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Principal Layout of a Photoinjector
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Main goal-> generation of electron beams with:
» High phase space density

» High bunch charge (~nC)

* ps pulse duration

 Low transverse emittance ¢, , = \/ (X21(p2) — (xp,)? = ,6’)/\/ (x2Wx'2) — (xx')?
* Required pulse train structure
* Required stability

Transverse, normalized
. 21
brightness B,, =

2
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RF Photogun (PITZ/FLASH/XFEL)

Bucking solenoid RFgun: Main solenoid,
L-band (1 3 GHZ) Bz peak,.,o_z'r
nc (copper) -

standing wave
1%4-cell cavity

Photo cathode Cathode laser
(Cs,Te) 262nm
QE~0.5-5% 20ps (FWHM)
Vacuum
........ mirror
UHV\-d S
RF gun Ny
* L-band 1.6-cell copper cavity Coaxial RF - "JENE. (U & . .
coupler | S AR @4 A 0000 L
» Cs,Te photocathode (QE~5-10%) '\\
: , Electron bunch
* Dry ice cleaning - low dark current (<100uA@6MW) <150 — 5 G
— nC,
* LLRF control for amplitude and phase stability ~p5-7MeV

» Solenoid for emittance compensation
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RF Gun cavity: photocathode cell

Pillbox Cavity

Cathode Surface

=
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Reentrant Cavity
Cathode Plug
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TM modes of a gun cavity

Electric and magnetic field components of the transverse T, -: N .
magnetic modes, TM,,.,, of a pillbox cavity gives T :
E, = EoJm(knun) cos(m) cos(k,2) sin(wt + ¢o) i I —
= I —r7r
1 ) \/
E,=— oz EyJ (kppnr) cos(m@) sin(k,z) sin(wt + ¢@,) 1 | j
o N NSRS S
Eg = ,:Zkz EoJin(kmn1) sin(m8) sin(k,z) sin(wt + ¢¢) E, is the field normalization (2 E )
J,, is the mth-order Bessel function
B, =0 k., = u./R - the transverse wave
number
Br = k,z,mcr EoJim(kmnt) sin(m0) cos(k;z) cos(wt + @o) U iS the nth zero of the mth-order
Bessel function,
By = = Eo/'m(kmn1) cos(m) cos(k,z) cos(wt + o), s the RF angular frequency

k, =p/L - the longitudinal wave number

The dispersion relation:
2

2 = () ()
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TM,,, mode of a gun cavity

TTTTTT

--*—-“"—q‘-il
A

II—hE
3 I 3 1 1 1 16 ) ) &
¥ \grougst \mFE\Data

L N S S . .. A\guo—4. taner\SFeheck \PITZR.AM  6-29-2016 15:!

80 ——FEz, PITZ gun-4.6 (SUPERFISH) [~ 3000
60 —FEz, Pillbox | - 4000
E, = EyJo(ky,7) cos(k,z) sin(wt + @) — dE/dz (SUPERFISH) 3000
40 ‘ ——dE/dz (Pillbox) " 2000
K £ 20 \ Z;\ ~ 1000 g
B, = 2= EoJy (ko) sin(ke,2) sin(wt + @g) 2 o A
o1 S 10 \ / // 11000 %
A / / ~ 2000 ©
0 4 '
B EyJ,(ky 1) cos(k,z) cos(wt + - -3000
o = k01c oJ1(ko17) cos(k,z) cos( ®o) | \—+ o
80 -5000
0 005 01 015 02 025 03
Z (m)
2 2
2.405 2
— = (ko )? + (k)% = <—> + (E) NB: 1. paraxial approximation: E, < E.(r = 0)
R L 2. SUPERFISH: higher order harmonics incl.
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TM rotationally symmetrical modes of a gun cavity

E,(t,r,z) = [Ez(r =0,z) — ﬁ{E”(r =0,z) + w—zE ,(r =0, z)} + 0(1‘4)] sin(wt + @)
E(t7,2) = [~2Ej(r = 0,2) + T {E/ (r = 0,2) + S EL(r = 0,2)} - 00| sin(wt + )
Bg(t,1,z) = l E,(r=0,z) — {E”(r =0,2) + E (r=0, z)} + 0(1‘4)] cos(wt + @)
NB:

1. For the fundamental spatial harmonics:

Ef(r=0,2)=~%E,(r=02);E'(r =02 =-%5E,r=023{}>0

2. The curl E Maxwell equation: 95 9% _ —26—9 is only approximately fulfilled for finite high order harmonics

0z or
number
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TM rotationally symmetrical modes of a gun cavity

Polynomial expansion in r
E,(t,1,2z) = [E,(r = 0,2) — 0(r?)] sin(wt + @)

Pillbox model
E, = EyJo(koi1) cos(k,z) sin(wt + @)
_ ke . .
E, = k% EoJ1(kyy7) sin(k,z) sin(wt + @) E.(t,7,2) = [‘%Ez'(r =0,2) + O(rz)] sin(wt + @g)
Bg = monl(kmr) cos(k,z) cos(wt + @) e
Bg(t,1,2) = [EEz(r =0,2) — 0(1‘4)] cos(wt + ¢g)

c

E,(t,r,z) = Ey cos(kz) sin(wt + @)
kr
E.(t,1,z) = 7E0 sin(kz) sin(wt + ¢,)

kr
By = Z_CEO cos(kz) cos(wt + @)

bl

E
E,(t,r,2) = 70 [sin(wt — kz + <p>+€in(wt + kz + @)
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Single Particle Longitudinal Dynamics

