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Advanced X-Ray Light Sources: FEL vs. ICS \Q2RIE/
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What is ~1 order difference of Brightness (number of photons)?
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ICS source is incoherent e

Different electrons emit different photons
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Idea: squeeze the Bandwidth increase the peak / ‘ \
Brightness =

Fig. 2 ICS spectra emitted by different electrons due to (a) finite angular divergence, (b) finite energy
spread, and (c) imposed x'-y correlation in the beam.
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Why do we need 6D model W2\

Imposing an x'-y correlation on the beam (via symplectic transformation) will
create other correlations. Some of them may even increase the bandwidth.
Which one is the best? afier

Brightness depends not only from the bandwidth, but from
all other intervals as well.

Hope: squeezing the bandwidth interval via beam
conditioning would mostly increase the Peak Brightness

rather than spread the phase space in other directions ¢ T
—
fi v
We need: Brightness as a 6-dimensional photon
distribution function in the phase, dependent from 6d
electron beam distribution :
9 6+6=12 dimensions
e ) - Ideally we would want to have an answer in a
Bea(2%64) - g

Matrix Form
Don t worry ..Just 6d Matrix
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Wigner function in 6d to characterize Brightness

d*F

Spectral Brightness Definition (Number of photons per 4d phase space): B(x,y, bx, by z) = dx dy dd, dd
xUPy

4d Wigner function to characterize Brightness introduced for radiation sources by K.J.Kim in 1986 [4] as an
analog of QM Wigner function:

(0]

Waa(x,8x Y, $y) = WO dij d$yE <x * %x’y i}/) E* < S%x’y B %) e ikxdx—ikydy

o Radiation

We would like to describe bandwidth changes, so we need to add two more dimensions: propagation can be
described by
evolution variable:

co N N torz
— N 5 N N 5 i T =
W6d=WOj d€3dE<T +?;t E T—?;t e lkwfffgd:{fxffyrfz}' /

(o]

Wigner function extension to 6d phase space (2 approaches™)

- RN ? * LN ? _'A _\_' -
Weqa = WO dftj dEZdE<r +7,t+ft;z E r—;,t—ft;z e—ikwé 1wwft;52d:{gx,§y}

— 00

A — Autocorrelation function
+ Los Alamos LDRD of the field
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Brightness convolution theorem Gerie

Approach: different electrons radiate incoherently

_— —_—

Wbeam(?ph) — fwle (ge ) gph)f(?e) d* fe'

Simplification in 4d: \

—_
el

Woeam(Z ) = [Wae (T, = ) FE ) 4 F

Would this simplification work in 6D?

Wie (?\e ) ?ph) > Wie (?e - ?ph)

Hint: —~2—

- LosAlamos 1“DRD
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Single electron interacting with plane wave

Equations of motion of an electron: (E = E 0% 05 k = —kz7y):
w e ” ¢ = kz(t) + wt = wt(1 + B,,)
= (x—x9) = —aoc—lcoscl) + ¢c_1 Linear

approximation:

7
?()’—}’0)= =1 a0=mc3v,a02 <1
02 (mc)? mc
? (Z - ZO) = ? TSII’IZ(I)‘FGO o1 cl COS(I) + ¢—
Radiation field (far field): E = CZLR [ X |7
(1+8,,) R 7 B
Eraq = Eraq,yCOS - B On (t T) Eraqy = 215 Rmc? Lo

We assume only E is a non zero component for an observer close to the axis
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Wigner of a single electron interacting (/4
with a laser field (1d Theory¥) CQ=RIE

Laser field as a homogeneous continuous plane wave

Wio~8 (70 = ) 8 (220 = ) 8w = wrag)

Z

*We were able to get a Wigner function for the beam with it however it was not recognized as an
appropriate answer: combination of several matrixes 3*3 — blocks of the initial matrixes 6*6

Laser field as a homogeneous time-limited plane wave (Gaussian pulse, N .>>1):

(W_Wrad)2 _ (%-I_t)z

Wt (F0 )5 (L2 g, ) st ¢ s

*3d theory for the realistic laser beam was analytically derived
— please ask questions if interested
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Wigner of a single electron in 6d matrix-form Kamic )

Wigner of a single electron in 6d matrix-form: Canonical coordinates

Ax
CREA (ICRER =
1 1 _? l_? M ?\ l_? Xe K
W,, =W e \°ph 5e) TO\Sph “5e Ay ’
le O\/ﬁgx \/Egy c Ye Aﬁy
$e = ABy fph= Wy
(1 0O 0 0 O 0 \ Zs Ko
N\ g 01000 0 AB, o
2 7)o (3 7 Ak,
(Fon Te) = ) 00100 0 \)
__Q= Wzo
\ o 00010 0
(T - 7.) \0 00 0 1 0/
0 0 0 0 0 2y,?
?e — 0 ?ec , () - non-symplectic matrix

*“Convolution Theorem fails to be simplified in canonical coordinates
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Wigner of an electron beam interacting with laser beam @5’

— T - i
JDet[Z1] e_{fph (Mo—MoM_lMO)gph}

Wb == Wolimgx’g -0
s "7 6,6,+/Det[Mo + £1]

My = M, + M, + M,, + M,

M, and M,, have singularities

Peak Brightness ~
M=M,+Z21

J/Det[Z~1]
8x8y\/Det[Mo + 271])  ~

limg, 5,-0

exists for an arbitrary electron beam
Next step is find it in a 6d Matrix

) matrix 2
form and find an optimum X,
maximizing the peak Brightness
. ( m
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Peak Brightness (Observer off-axis ) .

