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To Improve the Performance of X-Ray FELs




SASE FEL for 30 keV

- EAa e 3N

LCLS reference parameters:
L=8keV,r,=3cm, K=3.7,1 =3.5kA E, =15 GeV,

AE/E =104, ¢,=1.2 mm-mrad, L., =100m

Vary K, ¢, and E_ (Z.R. Huang)
K E. €n L sat
(GeV) (mm-mrad) (m)
3.7 30 1.2 300
3.7 30 0.5 130
3.7 30 0.1 40

<« shorter undulator

1 12 0.1 60
<« shorter undulator

. . and shorter linac
It pays to strive for an ultralow emittance e-beam



Need for Phase Space Manipulation

B RF Photocathode Gun

— Transverse emittance yg,, yg, ~1 % 10 m
— Energy spread very small
GAE ~ 15 keV

O e :%:10—7@ E ~15 GeV

~

B FEL requires o,ge < 104

B Can we do the transformation:
(e, 76,0026 )= (10°m,10°m, 107 ) > (107 m, 107 m,10°°)?



Contents

B Some properties of Hamiltonian Transport

B Transverse-longitudinal exchange for x-ray FELs

B Implementation
— Space charge effect
— Flat beam technique
— Optical system for exchange




Beam Transport and Manipulation ‘

B 6D phase space: (x,x,y,VY, z, 0)
B We will work mostly in 4D

X

~

x

m X =

(xx"} (xz) (x5)

S N

B Beam matrix: Z=<X7>=

M Transfer matrix: M

k X=MX, Z=MZ M



Hamiltonian Transport

B Unit symplectic matrix

J_[d 0], [0 1
0 J,| * |-10

B Mis symplectic: MJM=J

B DetM=1

B Conserved quantities

&,p = Det(2)

k @ —%Tr(ZJZ)



zX ZC .
D =~ , Z,,...2x2submatrices
> x

V4

B Projected emittances
g’ =DetX, &’ =Det(Z,)

m/@=c?re?+2Det(z,)

W [ff uncoupled; 2. =0
Det(Z) =g ¢,

k |?) = £ +¢&,



Emittance Exchange Theorem ‘

(E. Courant, “Perspectives in Modern Physics, Essays in
Honor of H.A. Bethe,” Interscience Pub., 1966)

B For transport from an uncoupled to another
uncoupled system, ¢, and g, are uniquely
determined up to switching.

(€2 €p) — (€4 €p) OF (&, E5)

B Proof: 2

> 2 >

E1a T &1y = &,y T &y
> 2 ) )
E1p = €34 €3p

QED
B Can be generalized to higher dimensions

gla



An Emittance Switching Scheme for Improved X-Ray ‘
FEL Performance

(P. Emma, Z. Huang, P. Piot, and KJK, under preparation)

B Flat beam technique (units in m-rad)

ve, ®ye,: (10°f >10°®107
B Use short electron beam o,=33

ye, =0,0,, =33u ®3x10° =10"m (GM =1.5 keV/mCZ)
Q=33pC,1=100A
B Exchange (x < 2z)
ye, ® e, ®yz,:(10°,10°,107 ) - (10°,107,107) > (107,107,107)

® Final bunch length

ve, =yo,05 =yo,x107* =10"°, y=3x10"

o, =3.3107° = Compression by 10
/=100 —-1000 A



Power gain length LG of an x-ray FEL at 0.4 A versus the undulator parameter K for (a) a beam
with a normalized transverse emittance 1 x 10-°m-r and a peak current 3.5 kA and (b) a beam with
a normalized transverse emittance 1 x 10" m-r and a peak current 1 kA. The relative rms energy
spread in both cases is 1 x 10 (courtesy of Z. Huang).



Is (106, 106, 10-")m consistent with the space charge ‘

degradation?
sc 7= 1 2mc?

" 7 T4(sing) E (4) A=

o z

(KJK,NIM, A275, 201(1989))

1 1.1
T3A+5 7T 1.45A+1209A2

Ox

ILIX,y

B Use spot size 6, =0.5mm, 6, =33 um, A~ 18
E, =120 MV/m, | =100 A, n/4 sin ¢, ~ 1

(108, 106, 107) !