E,(t,r,z)= % sin(wt — kz + <p(>+€n(wt + kz + @y)|] > standing wave

T

E,(t,r,2) = 70{sin[<p(t, z)] + sin[e(t, z) + 2kz]} p(t,z) = wt —kz+ @,
de = wdt — kdz= k(cdt — dz) =
S dz _ =k dt 1)dz = ! 1)d

y= L ac =" =k\egz 1) =k(g ~ 1)

V1-pZ

d
1__ v o e = eE,(t,1,2) f z y
B Jyi—1 ’1_1722/2 (p(t’z)z(poﬁ-kj —1ldz
/ c 0 /yz -1

d mv, d mv, dz 2 a 2 d 1 2 dy

——— = c“f,————=mc*“— = mc*—

* Ly, =y, oz gz 9 g z

dy _ ek

e — ——{sing + sin[¢ + 2kz]}

I N

_ eEO
"~ 2mc?
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Single Particle Longitudinal Dynamics: energy gain

2
t z) = wt — kz + _ _€E Eo[MV /m] - v(@o) vs.z L
@(t,z) = wt —kz + @ a=——>— =~ 0.047 TR 1; " =60 V4
. f=13GHz ///
a=2.16
= k Z[ L 1] dz T /
@ =@t fo fro-1 7 //
dy . . 6 /4
— = ak{sin(¢) + sin(p + 2kz)} >, —gamma (65deg) | |
az . | —eamma(Sbdee)
]/(Z = 0) =1 3 ——gamma (80deg) | |
2 —Ez |
fdz A
@~const 0 \\\Zl f
0 002 004 006 0.0801_012_014-0.16 0.18 02
1 z (m)
1. Fora half-cell 0<z<z~%: T
1 (wt — kz)(¢g) vs. z
12
y=1+4+a«a {kz sin(p) + 5 [cos @ — cos(p + Zkz)]} " -
8 /ﬁ//
2. Forafull-cell z; <z<2z,: B
l ¢ 1 33 6 // —phi-phi0 (65deg)
Ay = aik(z, — z;) sin(p) —=[gos(@ + 2kz,) — cos(@ + 2kz; S —phi-phi0 (50deg)
Y { (ze (¢) —5lgos(e e) (p lP]} gy o0 (S0des)
]
0 T i i I I I
, 1w 0 0.02 0.04 0.06 008 0.1 0.2 0.14 0.16 0.18 02
max for ¢ = 90° 0if (ze —z)~5 =% z(m)
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Single Particle Longitudinal Dynamics: energy gain

For a half-cell OSZSZL-~%$ kzzg

s
2

1
y = 1+a{kzsin<p +—[c05<p—cos(<p+2kz)]H—> 1+a{

> sing + cos <p}

W _y tan= ~58°
_— = — = —_~
10 ¢ = atan
In the cathode vicinity kz K 1: y 7 =1+ 2kzasin @ = % ~ 0.047%
fIGHz] | Eo[MV /m] a z(v=0.95¢)
L-band 1.3 60 2.16 0.10A . . .
ik E) Phase slippage - mainly in the half-cell,
5-band ’ 100 1% | o in the cathode vicinity!

effective phase synchronous
Perr = Qo + A0 phase ¢,
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Single Particle Longitudinal Dynamics: energy gain

effective phase synchronous
Peff = Po T A@ phase ¢

Y =14 2kzasin @,y
\

-
§0=€00+kfozl\/%—1]dz ‘ 0 = @, + ¥

2a sin(@efr)

71 S ¢ ¢

Synchronous 1 1
(asymptotic) Poo = Po T e <K. Floettmann > (BC=1)3{ Ap = —
Perr 2a
phase
K-J. Kim: ¢e = ¢ +m -2
1 1

L. Serafini: ¢ = @y + 2asintey) T 10a2sinteo)?
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Longitudinal Dynamics: bunch compression

Synchronous ot 1 effective phase @.rr = ¢, + Ag
(asymptotic) Poo = Po T 5 in Ders
phase z
-/
_ Bunch compression (BC) factor . [ |ac=ear
A cos
50 | BC= ¢OO=1_ ¢eff :
w0 Ao 2a(sin g,y g
30 + i i - =
20 - ii BC =1 ﬁ(peff=5
./ @0l g + By T bl
’ 0 z‘o 4‘0 60 slo 160 120 2 (pO + 2(1 A z— - 7
Al time
1 Ap =
Peff = Pot 5 =2
Beam phase in the half-cell a= —2£o
2mc?k

K. Floettmann, PRST-AB 18, 064801 (2015)
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Longitudinal Dynamics: bunch compression

d )
y=1+2kzasing & —

dz Y 14 Poo _
d (> —————1|dy = 2a sin(p) do
1 14

VA
|4
<p=<p0+kj [——1]dz<=—
o |Vy2—1 dZJ

,/)72 —1—-9%+1=2alcos@y — cos @]
F>1

1
COS Poo = €OS Pg — 7

— Sin Qo AP, = —sin @, Ag,

Ap, singg sin @, 1
A(P() - sin P -

BC=1> w0 = ——
J [ 172 coS @ v
1- COSPo — 5

BC =

K. Floettmann, PRST-AB 18, 064801 (2015)
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Comparison with simulations (numerical integration)

