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Transverse emittance dilution due to CSR
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Linearization of the CSR effect
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Linearization of the CSR effect
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Linearization of the CSR effect

Bunch Bending path
charge R

- oL,
M B e R

If we assume that: radius

1. The bunch length _ does not change a lot along the transport line
2. The transient CSR effect is not large
3. Bending angles of the dipoles are not very large, < 10°

The CSR induced energy spread can be linearized

AE(csr) /| E, =kp'"0

k=f0,0,), unit: m3
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CSR-induced orbit deviation in a bending magnet

Betatron transfer matrix of a dipole:

/,-.M_H_ oo cos 6  psind
’ Bending Magnet \b “ \=sin@/p cosd

After passage through a sector bending magnet, expect the betatron transportation and
momentum dispersive effect, a particle experiences “CSR dispersive” effect.

D 4
Xf:MXm.Jr( Jé}+[ ,jk,
D 4

Betatron
motion Orbit deviation

R. Hajima, R-matrix analysis, NIMA , 528, 2004.
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CSR-induced orbit deviation in a bending magnet

Betatron transfer matrix of a dipole:

/,-.M_H_ oo cos 6  psind
’ Bending Magnet \b “ \=sin@/p cosd

After passage through a sector bending magnet, expect the betatron transportation and
momentum dispersive effect, a particle experiences “CSR dispersive” effect.

momentum dispersion (x-o correlation terms),

D = p(1—cos @), D' = sin6.

X, =M,X, (6). +(§jk,

Betatron
motion Orbit deviation

R. Hajima, R-matrix analysis, NIMA , 528, 2004.
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CSR-induced orbit deviation in a bending magnet

Betatron transfer matrix of a dipole:

cosé psinf
—sinf/ p cosé

Bending Magnet

After passage through a sector bending magnet, expect the betatron transportation and
momentum dispersive effect, a particle experiences “CSR dispersive” effect.

momentum dispersion (x-o correlation terms),

D = p(1—cos @), D' = sin6.

X, =M,X, (6).
“CSR dispersion” (x-k correlation terms),
Betatron = p3(6-sinb), ¢ = p'3(1—cosb).

motion Orbit deviation

R. Hajima, R-matrix analysis, NIMA , 528, 2004.
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CSR effect in dipole described with a 2D point kick

» The kick occurs at the dipole center;

» The kick contains two elements, related to o and £, respectively;

%, :(xk ]:( | 0 j5+(p4/3[9cos(9/2)—25in(9/2)])k.
x". ) | 2sin(8/2) sin(8/2)p"6

»  After each kick, the particle coordinates increase by X, and energy deviation
increases by kp'3 6.

Xk
-~ TN |:> X+ — X_ +Xk
Bending Magnet o, =0_+kp'P0

See Y. Jiao, et al., PRST-AB, 060701, 2014 for detail.
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2D point-kick analysis for achromats

» For an n-dipole achromat, it needs only to 1st dipole 2nd dipole
analyze the horizontal betatron motion with Ly = oy L2 = p2f,
n-point kicks, explicit formulation; .< .............................

» The beam line between adjacent dipole .
centers 1s treated as a whole, so the obtained L
“zero CSR-kick™ solutions predicts general CSR kick 1 CSR kick 2
requirements on optics design, generic CSR- | S——

kick cancellation conditions.

The bending radii and angles can be different.

Section between 1 and 2

1 2 3
I ! :
| Kick 1 | Kick 2  Kick 3
| | |
Ve Ve %
Betatron transportation Betatron transportation
between 1 and 2 between 2 and 3
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CSR-cancellation conditions for a two-dipole achromat

» The transfer matrix of the quad. section
between dipole centers is described in a
general form:

m m
1 12
jv{?2c __(i J
m,, — m,,

» The net CSR kick:
AX =X, + M, X,
» The achromatic condition [AX(d) = 0]:

m,, =-3S,/8§,

—0 Phase advance between
m, = dipole centers: nn
m,, =—S, /8,

S, =sin(b, / 2)
S, =sin(6, / 2)

2014/8/28

1st dipole 2nd dipole
Ly = p164 Ly =pb

Section between 1 and 2

»  CSR-kick cancellation in linear
regime [AX(k) = O]:

Automatically satisfied
in DBA or dogleg with
L=L,and 6, =6,

Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing 11
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Design a “CSR-cancellation” two-dipole achromat
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» Consider a two-dipole achromat, with 6, = 6 deg., &, =4 deg., p, = 8 m.
m) p, =27 m, and M*, (2, 1)=30/n

ﬁ”

B1
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Design a “CSR-cancellation” two-dipole achromat

» Consider a two-dipole achromat, with 6, = 6 deg., &, =4 deg., p, = 8 m.
m) p, =27 m, and M*, (2, 1)=30/n

ﬁ”
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Design a “CSR-cancellation” two-dipole achromat
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» Consider a two-dipole achromat, with 6, = 6 deg., &, =4 deg., p, = 8 m.
m) p, =27 m, and M*, (2, 1)=30/n

g, = 2.0 pm.rad BL
1
05
T
g o
£ B1
=
05
1 . .
150 -1 05 0 05 1 1
X {mrm)
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Design a “CSR-cancellation” two-dipole achromat

» Consider a two-dipole achromat, with 6, = 6 deg., &, =4 deg., p, = 8 m.
m) p, =27 m, and M*, (2, 1)=30/n

g, =4.67 um.rad

05
T
£ 0
£
=
05 ]
2 . . . . .
15 4 05 0 05 1 15 B2
g, = 2.0 um.rad ~
1 >
05
T
£ o
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=
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Design a “CSR-cancellation” two-dipole achromat

» Consider a two-dipole achromat, with 6, = 6 deg., &, =4 deg., p, = 8 m.

) p,"=27m, and M*, (2, 1) =30/n a7 e . &,=201 pmrad
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Design a “CSR-cancellation” two-dipole achromat

» Consider a two-dipole achromat, with 6, = 6 deg., &, =4 deg., p, = 8 m.

) p,"=27m, and M*, (2, 1) =30/n g, =2.01 pm.rad
g, =4.67 um.rad L
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Scaling of the emittance growth due to CSR
—ELEGANT simulation

% S I
T »'.i-uc?:

» The CSR wake in dipoles included in the tracking
» The found conditions predicts minimum emittance growth,
» The found conditions are robust against variation of the initial beam distribution,
» Quadratic increase of Ag as M, .(2,1) moves away from the optimal value.
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CSR-cancellation conditions for a symmetric TBA

» To control the No. of variables, a
TBA with symmetric layout is

considered. 1 2 3
* The Ist and 3rd dipole: 6, p ! o ! ok ! ok 3
 The 2nd dipole: 6,, p | | :
Ve Y el v
» The transfer matrix of the beam Betatron transportation Betatron transportation
line from 1 to 2 and from 2 to 3: between 1 and 2 between 2 and 3
» Net CSR kick
Mlzz[mll mlz} 232[7”22 mIZJ- AX =M (M X, +X )-I—X
my, —my, m, my, 23 U1 g k2 k3>

> Achromatic condition and CSR-kick cancellation condition:

_p+2m, (6, +0,)S, . If 6, = 0, reduces to a DBA
12
e Xt M =M, M
12 1 (quz + m, (6, +06,)S, _1) _i > » 13 |92=0— 13V, |92=0
Mo A4S 24P 2, =[ -1 0)_( -1 0
268, /qp —1) \12/L, ~—1
q, =28,-C,q, and g, = 25,-Cyq,.

2014/8/28 Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing 19
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Verification of the conditions for a symmetric TBA
—ELEGANT simulation

» Consider a symmetric TBA with three identical dipoles
* p=7mand 8= 3deg. . q,p+2my(6,+6,)S,

11

* For the matrix M,,, fix m,,, the optimal value of m,, can be determined 2q9,p
*  Symmetric optics
0.045 : : C C
- o Parameter Value Units
0.04 |- O m,,=-0.256 .
0.035 - o m,,=-1058 i Bunch charge 500 pC
0.03 - | Norm. 2 mm.rad
s O emittance
S 0.025- . Beam energy 1000 MeV
€
S 0.02- o - Energy spread  0.05 %
E o ©
0.015- o 1 Bunch length 30 mm
0.01 o O O l Dipole 7 m
0005 < 2 | bending radius
' o 8 8 o Dipole 3 degree
: O : . . bending angle
00 0.5 1 1.5 2
M4/Myy
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Verification of the conditions for a symmetric TBA
—ELEGANT simulation

