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Abstract

Using the methods of statistical optics the formation of delayed X-ray pulses in the diffraction reflection of an incident pulse with
an arbitrary degree of temporal coherence from a system of parallel crystals with different lattice periods is considered. The results
are of interest for constructing delay lines in experiments with a time resolution of the pump-and-probe type and realizing of the
self-seeding mode to increase the degree of temporal coherence of the X-ray free-electron laser radiation.

A rigorous theory of dynamic diffraction in Bragg geometry is applied to the diffraction reflection of short X-ray pulses from a
system of two parallel crystals with arbitrary thicknesses, and also, for a system of two pairs of parallel crystals. The dependence
of the delay time and the intensity of the delayed pulses on the thickness of the crystals and the distances between them are
analyzed. Since the pulses from the X-ray free electron laser have high spatial coherence, i. e. a small angular divergence, but very
poor temporal coherence, special attention is paid to the effect of the degree of temporal coherence on the width of the energy
spectrum of the incident pulses and on the influence of this width on the intensity of the delayed pulses.

Keywords: dynamic diffraction theory, short X-ray pulses, delay line, temporal coherence.

1. Introduction

For X-ray studies of fast processes in atomic physics, condensed matter physics, physics of high
molecular compounds, etc., it is necessary to carry out experiments in the "pump and probe" mode in which
one pulse is exciting pulse and the second pulse that incident on the object under investigation with some
time delay, is a probing pulse. Lines of delay are also necessary for implementing the self-seeding mode, in
order to increase the temporal coherence and monochromaticity of X-ray Free Electron Laser (XFEL)
radiation.

With recent launch of European X-ray Free Electron Laser and construction of other free-electron lasers,
there’s a growing need for effective delay lines which can provide a series of coherent stable femtosecond
hard X-ray pulses. At the moment for time-resolved studies with XFEL pulses generated in undulator are
going to be sent on samples which will take snapshots of the changes in atomic structure of the sample [1].
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These 10—-100-fs pulses have a highly non-coherent temporal structure and travel with time difference of
200 ns arranged into bunch trains of 3000 pulses arriving with a repetition rate of 10 Hz [2]. The latter limits
the temporal resolution at which processes at sub-atomic level can be studied.

To control the delay time, delay lines were proposed in [3—6] consisting of a sufficiently large number
(from 3 [6] to 8 [3—5]) of separately located crystals in the reflection and transmission geometries, which
imposes stringent conditions on the constant wave-length of radiation, Bragg angles (45° in [3-5], =90° in
[6]) and the stability of the crystal position. In addition, in [3—6] there are no calculations of the shape and
intensity of delayed pulses.

Earlier, in our works [7-9], a dynamical theory of the diffraction of coherent [7] and random [8, 9] X-ray
pulses in crystals and multilayer structures was constructed. In [10] we showed that, due to the large spectral
width of the incident pulse of the XFEL, its reflection from the multilayer crystal structure and systems of
separated parallel crystals leads to the formation of a series of delayed reflected pulses.

In the present paper we consider a more general case, namely, diffraction reflection of pulses with an
arbitrary degree of temporal coherence from a plane-layered crystal structure and, in the simplest case, from
a bicrystal. Bicrystal is a crystalline film with a thickness | and interplanar distances d +Ad lying on a
substrate with interplanar distances equal to d. The need for such an analysis is due to the fact that XFEL
pulses have very mediocre temporal coherence which is characterized by the ratio AQ7, ~10*-10° where

AQ is the width of the XFEL pulse spectrum, 7, is the pulse duration. It is shown how the duration of the

incident pulse, the time of its coherence, the thickness and atomic periods of the crystal layers affect the
intervals between the delayed pulses, their temporal structure and the relative intensities of the delayed
pulses.

The results of this study may be of interest in constructing delay lines for carrying out experiments with a
time resolution of the pump-and-probe type and realizing the self-seeding regime.

