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A beam is made of many particles, each one of these particles is moving with a given 0

velocity. Most of the velocity vector of a single particle is parallel to the direction of L (x,p,)
the beam as a whole. There is a smaller component of the particles velocity which is ,' .
perpendicular to it (x or y). Peedl e
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particle angle x
The emittance describes the beam quality. Emittance is loosely defined

as the areaoccupied by the a bunch of charged particles in trace space
l.e. ~
e = A}< — ndﬁ])(i [p m-rad]

The trace-space area A, is related to the phase-space area in
X-p, plane by :

Nnd
Ax <pz> ﬁ'px gp .

It’s useful to define ‘normalized emittance’ that is mdependent of particle energy such that

particle position x

- =

/ \

d _ this integrlal is a constant as long as
: ‘ n ﬁlpx '€ ==X 2 dz@haotein SpQlies.

—_ b normalized emittance is proportional to the area
— g occupied by a bunch of particles in phase space

Beams with quite different distributions in trace space may have the same area!!



Let f (X,X') be the distribution function such that ﬁf (x, Xi)dXdXi =N . Nis the total number of particles. Beam
parameters can be defined accordingly as:

(X) = Fxf (x, xi)dxdxi/ fif (x, xi)dxdxi averaged beam size
(xi) = fxif (. xi)dxdxi/ A (x, xi)dxdxi averaged beam divergence
S, \/f{x x Xj dxdx|/ Af (x x|)dxdx| rms beam size
\/ f{xn ) x x|)dxdx|/ al (x x|)dxdx| rms beam divergence
\/ A{x - ( (xi)) f (x, xi)dxdxi/ f5f (x, xi)dxdxi beam correlation

1
=(x? +x2+3 +x2)
N

root-mean square of a set of n values is defined as: [ X = \/




Define rms emittance as: N2
— ?SX SXXi‘?

S =é 5?2 U

3 =[x (o) = ST57 53 = et Sl

S-matrix of beam
If x and x” are not correlated (e.g. at beam waist) : distribution

I

O U~ —
e ° xXXi=s,s,.

X
RMS emittance provides a quantitative description of beam quality.

Beam brightness is simply defined as ——

RMS emittance gives more weight to the particles in the outer region of the trace-
space area. Therefore, removing some outer particles will significantly reduce RMS
emittance without too much degradation of beam intensity.



A 1D gain lengthgower gain length, undulator
length over which power grows by e

= T4 43

A Pierce parameter :

1D model gives the
highest possible FEL gain
(shortest gain length).

(O

A Saturation power :

~
~

A Saturation length :

)

~ 2
= 0T

saturation

exponential growth

For SASE, the input noise power is the frequency
integrated synchrotron radiation power in an FEL gain
bandwidth generated in the first two gain length. L., is
about 20xL,

coupling coefficient: = 1T9
effective input noise power:



® Acceptable beam emittance is defined by the relation:

= <
4
® Energy spread criteria:
DE
E,
1/3
~ ~2 ~3
o ~ O (o] g
= r%'l-l Al A, § %J‘ g Ul Pierce parameter
&1, 520 52820, % g
|, = 17.045 kA is the Alfven current, A, =&, for helical undulator
A, =a,[3,(x)- 3,(x)] for planar undulator. x=a?/2(@+a?).
S, =P &,/9 isthe electron beam size. Poean [TW ] = Eo[GeV JI[KA] is the beam power.

® High peak current to make r ~0.001



Brightness

The brightness of a charged particle beam, defined as the number of electrons within
the 4-D phase space volume, dictates its luminosity. = —
The wavelength < of the free-electron laser (FEL) is governed by the emittance ¥ of

the electron beam which sets the lower limit on the wavelength deliverable by an FEL.

As the wavelength of the FEL gets shorter, the required emittance gets lower and
thereby brightness increases. — < 7
In the free electron laser , the beam quality is set ultimately by the injector and

electron source.

Any linac based, high brightnees light source contains the following main components:

electron source - space charge force

accelerating sections - wake field |:> Increase !
bunch compressor - coherent synchrotron radiation

undulator to produce FEL radiation

beam dump

Beam quality will degrade during accelerating
- The Injector has to produce lowest possible emittance




Gun Accelerating SectionF ‘ | I To bunch
Cathode : (Linag compressor
Diagnostic Diagnostic
Solenoid tools tools

Microwave Microwave
Source Source

A photo-injector has the following major components:

ELECTRON GUN (either DC or RF) : electron bunches are generated from the cathode and
accelerated by DC Electric field or RF field from rest.

SOLENOID : it is used to performs the emittance compensation.

DRIVE LASER : laser pulses are illuminated on the cathode than electrons are emitted from the
photocathode .

LINEAR ACCELERATOR : it is used to accelerate the electrons exiting the gun to sufficiently high
energy.

HV or RF SOURCE : the power source (such as a klystron) provides EM power for the electron gun
and the linac.

DIAGNOSTIC TOOLS : used to characterizes electron beams such as beam profile monitor, current
transformer, deflecting cavity, spectrometer magnet,....