150 \ P VS. Py 7 o 00 + 1
MV / o = S r—
i;‘g | E, = 60? / /l 0" 2asin g,
120 - -
f =13GHz -
110 \\ =216 e 1 ot 1
100 - 4 — — = S = —
-~ 90 \ —analitical-0 // Peo = o + 2asin @, f Perr = Po 2a
¥ 50 \ — i
I \ analytical-1
< 7 N\ —analvtical-2 1
N amlstica2 T cos g, = cos g 5 I IR
10— e —simulated Yi/2 = @ | SIN @epp +COS Gefy
30 —Ecath (MV/m)
20 _ Z
10 - — simulated half-cell
0 .
—analytical, half-cell
0 10 20 30 40 50 60 70 8 90 100 110 120 130 _ :
initial phase ¢, (deg) —simulated final // Yi+1/2 = V1/2 + am sin @,
Apoo —analytical, final
377 BC=1— COS Pg L= A, 12| ——Ecath (arb.units) y(pq) |
2a[sin @q]? | 1" _
23 i COS Pefr 10 ,/ - SN
¥ B = l e MMMG [\
—analilical-0 | /] 20![5111 QOeff] / 9 —
S 2 1 / / \
= —analytical- I S A N 8 MG ) . ) \
g sin MM =maxin mean momentum gain
E_ —analytical- BC = il 7 Ximu me i \\
15 || —imulated : 1] / 6 \
S | 1- [cos Po~ 74 // 5 S T \\\
N —— = = =
g = | == T~ \
2 1 ] ~ ~ T~ \
//// 2 = \
0.5 7 .
f // | \
0
0 0 10 20 30 40 S0 60 70 80 90 100 110 120 130
0 10 20 30 40 50 60 70 80 90 100 110 120 130 initial phase g, (deg)
initial phase ¢, (deg)
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Single Particle Longitudinal Dynamics: parameter

ek Eo[MV /m]
a = EYNUC T
2mc<k | L-band (1.3GHz) | S-band (3GHz)
2.16 60
1.8 50 115.35
1.44 40 92.3
Simulations
Poo VS. Po Y (@o)
160 / 7 12
// "
" / // 10 — \\\
120 /r,/; // T ~_
100 vz fl— | T~ N
T 80 // ~ 6 \ N\
2
N 60 //::":/ \\ \
= | [ ——L-band, 60MV/m,alpha=2.16
___/2% —L-band, 60MV/m,alpha=2.16 4 ——L-band, 50MV/m,alpha=1.8
40— —L-band, 50MV/m,alpha=1.8 = ----S-band, 115.35MV/m, alpha=1.8
----S-band, 115.35MV/m, alpha=1.8 5 | —L-band, 40MV/m,alpha=1.44 \
20 —L-band, 40MV/m,alpha=1.44 - --=-S-band, 92.3MV/m, alpha=1.44 N
----S-band, 92.3MV/m, alpha=1.44 !
[ [ [ [ [ [ [ [ '
0 | | | | | | | | 0
0 10 20 30 40 50 60 70 8 90 100 110 120 130 0 10 20 30 40 50 60 70 8 90 100 110 120 130
initial phase ¢, (deg) initial phase ¢, (deg)
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- “Real life” : 1.6-cell and field balance>1

Elongation of the half-cell > 1= A(1 + §) == °Fo_ _, g = ollto)
R — 2mc?k 2mc?k
80 ——FEz, PITZ gun-4.6 (SUPERFISH) |+ 3000 =
60 | —Ez, Pillbox | 4000 5 2_7T 5
——dE/dz (SUPERFISH) 3000 — — ¢ = 4
40 Q\ ——dE/dz (Pillbox) 000
a\ 1 ~
g2 ‘\ N 1000 § Perf = Qo+ 5= > Peps = Po +5-— U6 u~0.5—1
= E
g0 - 1
S \ 7 // - -1000 « Do = Py : = G = Qg + ———— — b
) N // 2000 ™ 2asin@grys 2asin @ery
_ N / - 3000 (m ~
60 - -1000 Yiz=1+a Esm Pefr +COSPery
-80 -5000
0 005 01 :(113) 02 025 03 Y112 = Va2 + Qm sin @,
FB = 1.09 12
I o _‘/—*/’ /,./"‘L::k ::\\\
Field balance FB = Bcath > 1 o
max Efyj1—cell 3 MMMG \\
“ | N\
A ——nominal \ \
—clongated (delta=0.2)
------ FB=1.09

K. Floettmann, PRST-AB 18, 064801 (2015)

2 \

0

50 60 70 80 90 100 110 120 130
initial phase ¢, (deg)

0 10 20 30 40
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Gun-4.6 (PITZ): mean momentum and MMMG phase

