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. Introduction

Beam halo as a source of the beam loss

What to explore?

The beam halo is known to be a collection of particles of any origin and
behavior which lies in the low density region of the beam distribution far
away from the core*

e The beam halo is one of the main factors of the beam loss in cERL

* Therefore, experimental measurements and analytical evaluation of the halo
distribution are very important to understand the way to minimize the number
of halo particles and to reduce the beam losses

Motivation

The main goal is to understand the beam halo formation processes and
give the realistic description of the corresponding beam losses in cERL

What is carried out?

e Beam halo observation:

e Multi-profile beam halo measurement with CCD cameras at different locations
of the beam line without and with collimators

 HDR (High Dynamic Range) imaging method for data processing

e Beam halo simulation:

e Probable beam halo reasons, obtained from the measurement results were
included into the beam halo simulation to see its influence on the beam halo
formation

k * A. V. Fedotov, Nucl. Instrum. Methods Phys. Res. A557 (2006).
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Introduction
Reasons of the beam halo
°* Beam dynamics: ® Electron gun:
® Space charge * Cathode temporal response**,***
* Intrabeam scattering* ® Scattered light on cathode
* Touschek scattering* * Cathode damage
* Kicks from steering coils*** * Field emission from the gun
* Errors: ®* Vacuum system:
®* Beam line elements * Residual gas scattering*
misalignment**,*** ®° |lon trapping
° Improper timing and ° SRF cavities:

synchronism
* Shift in phase**
* Laser system: .
* Ghost pulses
* Scattered light from lens defects
* Ghost image from mirror surface
* Diffraction at laser pinhole

* Dark current*
* Kicks from input / HOM couplers

Beam monitor:

* CCD linearity

®* CCD saturation

* YAG screen saturation

* O. Tanaka et al., “Beam Losses Study for KEK cERL”, MOPRO109, IPAC’14, Dresden, Germany (2014)
** 0. Tanaka et al., “Simulation study of beam halo and loss for KEK compact ERL”, TUPWAO068, IPAC’15, Richmond, USA (2015)
*** Q. Tanaka et al., “Simulation study of the beam halo formation for beam loss estimation and mitigation at KEK compact ERL”, TUPOWO039, IPAC’16, /

\ Busan, South Korea (2016)




. Introduction

cERL operation conditions and beam halo reasons

* Beam dynamics: Electron gun:

®* Space charge * Cathodetemporal response

* Intrabeam scattering ® Scattered light on cathode

®* Touschek scattering ®* Cathode damage

* Kicks from steering coils * Field emission from the gun
* Errors: ° Vacuum system:

®* Beam line elements misalignment ®* Residual gas scattering
®* Improper timing and synchronism ® lon trapping

* Shiftin phase ° SRF cavities:
* Laser system: * Dark current
®* Ghost pulses * Kicks from input / HOM couplers
® Scattered light from lens defects ® Beam monitor:
®* Ghost image from mirror surface * CCD linearity
* Diffraction at laser pinhole * CCD saturation

® YAG screen saturation

Red are taken into account
Green are negligible
Blue could present but not taken into account

-
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Beam halo measurement

Settings

To understand the beam halo formation mechanisms several CCD cameras at different
locations of the beam line were chosen

oo

Burst mode (1 pys width) Long pulse mode (1.5 ms width)
Macro pulse duration 1 s Macro pulse duration 1.5ms
Macro pulse frequency 5 Hz Macro pulse frequency 0.6 Hz
Integration time 10 ps Integration time 2 ms
Bunch charge 0.2-0.3 pC / bunch Bunch charge 6 nC / pulse
Average current 1.5nA Average current 3 nA
Peak current 300 pA Peak current 15 nA
Repetition rate 1.3 GHz Repetition rate 1.3 GHz
Beam energy 2.9 - 20 MeV Beam energy 20 MeV
- Electron gun
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Beam halo measurement

Workflow

. Insert a screen.
2. Check whatever the 1 ps (1-10 ms?!) beam is

visible while setting the integration time of the
camera to 10 us (1-10 mst), which is the least
value. Adjust the trigger delay if needed. It
allows capture only one macro pulse during
one camera shutter pulse. We set the gain to
maximum to see the beam halo better.

. Capture the beam halo profiles during 10 s

automatically with 5 Hz (0.1 Hz!) macro pulse
frequency. Thus, the data obtained contain 50
profiles (1 profile?).

Insert the collimators (see Fig. 1) to check the
effectiveness of the collimation system against

the beam halo. It also allows to estimate the
beam loss rate using loss monitors.