» Consider a symmetric TBA with three identical dipoles

* p=7mand 8=3deg. o __g,p+2m;,(6,+6,)S,

* For the matrix M,,, fix m,,, the optimal value of m,, can be determined ! 2q,p
*  Symmetric optics
0.045 : ¢ C C
o Parameter Value Units
0.04 - O m,,=-0256 .
0.035 - o m,=-1.058 Bunch charge 500 pC
0.03 - Nom. 2 mm.rad
= emittance
S 0.025- Beam energy 1000 MeV
€
S 0.02- Energy spread  0.05 %
g o
0.015- Bunch length 30 mm
0.01~ o) Dipole 7 m
0.005 - bending radius
' O 8 o 8 Dipole 3 degree
0 : : . . bending angle
0 0.5 1 1.5 2
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Conclusions
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Consider long. CSR wake in free space, short bunch (tens of um), low emittance

» 1, 2D point-kick analysis promises explicit formulation of the net CSR kick in
achromats;

» 2, this method results in generic conditions to cure the CSR kick in linear regime
and minimizes the CSR-induced geometric emittance growth;

» 3, the obtained conditions are robust against the variation of the initial beam
distribution;

> 4, it suggests easily-applied CSR-suppression scheme. Most times it needs only to
vary the strengths of the quadrupoles. An demonstration experiment has been
suggested on SDUV-FEL in Shanghai.

Presently the solutions are applicable to spreaders of FELs, recirculation loops of
ERLs, where the bunch length does not have significant change. In near future, this
method can be potentially expanded to suppress the CSR effect in specified functional
bunch compressors.

2014/8/28 Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing 22
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Thanks for your attention!
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Linear dependency of the energy spread vs. p*/3 & 0

If fix 6, AE(csr)/ E, oc p'”
If fix p, AE(csr)/ E, oc O

x10° x10*
T T T T T T T T T T T T U T AL AAL
= Aéég w O 0=2 deg. AA
é O p=2m AA Y 0O X £ * 0=4 deg. N i .
4 * p=5m Alen X W O 06 do, X )
8 o A 0« o X 0=8 deg. A . %
S L. | p=60m AT rDOy 1 § 2| 0 6=10deg. A L LI
S O p=80m AT e D x 5 & o=12de . . .
7 _ * 0O X n g. . . DD .
& Z p=100 m A, O x > A 9=15deg. A «” 0 . X %
bt p:150m Ai\’ O x ’O_J N . . )
@ ) )
c A » O X @ N . . o
() Avﬁrgx g A {?ﬁDD ><>< 500
& 487 wk® L BT L cut0f k%7 000
g g’ £ N E Mg B IR 0007 gk
' ' 60 o XSG L awdhE™" 6000
o ; O BYEO0OT 4 o
8 ' 5% B O RS L 500000090
ooﬁﬁggéﬁ?ﬁ ooﬁgﬁfgr@@yor o - |
ta ; L . r r r
o 2 4 6 8 10 12 14 16 1 15 2 2.5 1/133 1/2.5 4 45 5 55
0 (degree) o3 (m'B)

This linear relation applies well to the cases with
@ from 1 to 12 degrees and p from 1 to 150 m.

2014/8/28 Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing 25
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CSR-induced orbit deviation in a bending magnet

Betatron transfer matrix :
- i cos @ psinf
— '“‘H._HR M J =

—sinf/ p cosé

oo Bending Magnet
X X, X, =m X, +m,X,,
SZ.ZO,W/O CSR effect : XJ,:[ {jZMXiZM( z,), { 11 12 |
*1 Xi Xy = My X, + My X
R T pama——yT R
0, # 0, w/o CSR effect : X, =MX,+| |, =X X ,
D X =myx; +myx;+ D'S,.

