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Overview

Picosecond electron bunches are produced in RF guns with peak current less
than 100 A. Bunch compressors are used to compress the bunches to tens of
femtoseconds to produce kA peak current at higher beam energy.

~2 ps ~40 fs

Photocathode Off-crest Bunch
- . . FEL
RF gun acceleration ‘ compressor 0

Modern RF linac use highly optimized compression techniques to correct for
energy chirp and non-linearities due to RF curvature and wakefields, as well as
mitigating collective effects such as CSR and microbunching instability.

The final compressed bunches have peak currents in excess of 3 kA which
makes SASE possible at x-ray wavelengths. Emittance growth is minimized
with the use of multi-stage chicane compressors. Energy spread is reduced by
dechirping the electron bunches after compression. Microbunching instability
which can increase both emittance and energy spread is mitigated by
“warming” the beam before the bunch compressor with a “laser heater.”
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Example: LCLS Bunch Compressor

The LCLS bunch compressor is an example of the multi-stage compressor with
post-compression “dechirping” using wake fields in the NCRF linac. The bunches
are shortened from 2 ps at the gun to ~40 fs at the undulator (50X compression).

6 MeV 135 MeV 220 MeV 5 GeV 14 GeV
At~ 2 ps At= 6 ps At~ 0.77 ps At~ 43 fs At~ 43 fs o, 5 um
05~ 0.2 % 05~ 0.03 % o5~ 0.05 % o5~ 0.08 % o5~ 0.04 %

- l - 1 I
o Linearizer BLM1 BLM2 D ~ag
P =-160°
L1S (9 m) L2 (320 m) L3 (540 m)

P~ -26.4° @~ -37.6° P~ 0°
180 pC 180 pC 173 pC
30A 250 A 4.3 kA
Y&~ 0.35 pm ve, ~ 0.39 um ve,~ 0.8 um
v€,~ 0.37 pm v€,~ 0.44 pm Y€, ~ 0.6 pm

LCLS two-stage bunch compressor

Courtesy of SLAC LCLS Team
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Chirper Cavity Transfer Matrix

R¢s matrix element converts a particle’s initial z, position (with respect to the
initial bunch centroid) to its final energy deviation J; from the central final
energy E,.. R, reduces the initial &, by the ratio of the final to initial energy.

Z, 1 O Z,

51 I:\)65 R66 50

= h Oc |-
51 1 Elc 50

h1 is the linear chirp induced by the chirper cavity h1 —_ eVRFkRF sin .
_ 1c
Zl T ZO
E
ElC
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Imposing an Energy Chirp on e- Bunch

Consider a single electron with initial  Final energy after traversing the chirper cavity
position z, and energy deviation 9§,

E.=E V k
Eo(5o): E0c(1-|— 50) ' 0(50)+e RF COS((DRF T Kge Zo)

Accelerating voltage E, = E, (1+3) = [E,, +eVie cos(pye 1+ 5))
Ly Ve esloe ) e 05,) eV sl k)
Pre 1 E
> < 1c

\ S5, = EVee [cos(@ge +Ker 2y )—COS@e |+ 50[ Sy j
/ ¢ Elc Elc
eVierKre 2, . E,.
\/ O = — R'IZEICRF : SIn({DRF)—Fé‘O(E:C]
N
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Harmonic Linearizer

%F

* Non-linear chirp

5(z)=68,+hz+hz* +hz%+ ...

* RF curvature \_/ \_/ : \/

Fundamental

2 37 Harmonic Oy
N o k“eV, COS g,
, =
2E
Linear chirp + 2"d order curvature Linear chirp
 Harmonic linearization /
E, =-k,eV, cosg, g :
Oy =T Deceleration in 3
i harmonic cavity
e Deceleration in a harmonic v
. P N —
cavity reduces RF curvature T -
2"d order curvature curvature removed

caused by the fundamental
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Space Charge Effects

Space charge stretches the bunch length, reduces the energy slew of a
positively chirped bunch and increases the rms energy spread

o
High-energy tail
Drift is decelerated
Z Z

Low-energy T

head is
” accelerated

O, O-z,f
< > <>
T — T T 5
Space charge effect on bunch length » TN
50 T Fa N\ 1Current
d dv dm i
Fz = P, =m—= +V, — n 001l VAR
dt  dt ¢ dt S AR RN
2 Oley 0.00| i ?ezlld 1521 accialeratzd ~
d d d g ail is degelerate //"
FZ = mOC 7/_'8 + 18_7/ — m0073 _’B S el \ /
dt dt
2 .02} \
dz F k2, | "/
2 3 7 'sC -
dt® myy 50 0 50
0
t (ps)
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Space charge increases both bunch
length and longitudinal emittance

