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1. Introduction

In JLAB FEL, when the bunch is fully compressed by the
chicane, beam fragmentation is observed in the second

arc which has not been reproduced by 1D CSR model.
( measurement done by D. Douglas, P. Evtushenko)

*There are some other unexplained observations, such as
one emittance measurement (in CTFII) which shows
strong dependence of emittance growth on transverse
beta function inside the chicane.

*These motivate us to study the 2D CSR effect, as well as
to investigate other possible causes.



Questions

* In which parameter regime is the 1D model
a good approximation ?

« How does bunch transverse size influence the CSR
interaction forces?

Goal: full understanding of the CSR effect in bunch
compression chicane so as to predict and control
Its adverse effect.

*It is hoped that a systematic analysis for a simple
Gaussian case can provide some insight of the 2D effects
and serve as benchmark for the 2D simulation.

(free space, unperturbed Gaussian bunch, circular orbit)



Overview of Basic Formulas for the
CSR Interaction on a Curved Orbit

Retarded Potential (Lorentz gauge):
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(assuming continuous charge distribution)

Electromagnetic Fields: E(F,t) = —6(1)—8—2, I§(F,t) —VxA
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lllustration of CSR interaction for a 2D bunch
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2. Previous 1D and 2D Results of Effective CSR Forces

The CSR interaction influences both the longitudinal and
transverse particle dynamics via effective CSR forces
(Derbenev, 1996) i

Electromagnetic Fields: E(F,t)=—§<b—ﬁ, B(F,t)=VxA

Lorentz Force dGmv) _ e(E N B)

In dynamic egn: dt C
Rate of kinetic  d(yme?) - v db| (od - OA

=eE-—=-e—~-¢€ ——-f-—
energy loss cdt C cdt (C@t p CﬁtJ
eff
2 FS \
d(ymc’ +ed) e or dH oH
— s - Effective longitudinal
cdt dt ot CSR force

eff . . : :
Here FS plays an important role in influencing particle transverse
dynamics
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1D Assumption and Result (Derbenev, 1996)
A

o Characteristic distance:
/ '8 AB~(240,R?))",  DB=~2(902R)"

1D assumption:

O O o= Ix <<1
DB (6’R)"?

f(z):form factor

Effective Force in Steady-state:

Fseff (Z) —

2Ne®* ¢ dz  2A(Z") :
31/3R2/3 _!O(Z_Zl)l/fi 82' : ‘_‘4 ““““

2N e
F° (Z) T2n3, 4/3R2/3 f(z) (Gaussian bunch)

Feature: no dependence on particles’ x coordinates




Previous 2D Results for a Gaussian Bunch (Dohlus,2002)

CSR Field of a Tilted Thin Beam

=
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e.g.R,=10m.o, =100pm.o, =2mm — x=043

Martin Dohlus Deutsches Elektronen Synchrotron ICFA Workshop Jan. 2002

*As the deflection gets bigger, the CSR force 1s smaller in amplitude as
compared to the rigid-bunch result (with the same projected bunch length)



3.Bunch Distribution Variation in a Chicane

L

ﬂ - -

(Drawing from P. Krejcik, SLAC)
Bunch compression 1s carried out via
Initial s-z correlation
* x—J correlation 1n dispersive regions

This gives x-z correlation=> bunch deflection
in dispersive regions



 Linear Optic Transport from s, to s

(SO
{X(S) =R,1(8)%, + Ry, (8)%, + Ry5(5) N
2(s) = Re;(S) Xy + R, (S) %o + 2o + Ry5 () a
with initial energy chirp 6, =U Z, +0,,
« Zero uncorrelated spread X, =X, =9, =0 X

X(S) =Ry (s) (Uzy)
{Z(S) =Ly + R56 (S) (U Zo) — (1"' U R56 (S))Zo

Compression factor R (S) =1+ UR(S)

slope of £(s) = X(S) _ UR(S)

deflection ~2(s)  1+UuR,(s)

u=0 for bunch with no deflection.



« Example of the Benchmark Chicane
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FIG. 1: Compression factor, Rss(s) = 1 + uRss(s), vs. s for u = —40 m™ %



« Example of the Benchmark Chicane
(assuming zero initial emittance and
energy spread)
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e Studies using 1D CSR interaction model is semi-self-
consistent (for CSR force calculation: projecting 2D

bunch on design orbit and assuming rigid-bunch at
retarded time)

dp _ x dp +56_P+(_kzx+£)ﬂ_ﬂ
B

5 R oz 0x R/ ol
Fe o
= —E—ﬂj dz' W(z — 2/, s)n(z',s),
Y dp
2 a k1/3
fOI‘ W(Z) - Wa 2_1/3 (Z > 0) or Z(k) - _IAW (A :163| —094)

 Need to include evolution of bunch x-z distribution
In the CSR force calculation



4. Retardation for 2D Interaction

The CSR force is influenced by the bunch x-z deflection mainly through
retardation —p |dentify the source particles at retarded time

RdRd&

2D bunch: O(F 1) = j-,o(r ,tilr:r |/C)d2F' I )J-p(r+R,t—R/c)
|r—r'| R

For each t’, the source particles are on a cross-section with x-s dependenct



*1D line bunch

Retardation for a 2D bunch projected on the design orbit,
assuming longitudinal distribution frozen in the past :




3D Retardation (illustration not to scale)

cD(l—;’t)z Ip(r 1ti|r:r |/C)d2F| F'-F=R N jp(r+R’t_R/C)R2dRSin9d0d¢
|r—r| R

____________

____________

Because of dispersion, transverse
size is often much bigger than the
vertical size, so 2D is often a good
approximation.

