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Qutline

1. Single-particle equations of longitudinal motion
through a Linac.
— Ultra-relativistic approximation
— Acceleration through standing-wave structure
— Generating an "energy-chirp”

2. Magnetic-chicane compressors
— Conceptual picture
— The 4-bend chicane compressor
— Alternate magnetic compression layouts
— Momentum compaction and compression factor

3. The need to linearize the beam longitudinal phase-
space for efficient compression



Longitudinal dynamics:
motion through an accelerating structure

« Neglect transverse motion for

now and focus on longitudinal motion

— In first approximation the longitudinal dynamics is unaffected by the transverse motion.

« Longitudinal dynamics through an accelerating structure.
— Dynamics is driven by the longitudinal component of electric field
— Consider standing-wave structures

On-axis Longitudinal E-field for TESLA

Cavity

AN NN N

1.3GHz, Super Conducting (SC) 9-Cell Tesla RF cavities

are operated as standing-wave structures

= VIV
iy

Ey (au)

Y

VARY/

—06 —04 —02 0.0 0.2 0.4
s (m)

On axis (x=y=0) accelerating field:

Design structure so that as the electron moves
from cell to cell it sees the same sign of E .

Ez(t; S) — Lz (S) COS((Urft + (prf)

rf frequency T 1‘
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Acceleration through a standing-wave structure
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Energy loss

Ez(t; S) = E (S) COs(wrft + Qorf)

« Operating mode

— the electron travels through one cell in half rf period >
cell length is half the rf wavelength A.¢ = c/f;s

— "m-mode" is the standard operating mode for standing-wave structures A



Equations of motion for single particle dynamics

* Neglect collective effects, dissipative effects (e.g. radiation)
« Canonical (Hamiltonian) formalism

« Define coordinate system, orbit of reference particle:

— Transverse coordinates x = p, =y = p, = 0 (ideally corresponding to
center of magnets, accelerating strucfures etc)

— Longitudinal coordinates for an individual particle:

— different options are possible depending on choice of the independent variable with respect
to which we parameftrize the orbit:

Independent variable 15t canonical coordinate 2" canonical coordinate
t,time s(t), orbit path-length ps(s), longitudinal
momentum
s , orbit path-length t(s), time of flight E(s), (total) energy

 Coordinates for any particle in bunch can be expressed in terms of deviations
from reference orbit



Hamiltonian for charged-particle interaction with E&M
field and equations of motion through rf structures

 General Hamiltonian with time t as the independent variable [i.e. a
particle orbit solution of the canonical equations are (%, p) = (x(t),

p(0) ]

H = \/mzc“ +¢2(p — qZ(?c’))z + qp ()
B(%) =V x A®X) E(X) = —qVp )

Specialize Hamiltonian to longitudinal motion for on-axis electron (q = —e)
interacting with electric fieldE,(t,s) = E,(s) cos(wst + @p).
— S direction is the same as the Z direction
— Identify scalar potential associated with field from standing wave structure
¢ = cos(w,rt + @p) f; E,o(s)ds'

H = \m2c* + p%c? — ed(s, t)

Equations of motion :

dts =—— —eE ,o(s) cos(w st + @f)
dt 0 @
s \/mzc‘* + c2p; '




Things are simpler in the ultrarelativistic approximation

« Through most of the linac the electron velocity is close enough to
spead of light v,~¢c,ie. y =

ds dp
d_ ~ C — = —eE,o(s) cos(wret + @rf)
t

dt
— Note: The ultra-relativistic approx. does not apply in the injector. Non-relativistic
motion can be exploited to do bunch compression (velocity bunching). We'll see this
tomorrow
— Caution: for proper modeling of other aspects of beam dynamics (e.g. space charge)
y cannot be taken to be infinite in the Linac either.

«  When the motion is ultra-relativistic it is more convenient to use s instead of t
as the independent variable:

dps dpsdt e

e e E,o(s) cos(wst(s) + @rf)

*  What's the meaning? t(s) is the arrival time of the electron measured by an
observer at longitudinal position s

* Say, s =0 is the entrance of accelerating structure. Identify the particle that passes
there at t = 0 as the reference particle. For this particle we have t = t,.(s) = s/c



Specify particle coordinate w.r.t reference particle

« We specify the time of arrival of any particle in the bunch
relatively to the time of arrival of the reference (or
“synchronous”) particle i.e.:

At(s)<0 means particle is ahead At(s) = t(s) — t,.(s)

of reference particle
(it arrives earlier at s)

+ Instead of expressing separation between particles in terms of difference of
time of flight we can'also express it in ferms of distance, i.e.

z = At/c
*  Q: How does z (or At) vary as a particle travels through an accelerating
structure?