80 6
60
A40 \ " . ,-\5 . -
S\ Measurements vs. Simulations 4
=0 \ Pl 2  cmmmm—mn
o\ ¢ O\
60 N——" 0.36 0.86 1.36 o 1.86 2.36 Vo
80 8 ' : : : 50 \
0 005 01 013 02 ! ! \
z (m e 0 | | | |
-*¥/3*’ - 45 0 20 40 60 80 100 120
*_e / pd gun launch phase (deg)
Bz = v, /c !
z z / A/JN 40 6.68
— 'BZ / e —— 6.6
Y 1-— ZZ 6 % pu - 35 664
-~z
1 ,y @ Q E’n %6.62
—_—= % - 30 Z |4 s
B )/2 -1 z > / 2 %-6 58
S _‘é ’ —— simul.<Pz> (60.6MV/m)
A "2 2| s
& / O ' / -E-meas.<Pz> (6.46MW)
\; 4 > 6.54 ] ‘ \ I
g —gun-4.6, simulated <Pz> - 20 § b :m Iau4r:)ch Phisse (de;' B
; © measured pz max s ™
+ meas. Pz max, 650us 3475
3.45
, / —gun-4.6, simul. MMMG phase - 10 505
a measured Phi(MMMG) . 2 34 %
/ X & :“_" 3.375 LY
X meas. PhiMMMG), 650us Vosss simul. <Pz>(29.9MV/m) |
1 l 1 l 0 3.325 1+ =-B--meaz.<Pz> (1.57TMW)
10 20 30 40 50 60 70 P e
50 5 1015 20 25 30 35 40 45 50
Ecath MV/IH) gun launch phase (de&)

— . 2
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RF-induced energy spread and emittance

o : 3m PR
y = 1+a{§sm<peff + COS Perr + T SIN Py }z 1+a{7sm<p + cos @ }~1+asm<p

Kinetic energy after 1 Y2 cells: E, = mc?(y —1) = Esin

60 -

N N ~ sin QD
. sin = sin + cos P 5 — Sp? + -
] Assuming symmetric distribution f(Ag)
8¢
10 - o O_q)
0 S (Ek)=Esmg0-<1—7>
2(Sm $)? _
of = ((Ex — (Ex))?) = j |6p? — a(,,] p(5p)dSep o, = ka,
Nonlinear terms=> O = 50(,2,15“ sin @ RF induced longitudinal emittance:

Al = 6,05 = Ek2G3E sin @

\/—15 — p(d¢p) = Gaussian
Form-factor: £ =4 "7
= p(6¢) = Flattop
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RF impact onto

phase space

E,(t,r,z) = Ej cos(kz) sin(wt + ¢)

The radial Lorentz force:

B
]

Q< zz

E. = eE, % [sin(kz) sin(wt + @) — B cos(kz) cos(wt + @)

kex
E, = —eE|, 7cos(2kz + @)

E, X
Ap, = j ?dz = 3502_ [sin @ + sin @ | = eE02—51n<p
0

RF induced transverse emittance:

kr
E.(t,1,2) = 7EO sin(kz) sin(wt + @)

k. = e(Er - :BCBG) / By =gE0 cos(kz) cos(wt + @)

Aeyf, = =22 62ka,+[[cos P12 + [sin §12E2k2 02

2mc?

Form-factor:
1 .
{ﬁ - f(d¢) = Gaussian
1 —
= f(6¢) = Flattop

—eEO — cos(ZkZ + @)

Gun=RF lens:
x 2Bymc?
fr===—

X eE, sin o

e.g. L-band 1% gun
with 60MV/m
fx~0.2m
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Static focusing: Solenoid

Defocusing from RF and space charge - important to focus the beam right after the gun with
strong magnetic fields. Solenoids are usually used at low energies, because of their ability to
focus at the same time in both transverse planes

T\EZ MVim Fields in RF Gun T 025
+ 02

The fields near the axis:
——Gun Ez(z,=0), MV/m T 015 -2
—— Main solenoid Bz(r=0,z), T - 0.1 BZ (r’ Z) — BZ(O, Z) _ T BZII (0, Z) + 0(7,.4)

—— Bucking solenoid Bz(r=0,2), T || g05

Bz, T

; 3
am 40° | Bp(r,z) = — gBZ'(o, z) + I—6BZ’”(0, z) + 0(r®)
+ 0.1
+ 015
+ 02
- 025

NB: the beam is both focused and rotated.

PITZ Solenoides for L=276 mm with cathode at z=0 - 16 Jun 05 - MK -
L I L L L L

PITZ Solenoid Field '~ Basic parameters characterizing the solenoid

1 focusing:
Bz max :
- ko = TmcBy focusing strength (depends on the

beam energy!)

2
Lesr = [ (BZ(O’Z)> dz - effective length

Bz max

Fso1 = = - solenoid focal length
Lo ksLeff
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Collective effects: space charge (SC)

Relativistic Nonrelativistic
(lab frame) (co-moving frame)
Plasma Ne2 Ne?
frequency wp = = wp = |[—
€omy Egm
Thermal
kgT
(uncorrelated) o, = £ o, = kB_T
: my m
velocity spread
Debye length o o V2eokyT . o, eokyT
D_wp_ Ne? D_a)p Ne?