ICT

RF gun CTR

Solenoid

Photocathode RF gun
A S-band 1.6-cell copper cavity

A Cu photocathode (QE:106~10-5)

A Emittance compensation solenoid

Laser system

A IR(800 nm) & UV (266 nm) sources

A Beam shaping elements

RFSystem

A Thalas 35MW pulsed klystron

A Power devider and Phase shifter

Beam Diagnostic Tools

A ICT, Faraday cup, YAG screen, multislit,

A spectrometer, quadruple
Linac

A S-band, 5.2 m, 156-cell copper, constant gradient
A Focusing Solenoid
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Energy Level Diagram for Electrons Near the Surface of Metal

electron

escapes from -
7

metal

Vacuum

Metal

A Work function W depends on
cathode material and operation
temperature

A Common thermionic cathode
materials are W (Tungsten),
LaB,, Ba etc..

A For W (Tungsten), W = 4.6 eV;
Cu, W = 4.3 e\4nd for Ba,
W=1.8 eV.



Ja = Fpvn(vd*y
Coomd -V dvdv,dv,
N AN exp[m(vf +v2 +V2 )/ 2KT - (EF/kT)]

Since only electrons with energy greater than E.- and with velocity v,
in X-direction larger than the critical velocity v, contribute to
thermionic emission, the integral is approximated as:

a mv:0 o & mvig
ex ae_ijV ex 2y
v, iy pge kT ¢ L P okt 8"
dempkT? & 1

w

= AT?% K

Richardson-Dushmann equation

2
A, = HRIK 120 A7 emPK?

A, is the Richardson constant of
thermionic electron emission

W

J, =120T %e KT [A/cm?]



A(Acm?K?)  f(eV) Melting Temp.(0) . co b Loy, Thorsisaw
Ba 60 2.11 720
Cesium 160 1.81 28 10- Ny

Ta 60 4.12 2850

Ta

W

-2

o
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]

Rl -"'~__
S,

W 60 4.54 3370

. iy . Thoriated W
Thoriatedw 3 2.63 o : i / T Mixed Oxide
Mixed oxide 0.01 ~1 -- 001 . T

Emission (Acm”)
~.

Cs/O/W 0.003 0.72 -

1E-3

Lal% 29 2 .66 2210 500 1000 1500 2000 2500

Temperature (K)
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filament cathode for
e-beam welder

tungsten filament for
electron microscope

PRECISION MICROFLAT

ON LaBg CRYSTAL

— LaBg SINGLE CRYSTAL
CARBON FERRULE
CARBON HEATER ROD

CERAMIC
SUB-BASE

BASE

T

\\ BASE PIN

e
HEATING CURRENT FLOW

LaB4 cathode for
electron microscope

mitting surface

Impregnated tungsten
cathode pellet

E . a/Molybdenum
retaining ring
Diffusion ___ 4 & : ‘
barrier v R, 1t B
Support sleeve — [l g . Molybdenum body
: e RCH 1 ER
f 9 & ™~ Alumina |p‘c»ttlng
f -3 ~\mat__er al
’ ¥ Filament
Heater/cathode —I S ° .
lead ) TR

- ~Support flange

ﬁ/Fllament lead

a typical type B dispenser cathode
for linac system



Assume a thermonic cathode of radius r, is operating
at temperature T, RMS velocity spread is

kT"llz
O

!
!

i2

X y

RMSthermal velocity spread is related to rms beam
divergence as

—~

Xi=V, /v,

X

On the other hand, RMSbeam sizeis X =y =r,/2,

since R 1,2
— € r3
A 1 é r(-)] dru ~
X =—F= Z - N e, . = XX
2 \/ 2 €95 = rdr Y XY
& 2P A rdr

Maxwellian velocity distribution

e m(v +v +vV )Q
f(vx,vy,v )— foexpé u
@ 2kBT L)J
ak.T o
%WO 1/2
—or &~ I =2 ( >
- =)

low temperature, small cathode®» low emittance



r
4 P?f = —d > = - — =0 f:VO Vo [T~ = =777
X e
0 -
_< J y — r#: const cathode o— anode No electrons
m Electrons present
—* - ef(x)=0
~ 2 ( ) I
d2f ] 1 X cathode anode
Y — C=0 under the boundar iti -0 )
> 172 172 y conditiorfs;0 and d/dx=0
dx & (28/ m) (f) at x=0; the condition Adx=0 at x=0 implies that the
. 2 special caselectric field at cathode surface is nia
v adr 8 _ 4] U2 40 steady state solution).
cdx+ e (2e/m)'? ~
° /2 1/4 A
-4 aJ Q a2ed
¢G+ ¢Mm= Child-Langmuir law 2
ax 54/3 /2 ,3/2 Tl
Y f(x):Vo%_O with | J :ieazeo Vo
d = 0e—O0 >
G cm+ d .




