportation
with space charge effect



Space charge effect

* For high bunch charge beam, we have to include space charge effect in beam

transportation. R
B4r) (]

Space charge effect for cylindrical continuous beam

\4 V4

26, 7°

Fo
r—VBH)=l£&V &j > >

* In order to check space charge effect, we carried out solenoid scan with 7.7 pC/bunch.

3.5_ - T T T T | v T ]
Example of measured beam profiles 3_‘ @ ;07fC(/:b/ll)mchh(no space charge) | E
L o . -
1.5 pC/bunch 7.7 pC/bunch - p_/ounc ]
change | camil Change | cam1l /é\ 255 o E
E L :
— 2__ -
72 r o © 3
= 1.5 7.7 pC/bunch o© ]
S F o o .
: o .
0.5F - ;ODfC/bunch o oo o ]
C ODog o o pr? .
0% L _"B8pooof 7o | . ]
7 8 9 10 11

* The solenoid response for 7.7 pC/bunch is different from no space charge case.
e Can we reproduce the measurement result by numerical simulation?
* Important point: charge density (it depends on distribution and bunch charge)

p—
(\)



Effect of transverse distribution

* Alignment error of laser optics may change initial laser distribution on cathode surface.

/1. Uniform distribution (design)

A

o

r
>

~

J

[2. Radial distribution with interference fringe

s

Tsukasa Miyajima, et.
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Transverse distribution
with same rms size.

4o,

3.5

3

a

o

Measurement: x
Measurement: y

V) .

———— Uniform distribution

— —— - Interference fringes

2.5
2
1.5

0,, 0, (mm)

1
0.5

IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|

pra el vl e sl

=2

I (A)

~-

In this case, the effect of transverse
distribution is not so large.
The calculation result has difference from the
measurement result.

Beam Physics Workshop 2013
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Effect of bunch length

* We carried numerical simulations with different initial laser temporal widths.
X

o Measurement: x

\ \ ©  Measurement: y
4o, . 3.5 - 7 ps, 7.7 pC/bunch | ' ]
- | ———- 5 ps, 7.7 pC/bunch Lo
3F | —-—-- 3ps, 7.7 pC/bunch 7
\ 12)"?a, \ 2.5¢
Bunch length: é oF E
shorter longer ~. :
A\ ©° 1.5F ]
2N : ]
Charge density: 0.5 E
higher lower of ]

8

Is i (A)

~-

The calculation result with the bunch length of 7 ps is close to the measurement
result.
It suggests that the charge density may be lower.

Tsukasa Miyajima, et.

~l

Beam Physics Workshop 2013 23

[E—
[\



Measurement of space charge effect

We carried numerical simulations with different bunch charges.

o Measurement: x

Space charqge effect for cylindrical 35 o  Measurement: y

continuous beam | 7.7 pC/bunch, 3 ps ' :
3:_ ———- 5.7 pC/bunch, 3 ps __—
F =6(E —VBg)=l£&l" [ | —-—-- 3.7 pC/bunch, 3 ps ]
' ' 2¢, 1 2.5F 7.7 pClbunch ;]
e - /%
. £ 2 -
Bunch charge: = - 2 :
Q=p,V © 1.5 ‘ :
V: bunch volume o 15 .
In this simulation, initial bunch volume 0‘5§
is constant. OC L ' - .

8 9 10 11

I, (A)

The calculation result with the bunch charge of 3.7 pC/bunch is close to the
measurement result.
It also suggests that the charge density may be lower.

So far, slight difference between the numerical model and the measurement remains.

Tsukasa Miyajima, et.
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6. Summary
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Summary

To reproduce measured low emittance beam transportation from the photo
cathode DC gun for the cERL by numerical model, we measured the gun focusing
effect, and carried out solenoid scans with and without space charge effect.

Gun focusing effect

— From the measurement results, we decided the cathode shape for the particle tracking
simulation as the recess of 0.9 mm for the corrected numerical model.