Ap > ay Dominated by single particle dynamics
(either energy or beam temperature large)
-> emittance dominated beams

1 Dominated by “smooth” space charge : .
N Ao €| forces (if forces are linear - emittance is ¥ — ::hor typlcatlhpshgtomjgcltor pat;'ametedrs

conserved) N—1 the Smoo moael can pbe use

1« L Fields of individual particles becomes

D3N important, Coulomb collisions effects are

important
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Beam dynamics in photo injectors with

Lab reference frame Co-moving reference frame—>*

Y =B/

1 AR T v, = Bz c
2, Rl

The Lorentz force: F = e(E + [#B]) = {§ E,’C§E3', eEz'}

Self field scaling

T
4= A,=£_TL
Ly Y YLy Py P
X VA
! , L./
ALy A<l a« oc(Qibb> ocO(%)
; , Q/rg Q
A1 A>T A »1 oco( 1b> o<0<§>

K. J. Kim, NIM A 275, 201 (1989).

¢
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Beam dynamics in photo injectors with

The Lorentz force: F = e(E + [1313:) = {§ E,’C,sEj’,,eEZ’}
E, E,’ Fy F;
e [ o) | 1| <) [ o6
Tp L’b |4 )4
2
A1 OCO(Q/Tb> «o(%) A1 o<0<l> % 0(1)
1 5 )4

.1, . (0,01, 0(D}EAKy
F==f f~
14 {om, o, 0rHLA> 1
dip _ 2 fo dy -
ar = F 0= [ Fae= [ 55z < G5 = asing
. K Ydy  mc 1] y»1 mc
Ap ~ eEy sin ¢ f(l)jl ,6’)/2 eEy sin @ f(l) 2 arcsm;] ' eEysin @ Ef(l)

K. J. Kim, NIM A 275, 201 (1989).
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Beam dynamics in photo injectors with

mc mc [

A*z - — _—_ESC _)SC= e — _ . .
P~ Esing 2 f()/ 1) Eosing 2 E* = ef(y = 1) - electrostatic field at
rest in the lab frame
= ,v,w)dudvd x,v,0) dx d 2
E*€(x,y,2z) = - fﬂ ol b, w) du dv dw _HoGe.0) dxay E(x,y,2)
4”60 ) -2+ (y—v)2+ (z—w)? dmeg
I - peak current
T I/IO
SC _ 2 2 SC _
€ (x2)(Apx) — (xApy) = S =——— "y (A 3
o \/ Px Px X 4aksm<pux( ) IO=4neo%=17kA
o= eEy
U, (4) = \/ (x2)(E2) — (xE,)? transverse space charge ~ 2mc2k
“‘emittance factor” A — bunch aspect ratio
5 0.2
0.18 -\
g 0.16 \
p(x,y,z) A .ux(A) “3 014 \\ ——Gaussian
o 5 0.12 \
Gaussian A== 1w.(4) = S 01 \\ — Cylindrical
o, 3A+5 2 oos | g
Cylindrical A=l ) = 1 5 0.06 \\ ~
(flattop) Ly Hxl) = 35v4 2004 N\ '“"--——-.___________
g 0.02
T
0 1 2 3 4 5 6 7 8 9 10
bunch aspect ratio A
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Photoemission

Ewulse - Photocathwh applied high RF field =» photoel%bunch

Pulse shape: QE — quantum efficiency High charge - space charge
temporal profile, Thermal emittance effects (including image charge)
transverse distribution, Response time Intrinsic (cathode) and slice
Intensity High RF field - Schottky(like) effect | | emittance formation
Characteristic emission curves
Gun phase (Schottky) scan: Laser pulse energy scan:
Q(@o, Ejgser = fixed) Q(po = fixed, Ejgger)
PITZ gun 600 . 4 450 ;
measurements 550 : &% o 10 ‘OCS\/' .
(2013) 500 S 53 2 7
450 2 3% S = 54 fsion
Pgun=4MW S 400 59 S-. 300 ,’{,"K . Limited Em:SS‘
(Ecath=46MV/m) 2 15 I /I/ gpace Cho"
PYMMG = 40deg 2 200 2| B & H
E I 1 I J.l = = : g}}%
= 250 3 |—o—Elaser=37nJ 1% é% & g 200 (‘é"
Photocathode laser: S &1 o Easerow &1 |5 N Vv
temporal Gaussian 2 200 5 e Fiacorns | 5 S 150 & 7
2.7ps FWHM 150 ‘ . E
Spot & 1.2mm 100 3 [Pz 19 = og,ﬁ/*
50 50
Measurements: 0 20N N I . L T 13 .
Charge: LOW.ICT1 -10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 0 5 10 15 20 25 30 35 40

Pz > LEDA gun phase ¢, (deg) laser pulse energy (nJ)
MMMG
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Photoemission: impact of RF gradient and laser pulse temporal profile

Emission curves: Q(E qqen, 05™M°, Egser, Laser temporal profile)