. Perform the screen capture described in 3

above once again.

1 For long pulse mode.

Burst mode

Exposure time

ﬂ, , \
10 usec
1us beam :;

Long pulse mode

Exposurex\e

\

1 msec




" Data processing

Simple approach

» To obtain for the total beam halo image, all the profiles of one capture were
summarized

* The sharp saturated peak of the beam core is cut on the acceptable level to
recognize the beam halo easily

| runl_caml_gain22.dat 1 . S u m al | Stro kes
| A 5 ¢ D 324887 columns :
 veena A 2. Reshape summarized stroke

1 |CERL:MON:SC:r0tate:ca

| :i: :i: :i: ) to 493x659 matrix (screen
b size in pixels)

>~50 strokes ”

o oo [0 [0 [Lo (oo (oo [wo [wo [ (oo (oo [ oo [
P | P [P [ ra [P [P [P [P | Ro | RD | R | R [ R [ r [ T
ElE BB B EEE B EEEEEE
o | o |olfo|do|ofdo|ce|co|oo|co|co|o|o|a
R R E I E S A T T

16| CERL:MOM:5Cirotatercaml | 2016-03-0.

. Cut the peak

k Final beam halo pfofil /




COL OUT

2/23 burst mode, gain 22 dB, int. time 10 us

COL OUT

3/9 long pulse mode, gain 22 dB, int. time 10 us




GAMITZ @l i

3/9 long pulée mode, gain 0 dB, int. time 10 us

00

CAM21A coLouT

3/9 long pulse mode, gain 22 dB, int. time 10 us
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Data processing
HDR imaging approach

ldea: (from the field of professional photography) to combine pixels

from different exposures directly into a final composite*

107 High dynamic range 10°
Realworld _| | + | | | | | | | | | | ,
|

10 10°

Picture I - I N I N B N s

Low contrast

22 dB 16 dB 8 dB 0dB

k * P. E. Debevec and J. Malik, “Recovering high dynamic range radiance maps from photographs ”. In SIGGRAPH, pages 369-378, (1997).

/
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Data processing
HDR imaging algorithm*

Image series

g“t{" -
1 .
u ) 3 - A .,
At = At = At = At = At =
10 sec 1 sec 1/10 sec 1/100 sec 1/1000 sec

Pixel Value Z = f(Exposure)
Exposure = Radiance x At
log Exposure = log Radiance + log At

\ * B. Freeman, “HDR imaging and the Bilateral Filter ”.




Data processing

Camera response curve*

* Exposure is unknown, fit to find a smooth curve

Assuming unit radiance After adjusting radiances to
for each pixel obtain a smooth response

Pixel value \

Pixel value

log Exposure log Exposure
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Data processing
Mathematical formulation*

* Let g(z) be the discrefe inverse response function
* For each pixel site 7 in each image j, want:

logRadianc¢+logAt; = g(Z)

* Solve the overdetermined linear system:

j\f P ZHF(!.\'

- 2 " 2
ZZ[logRadzanc¢+logAt i g(le)] +A Zg (2)
i=1 j=1 Z=L in

N / \ J
V Y
fitting term smoothness term

k * B. Freeman, “HDR imaging and the Bilateral Filter ”.




Example: 2/23@CAMS8, COL In

0dB 2dB 4dB 6dB 8dB 10dB12dB 14dB 16dB 18dB 20ds 224s LYNamicrange 0 ~ 4096

Set of 12 images with different exposures

Camera response
cuve

(<)
S
>
o -
(@)
o
X -
[<H)
(@]
o -2
-

500 1000 1500 2000 2500 3000 3500 4000 4500

Pixel value




Beam halo simulation
Kicks from steering coils
N

GV
GVO03
BPMGCO1
BPMGCO05
GV04

CBPMO1
BPMO2

=MGCO1

ﬁﬁﬁﬁﬁ

SL2
=]
—{]
M C
M C
M (
M C
M C

2 H

i
=y

Ilil‘l " |unulu-mmnum«wwmmnmuumhm‘,,ﬁ’
W,

ZHY6
ZHV7
I 7HVE

L = =3
= 4 =

Steering Current[A] | ItoBL BL [T*m] Z position Length [m
name [T*m/A] [m]