X, and the potential at X, can be found as:

L2

>
3
I
vOI_aRQJo
1S
it
-CO0O

_ 2 -( -A ) — A

1/2
_ exlp( [4 o) ‘

electron escapes

from metal e

/
/

Metal Vacuum




-18.4

-18.6

-18.8
-19 -

y=-671.68X - 8.6957

-19.2 4
-19.4 -
-19.6 -
tunneling -19.8 -

=20 4

—h!
|
|
|
|
In[Ipeak/E2.5] (A*MV-2.5*m2.5)

-20.2 - [ |
Metal Vacuum

-20.4 T . T | |
0.0145 0.015 0.0155 0.016 0.0165 0.017 0.0175

1/E (m/MV)

J. =CE%"'"

field emission current density Fowler-Nordheim plot in dark

current measurement



distribution of field lines in the

Microprotrusions and surface contaminants
can effectively enhance the field at the
emitting surfaces.

Field enhancement due to surface

roughness, nanetallic inclusions in Cracks ;o wemg <
or grain boundaries etc. has negligible
effect on QE for planar geometries.

Normalized emittance varies as the i R R
effective work function and the field

distribution change from the peak to the
valley of the rough cathode surface.

Nonuniform charge density at/near the (@

Height (nm)

-—

Z(pm])
0 200 4000 6000 8000

4 i |
cathode surface. distribution of the emitted charge in the vicinity

and a few mm away from the cathode

X(pum)

T. Rao and D. H. Dowel | ,PhdiokjectoBsd g 2 @



E=hn

T. Rao
Photoinjectorso

Metal

and D. H.
(2013)

Vacuum

Dowel |

NnAN

Quantum efficiency:

N n, is the number of
QE=—*% incident (absorbed)
n, photons

Since laser energy is a measurable
guantity, QE can be expressed as

_hnleV]
QE = m@[ﬂ

QE is a function of photon energy.
QE(n)” (hn- £y

Intrinsic emittance of metallic photo-
Eathgdeneer i ng Gui de

hn-f
en:sx‘/ >
3mc

t

o)



Quantum Efficiency

0.01

10° %'
10* | g i
|
/ » Arc Deposited Pb
10
- — Theory
10° ¢ , T T n T
380 4.2 480 5.0 5.80 6.30
Photon energy (eV)
Metal @ Electric Field | Wavelength [nm] | QE [%]
Copper (@ 100 MV m’ 206 0.014
Magnesium @ 100 MV m™ 266 0.62
Niobium @ 2 MV m’* 266 ~0.001
Lead @ 2 MV m™ 248 0.016

Mg cathode

Cu cathode



B Metal: Cu

A <~sub-picosecond pulse capability

A minimally reactive; requires ~ 108 Torr pressure
A low QE ~ 10~104

A requires UV light

A for nC, 120 Hz reptition rate, ~ 2 W of IR required

B PEA Semiconductor: Cesium Telluride Cs,Te

A <~ps pulse capability

relatively robust and un-reactive (operates at ~ 10~ Torr)
Successfully use in NC RF and SRF guns

high QE > 5%

photo-emits in the UV ~250 nm

NEA Semiconductor: Gallium Arsenide GaAs

tens of ps pulse capability with phonon damping
reactive; requires UHV <~ 101° Torr pressure
high QE (typ. 10%)

Photo-emits already in the NIR,

for nC, 1 MHz, ~50 mW of IR required

To I Bo Do To Do M To To T o

operated only in DC guns at the moment In general :
B Metal cathodes are more robust but show much lower QE.

B Semiconductor cathodes have high QE. but short life time.




Photocathode Life Time vs. QE

A Low work function Cs:Te
. . 10'E
A High current density _ = B—
L 32 : 'ﬁ
A Low emittance 2
£ 107 ¢ ®
E
g 1072¢
o |
O
3L
107 @ uvaE o
B Green QE ik
10—4 Lol Ll Ll Ll Lol
10° 10’ 10? 10° 10* 10°
Time constant decay factor t [hours]
;@51 _f‘ﬂhﬁ'ﬁ’ 'E 5 ‘jﬁz ) "F;'L'-" Jensen & Montgomery, J. of Comp. and Theo. Nanosci. 6, 1754-1769 (2009).
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RF acceleration

DC acceleration

s/

/

JANEY




Electrostatic repulsion forces between electrons tend to diverge the beam.

The required current density of electron beam is usually far greater than the
available emission density of cathode.

Opti mum angle of focusing electrode
el ectrodeso.

Defocusing effect ainode aperturkas to be considered.

i | R T
i .
Elte;tr:)hded Lo 1 Electrode K f : : Eoui
at Cathode T uipotential
A i ! . at Cathode N IR quip
i ' 1 Equipotential S ]
Potgntlal\ : :_,,1;7— Profiles Potential ! ! : :/ Profiles
] T s y O
by ! t [ B T
Cathode ! : b + S o R B
~ M Cathode— , A
, ' i 4 -
! J ‘ t = | 1 i
I : ' 1| R I E R T B
ey ! Etect v oo
Electron : v ectron N Lo
) ; SR B * Trajectories Lt I S
Trajectories P ' ' I
oty Lot
1 IR T R |
T A




=0 ( deds)eds ) 2 N
=-— o ' )Jcds )si(n) \/

d

=-—5— o ( Dsi(n)si(n) V\/

= — o ( )si(n)c os ) Where = T , =012,...