— A: In the ultra-relativistic approximation all particles are described as moving with the
same velocity (=c). So the separation between particles doesn't change:

dz 0
ds
* Next: Find the energy change experienced by an electron
travelling through an RF travelling wave structure.



Energy change through rf structure

dp e €
d—SS = =2 Ez0(8) cos(t(s) + @rp) = —— Ez0(s) c05(@s(t,(s) + AL) + @) =

e
= —E EZO(S) COS(krfS + krfz + (pl‘f)

\ kif = wye/c

RF-wavenumber
« Idedlly E,o(s) is symmetric with respect the structure midpoint

— Expand in a cos Fourier-series, with vanishing values at boundaries. Assume idealized
profile with exact symmetry w.r.t rf structure center

T EzO I
E,o (s) =X m Eom cos(m L_SS) m=1,3,5, ...

S € [_Ls/2; Ls/z]
Ly = (n+1/2) A o=

Energy change by electron with coordinate z:

LS/2 d S Ly/2
AE = f—LS/Z dsd—i =e [— YmEom [ cos(m Liss) cos(krfs)dsl cos(kpez + @rr)

—Lg/2

(sin term vanishes)

I
V < Acceleration Voltage

AE(z) = eV cos(ky sz + @.f) “ = L

Acceleration gradient




A couple of remarks on formula for energy change

E(z) =E; + eVcos(kz + @.f)

/ A A AAE \

@¢ = 0 (beam “on crest”)

tail

@ = —T/2
(beam at “zero-crossing”)

Acceleration of reference particle at z =10

E=E;+eVco S((Prf) (“zero-phase is on crest” rf-phase convention)

. Max. acceleration is when the cavity is operated “on crest" ¢.¢= 0.
— “Zero-field' crossing (when there is no net acceleration) corresponds fo ¢, = +m/2

w

— “In trough" corresponds to ¢.f = t1

However, another convention is often used where rf phase is shifted by 90deg

- II"I ThIS case The “Cr‘eST" Cor'r'esponds to Pt = T[/Z Elegant rf phase convention

E(z) = E; + eV sin(kpz + @yf)

Same formula applies to acceleration through travelling wave structures 10



How do we choose the rf phase ?

* For maximum acceleration, the cavities should be operated on crest ..

Q: Why do we ever want to operate the cavities off-crest?

A: To control the beam ‘"enerqgy chirp”, i.e. the correlation between a
particle position z within the bunch and its energy E

— The ability to put an energy chirp on a beam is needed to do bunch
compression through a magnetic chicane (see following slides)

Electron beam longitudinal phase space

E Beam without E Beam with Definition of
A energy chirp A energy chirp linear
E (relative)
S T - =20 — = = - -AE energy chirp

head

. _ AE
YT EoLy,

Vv

11



Linear chirp from an rf structure operated off crest

Taylor expand through first order in z:

E(z) = E; + eV cos(ky sz + @pf) =
E; + eV cos @ ¢ — eVkysz sin o6 + 0(2)?

Linear chirp 1 dEQ©) _ eVkysingy
(exit of structure) L7 EW©) dz = (E;+eV cos o)
_ E(Lp/2)-E(=Lp/2)
E(0) Lp
Beam @ entrance of structure
(Ey=0.099 GeV, N —0.188x10'" Example of
0.021 (_;}:—0.000. mimn
off-crest
e 001 .
5 o acceleration:
&
_0-01 I
| finite uncorrelated | 4‘ , , fI‘f =1.3 GHz
d 0 1 2
energy sprea P /lrf — 23 cm
5. =0.840 mm (fwhm=1.886)
.04l 7,70043kA |
0.03} 0
% 0.02} Prf = —30.3
0.01}
0.034 _1
0 ; ; - ; ; ~ =
=T e - h1~ Sooam — 8- O™

AE

Beam @ exit of structure

(E)=0.210 GeV, N =0.188x 10°

2+ {z¥»=-0.001
! :
&= O 1
|
e !
B e = |
-2 ¢ |
1
-2 -1 O 1 2
z fmm
o =0.840 mm (fwhim—1.886)
I =0.043 kA
0.04 wk i
0.03
S
— 0.02
0.01
0 I
-2 -1 0 1 2
z Smm




How can we compress an ultra-relativistic beam?