ZV01 -0.9 3.22710E-05 -2.904E-05 0.233000 0.059 0.133 0.0955
ZV?2 -0.18 6.07777E-05 -1.094E-05 0.448791 0.059 0.132 0.0660
ZV3 0.0 6.07777E-05 0.0 1.219791 0.059 0.132 0.0660
ZV04 -3.18 3.57141E-05 -11.36E-05 1.518800 0.059 0.133 0.0955
ZV05 0.25 7.47835E-05 1.8696E-05 4.081800 0.079 0.143 0.0955
ZV06 1.7 1.73268E-04 29.456E-05 4.854474 0.100 0.060 0.1400
ZV07 0.0 1.73268E-04 0.0 5.254474 0.100 0.060 0.1400
ZV08 -0.58 1.73268E-04 -10.05E-05 5.654474 0.100 0.060 0.1400

- /
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Beam halo simulation

Beam line elements misalignment

e The non-linearity of the positions of the P
three injector cavities was evaluated by
using the HOM coupler signals* z ol

~2.6mm

» Cell#2 has the 2.6 mm offset in x j at Cav#2

direction of the cavity transverse plane EooLy

» To reproduce the vertical halo as at
measured profiles, a vertical
misalignment of 2 mm of all 3 cells was
also added into simulation

Residual (Stes

y+2mm y+2mm y+2mm

*Y. Honda, “Injector cavity HOM-BPM 3 cells nonlinearity”, (in Japanese), unpublished.

v




" Beam halo simulation w
Cathode temporal responge

] o . ] . ] ] I I I I I I I I I I I I 52(-]11111
The initial distribution (uniform in 1ol QE 12.6 %
transverse plane and Gaussian = | 785nm
) - . 2 | QE 2.83 %
with tail in longitudinal) was 3 0.80 | | [——g00nm
generated and tracked through the % | ., | ". QE 0.42 %
. . . . . — B )
injector lattice with GPT, creating = || || A\ QE%—%”&E
the output distribution at the exit of £ 040} 1IN\ | — deflector off |
the main cavity. E AN
Cathode response function
I [ ] o? t—to\ . [ 0¢ I—1to
0.8 | S(r) oc exp ( L )e,x’p(— )erl‘c ( )
|I I' o, =3ps; 27° T V27 \/_2)0';
i a 7, =0.1ps;’ o t—t o t-t
] _ S (1) =Xp| = |exp| ——2 |erfc| =————=2|,
o047 | T, =17ps; 1 277 T, ﬁff 20,
? i |I II"I.II t0 =0 ps. |
” AN (t) =exp| —- o exp| — 0 orfe t-h
. ) N | | slow 22—3 \FT \Fo_t !
=4 =2 0 2 4 6 ) 10

101 S(t) - Sfast (t) + Sslow (t)
*N. Yamamoto et al., “Time Response Measurements for Transmission-Type GaAs/GaAsP Superlattice Photocathodes”, WEPMY039, IPAC’16, Busan,
kSOuth Korea (2016)

** S, Matsuba et al., “Initial Emittance and Temporal Response Measurement for GaAs Based Photocathodes”, IPAC’12, New Orleans, (2012) /
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Beam halo simulation

Initial particle distribution

6

Simulation input parameters
Number of particles S5E4 =
Beam energy 2.9 — 20 MeV =
Total charge 0.5 pC / bunch
RF frequency 1.3 GHz
Laser spot diameter 1.2 mm
Bunch length 3 ps

Longitudinal distribution (3 ps gaussian-+tail)

LUUUUUUT

1.00000065

1.0000006 [+ “

.00000055 [ ;"

Gamma

1.0000005 [ %"

1.00000045 4

1.0000004 [«

1.00000035

. fae .
Ao £ o & & o

particle ID

40
t, [ps]

50 60 70

80

25—

N
T

-
(82}
T

x107™""
Transverse distribution (¢=1.2 mm) @&
I P P e '
e N A » 3
...1; J e "'b. :u‘ !
Silar g .‘.-".‘:‘.' A '5.5‘ 25
.. o % .1.0’.,' ‘.... " .‘-l:
. LN oo N =< 2
T A AL P (5 he |
A R S S i
G A D AT |
-. 3% ._.-::v .'T. . - ‘." 11
v o 8 . IS .:." -
:' ] ‘. . ) .;. .., - " 05
A Y o .‘. ¢ - - v
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x 104
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COL OUT gaussian

50 10
16
100 0.01 | "
150 2
0.005 10
200 8
E - 6
— D -
250 o ( ’ .
2
o -0.005T
]
350 2
00171
400 4
450 . . . 0.015 -0.01 -0.005 0 0.005 0.1 0.015
2/23 burst gain 22 int. time 10 us X, [m]
100 200 300 400 500 600
50
CAM16 e g .
100 ool 1.588755
150 1.58875
200 0005 1588745
= 1.58874
250 E  of
o 1586735
300
-0.005T 1.58873
350
1.588725
400 Loty
1 1 1 1 1 1 1 1588?2