= o '( )c o(s )c os )

(TMOI0mods  (5) TM110 mode

(d) TM112 mode



The lowest-frequency TM mode is TM,,, with TMg;o mode

E

cell length= /2. A - By

= o00( 01) a .

=0 >

-W¥ = > — =
=0 >
=—— o00(o01)
01 >
=0
=0
2405 b 10

TMoio resonance frequency . o0 1~ 5 ot J(x)

Example:a=3.825cm, ¢1= 3 0.4}




RF guns are used to produce high peak current
electron beams
Usually operate at low repetition and GHz
frequencies range (typically 3GHz).

The cavity structure is usually n+1/2cell(n=1,3...)
Standing wave structure, TM mode to accelerate
the beam

The cathode is placed in the half cell (max field)
The

photoelectrons

radio the

emitted at the photocathode

frequency gun accelerates

surface, up to a relativistic speed in a time shorter
than the RFperiod.

|

NN

radial distance or Neld amphitudes

The BNL/SLAC/UCLA
photocathode RF Gun

N7

- apertute
—RF ficld
solenod ficld

04 (]




Half cell

Full cell

323cm I

Gun Cavity

out of phase

PN SR F . I

in phase

p-mode

0-mode

1 7.145cm

13cm

A Coupled cavity mode is p-mode.
A The cavity cells are on-axis

coupled through apertures, i :
coupling strength depends on y / \{ . \
diameter of apertures. % ko - v}"’““‘
i O““"" 2 4 . L] 0 12 B - .“\‘.‘
3 tom [ 2 4 2‘ = L) 10 12

(=) BR = -9\ HFTTI * balance of field amplitude for efficient acceleration

National Synchrotron Radintion Rassesrch Center




high magnetic field
(high surface current)

Electric field (V/m) Magnetic field (A/m)
high electric field ,

/ (RF break down) Imo

A 5.95x10°
x10”

140
120
100
80

60

40
20

¥ 1.62x107%° = _z f/ \*

Z
¥ 1.31x107% J(q y

* field symmetry has to be considered carefully



Temperature vs Time (at maximum)

Temperature (K) 370 . ; ; .
1| —8— 1.035 MW
(a) (b) 3604 | —e—2.035 W
A 1 ——4.035 MW
325 —~ 350
323 L'"_f',.a -
322 w 340 4
321 = '
320 = 3304
319 E 390
318 0
317 H 34p-
316 .
315 300 : , : : , | .
314 0.0 05 1.0 15 20
ix yj/x LS Time (microsecond)
temperature distribution due to non-uniform rf temperature rise due to rf pulse

power dissipation on cavity surface heating at hottest spot



MAX-Lab p/2-mode thermionic
rf gun with rf choke

cathode assembly with heat
barrier

cathode operating
at 1100 C during activation

N
e

Thermionic Cathode RF Gun



Too o Jo J>o I I I

16.5 inch

A.‘. . o 5 \
flange - X 750 kV

Gun exit energy 0.35 MeV
repetition rate 1300 MHz
rmsemittance 0.5 mm at 80pC

asulator”

Average current 65 mA (at 50pC)

High QE cathode to minimize laser heating
GaAs cathode, require ultra high vacuum at 1012 mbar
Smooth electrode surfaces to minimize field emission

Need reliable HYDC power supply and insulator design Gaks
Low beam energy, need more complicated injector design. —
Capability to provide sub-mm, few hundred pC beam. Cornell DC gun

Stable operation at ~ 400 kV



The BNL/SLAC/UCLA photocathode RF Gun

The LCLSEand Gun : N
® Dual RF Feeds — to eliminate the dipole modes vz [ vz @
. . . N li =
® Racetrack shape of the full cell —to minimize the . ! . L2 =y
quadruple mode i 11;/ S / =~ Al < = =1
® Elliptical disk iris shape : to reduce the surface field. 7 I §
® Z-coupling of RF feeds : to reduce the pulsed heating S NN AL, ‘
® Increase the mode separation : to reduce the 0 mode N i T,
amplitude N
BENL/SLAC/UCLA Gun 1l LCLS Gun
cathode field 120MVim 140MVIm
f feed single wicompensation port dual feed dual rf power feed
cavity shape circular racetrack
0-® mode separation 3. 4MHz 15MHz
repetition rate 10H=z 120Hz
peak quadrupole field 4 mrad/mm 0.1 mrad/mm
RF tuners plunger/stub deformation
cathode copper or Mg copper
rf coupling theta (azimuth) Z (longitudinal)
B-coupling 1.3 2.0
laser incidence grazing or normal grazing or normal