Intersection of the sphere
(light cone for 4D space-time) with the
3D bunch



5. CSR Forces for a 2D Bunch Self Interaction

Assumptions used in the analytical study of 2D CSR force:

* Perfect initial Gaussian distribution in transverse and
longitudinal phase space

* Initial linear energy chirp
« Transport by linear optics from external field, bunch is
unperturbed by the CSR self-interaction.
« All CSR interactions take place Inside bend
cD( 1) = jp(r t—|r-r |/C)d3*
|r—r'|

J(F' ,t—|F—f'|/c)

[T -]

d3l—;|

ATt = |



Analytical approach:

For CSR force on each test particle in the bunch, solve 2D
retardation relation analytically

|dentify the source particle which emitted field at a source
location.

Find the phase space distribution of the source particle by
propagating initial Gaussian distribution via linear optics

to the source location

For CSR force on a test particle, integrate contribution
from all source particles in the initial distribution.

Thin bunch - analytical results

General cases = numerical integration of integrands which is an
analytical expression involving retardation, linear optics and initial
Gaussian distribution



*Analytical Result of Effective Longitudinal CSR Force

(for a thin Gaussian bunch)

o . 24?\.'._?. '
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agree with Dohlus’
Trafic4 result

I{ x.cx)

FIG. 2: I{r,a) va. = for various o given by Eq. (122).



Initial energy chirp of the bunch The Model Chicane :

at entrance of the chicane

total path length=2m
S vs. z(ats=0) P &

u=—18,.§2 /m : i

O =uz+o,_

Ly Ly

FIG. 3. (Color) Model chicane: R=1m, L, =03 m, Lg =
0.6 m, and L; = 0.4 m.
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Initial beam parameters

E=70 MeV, S =5m, o =1

For each initial energy chirp, u=-10.56/m and u=-18.52/m, we studied five
cases of normalized emittance and uncorrelated energy spread

thinner : ¢, =0.12m 5, =107
thin : e, =0.1pm s, =10"
regular : e, =1.0gm 5, =10""
thick : e, =1.0zm 5, =107
thicker : e, =10 pm S5, =107

Z(S) — R51(S)Xo + R52 (S)X(’) +Zy+ R56 (5)50 (50 = Uz, + 5un)
— R51 (S)Xo + R52 (5) X(’J + (1+ UR56 (S))Zo + R56 (5)5un
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u=-10.56/m (sc=1.2m), regular case

2D CSR force on the x-z grid (grey) surrounding the bunch at various path length.
The green is the footstep of the bunch in the x-z plane, and red is the 2D CSR force
on the bunch.
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u=-10.56/m (sc=1.2m), regular case

2D CSR force on the bunch is a function of both x and z. But the 1D model gives CSR
force as a function of z only. Here we plot the 2D results of the CSR force as a
functionof z (red), the spread is due to the x-dependence. The blue curve

is the CSR force based on 1D model using the projected longitudinal density

distribution. reg case reg case reg case reg case

0.1}

FZCSR(x, z,8)° -
FO -0.1

02|




u=-10.56/m (sc=1.2m), regular case
As in previeus slide, for a given path length s, 2D CSR foree en eaceh partieles in the
buneh has different amplitude depending en the x and z eeerdinates of the partiele.
Here we plet the maximum and minimum CSR feree en the buneh as a funetion of s.
The average of CSR foree on all the partieles in the buneh indieatesthe energy loss
by the buneh. The 2D results are in red and 1D results are in green, whieh is based
en the rigid=buneh meedel with the same prejected bUunen length.
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lllustration of CSR interaction for a 2D bunch
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u=-10.56/m (sc=1.2m), thinner case
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u=-10.56/m (sc=1.2m), thicker case
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Results for all 5 cases around full compression (u=-10.56/m, sc=1.2m)
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Results for all 5 cases around full compression (u=-18.52/m, sc=1.0m)
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6. Summary of Key Results

Delayed response of CSR force from bunch length
variation

Dependence of CSR force on particles’ transverse
distribution around full compression

The high frequency field signal generated around full
compression and reaches the bunch shortly after

Dohlus previous results can be explained as part of the
delayed response



CSR Field of a Tilted Thin Beam
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u=-10.56/m (sc=1.2m), regular case

As in previous slide, for a given path length s, 2D CSR force on each particlesin the
bunch has different amplitude depending on the x and z coordinates of the particle.
Here we plot the maximum and minimum CSR force on the bunch as a function of s.
The average of CSR force on all the particlesin the bunch indicatesthe energy loss
by the bunch. The 2D resultsare in red and 1D results are in green, which is based
on the rigid-bunch model with the same projected bunch length.
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