450 0.015 -0.01 -0.005 0 0.005 0.1 0.015

%, [m]

3/9 long pulse gain 22 int. time 10 us

100 200 300 400 500 600



gaussian

CAM17. ..
50 : 5 : : 1.636842
' . BT LT ' 0.01
100 e B : : 1.63684
150 B |
0.005 1636838
200 B
A = 0 1636836
250 ~
300 0005} 1636634
350 1.636832
0.01 |
400 . - - - - - - 1.63683
; 0015 001 0005 0 0005 0.01 0015
450 : P s ] X, [m]
3/9 long pulse gain O int. time 10 us
100 200 300 400 500 600
50 ) g v 7
: <107
CAM21A PERUET
100 : oS AL p 2543764
: 0.01 |
150 2.543762
0.005 |
200 : 254376
250 . _ g : E ot ’ 2.543758
=29
300 2543756
0.005 |
S 2543754
400 0.01 |
» 2543752
450 ; ! . ; - 1 - 1 - 1 1 1 1 1
3/9 Iong pulse.galn 22 Int. time 10 us 015 00T 000 . ?m] po0s 001 0015

100 200 300 400 500 600



COL OUT gaussian+tall

50 10"
100 0.01 | I“3
150 >
0.005
4
200 _
E r 3
—_ D -
250 = o
- 2
'ff‘ 2
300 -0.005T1 1
350
0
N0 r
400 )
450 . . . -0.015 =0.01 -0.005 0 0.005 0.01 0.015
2/23 burst gain 22 int. time 10 us . [m]
100 200 300 400 500 600
50 107
CAM16 =
100 I
001
150 1.5889
0.005 | ' 4
200
= 1.58885
250 E  of
=29
300 1.5888
0005
350
L 1.68875
400 0.m
450 -0.015 -0.01 -0.005 0] 0.005 0.01 0.015

3/9 long pulse gain 22 int. time 10 us

100 200 300 400 500 600

%, [m]



gaussian-+tail

7

l camiz o o
. . : St e . ; 1.63702
100 : ‘ i 0.01 g
150 B 0.005 | i 1.62698
1.63696
200
A E ol 1.63694
250 > 1.63692
300 0005} 16369
1.63688
350 oo1l 1.63686
400 1.63684
. 0015 001 0005 0 0005 001 0015
450 3 PRt Ene ; X, [m]
3/9 long pulse gain O int. time 10 us
100 200 300 400 500 600
50 5 2 v 7
: 107
100 / \ 2 A ' COL OUT | 254390
‘ S ] 0.01 254304
150 254392
200 0.006 1 2.5439
i h 254388
250 [ / ‘0 : E Ll ' 2.54386
=
300 254384
20008} 254382
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400 001} 254378
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450 : R - - -
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COL OUT

gaussian
0.01 gaussian+tail

50
100
190 0.005 [

200

y, [m]

250

300
-0.005

350

400 001

il 2/23 burst mode, gain 22 dB, int. time 10 us 0015 001 0005 0 0005 001 0015

100 200 300 400 500 600

SO COL OUT gaussian

100 0.01 | gaussian-+talil

150
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200
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300
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2 CAM 17 ek COLOUT. , gaussian
L SR . 001} gaussian+tail
100 : % : ; :
150 § 0.005 [
200 —_
E o
250 -
00 -0.005
350
400 001
=l 3/9 long pulse mode, gain 0 dB, int. time 10 us 0015 001 -0.005 0 0005 001 0015
X, [m]
100 200 300 400 500 600
0 1 - COL OUT gaussian
100 CM 21 ~ s e 001 | gaussian+tail
150
0.005 [
200
250 E Ll
=
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350 -0.005
400
. 001
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e

Beam loss estimation

\

Place

Simulated, COL out
[NA, %]

Simulated, COL in
[NA, %]

Calculated”, COL out
[NA, %]