' Bucking
__solenoid |

Main
solenond

A operating frequency @ 1300 MHz

v A Cs,Te cathode delivers 0.001 — 4 nC
8 Photocathode bunch Charge

. A Beam mean energy 6.5 MeV

) Vacuum .
M“éi%f’é‘.:?g | TR A Number of electron pulses in
e bunch train < 800

: o & A Macropulse repetition rate 10 Hz

4 | »

\_ e A Bunch rep.-rate 1kHz

bunches | "
o ‘ A Average beam current 32 mA max.
" A Optimized emittance < 0.9 "m

Igor Isaev, “Stability and Performance Studies of the PITZ Photoelectron Gun”, University of Hamburg dissertation (2017)
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=
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i

~ Coaxial coupler: ) ¢
it e Beamiliime w e

111
Tl

—
-~

=
u‘__

1|

>

o-fheld (1 | 290 99900) [1] (poak)

Tl U L ) T1] pedk)

(b) H RF field distribution

H shape coupler

RF probe J

CLARA S-band
photocathode
rf gun

)

o pl/ug - s Cooling channels
spring retaining plate. Gun Cavity .
water channel design for PITZ gun



Frequency 187 MHz

A At the VHF frequency, the cavity structure is large enough to withstand the heat load

Operation mode Cw
at a level that conventional cooling techniques can be used to run in CW mode. Gap voltage 750 KV
A The long wavelength allows for large apertures and thus for high vacuum Field at the cathode 19.47 MV/m
conductivity. Q, 30887
Shunt impedance 6.5 MQ
NEG modules RF Power 87.5 kW
Tuner Plate Stored energy 2.317

0 Peak surface field 24.1 MV/m
- / Peak wall power density | 25.0 W/cm?

SBl:Ckm.gd Accelerating gap 4 cm
olenoli
o s Diameter/Length 69.4/35.0 cm
= e !
Cathode : ”H“H” - : APEX"Z Vacuum Single Resonato
' H s S . A - . Vi | n sonator Focusing solenoid
Injectlé:::/Extrlactlon {--'H LR Beam Exit . o Cavky &beem, with abilty of
o P ear we inserting into exit
an i e Port Cathode nose
Load Lock C°:e"“3 4X 4-18 EIA
Fundamental
Cathode Power
Couplers
Tuners to deflect

resonator’s
endwall thru
vacuum vessel

Flexible
vacuum
connection
between FPC &
Vacuum Vessel

Vacuum End Wall
removed for clarity

2-cell cavity operating at 162.5 MHz



D> e > o >

He port liquid N,
He vessel :
cathode alignment
SC solenoid
cathode cooling
uv
cathode
-

<
1.3 GHz, 3-1/2-cell SRF cavity; 16 MV/m in CW mode; 21.5
MV/m for pulsed rf.

LN2-cooled Cs,Te cathode with rf choke to prevent RF
leakage.

Repetition rate of laser system up to 13 MHz. 20 pC bunch
charge.

Beam energy at 3 MeV in CW mode; 4 MeV in pulsed rf
mode.

1 mrm/mm beam transverse emittance; energy spread 24 keV.

main coupler 3%-cell cavity

¢

intrinsic quality factor, Q,

1E10

1EQ |

1E8

cathode cooler
with coaxial filter Cs,Te cathode choke filter

cavity

== raference curve (Sep 19, 2007)
—@=— after HPP (Sep 17, 2008)
—d~— after 4 years of operation (May 27, 2011)

) pulsed RF mode (Mar 27, 2011)
== after several cathode tests (Dec 05, 2011)
=== |gst measurement (Feb 15, 2013)
==sQ forP,  =30W

-

L r 1 | L |

5.0M 10.0M 15.0M
peak electric field [V/m]

20.0M
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LN2 Shield 3.5-cell Cavity Pierce Gun

CsTe photocathode outside cryogenic environment.
Pierce gun with cathode voltage at -90 kV.

1.3 GHz, 3.5-cell SRF cavity providing 23.5 MV/m
accelerating gradient to boost beam energy 3.4 MeV.
Laser pulse repetition rate at 81.25 MHz

RF pulse repetition rate at 10 Hz; macropulse beam
current at 1 mA.

Beam emittance of 1.9 mm-mrad has been measurea.

Coupler  Helium Vessel Tuner

J. Hao et al., WEPMNO13 in IPAC 2015 proceedings (2015).



1/g

v

v=0 Vv<_(C V=C

electric fields of a uniformly moving charged particle

v

cylindrical electron bunch

Consider a cylindrical electron bunch with
current I, uniform charge and current density

r and J:

- 2 2

Transverse space charge fields forr < a:

- _ 0 _
20 - 2 -2
Lorentz force:
= (- )= (@- 3
= — v>c, =20



a bunch of relativistic electrons can be viewed as a collection of independent slices

Projected emittance x § 0
A Z=

Transverse space charge force is highest at z=0

A
A 4

Different slices expand radially at different rate



e T mrad mam

Transverse Emiltance

0.2

0.4

0.6

A

0.8 1 1.2

—— e

Emittance grows continuously
after leaving the gun cavity.

