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CopepkaHue

1. BBeaeHue (XFEL, SASE)

2. CTaTUCTUYECKUe XapaKTepucTuKu
mMmnynbcoB XFEL

3. NNpoxoxpaeHne KorepeHTHbIX U HeKOorepeH-
THbIX UMNYJLCOB Yepe3 Kpuctarns B reo-

MeTpuun audpakumm bparra

4. Cxema self-seeding anga nony4yeHus y3Koro
cnekTpa umnynbcoB XFEL (T.e. KorepeHr-
HbIX uMmnynbcoB XFEL n cHuXxeHusA
TEensIoBOW Harpy3ku Ha anemeHTbl PO)



Basic principles of X-ray free electron lasers

Long undulator (15-150 m) 500-900 m
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E,, ~10-15 GeV pulses
Self-Amplified Spontaneous Emission (SASE)

3. With complete micro-bunching
all electrons radiate 1n phase.
This leads to a radiation power

growth as V2.

2. The shot noise of the electron
beam 1s amplified to complete
| micro-bunching.

E [J]

. 1. All N electrons can be treated
10 o .y
L o O Gk i as individually radiating charges,
w1 and the resulting spontaneous
0 2 4 6 8 10 12 14

emission 1s proportional to N.



Log Beam Brilllance

AFEL-SASE & XFEL-O
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Obwasa BpemeHHas cTpyKktypa usny4dyeHmsa XFEL

60 - | (a) -

P (GW)

20 -

0 -

10-100 fs XFEL SASE 1

2700 pulses 2700 pulses Time

i Lo .
100 150 200 250 300
f (1s)




BpeMeHHaa cTpykTypa pparmMeHTa umnynbca XFEL

60 - M([)ng‘?g “ snlkemo‘l'oztg‘
| |
;J | ol o
o], |
&20_ \rv \ﬂl Vr
H"VJ\//H”*/H\UM/N“ u/\ H‘TM
T80 12 134156 158 160
¢ (1s)

E.Saldin, E. Schneidmiller, M. Yurkov, The European XFEL TDR - DESY 2006-097 (2006).



CnekTp cnyyaHoro umnynbca XFEL

60 . . 1 . . . . . ,
For coher. pulses. For XFEL pulses:
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E.Saldin, E. Schneidmiller, M. Yurkov, The European XFEL TDR — DESY 2006-097 (20086).



PYHKUUA BPEMEHHOU KOrepeHTHOCTH
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1. From the definition and
calculated values of A(f)

(A(t)A* (1 + 1))
T) =
JI(OI(t+7)

2. As the Fourier-transformation

—>

of the pulse spectrum

V(1) = TS (0)e do




®PyYyHKUMNA BpeMeHHOU KorepeHTHoCTU XFEL

(as a result of various realizations of the complex XFEL SASE1
field amplitude according to calculations of M. Yurkov at al.)
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Temporal coherence function
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Time T, fs V.A. Bushuev (2008)




N3nyvyeHune SASE XFEL noyTu nonHoOCTLIO
NPOCTPAHCTBEHHO (NONepeyvYHoO) KOrepeHTHo

o*Paial 100 - 300um,

coh

BpemeHHana (NnpoaosibHasA) KOrepeHTHOCTb O4Y€eHb
HU3KasA U3-3a cTapTa oT APOOOBOro wyma

temporal

... ~0.05um,

AE/E ~ 103, AE ~ 10-30 >B




TTone umnynbca XFEL

E(r,z,t) = A(r, z,t)exp(ikyz —iogt)
where A(r, z, ) 1s the slowly varying random and complex

pulse amplitude; r = (x, ) is the point coordinate at an
arbitrary plane at a distance z; k£, = o/c =27/A,,.

L, (r.pt,t)=<A(r.z.0)A (r +p.z.1 + 1) >
tot\I'>P p

1S the so-called mutual coherence function (MCF), that
describes the correlation between electric field at diffe-
rent points r and r + p and at different times 7 and 7 + .

The mutual coherence function of the pulse can be written as a product
of two correlation functions (spatial and temporal):

rf()l‘(r: P, T) = Fp(r: p)L(z,7)




Odudppakumm criy4yamHbIX UMNYJILCOB
B MOHOKpucTtannax (®dypbe-chbopmanusm)

Slowly varying amplitudes of R- and 7-pulses are defined as

Ac(r,2,1) = [[C(q.Q)4;,(q, Q)e'* P dqdQ

where complex amplitude coefficients C = R(q,€2) 1s for reflection, and
C = 1T(q.€2) 1s for transmission of a plane monochromatic waves. Phases
¢, and ¢, describe the pulse propagation and diffractive broadening

in the free space after retlection and transmission.