 Longitudinal density (peak current) of bunches out of injector is
typically too low (10s A) for efficient lasing (we need 100s A, at least).
We need to compress the bunch.

« To compress the bunch we need to be able to change the electrons’
longitudinal coordinate z

«  We have problem: equation of motion of ultra-relativistic electron
(trough an accelerating structure or transport line):

Relative longitudinal position of —=>~0
particles in the bunch ds
does not change (the beam is ‘frozen’).

We need to make the electrons
interact with something so that the electrons can slip with respect
to each other in some controllable way

Solution: bring in a magnetic field 13



Coming up with a concept for a bunch compressor I

 Basic observation: particles with different energy in magnetic field
follow different trajectories (e.g. a spectrometer)

— A spectrometer exploits the particle separation in the transverse direction (x). We are
intferested in the fact that this is associated with different path-lengths. Meaning:
a magnetic field also introduces a separation longitudinally

Magnetic field - Higher-energy particle
B perpendicular D'pOIe . trails behind (the

to trajectories trajectory is longer)
— z >0
1 q qc
Bp p E
A A

Snap-shot taken when
particle with lower
energy leaves the magnet

Ultra-relativistic

Radius approximation

of curvature

Suppose particles

injected have all

the same long. lower -

coordinate as the energy

reference particle N\ ase particle Note:. in this configuration

z=0 skips the dipole stretches out
f N ahead rather than compressing

ref. particle z <0 the beam ... 14

has energy E,



Coming up with a design for a compressor II

+ By introducing a properly defined correlation between E and z we can control
the differenftial path-length among portions of the beam and effectively
compress

Magnetic field
perpendicular
to trajectories

Dipole

E<E, E=E, E>E,

SUPP°|5e th: A single 180 deg
article wit . . . .
partic’e wi head bending magnet could in principle
higher (lower)
energy is in the be used as a compressor
head (tail) N x

but dispersion in the x-direction
of bunch is not good for us ...
N 15
tail



From concept to realization of a practical compressor

« The spectrometer example tells us that we can use dipoles
(magnetic field) and particle energy/position correlation
within bunch correlation to compress

— Happily we know how to create an E/z correlation: Accelerate off-crest!
— A single magnet in principle would work (not in practice...)

* Problem: find a combination of dipoles that satisfies the following
requirements:

— The system should be an overall achromat (after we are done with compression
electrons with different energy should not spread out horizontally)

— Vanishing overall bend angle (After compression the beam "keeps going straight’,
unless we are designing a different kind of machine e.g. an ERL)

— Modest bend angle for each dipole (short magnets, and synchrotron radiation emitted
does not perturb the beam too much - more on this later)



The most popular bunch compressor:
four-dipole, C-shape chicane

Electron w/ higher
energy travels on shorter
path and catches up

/

Electron w/ higher
energy is behind

=

Reference

7 “particle
Electron w/ lower 6, =—-0, E|eCtr0f; \:\II/ lower
energy is ahead energy falls
Lg back
- Bend angle for on-momentum (reference) particle: /\
4
LB eB RN ;
90 = —= _LB \\\ 90 ///
P Po \\*/ P

- Bend angle for a particle of f momentum

0 _Ap _ AE .
— = — = — (ultra-relativistic approx.)
1+6 po Eo

0

« The system is an achromat by design (barring magnet errors/imperfections)

0,+60,+05+0,=0 (anyparticle momentum)

17



1s*-order calculation of path-length dependence on &

90 off-momentum electron cos 6

on-momentum electron

<
<

R R e —— .
et e e e e e e

)
p—

»
L

< »
< L

A
v

Thin lens approximation for the dipoles (finite bend angle resulting from infinitesimally short

dipole and infinitely large magnetic field): 6 = R’;:0 = finite
2L,
Path-length of off-momentum electron: S = cos 0 + L,
2Lq
Path-length of on-momentum (reference-particle) electron: Sg = cos 0 + LZ
0

Path-length difference:




Aside on the "R"-matrix

« Electron coordinate in 6D phase space X = (x,x,y,y’,z, 6)
 Linear dynamiCS fr'om pOinT So to pOinT S1: El = R(SO - 51)750

R(sg — s1)

—

. - R
X0 beamline X1 = R%,
Electron coordinate Electron coprdinate
vector at entrance of So S1 vector at exit of
beamline beamline

*  Most general form of transfer-matrix in Linac section containing horizontal bends
(in the absence of x/y coupling and acceleration)