Control of emittance is
essential in high brightness
electron beam design

Reduction techniques of space
charge:

emittance compensation
solenoid

Shaping of electron distribution
with laser



PG

—

LINAC

Evolution of normalized RMS emittance

an electron bunch from the photo-
cathode rf gun, particles near A
experience different space charge
force from particles near B

NI

-
v

beam at gun

NJI®

exit

slice A expands
faster than B

V4
NI N NJIR
shrinking
beam size
> > * >
r r
after a drift section after focusing solenoid close to focal point of slice A

7

after focal point

»
>

r

of slice A

Focusing realign slice emittance reducing projective emittance



® To keep the low emittance obtained, the
emittance oscillations exactly in the point we
want can be freeze by acceleration.

® An optimum injection condition, the invariant . B —
envelope matching condition into the Linac:

zi?xniﬁu_r):ﬂ[mm] I_

[ Aoosterstartshere

Courtesy of M. Ferrario

= = _2 / ............
2 10 15

Electron

Gun Linac

Solenoid



Different slices in a non-uniform bunch (e.g.
Gaussian) experience different space charge
force, emittance compensation by solenoid

will be difficult.

o Uniform transverse profile

o Flattop temporal profile

A uniform cylindrical electron beam can
reduce emittance (an ellipsoid will be ideal )

EMS emittance [um]

0.04

Ellipse
0.02
Flattop
O-
-0.02 -
'0.()4 1 ] 1 ] 1
-1.5 -1 -0.5 0 0.5 1 1.3
x [mm]
3:_/__ Gauss —
1
24
1
J Flattop
e
Hilipse
0- —— i}
0 S0 100 150 200

Longitudinal position [mm)]

(©.J. Luiten et al., PRL 094802, 2004)



e Beam emittance and brightness
e Electron Source

e Electron guns

o Bunch compressor

e Beam diagnostics

@ B 2R 5 S-SR A TT I b

National Synchrotron Radintion Resssrch Center




Acceptable beam emittance is defined by the relation:

et /FEL
4p
Energy spread criteria:
DE < . _
€ photoinjector is not enough!!
N B 3 13
(o] ~ O (o g
= %Q\I /A g ?‘%]‘ § Ul Pierce parameter
&, 20 5980, 2
|, = 17.045 kA is the Alfven current, A, =&, for helical undulator
A, =a,[3,(x)- 3,(x)] for planar undulator. x=a?/2(@+a?).
5,=be /9 isthe electron beam size. Poean [TW ] = Eo[GeV [1[kA]

is the beam power.



Relative Position of an Electron in a Bunch

6 N
Head Tail
t
Tail Head a fixed screen,
@ Describe electrons when they traversing g through |
g T
particles are moving 6 A
in the +z direction |
Tail Head
Z
camera,
Take a shot at a certain time
., R 5 - IBAFFT IS P
National Synchrotron Radintion Rassesrch Center



Bunch Compression with Magnets

dispersive section

(paths are energy dependent)
rf, laser, plasma wave,

space charge etc..

d d
@ \ _____ ‘\ _____ . ;
Isochronous !!

it can be part of a drive linac system for FEL or a ring lattice for
low momentum compaction operation.
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the particle motion in a 6-D phase space can be described by transfer matrices

ax FM Xgl, X=(x,x\y,y,z,d), d=HE =/§

( Example of beam transport line)

_ M; M, M; M, Mg S=S,
initial final beam S=S1
beam lattice 1 |:| T
X M X 7/~ =\
: 1{ € ZE | drift quadru olesl:l s |
Transfer matrix 9 P

M=McM,M;M,M,

gx (32 ) ﬁ eR11 R, Rz Ry, Rs Rg ax @1) S where

X ' (Sz ) U ngl Ry Ry Ry Ry Ry t}< 'Zsl ) 0 Ru ( X ‘ Xy ) ;

gy,( S, ) g 2R31 R32 R33 R34 R35 R36 3)/' 1) 3’ R, (x ‘ X', ) ,

éy (Sz ) u éR41 Ry, Ri Ry Ri Ry DA ) u R ( X' ‘ q )

gZ (52 ) 3 éR51 R, Ry Ry Ris Ry l:JZ 2 1) H * o 5

éd(sz) g gR61 R, Ris Ry R Rg ld 1)U RSG(Z‘%)’TS%(Z‘ gf)’u%%(z‘ 0)7:---
Z(SZ ) =7 (Sl) + R56d+ -|-566£7l2 + U 5666C7I3 T 3



initial final

g d V.. f, 1 _E@
L@ z
| chirper rf linac
Bio P E, .2 E,=E, +eV,cos/,

E; (Z): Eio(1+0€)+evo COS(fO - kZ)