900 | 0.45 | :
I N N S / 63MVImV £ 04 1 ) o
- || —+—62.7MV/m; Gauss 2.7ps X S - S | /4 NS S— gy P
Cé{_ 800 —o—62.7MV/m; Flattop 17ps E@&/E z % 035 (17p§ FWEHM, l \ gé
2 700 +— «--ae-46MV/m; Gauss 2.7ps 1 g/? - © E 0.3 2ps rise/fall time) u .
= ++e - 46MV/m; Flattop 17ps ;/ﬁ’ - r” <025 | —Gaussian ’ \ ¢ -
o 600 A z 2 7ps FWHM) I \ (i)
= - *ﬁ'@"'g/46MVI Z 02 27p e
S e T m\ |2 [ | T—
= 500 / e , & 5 0.15 l \ j: g
= A N 2
@ 400 : Fawda % E 0.1 =
%" /!" NCILE 1 IS\ 0.05 ,—————-~L————L'—-—\ _____ -> 5}_
S s : /é_l J/ / \ N
S [V = A o8| & SR SN
E 200 : VA2 0 5 0 s 20 25 p—— o .
100 :
I
0 1
0 5 10 15 20 25 30 351 40 45 50 55 From the parallel plate capacitor (sheet beam) model:
laser pulse energy (nJ) ; QSC—lim — TCEORZEOIEIiVn (PO — T[SORzEcath
—o— 62.7MV/m; 37nl: Gauss 2.7ps ——62.7MV/m; 37nJ: Flattop 17ps Eg for Ecath = 507, R = 06mm,
ses0e e 46MV/m; 37nl; Gauss 2.7ps seatr e« 46MV/m; 370]; Flattop 17ps ~
00 100 Qoe-timppcu = 500pC << observed!!!
- 90
600
- 80
g 500 0 o
% 100 F Photoemission depends on:
A IR - Ecath > Schottky(like) effect
£ S S P, 502 + Laser pulse duration - scape charge effect
32 icai
00 ; fy/ W 20 « Emission curves Q(E;,ser) Saturate weaker
By, - 10
0 ~ %ﬂ# 0
210 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

gun phase ¢, (deg)
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Photoemission: laser transverse halo impact

Laser temporal profile: Core + Halo model (C+H) T 12 — T T T T
s 1 —xi=0.98, Rc=0.62mm, sigr=0.48mm
"% \ —xi=0.4, Rc=0.6mm, sigr=0.3mm
1 if r<R s OF A
) — Cc
E, 2 2 o6 \\
nR2 + 2méo,” 207 i R g 04 ~
Ee Ty lf r > K¢ T 02 S—— ~
2 — ——
= o]
900 0 0.2 04 06 038 1 1.2 1.4 1.6 1.8 2
O measured: 63MV/m; r (mm)
Flattop 17ps
800 o—
) .0 o~ —— C+H fit: 63MV/m;
1 —_
g o P Fletiop 17ps Q = Qcore + Qhalo
.E D/D‘ A measured: 46MV/m;
; 600 d/n/ aex s Flattop 17ps Q _ 1 Qexpr lf Qexp < Qmax
.... A =— .
; 500 A ppfear® g{; ;IOﬁt: 63MVIm; O 14+&nQmax I Qexp > Qmax
= ﬁ p 17ps
= -
& 400 o5 O measured: 63MV/m; .
£ A e 00090 Gauss 2.7ps 0 ¢ Qexp: if - Qexp < Qmax
< o o
E 300 /5“ 5‘ ——C+H fit: 63MV/m; Qhalo = 1— 1+1 E ) Qexp ,
H <3 Gauss 2.7ps +¢1 | Qmax +In ) if - Qexp > Qmax
200 max
© measured: 46MV/m;
Gauss 2.7ps Rz + 2 f 2
100 = . (71' GO )
------- C+H fit: 46MV/m; Qmax pSCI ¢ r
0 Gauss 2.7ps
0 5 10 15 20 25 30 33 40 45 50 55
laser pulse energy (n.J)

Cathode laser pulse
length (FWHM) ratio is ~6
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~ 1.51
Psci(Gaussian)




Core + Halo Model applied to ASTRA simulations

If a uniform distribution is used instead, Laser radial =
the charge saturates distribution ‘

image

Extracted charge with core + halo for 0.8 mm beam

diameter with 1.5 ps rms Gaussian temporal at maximum 1 0.68 mm ,
cathode field > Transverse
450 ’ radial profile
core + halo
400 Eq = 58MV/m
A A i L;— Generated
%50 : , " ASTRA input
300 . : ,  distribution
— i ' core + halo
2‘1.250 ! !
) ! |
g Eo = 29MV /m | |
g > : / ' 0.80 mm |
150 _-------—— - e e \I/’\\E :
100 -
50 ! i
0 . Nominal ASTRA Nominal
0 200 400 600 800 1000 1200 input .unif.orm tr.ansverse.
Input charge [pC] distribution uniform radial
profile
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Photoemission: slice emittance formation

Very short non-relativistic bunch at the NB: for infinitely long cylinder
cathode - nonlinear Lorentz force R :
3
_ o |p 3(p Q/V
E0) =gl T8\ E(p) =
o|"p b 2€g
T2 -
L e Ip
1 elp |
=038 -7 'Fr(p)_ZnE y2Bcri |
p l d Lo Y P2'b
0.6 - v
’'d /
04 - Space charge term in
02 | the envelope equation
0 T T T T T
0 02 04 06 08 1
p/ry
g . —t=1.5ps
E 1 —t=7.6ps
= —t=10.7ps
% 08 ——=15.2ps
E 06 —t=10.9ps
g = = =thermal
Li L A S I N I L
% 0.2
<=
0

0 0.5 1 1.5 2 2.5 3 35 4
z from cathode (mm)
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Emittance compensation: beam envelope equation

