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Abstract illustrate the possible sensitivity of the CSR interaction to

Recent measurements of the coherent synchrotron rast:{-(la Ion%ltuc{[maltcf:jargtjﬁ d'étsnlgu“ol?'. teraction for m-
tion (CSR) effects indicated that the observed beam emit- n order to study he sefi-interaction for a co

tance growth and energy modulation are often bigger th ressed bunch, let us first find the longitudinal charge dis-
previous predictions based on Gaussian longitudinal char rébutlon for our model bunch when it s fully compressed

A . . y a chicane. Consider an electron bunch witkotal elec-
distributions. In this paper, by performing a model StUOI):grons. The longitudinal charge density of the bunch at time

longitudinal bunch charge distribution involves concentralél.'Stp(s’t)f :m]\irﬁn(rs’ft)r (~r’;n(5’|t)cﬁ i D’éN?eirefh'SIthne_
tion of charges in a small fraction of the bunch length Istance Iro e reference electron, arid, ¢) is the lo

¥ . itudinal density distribution of the bunch. At= t,, let
enhancement of the CSR self-interaction beyond the Gaﬁe bunch be aligned on the design orbit at the entrance of

sian prediction may occur. The level of this enhanceme bunch compression chicane. with a Gaussian lonaitudinal
is sensitive to the level of the local charge concentration. abunch compression ¢ ’ 9
density distribution and rms bunch lengihy

1 INTRODUCTION 1 2 1902
T : n(so,to) = no(p) = emH /2950, 1)
When a short bunch with high charge is transported through V2mosy

a magnetic bending system, orbit-curvature-induced buneiere we let each electron be identified by the parameter
self-interaction via CSR and space charge can potentialiyhich is its initial longitudinal position

induce energy modulation in the bunch and cause emit-
tance growth. Even though the earlier analytical results for ~ *(/-10) = so = (s >0 forbunch heagl  (2)

CSR self-interaction [1, 2] based on the rigid-line-chargén order to compress the bunch using the chicane, a linear
model can be applied for general longitudinal charge dignergy correlation was imposed on the bunch by an up-
tributions, since the analytical results for a Gaussian beastream RF cavity, along with a slight second-order energy
are explicitly given, one usually applies the Gaussian resorrelation due to the curvature of the RF wave form. The
sults to predict the CSR effects using the measured or sinelative energy deviation from the design energy is then
ulated rms bunch length. Similarly, a self-consistent simu- 9

lation [3] was developed ealier to study the CSR effect on(;, ) = —4; Ko, ( H ) (81,62 > 0,85 < &1),

bunch dynamics for general bunch distributions; however, Is0 Is0

the simulation is usually carried out using an assumed ini- (3)

tial Gaussian longitudinal phase space distribution. Rece ere we assume no uncorrelated energy spread. When
CSR experiments [4, 5] indicated that the measured ener beam' prqpagates t(,) the end of the chicane-al, the
spread and emittance growth are sometimes bigger th al longitudinal coordinates of the electrons are

previous Gaussian predictions, especially when a bunch iss(u,¢¢) = s(p, t0) + Rsed(pt, o) + Thes[d (1, 10)]* (4)

fully compressed or over-compressed. In this paper, we ex- Rs6y )

plore the possible enhancement of the CSR self-interaction = s to)(1 — ——) — alsp, to)] (5)
force due to extra longitudinal concentration of charges as. o o i
opposed to a Gaussian distribution. This study revealsth @ = (Rsed2 — Tsesd1)/05,. One can obtain the
general feature of the CSR self-interaction: whenever thef@@ximum compression of the bunch by choosing the ini-
is longitudinal charge concentration in a small fraction ofidl bunch length and the initial energy spread to satisfy

a bunch length, enhancement of the CSR effect beyond the — Rsed1/0s0 =0,  s(p,t;)=sp = _a[s(ﬂ,to)]?
Gaussian prediction can occur; moreover, the level of this (6)
enhancement is sensitive to the level of the local chargeyr typical bunch compression chicane, one Ras > 0
concentration within a bunch. This sensitivity should beynd 75, < 0. Thereforea > 0, which impliess; < 0
given serious considertation in designs of future machinefrom Eq. (6). Using Egs. (6) and (2), we have

s0

2 BUNCH COMPRESSION OPTICS pisp) =/—sp/c (a>0,5,<0). (7)

When an electron bunch is fully compressed by a magnetid final longitudinal density distribution can be obtained
chicane, the final bunch length and the inner structure &om charge conservation, (p)du = n(sy,ts)ds;:

the final longitudinal phasg space are determingd by many 1 51 /N0y

details of the machine design. In this paper, we investigate

n(sy,tf) = —=
only the RF curvature effect, which serves as a model to 2m0sp sV 204,