=E,, +E,d +keV,sin(f,)z - K cos(7,)z2 -

3
/ K ZVO sin(7,)z° +3

E;,, =E,+teVcos/,




d(Z): E ~=ad +hz+h,z’ +h,z° +3
f0

éa=E;/E;, 6damping fact

I

: keV, . =

'h =—2Lsinf, o6storder energy

! E,

1 2 ,

h = k“eV, fonorder ener g

= o COSTy (always -ve for

7 fo accelerating phases)

! L

1 KV, . )

l[hs_' SINfy 680rder ener gy
f0

-B(_]

- p/2<f,<p/2

60




Ly =7; R56d+T566d2 +U5666d3 +3

we considered here more
nonlinear terms, Re, Ts,

Z, =7, + R56 (aai + hlzi + h22i2 + h32i3) U are the first, second and
5 third order longitudinal
+ T (hlzi + h22i2 + hszi?’) dispersion respectively.
2 3 the initial uncorrelated
+U5666 (hlzi T hZZi T hBZi ) +3

energy spread for higher
order terms has been

Z; =aR,d + (1 +h R )Zi + (hz Res + h12T566 )Zi2 neglected.
+ (h3 Res +2hh,Togs + h13U 5666 )Z? +3

expression for the longitudinal position of an electron after a compressor system
which includes an rf chirper linac section.



s.=(2%) =¥

- (aR560€ )2 + \_(1 +hRg )2 Jzi2

the RMS electron bunch length is the
expectation value of longitudinal position
for a distribution of electrons f(z)

+ \.(hZ R56 + h12T566 )2 + 2(1 + hl R56 )(hS R56 + 2h1h2-|-566 + h13U 5666 )JZI4 +3 :

here we assumed an Gaussian distribution of electrons !!

If we ignore initial energy spread and other higher order terms, we can define a linear

compression factor C

1

S

ZI

1+hRy

S

z

for high compression ratio, first order energy chirp h, and first order longitudinal
dispersion R, should have opposite signs such that 1+h,;R. ° O.



R, and T, of a 4-dipole Chicane

2
L = L +L,
cosqg
>
| | | I q: qo
i€ >:‘ >r€ g 1+ 4
Ly L, ' L,
672 = le VASEREN
N 2L1é 1 l:' 1 8 anonlinear function of d can be expanded
7. =7 o o - . .
2~ 4 é%os q, \\COS 67,' in terms of @ as Taylor series about g .
o P Tss 0 _ 3
z,° z,+2Lg;d- 3Lg;d +3 forg<<l —p |==2°-—
W_J H_J R56 2
T
R56 566 Rs IS always positive and T4 IS always nagtive
L L i




Bunch Compressor with 4 Dipoles

dispersive section

Since for max. linear compression ratio
(paths are energy dependent) | x| pressi i

R56:_i>0
hy

this forced us to operate rf phase in the
range |- p/2<f,<0| such that h; <O0.

"N

| Dz = R56d<0. forived d If we want to cancel the effect of second
\ ________ \ \ ________ I _____ . order energy chirps also, we also require
| | h,Rs6
Teee == — 5 >0
d
i i \ ' since R is always +ve for a 4-
\ ) ) z rectangular dipole chicane and h, is
| always -ve for all accelerating phases.

However, T IS always T ve for this type of chicane. Therefore, it is not possible to
compensate the effect of 2" order chirp in this situation.
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Harmonic Compensation of 2" Order Energy Chirp

4-dipole chicane

Vo, 7o,/ V..f,,l =114
Ry Tses
d
s E s 1\
- — ’ \ ------- \ --------- I ————— Z
| Ez% | ,

E(2)= .o(1+01)+9V cos(f, - k,z)+eV, cos(f, - k,z)
2
+E o) +keVosin(fy )z- = Sl 0 cos(f, )z -
kf V, 2
2 +3 expand cos(f,-k,z) about £, =p




o = Eud , ke . € kZeV,cos(f,)+eV k22,
f

=~ 4+ 2" 0 sin(f, )G + & uQ@’
S S ; 8 2E, U

d. =ad +hz+h,z*+3

[ = d o
_ o _ .
1= SN
< 0
:‘2000(50)+ 2
- Z



_ 2 2
Zf - aR560: + (1+ th56 )Zi + (hz R56 + T566 )Zi
4 J N J
Y Y .
we require that these two coefficients vanish for
optimum compression

T , choose rf phase of x-
that is h,=- >2h band cavity such that h2
R56 IS being +ve
V,k? cosf, +eV k2 VK. sinf, @
- eVokZ cosfy +eV ki 5666@ sin £, 9
2E;, Rss (; S 9

condition for harmonic compensation of 2" order energy chirp for 4-dipole chicane

T566/R56 °-1.5




Canwe designa beamlinewhichis ableto remove
the effects of high order energy chirps on the
beamby meansof nonlinearbeamoptics?

l.e. simultaneously satisfies

1 h,R
R56:'h_ D T566:_% @
) )

A According to condition @, regardless of the sign of Ry, it requires that R, and
T4 are of the same sign for rf is in the range of accelerating phase.