: 2 2
o, = 0,(s) — rms envelope of a beam slice % = IBZCZ% = B2c2q)’
Z
R Emittance “pressure” term
S S Eni = Eni(S)
o I(s) .
~ change RF focusing/defocusing 12 "
in slope 2e Er o Y Angular momentum
of particle mCZ]/” = — o4 0 Py = mr?y0 + erdy
|trajectory v °‘E 0 .
l /l =5 4 3 2 1 (mom} 1 2 3 4 5
2 l 2
A 128 eB I 1 1 g Pg 1
Oy +TO'T+ > + Or =57 3.3 = h2.2 gn,i+ 3 =
By 2p%y ~ \2mcBy 21,B%y> 0 B%Y mc/ oy

|

“adiabatic damping” | | Static magnetic fiéld Space charge |
of transverse (solenoid) focusing
particle angles eB \? _ _ elp
2.1 _ k? = NB: .(p) 2megy2fers
mc“y = ek, 2mcBy 0 b

_ _ Beam generalized perveance:
External radial focusing el(s) 21(s)

strength: = =
o , 2megmy3B3c3  1,B3y3
,yll + eB
2B%y 2mcefBy

K, =

mc3
IO == 4‘71-607 == 17kA
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Emittance compensation: beam envelope equation

l; 2
ot 4 g+ Ko g e+ () [a =0
I s,zli ] I Srzl,i . .
Ty > Jrz' = space charge dominated 21 By < -2 => emittance dominated
For space charge dominated case in
absence of acceleration
N I 1 Brillouin flow: ¢' — 0
oy + Ky0, — 21 8373 o, =0 ‘ - equilibrium beam size:
Serafini and Rosenzweig (Phys. Rev. E 55 (1997) 7565). 1(s)
Oreq (s) =

21,8y Ky

NB: K, ~ same for all slices

More general case (including emittance term):

2 2 \?2 2.2
~2 _ Oreq Oreq B €n,i
r
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Emittance compensation: beam envelope equation

, I(s) I 1 B
Oreq(s) = 2.5%°K, o + K0, — 21,833 o, =0

/

Small oscillations near equilibrium:  6,-(s) = 07,¢4(s) + 80,-(s)

do;' + 2K,.60, [1 —

60,.(0,s)

\/_
0.(z=0,s) = O-r,eq(s) + 80,(s) = 00/ \/

0, (z=0,s)=0
0,(2,5) = Opeq(s) + loo — ar,eq(s)] cos(y/2K,z)
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do0,(z,5) =

sm(,/ZK z) + 80,.(0, s) cos (1/21( z)




Emittance compensation: beam envelope equation

0,(2,8) = Oy eq(s) + [00 = @ (S)] cos(,/ZK,.z)
0,(z,5) = —\|2K,|0g — Oreq (s)] sin({/2K,z)

Weighted average over distributed slices I(s) assuming
K, = const and expanding around symmetric beam

current profile at I,
0 ar
dl

En = ,Byaoar,eq( ) frms |51n(w/2K z)|

ﬁy\/( ot Nor?) — {or07)* gﬁ)/(fo 63;5

* slices oscillate in phase space around
different equilibria but with the same wave
number

* The projected emittance oscillates with the
same wave number, but is shifted by r/2
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, e/(K) %o, ?

o/o eq

1.2 - T
1 - S O-r B
| : ]
N 7
0.6 |- / N / \ i
oal / \ / A
-/ \ \
0.2 _—/ \ / .
l:'{)1/ 0|2 DLI I\/ I('.'IG OIB I\i
(2K )"?22x
L. Serafini and J. Rosenzweig (Phys. Rev. E
55 (1997) 7565).
’
X
>
X



Projected emittance growth compensation

B. E. Carlsten, NIM A 275 (1989) 201-208

Xrms (CDS14) / mm
— EmX (CDS14)/ mm mrad

— Xrms (no booster) / mm

— EmX (no booster) / mm mrad

6 7 8 9 Z/m
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Emittance conservation by further acceleration

Slrms

&n = BY000r eq (IP)T |sin(y/2K,z)|
p

> Solving the envelope equation with acceleration, but w/o space charge term - the oscillation wave
number (,/2K, before) is reduced by ~y’ =% - the oscillation is not damped, but strongly
stretched

> Matching the beam to the first accelerator module (booster) needs to be included as part of emittance
compensation and should obey the following basic conditions at the entrance to the linac: the beam is
at a waist: g, = 0 and the waist size at injection is determined by a balancing of the RF transverse
force with the space charge force

> Balancing the focusing term with the defocusing space charge term leads to a solution of the beam
envelope equation w/o emittance term (f = 1):

I 1

!
mo Yo _ O i Vi
or +—or + K0, — — =0, ri Vi b

This yields the so-called matched invariant envelope (o, = G”'\E) - the Ferrario working point:

2 21
ori 3o Vi

!

y:

BUT: In practice (simulations) it does not work - space charge cancelling due to the acceleration
happens in much shorter distance than the full acceleration =» this gradient ~ good starting point for

beam dynamics simulations
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Beam dynamics simulations: Setup

RF fields Ez(z,r=0)

— Gun — ACCT 172 — ACC1 172

; A AL ﬂ

? 4 s W ww “"“Mz 16
20
-40
60 -
_BD |
60 ™~ Ez MV/m . . - 0.25 . .
Flelds In RF Gun Lo, Goal (e.g.): minimum emittance for 1nC
407 — Gun Ez(z,=0), MV/m + 0.15
20 | —— Main solenoid Bz(r=0,z), T + 0.1 2 2 2
—— Bucking solenoid Bz(r=0,2), T || 905 _ Ex = gcath + SRF + gSC + ZERFESC]RF—SC-i_' .
T T T O N‘
06 &M | o5 @
e € X € ~glaser
+-0.1 cath therm Xy
4015
+ -0.2 Tf _ eEO 2 A 2 . A 2 2 2 2
[y Aepy =5—50x ko, [cos @)% + [sin §]2E2k2 0}

co o o (9
SC_4aksin<p#xy o,
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Optimization of the XFEL photo injector