Initial laser spot size

— Form the solenoid scan result without space charge effect, we decided the initial laser spot size
as 1.1 mm for the corrected numerical model.

Space charge effect
— The solenoid scan results suggest that the charge density may be lower.
— So far, slight difference between the numerical model and the measurement still remains.

We are analyzing the other measurement results with respect to charge density
effect to improve the numerical model.



Back slides
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= —LTA A7 I (ASELEGEEE)

Laser

Buncher

- hAY—F
MS2 SL2 MS1 SL1
ZHV3 ZHV2 ZHVA1

A EEEhY—FEHIDX) BIENE BIEELE
FAIRTTYTaAA)L ZHVO1 233
F1VYL/MREHA SLGAO1, PMGAO1, ZHV02 448.791 -3.626 445.165
L—H—8AFIo/\— 626.791
INUTF— CBGAO1 809.291
ETAIRY)—F T /N—  MSGAOT 1020.741
F2IL/MREHA SLGA02, PMGA02, ZHV03 1219.791 -2089 1217.702
F2RY)—F T /N—  IMSGA02 1372.228

L—H—brSyh—ILBBIEFERENS. ST ERANIT7Z7AMILEESOTULNVS,
. SL1, SL2ONEREFERXLLETHE. MAEBIXIFRIZE>TLVDELNZ S,
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ETHINERAD

5. 428

=]

SA22BDBIET, AV—FEBMHAHAZFHFETELTLZ0.5 mmM 5, 0.9mmIZT S
EIFIFREFERNBEHEINSGZEN DM T,

r0=0.9mm&d5ZET.E

FHINRDAERERELES

LDMEEETHLEERTES,

NZEAWT. BEVL/AF

WEAET—2DBREHA
HBo

Position on MS1 (mm)

Tsukasa Miyajima

M :r0 = 0.9 mm

A T A A AV A A A A v v
IRERENRRERERR R RRR R RN
AR A A A s o o S BV % 1
L A A A A A A A A A A A AR A A
RN ERR RN RN RN RN
A A A e e A S A L;J[,H
IRERRRRRRRRRRERE RN
VILLLL L iddeiiill
N AV A N A et o S S A
N R AR
SRR INNNaRRRRRR AN

S SEEERRRREE A

LLLLLL Fodod Y4 &
L T ﬂ\ﬁ%
PHPPELL LY IR
EEEEEEREE ISSRRRE|
Livdbetr K

N\
r0 =0.9 mm

—=&—— Measurement: X
Measurement: y

——o—— Calculation: recess 0.9 mm

——=a—— Calculation: recess 0.5 mm

Laser offset on cathode (mm)

Position on MS1 (mm)

——=&—— Measurement: X

Measurement: y
——o—— Calculation: recess 0.9 mm
——=a—— Calculation: recess 0.5 mm

Laser offset on cathode (mm)
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Summary of gun focusing measurement

BEFHDBHICEHINR - R HNEEBRMICATET H=OIC L—F—HEZEA
BMNOMSIETOE—LMEZRILDEEZRELT -,

COFR. I NFETUIAL—avTHEALTW-BEBBIK T, AIEHREZBIRT
=AY AV 1\V o i) fal

H—RHEDHT HNEEBIIRDENTE, TRTIERSKRZ S0, HY—FEB
DDOMABZENT NEZLGH L, BHEDMEAEL T MvF I EEkLE-,
N =T DMAH0.9 mmD ESICHRLLCAERRZBRT S hd ol