1nC
1.10 mm rms

0.25 nC
o. = 0.74 mm rms

0.020 nC

o, = 0.21 mm rms

TCAV bunch length on OTRS:INI0:5T1 03-May-2010 08:35:02 Super TCAV hunct kg on OTRSIN20:5T1 10-Tak-2010 12:39:03 Supe
m 200 ! ' ! . . 160
q,= 7412124 piml A = 61695 043 jm
ap . G 376 004 dagine 450 '_ ¥ 140 ; 2
- \ . cal = 0G40 007 oy cal = =i, 638 000E podam
\ 1201
m 350
I \\ g o0 g1m
B § "
L H, &
E 51 n 25 @ &0
§ 2 oo 3
ant & 200 -
1] 8 150
40
Al Lo
s 50 an
] 1 1 1 1 1 - . . " i) " I A
B -05 ] 05 1 1 ol 1 R 0% 0 ]
TEi e trom ) TCAVIN20450-TCHAACT orm TCAVINZTANETCO:AACT (non)
™ | Profe 907 BgS 08-08-2007 213544
mﬁ"ﬁ?ssé‘i oFah5d pns Q=0.856 s 'P- STATS A Profile (3-May—2000 09: 35:02 Super at -1 Profike 10-Jal-2011 12:59:03 Saper at |
T T Hf“h T 000 - W . v . . 2 =
i A «—— 95'A )
0 M L BOD 800
tlf \
eof f i 700 200
g )
Ly ,JI; lI 600 50
1
el y 1 00 00
< ] 1 = -
i LY E 2 .
sof- = 400 =400
i = 103 ps = g w : > 2.2 ps K==
{ | S g ]
4o ] 1 300 300 F |
II 4 .I| JI
st ] ! 200 200 ] 1
f ] E)
ol / \ 1130 100
r -
0 / | H
0= L .
[ 1
../ 135MeVv 777135 MeV ,, 135 MeV -
o 5 I : = % 90w 5w _00 5w 0 500 1000 1500 2000 2500 0w 1000 -B00 -600 400 200 0 200 400
tina [l OTRSIN2ZO:T T Position (umi OTREIN20:57

1 Position {umi

1. = 0.(3 keV)/mc? = 6.5 pm 7. = o(1 keV)/mc? = 0.4 pm
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Compressor Transfer Matrix

R matrix element converts a particle’s initial energy deviation (with respect to the
central energy) to its final z position with respect to the centroid position.

s.] o 1]ls

Since z is in unit of length and d is dimensionless, Rg, matrix element is also in unit
of length. Typical value of R, is a few cm.

Final position of an electron
Z; =7; + R0,
Change in bunch length

AS
Az, = Az, + R Ao,

Ratio of final to initial length
AZf A 2y = Z;; + Reg 0y
—T-1+R
56" 1
AZ.

|
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Ballistic Compression

Ballistic compression is carried out by chirping an electron bunch in a chirper cavity
at zero crossing, followed by a drift where slow electrons at the head move back
with respect to the centroid and fast electrons at the tail catch up with the centroid.

o

Chirper Cavity

< > <>
Initial o, Final o,

Ballistic compression is typically done at low beam energy (<2 MeV) because the
magnitude of R, decreases quadratically with beam energy (1/y2).
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Velocity Compression

Sub-relativistic electrons (f. < 1) injected into a traveling wave cavity at zero crossing
move more slowly than the RF wave (S, ~ 1). The electron bunch slips back to an
accelerating phase and becomes simultaneously accelerated and compressed.

30 T THIL| T LA | T
EZ (t) | : | :.-:_::;f :_::::I:: :: .l | |
23 1 1| (.
Final ¢oo ' | | .; ::::{I:i: i._;’i;::’:i:.. . :- |
/ 20 | | | : L ::: ::-::,. ::"I“: :.:' ,-: .I
Initial ¢, >~ 5L | il
MR ¥
Final bunch length LA /]]
Oz = o 0y 2 o,
sing,, 20y, SN g, 0 N
15 1.0 0.5 0.0 0.5 1.0 1.5
EEO Injection phase (radians)

Dimensionless gradient « = 5 N
KeeM.C Initial . = 0.994 (4 MeV)

15t term = injection phase slippage

N . See Wangler, Chapter 6 (6.10
2"d term = contribution from initial energy spread 8 g (6.10)
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Chicane Compressor

A chicane consists of four rectangular dipoles length L with the 15t and 2" (also 3™ and 4th)
separated by distance D. The distance between 2"¥and 3 does not contribute to R..

