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The brief plan:

1. The basic parameters of XFEL pulses

2. Pulse propagation in free space

3. Features of diffraction of femtosecond X-ray
pulses in Bragg and Laue cases

4. Influence of statistical properties of XFEL
pulses on diffraction reflection and

transmittion
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X-ray Free Electron Laser (XFEL)

Projects: 1. European XFEL (Germany. Hamburg)
2. LCLS (USA. Srenford)
3. Japanese XFEL (Japan. SPring 8)
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The scheme and arrangement of XFEL elements

SASE - Self Amplification Spontaneous Emission
(“camoycunuBarwasacsa cnoHTaHHasa amuccusa’).



SASE-1 XFEL parameters:

E ~ 17 GeV, At~ 100 fs, 1, ~0.1-0.2 fs,

ot~ 0.3-0.51s; r,~ 50 pm, AO = 1 prad =

=().2 arc.sec, Pmax~= 10 GW, P~ 40 W,
Photons per pulse - 10> Sxper _ 9
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Time structure of a single XFEL pulse
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Geloni G., Saldin E., Samoylova L., et al., New Journal of Physics 12, 035021 (2010).



Time structure of a single XFEL pulse fragment
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The field of XFEL pulse
E(r,z,1) = A(r, z, 1) exp(ikgz — img!)

Lo (r,p.t,t) =< A(r, :jr')A*(r +p.2,f+T)>

XFEL pulse 1s non-uniform in space and non-stationary
in time, since its correlation function depend on r and 7

(Wiener-Khinchin theorem does not “work”)

0 0
A(r.z.ty= | [Ag(q.Q)expliqr —iq*z/2k —iQt — =/ ¢))dqd<

—0 — 0

where k = (0, + Q)/c |kz = \/kz —q* ~k—q* 2k

The spatial coherence of XFEL at z=0 is practically full !!



Spectrum of the XFEL single pulse
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Unusual time coherence function
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Unusual time coherence function
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If amplitude A (r, f) = B (r)A(?), then
A(r,z,t) = B(r,z)A(t—z/ c)

B(r.z)= [B,(¥)G(r—r'.z)dr’

where GG(€) = (ihz)'exp(in&?/A,z) - propagator

Problem: influence of time coherence
on the spatial coherence ??

2, = 2(0,/AQ)k,r,*
If AQY/w, ~ 10-3, source size ry,> 10 pm, then
critical distance Z. > 10 km




The time structure of the pulse does not vary,
i.e. does not depend on the distance z

A(r,z,t) = B(r,z)A(t—z/c)
Ff()f(r:: pzrar) — Fp(r:r p)r(t,,’t)

XFEL _rc}______———-'—"'_-‘— n'distancez

~ 30 p,n_l_

—_—
—

ﬁ_

Z~ 1000 m ~lmm
Gauss pulse size r,(z) =r M,

spatial coherence lenght p,(z) = p,M : Reduction of the

| intensity density:
M(z)=[(1+agD)* + D* + 2DW]”2| { _— }2
— 400

S0uUm

where D = Az/2nr 2, W= Nz/np,>




Film: (x,y) pulse structure at t=150-158 fs
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Reflected pulse
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Short pulse diffraction

A
A6, ~ — - angular width
| 2r
, 2 |
AOgpecy = o spectral width

For effective diffraction it is need:
AO < AO,, Ao/ < A0 ctgd,

If A~1A,AQ,~1 arcsec =3 prad, then it must be
“_I()um T, = 10 fs

0—

However for XFEL t,~ 0.1 fs !!!
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Laue case
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AD = — [A—m]thB Disintegration of the

pulse In the space !!!




Laue-reflection of two supershot pulses (“spikes™)
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Bragg-case, b=-1 Laue-case, b=1
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Double-crystal Laue-monochromator

X-ray pulse

AR(1) = TR(Q)A(Q)exp[—z‘(p(Q,,r)]dQ !!

GO




Why is the Laue-geometry ??
Laue-case
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1 mm O_ ’ _O—-T-pulse
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Temporal correlation function of the reflected pulse:

[p(t,1) =< Ap(1)Ap (1 +1) >

Pulse intensity: /5 (f) =< ‘AR (_z‘)|2 >= [ 5(7,0)

Ce(tt) = | | 2(Q.Q)RQ)R (Q)D(Q Q- 1. 1)d QY

—Q0 —0Q0

where g(Q, €2') is a spectrum correlation function of the
iIncident pulse:

2(Q, Q) =< A(Q)A"(Q) >

Temporal coherence function of reflected pulse

 Tr(n0)
() [ R(D)I g (1+7)]"2




Simple model for non-stationary SASE radiation
with random sub-structure:

The pulse amplitude
A() = F(D)a(o),

where F(f) 1s the envelope profile of a pulse and 1s a regular
function of time 7.

a(f) 1s a random stationary process. for which the mean
<a(t)> = 0, intensity <a(f)a*(f)> =1 and correlation function
N 7) = <a(f)a*(r +7)> are time-independent.

For such a random signal <a()a*(£2)> = G(L2)NLL2— (D),
where, according to the Wiener—Khinchin theorem. the signal
spectral density 1s

(€)= (1/2m) Iy(r)e:{p( —iQ1)dr.
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Bragg diffraction in Laue geometry of an incident pulse (/)
with duration T, = 100 fs and coherence time t. = 0.16 fs after the
first (2) and the second (3) monochromator crystals. diamond(111).




Two-fold Laue-reflection of the XFEL pulse fragment
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Diffraction reflection of XFEL pulse fragment (by M. Yurkov calc.)
on two crystals in the Laue-geometry: crystals thickness is 98 pum.



Incident: 0.3 fs
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Simple method of coherence time measurement
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Bragg case, diamond(111), b= 1 R
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Crystal thickness L =20 pm, A = 0.1 nm, t,=20{s, T, = 0.22 fs.
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Intensity (a.u.)
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Time coherence functions
Bragg case, diamond(400), b = 1
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Incident pulse intensity (a.u.)

Non-symmetrical Bragg reflection
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Coherent pulse, C(400), L=20pm, A=0.15nm
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Coherent pulse, C(400), L=20pm, 2=0.15nm
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Intensity (a.u.)

Noncoherent pulse, C(400), L=20pm, ~=0.15nm
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3aknroueHue.

1. Ha paccTtosHusax, peanusyemMmbix B EuroXFEL,

nroxas BpeMeHHasi KOrepeHTHOCTb UMMNYNbCa
He BITUSeT Ha ero NPOCTPAHCTBEHHYIO KOFePeHTHOCTb

2. OTpaxeHue oT ABYKpaTHOro Jlaya-MmoHoOXpomaTopa
NPUBOAUT K YMEHbLWEeHUIOD UHTEHCUBHOCTU UMMYTIbCa
Ha ABa nopsaka 6e3 uckaxeHmsa popmbl UMMNynbLCca

3. Dopma hbyHKLMN BPEMEHHON KOTEePEeHTHOCTHU
MEHSIeTCS CYLeCTBeHHbIM 00pa3oM, MHTEerparnbHoe

BpeMsA KOrepeHTHOCTU yBenuuuBaeTcs NouTu
Ha 2 nopAakKa

4. NpeanoxeH NPoOCTON MeTo4 U3MEepPeHUsa BPpeMeHu
KOrepeHTHOCTU NOo AaHHbLIM UHTErpanbHbIX UHTEHCUB-

HOCTEeW nagarLwero u OTPpdXeHHOIro MmMnNynbCcoeBe
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