In this paper two methods for generation of delayed pulses are studied. The first one is diffraction in
crystal multilayer structure (MS). Reflection from each layer results in a separate delayed pulses (Fig.1). For
the second way we propose a simple and effective delay line design, which consists of two plane-parallel
single crystals separated by some air gap L (Fig. 2).
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Fig. 1. a - formation of delayed pulses in crystal multilayer structure;
b - orientation of crystals required to maintain the same direction of pulse propagation after all reflections

At experiment it is important to keep the direction in which the pulses travel after reflection. Fig. 1b
shows that if the pulse is reflected from two same parallel multilayer crystals the direction remains the same
and the second reflection results in an additional delayed pulse. It is clear that reflection from a crystal with a
bigger number of layers will result in more delayed pulses. Also, variation of thickness allows for different
delays.

Another design of the delay line is presented in Fig. 2. Here, an incident pulse is reflected from two
distant parallel crystals. The key feature of this design is that various distance between crystals L results in a
different delay time. Also, if one takes thin crystals, it is possible to acquire delayed transmitted pulses.

The crystal thicknesses range from fractions to tens of the extinction depths, i. e. I}, «<5-100pum.

Crystals with a larger thickness are not advisable, since this will lead to an increase in the thermal load on
the crystal under the action of high-power XFEL pulses. Their interplanar distances differ by a certain small
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value Ad such that the distance between the peaks of the spectral Bragg reflection is several times greater
than the diffraction widths of these peaks. Since the pulses of XFEL are characterized by very comparatively
low temporal coherence, the energy spectrum of the incident pulse overlaps both diffraction peaks. As a
result, each crystal is reflective in its spectral region in the vicinity of Bragg wavelengths 4, =2dsiné, and

A, =2(d + Ad)sin @, where @ is an angle of incidence of the pulse with respect to the crystal surface, and is
practically transparent in other spectral regions (Fig. 2). The delay time At=2(l,+L)sinfg/C can be
smoothly controlled by simply changing the width of the air gap L, where g is the Bragg angle for the
crystal 1 and for radiation with a wavelength /;.
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Fig. 2. Schematic operation of delay line based on two distant crystals

2. Theory

Consider the incidence of a spatially limited pulse with an electric field E,(r,t) on the crystal or any

multilayer or multicrystal system. We will take into account that the XFEL pulses are characterized by a high
degree of spatial coherence (~0.71-0.95 [11]) and a very small angular divergence of Afp =0.2-0.4 arc.sec

[11]. This divergence is much less than the angular width of Bragg reflections of Afg~1-3 arc.sec (for
reflections (400), (220) and (111) from diamond crystals of radiation with a wavelength of 4 =0.1 nm [12]).
Therefore, one can use the wave packet model with an electric field Ej(t) = Ay(t)exp(—iapt), where Ay(t)

is the slowly varying field amplitude and «y, 1s the central frequency.

Statistical optics approach was used to describe the intrinsic random structure of the pulse. According to
[2, 11] a ~10-100 fs SASEI pulse consists of a set of spikes with estimated coherence time of ~0.2 fs.
In [8, 9] it is shown that this random field amplitude can be approximated as (Fig. 3):

A (1) = Fo(t)a(t), (1)

where Fy(t) is the incident-pulse envelope, a(t) is a random stationary process which average amplitude
<a(t)>=0, average intensity (dispersion) <a(t)a'(t)>=1land the temporal-coherence function
y(7) =< a(t)a’(t+7) > are independent of time t.