H(=sf), (8)
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gop =1/ (53) = (s)2 = V2ao?,. (9) case W_hen/ > 071 ande_ ~ 2(?)@)1/3. In this casely (¢)
is dominated by the radiation interaction:
where H(—s;) is the Heaviside step function, and; is

2 [ele]
the rms of the final longitudinal distribution. The final lon- Fo(¢) ~ %/ —1/3i/\(¢ —p)dp.  (13)
0

gitudinal phase space distribution can be obtained as d¢
sp o~ —(oyr /V/262)8° (10) The CSR power due to the radiation interaction is
For example, whem,; = 1.26 mm, Rss = 45 mm, and P=_N / Fy()\(¢)do. (14)
41 = 0.028, the compression condition Eq. (6) is satisfied.

With o = 0.08 mm~1, Eq. (9) gives the final compressed
bunch lengthr, ; = 0.18 mm. For a realistic beam, uncor-
related energy spread, should be added to Eq. (3) (here

Results for the longitudinal collective force and the CSR
power for a rigid-line Gaussian bunch are [1, 2]:

we assume@,, has a Gaussian distribution with,,) = 0, aus 1 o2/20° 1
i rm i i A =—= %1% (o4,>» —), (5
and rms widths™). As a result, one finds the final rms 19) aro (s 73) (15)

bunch length satisfies

2N e?
FR9) = Fog(9), Fy = —————7, (16)
o = Js2) — (s;)? =14, (1D) ’ ! *T s\ 2ot
NZe2 34/612(2/3
with o5 given by Eq. (9), and = Rsedyn/0s . An exam- poaUssY ; i/S 27: / ), (17
ple of the longitudinal phase space distribution described Roy
by Eg. (10), with an additional width due ty, # 0 as . ,
given by Eq. (11), is shown in Fig.1. wherel'(z) is the Gamma function, and
T T T T T T ‘
3 *x T o° T4 — _ 2
L ; 9(9) = / mer N7 O =(lre=o g, (18)
— l [l ]
L or . 3.2 CSR Interaction for a Compressed Bunch
1 ] The angular distribution for a compressed bun€fP(¢)
2F L a with intrinsic width due tody, # 0 is the convolution of
BE the angular density distributioxf""(¢) with d,n = 0 and
6 4 2 0 2 a Gaussian distributiohy, (¢):
Plog o0
Figure 1: Example of the longitudinal phase space distri- A*™"(¢) = / AP (6 — ) A (@)de, (19)
bution for a compressed beam with RF curvature effect. - e
/204
3 CSRFOR A COMPRESSED BEAM Ao (9) = 21 - H(=9), (20)
\ELVEYNCS
Next, we study the CSR self-interaction of a rigid-line com- 1 o Rigdms
pressed bunch in the steady-state circular motion. The lon-An, (¢) = —=—=——e "¢ /27me | 0, = — U0 (21)
V21O me R

gitudinal density distribution function of the bunchlgg)
for ¢ = s/R, with the rms angular width, = o, /R for

cmpr ; f -
the rms bunch length, and the orbit radiug. where X, ™(¢) is obtained from Eq. (8). We then pro

ceed to analyze thehgitudinal CSR self-interaction force
for a rigid-line bunch with the density function given in
3.1 General Formulas Eqg. (19) under the condition, > 0,5 > v~>. Com-
The longitudinal collective force on the bunch via spacebining Eq. (19) with Eq. (13), and denotirgas the in-

charge and CSR self-interactioniis [1, 2]: trinsic width of the bunch relative to the rms bunch length
O<a<1):
ed(®—3-A)
Fy (¢) = T a.a; Ow rm
ﬁc@t a = — (Uw = R566uns)a (22)
—Ne?2 8 [ 1—p3%cosh s
= TR 99 L= cosd Ao —p)dp  (12) . o
R? 0¢ Jy  2sin(0/2) one finds the steady-state CSR longitudinal force for a
compressed bunch:
whereg = v/e, 3 = |B|,y = 1//1 — 3?, andd is an
implicit function of ¢ via the retardation relatiop = 6 — empr v {0 empr
26sin(#/2). In this paper, we treat only the high-energy o ()= /_Oo Fyo " (9)Am (¢ = p)dy. (23)