arrive later than centroid < -I-'->
High-energy e- take shorter paths,
5 0 arrive earlier than centroid
. 2 3
& High-energy e- 0
at the tail 4
Ry = —92(— L+ 2Dj
Positive chirp 3
(energy slew) 3
z Tse6 = — E Rse z
Low-energy e- /
at the head U 5666 2 R56
Chirped, uncompressed bunch Compressed bunch
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Chirper-Chicane Transfer Matrix

Transfer matrix of the RF chirper cavity (h, denotes the linear chirp)

b &G

Transfer matrix of the chicane .
initial

Z,) 1 Ry Z, beam
5,) \0 1)1\¢

Multiply the two matrices together

[ E,. \
final R (22) B 1+ h1R56 R56 E1c [20]
beam — |
52 h1 E0c 50
\ Elc J
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Minimum Compressed Bunch Length

rms bunch length at end of the chicane

E C
Z, = (1"' h1R56 )Zo + [on R56§O

1c

. : 2
For an upright ellipse E

_ 2 2 ic 2 2
O, = (1+h1R56) O, T RecOs

Zl
fc

Minimum bunch length is achieved when the chicane undoes the chirp

1 1
Rgy=—=—"— —> 1+hR,=0

hy Res

Minimum bunch length depends on R, and initial “slice” energy spread

E.

1C

O, = R560-5,i

fc
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Correcting Non-linear Chirp using
Longitudinal Short-range Wake Fields

Relative energy chirp 3 P
5(z)=5,+hz+hz? +hz> +... !
Non-linear chirp due to RF curvature 2
5 -3

h2 ~ — k COS gDC 02 0 Zo[,l;z]m] 04 06
2 —

Longitudinal wake field, in unit of V/(pC-m) R z&

Z,C S 4 |

K~ a2 AE ~ —Qxl ! Tail |
0

0.0 0.2 0.4 0.6 0.8 1.0
z (mm)

- Short-range wake field in NCRF linac is often
used to “dechirp”, i.e. remove both the linear
energy chirp and 2" order curvature, in the
final compressed bunch.
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Chicane Compression without CSR

1.5F

1.0]

0.5 '
E 0.0] '._,:g
“ _o.5] -

-1.0L

-1.50 l
-06 -0.4 02 00 02 04 086
At (ps)

4
e
<1
X 3L
i
-
s 2l
[ .
L
=
Q

11 i
0l . : . . .l—. .
-0.6 0.4 -0.2 0.0 0.2 04 0.6
At (ps)
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5 (%)

Simulated output from a chicane compressor
with post-compression wake field to dechirp
the bunch without CSR. Note that the core
has negligible energy slew (horizontal line)
with small energy spread but the two “horns”
at the ends have large energy swings. Only
the core electrons contribute to FEL “lasing.”

Courtesy of M. Borland




Coherent Synchrotron Radiation

Radiation from the tail at point A travels in a straight line and catches up with
the head of the electron bunch at point B. The overtaking distance, |AB|, is

1

L, =|AB| ~ (245,R? J
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Coherent Synchrotron Radiation

without self-interaction

s

gl

v

L,

L

-
P

—0-—-—-—/

with self-interaction

i

Y

Courtesy of M. Dohlus
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Effect of CSR on Electron Energy

CSR energy wake

9
E CSR

> ™ O

Oz

EC

CSR wake is approximately the

mirror image of peak current profile
5 Q R1/3 2 S &,0.0856 %
~ 4/3 Int - 0.2} TN Peak current
P \\ CSR wake
O-Z C GZ /, \\ v
0.1} / Y

-

-
AnTnT
et N - T

ABIE (%)
[aw]

bunch charge (coulomb)

bend radius (m) 01y
bend angle (mrad) 02

-4 -2 6 2 4
compressed length (m) slo,

centroid beam energy (MeV)

CSR causes an energy slew similar to the short-range wakefield. CSR is minimized by
operating at low charge, increasing the bend radius and reducing the bend angle.
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Effect of CSR on x’-x Trace Space

CSR wake and dispersion cause the trace space
’ of different slices to spread out in x’- x space
X
AX =R, Ay
’ 7 Jcsr
X
Ay

, —
x" — x trace space of different slices (chirped) AX'=R

CSR

AT

'-~’--.......y'?("'-“_-m............ue::..'............','.'.v
>

-5.0¢1 06

-1.0<1 05

L onnzar it

x" — x trace space of different slices (chirp removed)

; ‘
-5x1 Q14 0 5x1 014
t

output phase spuace—-input: LO1BC.ele

<)
S )

Courtesy of D. Douglas
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Effect of CSR on Energy Spread and
Projected Emittance

In the regime of short electron bunches (o, < s), long magnets and Gaussian linear
charge distribution, the CSR-induced rms energy spread is given by

o, = 02459 e Ne (Rej

213 __413
/4

O

z

Due to dispersion in the chicane matrix, both R, and R, terms, the CSR-induced
energy spread results in an emittance growth, relative to the initial emittance, as

Choose a small ffunction or small bend angle, basically to reduce the relative
effect of CSR on the electrons’ bend angle compared to the beam divergence angle,
in the latter half of the chicane to minimize CSR-induced emittance growth.