Generating a Flat Beam with Angular Mom. Dominated Beam
(Y. Derbenev), (R. Brinkmann, Y. Derbenev, K. Fl6ttmann), (D. Edwards ...), (Y.-e Sun)

UV laser 350 351 502 1854
s booster cavity N1sS2 s3  S4 S5 N6 N7
2| RN
D‘/ [ lallall LT
< Tu HT ] T ] T RN T T
o
X3 X4 X5 X6 X7 X8

L1L2 L3 3770

Y (mm)

X (mm)
simulation

experiment



Electron Emission into Axial Magnetic Field

/'

— DT OS> >
—

T

g




Does Flat Beam Technique Violate the EET? ‘

W (ye,, ysy): (106, 10-%) — (102,107
B Thermal distribution before emission

_ S\ Enlim, 0 B _ D 0
Ly, = <XthXth> = { 0, gthTth,:|, Ey = OxOyis Ty = { 0 1/18th

M Distribution after emission

- T LJ
(o) )

_3gb

K = ’
2P,

B, 0}

e e+ {o 5

X, — X, hon-symplectic

k B> : coupled



Optical System Producing the x-z Exchange ‘

(ve,, ve,) = (10>, 107) — (107, 10°)

B Dipole mode cavity:

X - AS =kx, AX' =kz;k =eV, /eE
E, = - -
= A _‘*zZ*Z“ 100 0
= ; - 01 K o
= i ¢ 0010
k 00 1




An Approximate Scheme for (x,z) Exchange ‘
M. Cornacchia and P. Emma, PRSTAB, 5, 084001 (2002)

/L

M= IVID ('ﬂf;,l—) MC(k) |\/ID (naé,l—)
B Choosenk=1 then

B 2 2 2 2
E, —\/520 +40,°05'1

B 2 2 2 2
52—\/5XO +40,°05'1

® Works if 29x9s7 __4 n cannot be reduced arbitrarily
k €20 small due to second order aberration



An Exact Scheme for Emittance Exchange
(KJK)

B Reverse second dog leg

B Choose kn=-1

B Then M:{O B}
C 0

= 0] BB 0
—> ~
I 0 =, 0 cz,C




Technical Detail-1/ Gun-Flat -
Beam Design (Phillipe Piot) ‘

B High aspect ratio is difficult to maintain
B Phillipe Piot will solve the problem




Operating Parameter Value

Gun-Flat beam design

Bunch charge 20

Phl”lpe Piot Laser rms spot size 300
Laser rms pulse duration 80
Peak E-field in rf-gun 138 MV/m
Launch phase 45 deg
Peak E-field in TESLA cavities 36 MV/m
B-field on photocathode 0.191 T
Cavity off-crest phase 4 deg
Beam Parameter Value Units

Before flat beam transformation

Transverse emittances 4.96 pm
€0 = 7\/<(X,Y)(X Y 0.23 um

Longitudinal emittance 0.071 pm

Kinetic energy 215.4 MeV

After round-to-flat-beam transformer

Emittance ye, 9.923 pm
Emittance Ve, 0.005 pm
Longitudinal emittance 0.080 pm

V+JEx€y 0.23 pm




Gun-Flat Beam Design by Phillipe Piot

emittances (um)
X

) 0t O

| distance from cathode (m)
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Philippe’s Original File (longitudinal distributions)
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Technical Detail-2/ Exchanger
Paul Emma

* Energy spread in the dipole cavity->
second order dispersion—> emittance
growth

* Minimize emittance growth with suitable
initial chirp

* Phillipe’s out put turns out to have almost
the right chirp!!

Enter presentation date [Your Presentation Title]
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Philippe’s Original File (transverse distributions)
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Control of Second-Order Dispersive Aberration

Energy spread is induced in T-cav due to transverse

beam extent (o= ky)
Second-order dispersion is generated in last two bends,

which dilutes bend plane (y) emittance

—»

Ao =Kky

The right initial energy chirp minimizes the divergence, 7,
after the last bend, which minimizes emittance growth

&2 = ((y+ Av)2) W) — ((y + Ay)y)2 = a% + veo(Ay?)

Enter presentation date [Your Presentation Title] — . — \/ 1 + l Ay 25



The Effect of Initial Chirp —» Small yat System Exit

B The final divergence, », is decreased by the initial chirp —
shorter bunch in cavity — less y’= kz after cavity...

N
much bigger much smaller
arlea Increase area increase
with large y V&0 with small » ﬁnin‘c’b
\ i >q1\7
2\1/2 P 2\1/2
< (Ay?) = < (Ay?)

<>
B

<>
B

B Forlarge y(left) and small ¥ (right), the same Ay increase
produces much larger area increase (emittance growth)

Entevrvphegerr}taz{olnsdgé rg e [Your Presentation Title] 26



AESE, 1)

After Emittance Exchanger (longitudinal distributions, no CSR)
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After Emittance Exchanger (transverse distributions, no CSR)
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Before and After Emittance Exchanger (15t order — no CSR)

6/51) = 9.920 j.LI:Il, a .= 1'5.32 min, CE:r|I:|= 0.015 mrad
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