MOEO1 263



XX International Linac Conference, Monterey, California

It can be shown thak,;; () in Eq. (23) is of the analytical result in Eq. (27) with the simulation re-
sult [3] for the CSR force along the example distribution in
Fig. 1 is shown in Fig. 4.
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H. H. Braun at CERN, and by discussions with the team
during the measurement. The author is grateful for the dis-
cussions with J. J. Bisoghano, and with P. Piot, C. Bohn,
D. Douglas, G. Krafft and B. Yunn for the CSR measure-
ment at Jefferson Lab. This work was supported by the
U.S. %JE Contract No. DE-AC05-84ER40150.

o0 0
-1/3 Y yempr,
/0 R Ao (@ —p)dep

(y=9¢/0s),

—2Ne?
Foo"(9) ~ 5153
= -2/ F, dG(y) /dy (24)

with £, given in Eq. (16), and

T
1 17 Y\ A cmpr,
H 16 (-) U <_, — _) , 25 X (g) for a=0.1
)y 2 26’2 (25) 15| e 2™ () fora=02 | | _
< === X™(4) for a=05 -
where¥ (a, v; z) is the degenerate hypergeometric function ,’i 0l — A%C”‘P'(qb) for a=0 i i
< »0)
1 e 3
U(a,v;z) = —/ e L1 4 )72 Ldt. (26) 05k i _
(07) = 1105 | (1+1) 7 e
As a result, we have 0.0 T IR !
-4 2 0 2
1/ o
Py = Loy (2 a), en oo oo O
0 Verasls! \aoy, Figure 2: Longitudinal charge distribution for a com-

pressed bunch with intrinsic width described &ycom-
pared with a Gaussian distribution. All the distributions
here have the same angular rms size

Similarly, the radiation power can also be obtained for the

flysa) = /_00 Glax)(y—x) e W= 2dp. (28)

compressed bunch using Eq. (14) wit'P(¢) in Eq. (19) 4 ' ' ‘ ' '
and 7, (¢) in Eq. (27), which gives 2t i .
[HEDC N
pempr I(a) T U s
s 0-75 7, CORE Y ]
00 é E 4l Fec:p:(q’)) for a=0.1 \H ]
I(a) = —/ f (—;a) AP BYd . (30) T Fezmpr(cﬁ) fora=0.2 ¥
—o0 aoy 6| ==~ FgGa'jsggﬁ) for a=0.5 \ i
()
Numerical integration shows thdff(y; @)|max — the -8 ; . ('J é
maximum of|f(y; )| for fixed « — is insensitive ta: for /
0 < a < 1. As aresult, for a compressed bunch with fixed % 99

o4, we found from Eq. (27) the amplitude of the CSR forcd-igure 3: Longitudinal CSR force along the bunch for var-
FE™P(4) varies witha=>/6. Therefore in contrast to the 10US charge distributions illustrated in Fig. 2.

well-known scaling lawR—2/3¢;*/? for the amplitude of
the longitudinal CSR force for a Gaussian beam, a bunch 1k
described by Eq. (19) has ™| max o R=/357 1 205"/°

with o, in Eqg. (22) denoting the intrinsic width of the
bunch. Likewise, for=0.1, 0.2, and 0.5, we found from

numerical integration that(a) ~ 0.76, 0.90 and 1.02 re-

1k

spectively, and correspondingly®™P/ PGauss ~ 3.9, 2.6 X simulation

and 1.4. This dependence of the amplitude of the CSR — Fgf;:'j;a) for a=0.36 i
force and power on the intrinsic width of the bunch for a Fo™(0) ol

fixed rms bunch length manifests the sensitivity of the en- -6 -4 2 0
hancement of the CSR effect on the local charge concen- ¢/g¢

tration in a longitudinal charge distribution.

_ WO . . Figure 4: Comparison of the analytical and numerical re-
InFigs. 2 and 3, we plot the longitudinal density functiorgits of the longitudinal CSR force along the example

for various charge distributions with the same rms bunclnch illustrated in Fig. 1. Here we have ~ 3o,.

lengths (except the/1 + «? factor in Eq. (11)), and the
longitudinal CSR collective forces associated with the var-
ious distributions. The amplitude &, in Fig. 3 agrees
with thea=?/% dependence in Eq. (27). Good agreement
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