Reference: S. Di Mitri, “Design and Simulation Challenges of a Linac-Based Free Electron Laser in
the Presence of Collective Effects,” Free Electron Lasers, Dr. Sandor Varro (Ed.), ISBN: 978-953-51-0279-3,
InTech, available at: www.intechopen.com/books/free-electron-lasers
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Chicane Compression with CSR

1.5 6404
1.0L b S 0*|
. 0.5¢ . 45 04|
8 oo, 1= = 04|
©-0.5] m 241 04|
-1.0L 1x1 04| i
-1.51 . ol kR 4
06 0.4 -0.2 at_D(fs) 02 0.4 08 35 1.0 05 00 05 1.0 15
6 (%)
5[

CSR causes an increase in the slice emittance,
= It imposes an energy slew on the “core” and
‘;Xj St thus reduces the number of FEL usable
s 2| electrons, as well as increasing the energy
2 il | spread in the two “horns” at the ends. The

ol | width of the electron energy spectrum is the

' : ' ' : : ' CSR wake.
0.6 0.4 02 0.0 02 04 06
at (ps) Courtesy of M. Borland

LA-UR 14-24312




Microbunching Instability

N\/\/\

010 -0.05 0.00 0.05 0.10
At (ps)

Collective effects (longitudinal space
charge and CSR) magnify the initially
small current and energy modulations as
an electron bunch propagates along the
linac and gets compressed in a chicane.
This leads to the microbunching
instability that increases the energy
spread of the compressed bunch.

(%)

©
on

(-

[
©
O

1
w
o

1
—
n
o
—
n

Relative momentum deviation
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Laser Heater

Ti:saph Injector at 135 Me
758 hm
<15 MW 0.5-m undulator

N

& 14 GeV Without Laser Heate g 14 GeV With Laser Heater
S 0.5 | 5 05 ]
© ©

= =

3 | 3

E 0t g 0

5 | 5

= =

= g

_3'0-5 _2-0.5

© ©

@ QQ

o ©

—M ) Courtesy of Z. Huang
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How Does the Laser Heater Work?

266.17 | 266.17
266.16] 266.16
P P Y
O 266.45[ QO 26615
i¥] V]
= &
T 26604 L T 266,04
o Q
266.13 | 266.13
26612 266.12
“1L0K 01 5,06 018 0 5,0x1 015 1.0¢1 0% -5x1 Q-3 0 5x1 0-1°
t (s) t (s)

The FEL interaction gives rise to energy modulation in the electron bunch
longitudinal profile as a Gaussian function of radius r.

2
Ar(r) = PLKI-L, 2
I:)O 7/Oar 4Gr
where P, = 8.7 GW. The last half of the laser heater chicane smears the
momentum slices together, giving rise to an increase in thermal energy spread.
Courtesy of Z. Huang
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FEL Performance with Laser Heater

x 10
25 T T
1
E 9

2F ¥ x 107F
—_ K2 ES —_
2 1 S
5 III II * T 3
£ 15+ 8|
5} £ * 3 E3 - :§10
. = 3 7
E x = XI 1—1 x % %
:E 1r & = e x 51 E
- = ZFEl _107¢
g |- : i

0s L —e— Laser heater off
’ —e— Laser heater at 6.5 uJ
+ 10°}
R 5 10 15 20 25 20 30 40 50 60 70
Laser heater energy (1J) Active undulator length (m)

The optimal heating is achieved with 6.5 u of laser pulse energy, which corresponds
to a slice energy spread of 20 keV. The final relative energy spread is 1.1 x 10"

O, iniiar | AE
E

slice

Oy =

O

z, final final

which is less than the MBI-induced energy spread of ~1 x 103,
Courtesy of Z. Huang
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Summary

* Bunch compression has been used successfully to compress electron
bunches down to a few fs and create peak current > 3 kA.

* The success of 4GLS depends on bunch compression techniques that
preserve the beam brightness (minimize emittance growth).

* Ballistic and velocity bunching are practical with low-energy electron
beams, but have limited use for high-energy beams.

* Chicane compression is the most commonly used technique, but requires
sophisticated balancing of non-linear phenomena such as CSR and MBI.

e Laser heater has been used successfully to “warm” the electron beams,
reduce the microbunching instability induced energy spread and improve
FEL performance.
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