Spectral amplitudes 4. (q, €2) are also random.

V.A. Bushuey, J. Synchrotron Rad. 15, 495 (2008).
V. Bushuey, L. Samoylova, Nucl. Instr. and Meth. A., 635, S19 (2011).



BpemMeHHaa koppensauuoHHasa pyHKL KA
oTpaxeHHoro (R) un npowepauwero (7) MMNYNbCOB:

[ (2,7) =< Ap (1) Ap(t + 1) >

[ (f,7) = T Tg(Q?Q')R(Q)R*(Q')CD(Qj Q' 1,7)dQdQY

— GO0 — a0

roe g(Q2, Q') — cnekTpanbHaa KoppenaunoHHaa pyHKLUUA
nagaroLlero UMnynbca, KotTopasa coBrnagaeT ¢ KoppenaunoHHON
OyHUMen nanyyeHmna Ha ebixoge ns XFEL:

g(Q, Q) =< A(Q)A"(Q') >

See in more details in our papers:

1. V. Bushuey, L. Samoylova, Nucl. Instr. and Meth. A., 635, S19 (2011).
2. V. Bushuey, L. Samoylova, Cryst. Rep., 56(5), 819 (2011).




Ctatuctunyeckaa moaenb umnynca XFEL

T
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F(t) = Fyexpl-1* /27

V. (T) = exp(— T /’ci)
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i N2 2 2 12 2 |
2(QLO) = Tl exp (2-Q) 15 (27 +Q2 7)1,
4 j1+¢ 4(1+¢) 8(1+¢&)

rae & =1 ?%/(41,%), T, - VINTEJIHLHOCTH HMILY./IbCA,
T, - BpeMsl KOIepeHTHOCTH.

Lea npeaenbHLIX cny4vas

1. T, >> 1, - NpakTU4eckn NOJNTHaA KOrepeHTHOCTb:!

g(Q, Q") ~ F(Q)F(C2"), roe F(Q) — CMeKTp orndarollen nmnyneca,

F(Q)= exp(—£2 ’50/2)

\/ﬂ

2. 1, << 1,— crnabas KorepeHTHOCTb:
g(Q, Q") ~ 6(Q2 — Q")G(Q), rae G(£2) — cneKkTp cnanKkos,

T 2,2
G(Q) =—=exp(-Q271. /4
(£2) e p( )




Cxema gudpakuum B reomeTpum bparra

Bragg case

Incident XFEL
pulse




DOYHKUUA BPEMEHHOW KOrepeHTHOCTHU npoLueamnx
MUMMYNbCOB

[7(2,7)
I (DI (1 +7)

yr(t,1)=

UHTerpanbHoe BpeMsa KorepeHTHocTU (MaHOenob):

LTcon (t) — HYT (I?T)‘zd‘t




Self-seeding scheme with wake monochromator
for narrow-bandwidth X-ray FELs

[1] G. Geloni, V. Kocharyan, E. Saldin, DESY 10-053 (2010)
weak chicane
T cells 12 cells

P

shot undulator

f SASE wake monochromator output self-geeded

.

coher. undulator X-ray pulse

noise

Noncoher. £ J" '
incident s / Noncoher.

Coher. part T-pulse
ul
pulse of T-pulse

X-ray
signal Bandwidth down to 10-°

OTMeTUM, UTO KaKoOn-nMdo aHanus3
(PYHKLUU BpeMEeHHOU KOrepeHT-
HOCTU UMMNYJNbCOB, NpoLlealWnx
yepes Kpuctann B reoMmeTpum
bparra, B pabote [1] u ap. nyonu-
KaLuusax oTCyTCTBYeT.

V. Bushuey, L. Samoylova, Cryst. Rep., 56(5), 819 (2011).



G. Geloni, V. Kocharvan, E. Saldin, A simple method for controlling the
line width of SASE X-ray FELs, DESY 10-053 (2010).
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[poxoxaeHune B cnyyae bparra AT(Q)=T(Q)- T, Bragg case >
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Spectral transmission curve |T(Q)J?2 (1) and a spectrum of the

incident pulse S(Q2) (2). Parameters: A, = 0.15 nm, T, = 0.15 fs;
diamond, reflection (400), crystal thickness /= 100 pm.



[lpoxoxnoeHue B reometTpuun bparra

Intensity, a.u.
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Spectral transmission curve |T(Q)|2 (1) and a spectrum of the

incident pulse S(Q) (2). Parameters: 1, =0.15 nm, t = 0.15 fs;
diamond, reflection (400), crystal thickness /= 100 um.




[poxoxaeHue ynbTpa-KOPOTKOro UMnyrhbca

i T =T . = 0.15 fs |
EE Crystal thickness, pm:
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Intensity of pulses /(f), transmitted through the crystals with
various thickness in conditions of ultra-short incident pulse with

time duration T, =T

soike = 0.15 fs.