Ri1 Ry 0 O 0 Ry6
Ry1 Ry 0 O 0 Ry
R = 0 0 R3z Rz 0 0
0 O Ryz Rge 0 O
Rsq1 R:, 0O O 1 Rg
L 0 0 0 O 0 1 -

By design, through a chicane:
Ris = Rz = R51 = Rs5 =0

19



“"R:." for a 4-bend chicane

« Longitudinal slippage? Z1 = 2o + Rs51x9 + R52x + R560
— orlAz= Z1 — Zy = R51X0 + R52x6 + R5650

What is R54 for a chicane? (Rs5; = R5; = 0, by design)
— From previous slides: As = —2L,0335,
— At = As/c. Recall we defined "z“ as scaled time Az = cAt therefore Az = As

— Rse = —2L,6}

Negative sign: a higher-energy particle follows a shorter
path and ends up ahead (z < 0, according to our sign convention).

« Beyond linear dynamics:
° Xi = RUX] + Tiijjxk + ... where Xi = (f)l

° LongiTUdinal SIippGgC: Z{ =Zy + R5660 + T5666(2) + ...
4

We’'ll get back to this later

20



Expression for compression factor

Initial
bunch E

head VA
@ O o

& —
~ 7

Lb 5+ Zlb
bunch length




Expression for compression factor

E(z) = E; + eVcos(ksz + @)

AE
|Az| = |Rse| — = |Rs6 [1lp

// Z

Initial rf structure
bunch E operaf'ed
off-crest
head V4
) L b = Zl b
bunch length
e | gunch
exits
AE ;
28ty { chicane
Z
L b = 21 b C _ l_b _ 1
Bunch l;, |1 + Rsgh4|
enters
chicane [

!

b

22




A more formal definition of compression factor

Action through the compressor:

Z1 = Zy + R5660 = Zy ~+ R56

Differentiate:

AZ]_ = AZO + R56E

AZl - AZO <1 + R56 E
BC

Beam right
before E
compression
E(zg)-Epc Z1
Epc /
E(zy) = E; + eV cos(kyszg + @yf)
1 dE(Zo)
Az
Bc dzo 0
1 dE(zy) Think of beam as a line in
d E /z phase space (negligible slice energy spread)
Zo

AZl - AZO(l + R56h1) = AZO/C

|Azy | = |Azy|/C

1
C

dzy(zy)
dZO

If E(z,) - the energy chirp - is nonlinear then
C depends on z (compression will vary along
bunch). Generally, we refer to C(z = 0)

as the nominal compression factor.




Example of macroparticle simulation:
off-crest acceleration + compression

(Idealized) beam
out of the injector
E=100MeV

Beam accelerated

off-crest to E=210MeV

Beam @ exit
of compressor

AEIE) 1%

0.01¢

0.005¢

-0.005

-0.01¢

(E=0.099 GeV, N =0.125x10"°

(2)=-0.000

Small energy

chirp

-1 -0.5 0 0.5 1
z /mm

. crz=0.450mml hm=1l.404! |

Parabolic

current profile
1 05 0 0.5 1
z /mm

0.5¢

AENEY %%
=

-0.5¢

(B)=0.210 GeV, N =0.125x 101

(By=0.210 GeV, Ne=0.125><1010

{z=-0.001 (z)=b 043
0.5}
S
@ 0
-0.5¢
: | | . Distorted parabolic | . . .
-1 -0.5 0 0.5 profile (dynamics is ).2 0 0.2 0.4
z /mm not completely z /mm
linear)

¢.=0.450 mm (fiwhm=1403)

=0.045 kA

TS~

I =0.145kA )|
vk

I 0.145A
=== ~3.2
I; 0.45A4
L O N =
_ O, _ 45011m~3.1
o,y 144um

; 0

-1 -0.5 0 0.5 1

z /mm

-0.2 0 0.2 0.4
z /T




Various options for bunch compressor design

ll,p Bunch head <0
H FLASH
LCLS L4 NG
FERMI Y [_ 4 ]
- X-FEL o205 3l )< 0
C-shape chicane SAGLA simple, achromatic
< LT >
4
FLASH ‘ &6%_292[ﬁ__ B] <0
~ X-FEL 23
S-shape chicane .
achromatic,

reverse sign

Arc (e.9. FODO-gelf) J SLC arcs R~ Ol >0

NLC BC2 4N? sinz(u /2)
-’. - T
/\. .'- .’-

Formulas valid in the small-angle approx. Courtesy of P. Emma



Cranking up compression ...