ZDAITE LI TIL. cERL phasel AZv 3=  ADEETIE. AYV—FMHA 0.9 mm
DEBRIKZFHAINTEEZITOTLVS,



Results of solenoid scan

4228 (A)IZYL /AR, 2D ERIEF1To1=

DAL —arv R LIZECAH, TN KREN DT

HET.PHL—Y—ERZ12mm M5 0.8mmeETRERL—HTHIEA DI ST

L— —EE B OEEDOEET. h—FETOERNNSKGELAEEMEEHIEDIELDT

Py’ =3
=7 1&6& "\-d—é
. AiG d=1.2mm d=0.8 mm
4 T 4 T
calculation calculation
— —©— - measurement, X — —&— - measurement, X
’é\ I | — -4 -~ measurement, y = - | — -4 -~ measurement, y
£ H
: L) :
5 \ . 5
Sy R/MEZRESMEIXIRIEE 5
BOoTWAHMD T, ERLHIS
. DEHIFTE-TLS,
IsiGaor (A) #IHA ARy FERZLEZLHE

SHEOBEHRENFE-H

Y

A2, d=0.8 mm&Lr5/h
SLMELZDM?
CoTEERELTULVELDIE.

¢ E—LSALATYE '

e FTFHUINEA Is1Gr02 (A)

o, on MS2 (mm)

o, on MS2 (mm)
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Beam optics in transportation line

FIEBDCEFHTIH. L—F—ZREBEICEHTT, EFE—LZRMYHL TS,
FHEBMIRYHENSE—LIL BRI HIL—F—ARIMEIZE2TRFS,
TRTOATTAIREPHE —L YA XIKEFT 5120, NEAL—F—XRybH
AXZERBHICHSZTHEIENEE

NEL— —XRyb A XDEE
- PHEFE—LYTAX:d

__TIl&.

_ ERMICL—Y—RARYIERERET I E
_ BYOAEHR

- EFHINEHEEROBIE
[ZDWNTEEN T 5
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Space Charge effect (simple case)

. . E[(r)
There is continuous beam for z BAr) A
direction with velocity, v. b
Cross-section of beam: radius r ﬂ)\
Charge density is uniform. Yy
(o, = const.) \

Electromagnetic field caused by
beam has cylindrical symmetry.

z-components of Force from the E, B, is

electromagnetic field are zero.
: 1

E, B,are nonzero F,,=e(E,,—vBe)=—£&r

2

N 287
Radial electric field (Gauss’s law) 1
1 y = =, B=v/c,
E (r)=——p,r JI-5
2¢, 5
. . ¢ =1/(&,14y)
Ch density i i . = 0,V
arge enS|’y 'S uniform. - J = L B The electron is affected by
From Ampere’s law, space charge effect, and
1 diverge to radial direction.
B =—
0 =75 Kool _ |t is proportional to 1/12.
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Space Charge Effect (simple case)

Space charge effect for cylindrical continuous beam

* For high energy beam with high y, we can ignore the space charge effect
* For kinetic energy of beam E,,, yis described by

E
y=1+—5%
mc
E,=2.5GeV E,=10 MeV
y = 4893 y=20.6
i2=4.2><10-8 i2=2.4><10‘3
y 4

« ForE,=2.5GeV, 1/yis very small and we can ignore the space charge
effect. For high energy accelerator, we treat the beam as a single particle.

 For E,=10 MeV, we can not ignore space charge effect.

To treat low energy beam, we use particle tracking code with space charge
effect.



Summary

EFHAEBEICBHFLTOAL——ARYNER (HE—LY A X)ZROS
E=OIZ. EFHNoHIE—LDYL/ARIGEREE T,

EFHREBBIRFRIDME(MA0.5 mm) LT HE, L—F—XHRYMER0.8 mmé
HEINT-

EFHREBERKRERICBENTEZITOE. L—F—XRYMERD = 1.1 mmTIX(ZE
EERZTBHTSE:

L—H—#iER EICERESIN-REHY—FETAELEZL— —XRyFEREIX1.06
mmT&Ho7=,
ER—ILERIFL2 mmTHY. [FIFELMEELEST=,

EMPIRRIEZOBETE. REBAYV—FETORIEFZENS, L—F—RARYNERESE
1.1 mm &EEOT=
RE. COEZXFE-S-T.HESFELEAEHEREDLEEZEH TS,