A Tenepb 0 CAMOM TJIGBHOM. . .
L,,0=A+A,+. 5 I, . @O=I+I,
B Halwem cny4yae:

A (=T, A () + [A (QAT(Q)e " dO

ATQ)=T)-T,
B obnactn t > (2+3)t,, rae A, (f) ~ 0

<AT () Ay (1 + 'c)> ~ Tsm QAT Q)] ™7 dO

BpEMFI KOIrepeHTHOCTMh npouweawiero uMmnyisibca

T~ I ﬁ(zo_zs)fs BGBMCMT oT BpeMeHM

AQ, (cm. cnen. cnava)
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Brvanue tonwuuHer kpucrtanna (KOpoTtkMm UMNYSbe)

1E+2 Tpulse=1 O fs
1E+1 Crystal thickness:
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HureHcuBHOCTH HMILYJI6COB [ (7), MpomIeAIINX Yepes KPHCTALIbI
¢ TommuHaMu S0, 100 1 200 mxm. /limuressbHocTh HMIyJibca 10 ¢,
BpeMs KorepeHTHOoCcTH (.22 dc.
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To xe CaAMOC, UYTO H Ha NIpeAbLAYIHEM PDHC., HO B JIMHEHHOM
MaclITaoe AJIH MHTCHCHBHOCTMH.



BnuaHue tonuwumHer kpuctanna (ANUHHBIA UMNYIbC)

1E+2 msan T =100 fs
——R ulse
...‘ P
1E+1 Crystal thickness:
. ———=- 20 um
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NHTeHCHBHOCTH MMITYJIbCOB /. (f), MpoleIInX Yepes KPHCTALIbI
¢ TomuuHoi S0, 100 m 200 mxm. /llIuTe IbHOCTH Ma arolIero
umnyJjbca 100 ¢gpc, Bpems xorepentHocTH .22 do.
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Toxe camoe, uTo H Ha npeabIyHIeM Puc., HO B JIHHeliHOM
macuitade (pparment npu £ > 150 ¢c).



Bnuanue BPpeMEHU KOINrepeHTHOCTU
1E+2

Crystal thickness 50 um,
Pulse duration 10 fs,
Time coherence Ty:
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Bimmsinue BPCMCHH KOI'CPCHTHOCTH HA HHTCHCHBHOCTD T -HMILYJ/IbCA.
TO.T[].l[lf[Hﬂ KpHCTaAJLVIA [=50 MEKM, IJINTC/IBHOCTD MMIIY/IBCA

T, =10 ¢c, Bpems xorepentHocTH T, = 0.1, 0.2 1 0.3 dc.



Bnuanue KOS PULUUEHTA ACUMMETPUUN OTPpAXEHUA
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Binsinne BeTMYIMHBbI K03 dHuueHTa acHMMeTPHI HA
HHTEeHCHBHOCTH 11 ¢opMy npomeamero nmnyjanca XFEL.
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Brmmsinne BeTHUNMHBI KOY(QdHIHEeHTa aCHMMETPHH oTpaskeHus b Ha
G YHKIIHM BpeMeHHOH KOrepeHTHOCTH IMpouleJIIHX HMITYJIhCOB B
OKPECTHOCTH MOMCHTA BPEMCHH =150 (l]C, NOKA3AHHOI'O Y€PHbBIMMH
KpY/KKaMH Ha IpeabIayleM pHCYHKe.




OCHOBHbIE pe3ynbTaThbl:

1. B pamKax cTaTUCTUYECKON ONTUKN pacCMOTPEHO BIIUAHUE
andopakunm Ha QYHKLMIO BPEMEHHOW KOrepeHTHOCTH
cniydanHblX mnynecoB PJICS, npowealumnx Yepea Kpuctans

B reomeTpumn Bparra

2. quHamunyeckasa gmdpakums B KpucTtaniax CyLLeCTBEHHO
N3MEHSIET hopMY NPOXOAALLMNX UMIMYIbCOB U BUA PYHKLIMY

BPEMEHHOM KOrepEHTHOCTM MO CPaBHEHMUIO C rayCCOBbIMY
dYHKUMAMKN 4119 nafatolmx UMMynbCOoB, a TakKe NpUBOANUT
K YBENMYEHUIO Ha 2 NopsaKka BPEMEHN KOr€PEHTHOCTN.

3. OyHKLUMA BPEMEHHOW KOrePEHTHOCTM NPOXOAALLMUX UMMYSIbCOB
3aBUCUT HE TOSBbKO OT Pa3HOCTU apryMeHToB t =t — ', HO
TakkKe U OT BPEMEHM .
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