Emittance*Penalty

0 step. “tune” the bunch charge:
Qbunch>Q=1nC(@z=7cm)

1 step. Run ASTRAUill z=5m

Booster optimization
(booster cavity z-position,
gradient and RF phase)

Initial guess: booster matching conditions

Xrms, Xemit

— Xrms

— Xemit

O =~ N W OO N © © O

+ tolerances study

o
N

4 6 8 10|
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XFEL Photo injector optimization (1nC)

33 — — Xrms (Flattop) Xemit (Flattop) [| Cathode pulse Eproj (Estice)
°
g —_ 3 — = Xrms (Ellipsoid) — = Xrms (Gaussian) | | FIat-top 0.63 0.55
S
E _§_2'5 Xemit (Gaussian) Xemit (Ellipsoid) | | Gauss 1.05 0.72
T8 2 = Ellipsoid 0.43 0.40
Q ‘n \
S N15 e
= g ——
E . 1 W
— o NI
© 05 Q= NN —
Q. - = e —_ - = —— e ———— e —
0 I I I I
0 2 4 6 8 10 12 zfrom cathode (m)
12 I 60
§ = cmittance (flattop)
g 1 50
g ﬁﬁ = cmittance (Gaussian)
M ~ 3,
E o3 7 \ 0T .
@ V / \ e = cmittance (3D-ellipsoidal)
]
S 06 f — 30 £ -
£ 1 P § — current (flattop)
§ 04 7/ - 20
8 / —— current (Gaussian) '
= 02 10 :
— current (3D-ellipsoidal) a
0 =1 0 :

4 3 2-101 2 3 4 5 z-<z7(mm)
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Measurements vs. Simulations: PITZ case

PITZ: Measured emittance versus laser spot
size for various charges w.r.t. simulations

Measured 1nC electron beam

r ) J -Y . | Iu.s
22 - ——2nC, measured | """"" 109_%'RM'S'? """""""" """""""" ’E“”' s
| emittance | | E 0 R,
20 - ——1nC, measured | """"""" b L I '2
1.8 | =2nC, simulated | | ‘ . - : .
e\ : ! x{lT:Jln] 1
g 16 - = | nC, simulated
——0.25nC, meas.
1.4 ] B 0.8 0.8
—0.25nC, simul. 0.6
o 1.2 0.6 .
8 ——0.1nC, meas. 0.4 0.4
5 .
S 1.0 | ==0.1nC, simul. 02 0.2
é 0.8 | —<0.02nC, meas. | o ] 1 (0 ) 1
] v (mm
;><\0 6 | —0.02nC, simul. X (mm)
- ’ * Optimum machine parameters (laser spot size,
0.4 = . (N B gun phase,):
0.2 — ‘ experiment # simulations
0.0  0.02nC | | | | | - Difference in the optimum laser spot size is
0.0 d 02 03 04 05 06 07 bigger for higher charges (~good agreement for
: 100pC
L rms laser spot size (mm) ) PC)

» Simulations of the emission needs to be
improved - step 1: Cathode laser core+halo
model
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Emittance and Brightness versus Bunch Charge

Cathode laser pulse duration was fixed at 21.5 ps (FWHM) for all bunch charges!

[
20pC measured : _Lyjecior _ O-NoP-RR | 2nC measured
injector ~ 8x8y - 8x8y :
bou ——————————————
1.6 — =0O=simulated projected emittance 200
! X-Y o = 14 |° ¢ -measured projected emittance .
£o G Zj g : —O—simulated average brightness &
>‘_1 N E 12 _T - a -measured average brightness g
1 0 1 N |
X (mm) 8 1 O ; p g
0.1 - . . - S’
_ = simulated By, jector P
Los X-Px 038 .g 08 Q njecto — A 100 i
:" 0.4 . 0‘6 Al_}\/lllllblltal D n]ector’ Ll : E _::
.05 0.2 l'.>ﬂ i"'{—_""-‘-’ - 09-40
B e i 50 5
Y2 o1 0 o1 o2 = ’ f R - T - >¥ gﬂ
0l 0.2 — g
005 Y-Py 0.8 g
3 06 0.0 0 3
s’ 0.4 0.0 0.5 1.0 1.5 2.0 =
005 " bunch charge (nC)
B PR 0 01 02
- . v (mm)
~linear SC Bunch charge reduction at fixed cathode laser ii sc
pulse duration = space charge (SC) modification nonfinear
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Beam dynamics in RF photo injectors: summary

> RF photo injectors = high brightness electron beams (high charge, low
emittance)
> Beam dynamics in photo injector — analytical models:

= RF-gun: rapid variation of the phase in the half-cell of the gun cavity, parameter «
= RF induced transverse and longitudinal emittance
= Space charge mitigation - emittance growth compensation with solenoid

= Beam envelope equation: invariant envelope, matching in the booster

> Still beam dynamics simulations are needed for fine optimization

> Experimental data and beam dynamics results are becoming closer, but
still there are discrepancies remaining
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