(Idealized) beam

AE/E) /%

out of the injector Beam accelerated Beam @ exit
E=100MeV off-crest to E=210MeV of compressor
(E£)=0.099 GeV, Ne=0.125x1010 (£)=0.210 GeV, x’Ve=0-125><1010 (E)=0.210 GeV, N =0. 125x 10"
| - |  =-0.001 | - '
0.01 7 Not apparent @
on this scale
0.005 ) .
there is a small o
0f quadratic term D
0.005 in the chirp &
-0.01}
; R— el 006 008 01
z/mm magnifies z /mm
6,=0.450 mm (fwhm=1.404) jges.  the curvature & =11.989 pum (fwhm—4.596)
' ~ L, =0045KA I Jdon T =6420KA
0.047 0.041 ?
0.03} 003k <4 Current spike
o
3 = results
0.02 ~ 0.02t -
2 L
0.01 oo1l
0 ' 0 | | | | 0 ' ' '
1 0.5 ;0 0.5 1 i o5 ; 0 1 0.06 0.(}8 0.1 0.12
Z/mm 2 /mm Z JTIIT




Non-linearities in the rf waveform compromise
beam quality after compression

« Spiky current profiles are generally not desirable

—  We like high peak current, but if the beam is very spiky only a small fraction
of the beam may end up having sufficiently high current

— Spiky currents are associated with large energy spread (not good)

— If we do external-laser seeding in rgw FEL we like to have a bunch core
where the current is about uniform

— rf and other wakefield effects are magnified by presence of spikes and will
make 'spikiness’ even worse when bunch is further compressed.

« Is there a way to fix this?
— One can deal with the problem by reducing compression (not good).

— Choosing a small k. for the accelerating structure (not practical; generally,
choice of rf frequency is determined by other considerations)

« Effective solution was proposed by D. Dowell, et a/. in the ~90's

— Compensate the dominant (quadratic) nonlinearity by use of harmonic
cavities

27



Analysis of rf waveform nonlmear'l'rles through
accelerating rf section N

>
Energy of particle Z
at exit of accelerating
structure
N . Vit , 3
E; =E;+eVcos(tkz+ ¢) = E,-[+ eV cos (p]— k zeVysin ¢ — eTz cos@ # 0(z?)
O-order te( m >0 Quadratic term <0
(acceleration)
« How can we compensate the quadrati
— |Idea: pass beam through a second.#fSection (with different rf wavenumber)
~ : Vuki 3
E; = E; + eVycos HZeVysinpyl—e > z-cos@y H+ 0(z°)
174 kz V kZ k 2 To cancel quadratic curvature from
———Cos@ + H =0 VH - — V CoOS (p accelerating structure this term
2 2 kH should be >0; i.e. cos ¢y <0, say
Q: How can we win? (i.e. compensate 2" (C"S;P = —1). This structure is
order term and still have overall acceleration?) decelerating -

A: Choose ky > k



3rd -order Harmonic Linearizer at FLASH (3.9G6H2)

. Oper'a’rionallly linearizer rf frequency is best chosen to be a harmonic humber of rf
frequency of accelerating structures (FLASH uses 1.3GHz SC accelerating structures)

Installation of cryomodule w./ linearizer Time-resolved measurements
Janye S of longitudinal phase space

3.9 GHz oft

Linearizer

off

3.9 GHz on

Linearizer
on

' B D
fics écceleratlng Stvructure: <FLASH Soft X-ray eam Dump
n g | M Undulators
Yy o——— O (W (T
Bunch LOLA
RF Gun "harmonics Compressors Photon FEL
Laser 5MeV 150 MeV 450 MeV 1250 MeV Diagnostics Experiments
¢ 315 m >




Formula for setting of linearizer revisited:
Life is always more complicated...

Nonlinear momentum compaction in chicane is usually [z, siandard chicanes
non-negligible and has to be compensated too (Homework Exercise)

3
Ts566 = —ERse >0

2
Z1 = Zg + Rs66¢ + T56600

Modified setting of harmonic cavity when accounting for the 2" order term

Tse6 in momentum compaction (Homework Exercise): Energy of
2 3 beam entering
eVy = k Egc |1+ 1 Tse6 <1 _ 1 — E;} linacsection
ki — k2 \ k2 |Rsel?\~ €
Beam energy @ compressor Compression factor X
(minimizing VVy favors doing compression at C =
low energy) |1 + R56h1|

Formula valid for ¢y = —180° and one-stage (single chicane) compression

If multiple compressors are present, V; setting varies somewhat but typically not too
much (atter first BC the bunch, is shorter and less vulnerable to rf nonlinearities)

Egrg)her' small adjustments may be needed to account for collective effects (rf wakefields,

Alternate method to linearize: sex‘rulpqle maghets within mag_ne‘ric comFr'_essor' (works well
in arc-shaped compressors, not so well in chicanes where relatively small dispersion tends to
requires too-strong sextuple magnets)



Summary highlights from this morning.