QMLCO05

0,0

0,0

2, 0.0006

BMIRO4

1.3, 0.0002

0,0

0,0

QMADO01-04

1.95, 0.0003

0.65, 0.0001

0,0

BMADOQ1-03

7.8, 0.0012

1.95, 0.0003

0,0

Simulation result for 1E6 macroparticles
and total current 650 uA*

Calculated for total beam current 300 pA**

0, B | o5 fs -: . '.‘._ w0 W &, :4‘,:-.
1.95 nA, 0.0003% 130A,00002% [ ° = .8 T T, g b AN
7.8nA, 0.0012% gy ol TWG ] NG T T OUGWLR’ T o
-y . b B o R e *d!?rh”%‘?’ cad
i (5 ® Be & de L sk @ 6 *". © 0 = [P @ .
W0, b e | © o8 ® _ e ese = € &
P = B & - B > o O e*."
) @ @ (2] 0O @ O ¢ & S
o 18 »:-88.88 W 18 i&iirii-z:e::-'}igii*ii’ii?fm"ifv
" T & 2 nA (0.0006%)

* Q. Tanaka et al., “Simulation study of the beam halo formation for beam loss estimation and mitigation at KEK compact ERL”, TUPOWO039, IPAC’16,

Busan, South Korea (2016)
k ** H. Matsumura, “Beam loss estimated from the ceiling dose”, (in Japanese), BDWG meeting, February (2016). /




Conclusion

» The probable reasons of the vertical halos observed could be:
e Longitudinal bunch talil
» Kicks from the steering coils
 Injector cavity misalignment

o Upward halo at CAMS8; downward at CAM16; downward and upward at
CAM17, CAM21A come from the far part of the beam core

» Upward halo at CAMS8; downward at CAM16, CAM17, CAM21A come
from the longitudinal bunch talil

» Simulated beam loss rates are in a satisfactory agreement with the
beam loss measurement

 Collimators insertion, in accordance with the measurement setup,
decreases the simulated loss rates essentially

* The beam loss distribution along the beam line essentially differs from
the measured one. This is a point to be improved

» Also there are some unaccounted factors. It could be kicks from input /
HOM couplers

* The following simulation study should properly take such factors into
account
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g Matrix structure

z=0,...,255 (digitized amplitudes)
1=0,...,N-1 (no. of pixels)
j=0,...,P-1 (no. of pictures) N
n N. e B(1,))=In(t)
~ z+1 N+ ™ The matrix equation in the
@ - Matlab code : Ax=Db
= B At Row k
a W;9(z)-w;n(E)=wyIn(t)
o) LY wEewR=o
- g | ©The solution to minimize
a T' 2 ! Z | Equation below (4)
= Q L Minimizing IAx-bl?
Ak, z(i,))+1)=wi] A(k,n+i)=-wij O inimizing |Ax-bj
=1 m | eSolve x=A"b
M <. | (Al:pseudo inverse
-5 matrix)
k.z)=aw(z+1) O This equation can be
(k,z+1)=-2Aw(z+1) = solved by SVD method
c \= /
A,\,z+ =Aw(z+1) O — O
O

kk _/ ) /



http://www.mathworks.com/help/matlab/matlab_prog/array-vs-matrix-operations.html?s_tid=gn_loc_drop
http://www.mathworks.com/help/matlab/matlab_prog/array-vs-matrix-operations.html?s_tid=gn_loc_drop
http://www.mathworks.com/help/matlab/matlab_prog/array-vs-matrix-operations.html?s_tid=gn_loc_drop
http://www.mathworks.com/help/matlab/matlab_prog/array-vs-matrix-operations.html?s_tid=gn_loc_drop
http://www.mathworks.com/help/matlab/matlab_prog/array-vs-matrix-operations.html?s_tid=gn_loc_drop
http://www.mathworks.com/help/matlab/matlab_prog/array-vs-matrix-operations.html?s_tid=gn_loc_drop

Matlab code*

function [g,lE]=gsolve(Z,B,1l,w)

= 256;
= zeros(size(Z,l)*size(Z,2)+n+l,n+size(Z2,1));
= zeros (size(A,1l),1);

=1; %% Include the data-fitting equations
or i=l:size(Z,1)
for j=l:size(Z,2)
wij = w(Z(i,3)+1);

Hh® oOPp3

A(k,2(1i,3)+1) = wij; A(k,n+i) = -wij; b(k,1l) = wij * B(1i,3]);
k=k+1;
end
end
A(k,129) = 1; %% Fix the curve by setting its middle value to 0
k=k+1;
for i=1l:n-2 %% Include the smoothness egquations
Alk,i)=1%w(i+1l); A(k,i+1l)=-2*1*w(i+l); A(k,i+2)=1*w(i+1) ;
k=k+1;
end
x = A\b; %% Solve the system using SVD
g = x(1l:n);

1E = x(n+l:size(x,1));

k * P. E. Debevec and J. Malik, “Recovering high dynamic range radiance maps from photographs ”. In SIGGRAPH, pages 369-378, (1997).
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