é/]k xf:mllxi+m12x;+Dé;+§ka

D
0, # 0, w/ CSR effect : X, =MX, +(D,j5. +(

r_ ' ’ '
X, =my X, +my,x;+ D6, + k.

(&, ¢) : ”CSR dispersion” (x-k correlation terms), = o*3(6-sin6), {' = p'3(1—cosb).

n — 1/3
In addition, o,= 0, + kp'”>0. R. Hajima, R-matrix

2014/8/28 Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing analysis, NIMA 2004.
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2D point-kick analysis for a two-dipole achromat

T =S
o5 <
B /

e e

:'.xie‘r‘:

] .'-

1st dipole 2nd dipole 1, For simplicity, assume
X,=(0,0)T, 5 =29,

2, Right before the 1st kick,
Xl— - (07 O)Ta 6 - 609

Quad. section

3, Right after the 1st kick,
X, =X +Xk,19 0= 807%,011/3 0;

M
................... S8 mmsnrrsnnnna) 4, Right before the 2nd kiCk,
Section between 1 and 2 X, =M, X,,, d="93,tkp,'36,;
Net CSR kick: 5, Right after the 2nd kick,

X, =X, +Xk,29 0= 80"'12011/3 671""“3021/3 0y,

X2+ — Xk,z +M020Xk,1

Final geometric emittance:

2 2 2 2
&= \/(80162 + x2+,rms )(8072 +X '2+,rms) — (60a2 o x2+,rmsx '2+,rms) — \/80 + gOdgl b

— 2 ! 12
dgl - 7/2x2+,rms + 2a2x2+,rmsx 2+,rms+ 182x 2+,rms *

2014/8/28 Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing 27
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2D point-kick analysis for a two-dipole achromat

M, the betatron transfer matrix between two dipole centers

m m
1 12
Mch - [ j
my, —m,,

Net CSR kick:

. ( 2m,,S. }5 N [mleﬂl P+ pPm, (CO -28)+r"(C,0, - 252)]j L
" 2(m,,S, +5,) " (my,S; + 2S2)(91,011/3 +m,, (C,0, - 25’1)/014/3 + 52492,0;/3

with S, = sin(6,/2), C, = cos(6,/2), S, = sin(6,/2), C, = cos(6,/2).

For a two-dipole achromat:

-S, /S, 0
m,, =S, /8§,

The element o« &, should be zero mm) (M, = (

For a two-dipole achromat, the horizontal phase advance between two
dipole centers is wor 2w, only M, (2, 1) is variable.

c2c

2014/8/28 Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing 28
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2D point-kick analysis for a two-dipole achromat

With the achromatic condition, net CSR kick:
p78,(28,-C0)/S, - p;>(2S,-C,0,)
X2+ - (‘9 1/3+t9 1/3) 4/3 k
2 2P m,, (28, —C\6)) p,

with S, = sin(6,/2), C, = cos(6,/2), S, = sin(6,/2), C, = cos(6,/2).

Ag = 0 if the element oc k becomes 0 in a two-dipole achromat

Keep the first significant terms with respect to 6, and 6,

S, (28, -C6
&)4/3 ( ) ~ ( ) - nglz ~ Lzezz
P 5,(25,-C,6,) 0,

(0 1/3 9 1/3 12 0 »
P +0,0,7) ) 12 6,

m ~___ =z
L T &@cemm“ A . m@DLﬁ

2014/8/28 Y. Jiao, jiaoyi@ihep.ac.cn, IHEP, Beijing 29
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Demonstration experiment on SDUV-FEL

FEL experiments

. ,
PEHG experiment e ...... NGk Injector

CSR suppress experiment

Experiment layout
@ 1 T T T T T
Electron beam

= 09 | [ Simulation reslts ','
n / 08k == Analytical prediction D,/ |
/ 07 /7
=8 !
< I o8 /B
- /’
0 Quadrupole 0 / 3 " 04 /
! H
/ g Pe
/ YAG/OTR screen 02k ,/E,
Quad. Scan method to ' g
. 4
(3  Dipole measure the emittance 01 D—"D’
0 E'-—u-’ L L L L
Iil CCD camera 1 1.2 14 16 18 2

my, (in unit of ~12/L,)
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