« Energy change by particle travelling through rf structure (ultra-relativistic
approx.)
E(z) =E; + eVcos(kyz + @)

 Linear chirp acquired by beam when rf structure is operated of f-crest

eV kyf sin @

h1:—

(Ej+eV cos ¢rf)

« Compression factor through beamline with finite momentum compaction Rsg
1

C=—
|1+ Rseh4|

. Momen’r)um compaction for 4-bend C-shape chicane (thin lens approximation
Lg < Ly):
Rse = —2L,6§

« Setting of harmonic cavity linearizer:

-

3
2 T 1
k? |Rs¢|3 c

kZ
elVy = E



Summary highlights

Undulator radiation /FEL resonance equation; undulator parameter”

)‘u K* eB )lu
A= 2—),2(1 + 7) K = Zn(;nc ~ 0.9341,[cm|B|T]
« FEL p (Pierce) parameter, 1D Theory FEL gainlength
IR 17 1 A
”_Zlnz I vt U ] "™ s

Requirements for beam relative energy spread and transverse rms emittance

A
0-6<p EJ'NE

« E-beam brightness

N I Q
B6 = BS == B4_ ==
gnxgnygnz

gnx gny gnx gny

Emittance growth due to angular kick perturbation

A"':x ~ ﬁx
€x0 2‘ExO

(Ax'%)

32



Supplemental material



Correlated vs. uncorrelated energy spread

Y

A4

O 5u

05

So far we have assumed model beams

with negligible uncorrelated a,, (or ‘slice’)
energy spread.

A finite @, limits the minimum bunch length
that can be achieved (see next slide)
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Modes of compression;

under-compression max. compression over-compression
N N
1 E E E
LC "1+ Ryohy]
Z _ _ Z _
1+ Rsghy <0
1+R56h1>0 1+R56h1=0
> o, <€ >l € o <
More prevalent mode Min. bunch length determined Sign of energy chirp
of compression by uncorrelated energy spread is reversed

Projected energy
spread before
Compression...

G5 = J (hy0,)% + 0%,
A

..same
after
compression

\ Initial uncorrelated
energy spread

Slice energy
spread ! g,
| = ~Co
after compressiorp-(su o’ O s5u ou
z

Bunch length
after compression

a;

J 02/€? + (Rsg0s) 2

In next few slides:
How to work out these expressions




How do particle distributions evolve in phase space?

Particle distribution
p' at later time s’

f(q',psh

!

q

N
e

f(a,p;s)

density function
for particle distribution
at present ‘time’ s The particle dynamics is described by a map
dN = f(q,p;s)dqdp from space (q,p? E) s?ace (q',p"):
q' =q'(qp)
r'=p'(qp)

« For Hamiltonian systems (volume preserving)

F@.p'ss) = f(@.p:s) » | £(q'.p"s") = f(q(qa'p"),(q'.p"); ) |
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Evolution of beam distribution through compressor
(longitudinal phase space) I

Coordinates:  (z4,67) (z,05)

Beam density: f(z1,01;51) f(22,82;52)
AE _ E—Epc

Epc Epc

« Assume linear approximation

Zy = 724 + R5661
{ 6, = 04 (Particle energy doesn’t change)

« Assume gaussian model of beam distribution

Z% _ (81 — h1Z1)2

2 2
2071 2051

f(21,61) = exp(— )

210,10 51
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Evolution of beam distribution through compressor II

{ZZ = 71 + R5604 Invert Z1 = Zy — Rg66;

52=51 % 61:62

f(2z2,62;52) = f(21(22,62),01(22,82); s1) =

N (zz — Rs5682)>  [67 — h1(Zz—R5652)]2)

exp(— —
P( 202, 20%,

210,101

Calculate rms bunch length and energy spread
— Homework exercise

Uzzz =((zz —( Zz))z)

05, = (62 — (620)%)
Where: ()= [ dz,d8,f(z,,85)