A The sign of R, can either be +ve or i ve. If a i ve R4 is chosen, the phase of rf
voltage has to be changed so that condition ® has to be satisfied.



Double Dogleg Bunch Compressor

,d guads that flips the paths of electrons
i Z with nonzero d and introduce a
_____ :s____ negatlve T566 (I.e. Zf ! ZI + T566d2 ,

d>o0 d=0 particles with d always lack behind)

the dipoles provide
necessary positive Rg; to

maximize linear compression / ye

ratio, C sextupoles provide

the freedom to adjust
T566 fromiveto ve

v

Sextupole

@ B 2R /5 S 9B AT FT I b
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e Beam emittance and brightness
e Electron Source

e Electron guns

e Bunch compressor

o Beam diagnostics
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Intercepting diagnostic: the Faraday cup

B The FCis a beam stopper that can be inserted when
needed in the beam line.

B An isolated metal cup stops the beam. The electron

current is directlyread by a readout electronics connected

to the cup.

vacuuim chambers

- - :::} in

=

ﬂll]'h'lﬁ!'ﬂl!‘.l.'ll]

negative HV north
aperture
ure |

‘
1
L)

ut

[ |

elecimca

bl low

yoke

permanent magnet

~50nun§

¢ ~trajectory

vacuum
=T
5 ¢ —CMISSIon CO T—

feed—through

I/U—-converter




Non-Intercepting diagnostic: the beam current monitor
e Beam used as primary winding of a transformer:

wire =
secondary
windings

beam = primary winding

simplified equivalent circuit

A
I-source L C_.;_ RD U)
represents _I_
W hoeanf?) v

— ground

Transformer

Ceramic gap ~

<+—— Wall current bypass
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Destructive Measurement

Measure current density as function of
transverse coordinates

Must verify screen and detector not
saturated

Common Screen Materials

Phosphor

YAG

OTR

Wire scaner

Screen Resolution |Dynamic | Time
Range Response

Phosphor |= 50 um small ms

YAG =~ 20 um medium <ms

OTR =10 um large fs

Wire =10 um large ns




Energy Measurement

Mean energy (Spectrometer)

“on-energy” particle centers the screen

v
A& ( Mf—]=03 111
s~

“off-energy” particle centers the screen

Screen
= ()2

Dipole

1. geometry of the ref. trajectory (q, R) is fixed by the mechanical assembly,
2. B, is chosen to center the beam onto the detector (screen or BPM),
3. calculate <p>.

0 2R /51 25 98 A TT T P
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3-screen

® Quadruple scan for high energy beam when
linear beam optics is valid, i.e. when space
charge forces are small and energy spread is " r
not too large \ S —

Reference point where ‘ profile monitors |
B a. v will be determined

® Slit method for low energy beam when space
Adjustable magnetic lens with settings 4,B,C
charge forces are small, and beam can be (quaupok magre,s0eno, sylom of quagoe magrets. )
. Quadrupole Scan
stopped by the slit mask /

Wy, Wg We

High High Space Large Energy
Energy Charge Force Spread \ %
_ Reference point where _proﬁle monitor
3 Screen + + B, a, y will be determined _
Slit Method
Quadruple N neme
Scan x I
;
Slit - + +
—>
/0
, /”‘" ‘ F e - Moveable slit ‘

| profile monitor ‘




To measure emittance requires emittance dominated

Emittance
dominated beamlets

Space-charge
beam dominated beam

Space charge dominated beam must be converted to !
emittance dominated B
N measurements made simultaneously g
Measure angle and spread downstream of slit on a SR =
screen as a function of slit position I

multi-slit mask
€0 =< x? >< x'? > —< xx' >?

2

p (4 p
1 —\2 — N2 — =
= F znj(XSj - X) Z I:njo-xj,z + nj(xj' — X) ] — anxijj’ — Nxx’
j=1 j=1 j=1
50 ym 500 ym mechanical machining

elementary unit
{(not to scale)

7x50 pm slits
50 pym slit
100 pm slit

——

a stack of elementary units

Photochemical etching\
(below 1um local deviations)
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The transport matrix from the quadrupole (thin lens approximation) to
the detector (screen) is assumed to be known:

S+ KS, S, ]

T=05=| _ .
S, +KS,, S5,

The beam matrix transforms according to:
f
Ef =1x,T
The beam matrix element <x2> is quadratic in the quadrupole integrated
strength K = kl:

Zul= (&%) = (S11° 211, + 2811512512, + S12° 509,
+ (2811512211, + 2512° Z12,) K + S12” E1y K

Vary the quad strength k and measure s, at the screen. Then fit with a

arabola:
P Yui1=AK-B?+cC

= AK® — 2ABK + (C + AB?)

Evaluate the emittance:

€. = VAC/S%,

Measure projected emittance only



RF DEFLECTOR (@r=0° SCREEN e
{ } RF deflector @ SPARC

B Measure bunch length by using a TM, like mode cavity to deflect the beam
M Single Shot Longitudinal Phase Space

M Resolution limited by beam size
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Thanks for your attention!