1
JDet[QM X + Q]

Bpeak~

QM = Q, - M — matrix product of two matrixes with singularities - X,QM,Q — matrixes with no singularities

5,%a
( a 0 B—-= n 4 0 -1 o\ a 0 B 0 -1 o\
atp ( o 1 0 0 0 ©0
0 1 0 0 0 0 N 0 P 0 —1 0
2
Q=% *ta 0 5 0 1 O, o= o o 0o 1 o0 o0
0 0 0 1 5 20 0 a+pf 0 a+p 0 1 N 1 0
_a+ﬁ 0 _a+,8 0 6,76,  ta+p 0 K B . a B /
\ B a aff / o 1 o0 0 0 1
0 1 0 0 0 1
a = @y, B = ¢, - angles to the observer
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Peak Brightness (Undulator case + uncorrelated beam)

“Undulator case ’: observer, electron beam and laser beam

are on z-axis’’

Uncorrelated beam: no correlation between xx’-yy’-zz’

1

Bpeak"’
2 2, 0% 2 2
Ox0y(——+ ki, €7)
Urad
1+ B,
rad = fo_\klas ~ 4V(%klas
1-— 2
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To maximize the brightness one
need to compress the beam in
I:> the transverse plane;
Longitudinal size or emittance
dominated regimes are possible
depending on the beam
parameters
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Peak Brightness (Initial proposed case: x’-y ) eric)

Observer, and laser beam are on z-axis
Electron beam upcoming with x- an angle to z-axis: (B, B, £7)

AZ
/ 5 0 0 0 0 0 \
krad
2
0 a,> 0 0 0 _ % Pxo Where A and B as small as
=1+ By possible, a, and «a, as big a as
BZ . Y
Sy = 0 0 — 0 0 0 ; possible
d
0 0 rg ayz 0 0 Correlation required: x’-y
0 02 0 0 Orag L 0 From uncorrelated beam via Rg):
\ 0 e Bxo 0 0 0 x“Bxo N 1 Via drift + transverse deflecting
—1+ Bz (=14 B0)? kradzaradZ/ cavity
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Benefits of 6d Theory NG

Can derive actual ICS radiation for any correlated in the phase space beam,
even for the beam from advanced accelerators (DLA, Plasma/Dielectric
Wake Field, etc.) — one step closer to the compact, high brightness X-ray
source

Increasing Brightness of the ICS source via electron beam shaping
Extension to the FEL case

Electron beam 6d phase space diagnostic via ICS:

{_\ ir PR i}
e 1Spn (Mo—MoM™'Mo)E ),
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Additional information Kramic >

m Why do we need X-Ray light Sources?
m Laser 3D Theory
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Why do we need X-Ray light Sources?

To discover and explore: material science, biology, medicine, etc.
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Wigner of a single electron interacting | \
with a laser field (3d Theory) NCERIS/

A problem: for strongly focused beam, homogeneous approximation will fail...

Typical approach: Ep (x, y,% + t)e~ikz+w0 - but off axis the plane wave would travel with an angle to z axis

Laser field as a continuous superposition of plane waves with different direction and amplitude

We already know the answer for each mode: Etadimode = afEko(?)e_iﬁ(?)?“q(?)“

Approach: single electron with different laser modes radiates coherently

©  (a,(k)+q, (K IR
W~6<&sz—kwx kaz—kwy>J ...5(2( )+ )—sz> eF BB K

2

From 6d Integral we can get 1d
integral by changing the

s 1B, k integration over an ellipsoid to
q (k)= > - paraboloid :
1-B,7

ifox =0y and
k; 3ox*cz >> 1
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Wigner of a single electron... / ' \
(3d Theory, time-frequency dependence ) \Q=RIES

(r — ct)kraq
et ox = 10, 6z = 8534,

FAST at FNAL
5000

Oscillations to W<0
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Wle
- ox = 3A, 0z = 853A
_ \¢&= Gaussian fit numerical
ooues] @@= Full theory

Gaussian fit theory kradin
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Wigner of a single electron...
(3d Theory, peak frequency shift)

_ kradBD
A3p = k
rad1lD Ny ny _
— 2
1008 Wie = W05 Tl_zsz — ka ) Tl_ZkWZ — kwy e Orad” e
1.008 H
1+ -B. 7w
Kradsda = @3p _—xﬂzo_\ K1z Orad = H3p 1'B—ZOnULz

10041 1-— 'BZO n 1+ :BZO

1.002
'

ox = 10A, 0z = 853\, FAST at FNAL

1002+

1.001F "~

ox/A
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Wigner of a single electron...(3d Theory, spectrum fit error)

Fit’s mean error %

BF i
_ | — 8531
40 | | 1‘.
y — 857
I 1 i 1 1"’| — 284A
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