Let us write the random amplitude of a pulse incident on a crystal, Ay(t) in Eq. (1) as an expansion in a

Fourier integral:
Py = [ Ay(Qexp(-iQNAQ, 2)

where Q= w—ay), @y =27c/A, and the spectral amplitude
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Fig. 3. Schematic representation of random XFEL pulse
AQ)=(1/2r) Ay) exp(iQt)dQ. 3)

Since the pulse amplitude Ay(t) is random, Ay(€2) in Egs. (2) and (3) is also a random function. Since
each plane wave with an spectral amplitude Ay (£2) which is incident on a crystal and makes an angle

0 = 6g + A@ with the crystal surface, is reflected from the crystal (or systems of crystals) with the complex
amplitude coefficient R(€2), the reflected pulse amplitude is determined by the integral [7]:

+oco
AR(t)= Ay (Q)R(Q)exp(-iQt)dQ. 4)
Furthermore, we will assume for definiteness that the incident-pulse envelope Fy(t) in Eq. (1) and the

temporal-coherence function y(7) of a random process a(t) are Gaussians: Fy(t)= exp(—t2 / 102 ), where

7o is pulse duration, and y(7) :exp(—’[2 / r§), where 7. is the coherence time. The envelop spectrum

amplitude Fy(€2) and the spectral density G(2) of random signal a(t) are

2 2
Fo(Q)=—L ex 1), 6(Q)=="exp(-027 /4), 5
0()2/—” p( /) 2/—”13 c/ (5)
where spectral density according to the Wiener—Khinchin theorem is

G(Q)=(1/2m) y(7)exp(-iQ7)d7. (6)
For expression (1), one cannot use Eq. (4) in simple analytical form for calculation of reflected intensity

Ir(1) =|AR(t)|2 as the signal cannot be calculated due to its random structure. However, intensity of the

pulse can be derived with the use of statistical optics [9]:

r0)=(207)= | [ (A(@)%@))R@)R @)ew[-i(@-@)oase’, ()

—00 —0o0

where
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2. 62).2
e (-0)q (92+7%)z

(A (@) Ay (@)= —he— AT i B T T ®)

is the spectral correlation function [9], & = Tg / (21‘02) .

3. Results and discussion

One of the ways to generate coherent delayed pulses is reflection in multilayer crystals (Fig. 1). During
growth of diamond crystals, addition of boron dopant atoms increases interplanar spacing in a layer, which
leads to the difference of Bragg angles for thin layers grown on thick crystals. In [13], it was demonstrated
that such method results in separate Bragg peaks after doping of diamond crystal. For definiteness we
consider the case of X-ray radiation with the wavelength A =0.1 nm for all presented results. The
wavelength is chosen to be close to photons energy 12.4 KeV — first-harmonic signal of SASE1 channel at
European XFEL [2].

Fig. 4 shows spectral reflection curves for a semi-infinite crystal with a 10 um doped layer for two
different interplanar spacing Ad in the layer. It is clear that a larger interplanar spacing difference yields
larger Bragg angle and, accordingly, Bragg spectral frequency difference for layer and substrate. This means
that different spectral components reflect from different layers and gives two delayed pulses. Fig. 5 shows
temporal structure of a pulse reflected from a double-layer crystal (bicrystal).

Reflected pulses have roughly the same intensity because spectral density of random signal G(Q) is

much wider than wave-packet spectrum Fy(Q). That way each peak intensity is defined by the area under

each reflection peak, which is similar for both peaks, even though their peak values are different. As can be
seen from Fig. 5, for thicker layers dynamical effects are more significant, and it results in a more complex
temporal structure.

[R(Q).F,(Q).6()

T

2 qg/aq,

Fig. 4. 1 - incident wave-packet spectrum Fy of envelop with width, AQ = 2/2'0 ; 2, 3 - reflection curves for
Ad/d=2- 107> and Ad/d =5- 107>, respectively, d is interplanar spacing for undoped C(400),

Ad is interplanar spacing difference for the layer and substrate

Here 73 =5fs is duration of the pulse, i. e. the width of the wave-packet, thickness of the layer is
| =10 um, green and red curves represent different spectral components that will form separate delayed
pulses, 4 — spectral density of random signal G(Q), coherence time 7, = 0.2 fs

Growth techniques of multilayer crystals are still to be developed, as the interface smoothness is crucial
for the presented design, as well as absence of structural defects which are likely to be caused by dopants.
One should keep it in mind that delay pulses reflected at the same angles only in the case of symmetrical

Bragg reflection (see also [7]).
Above we considered the delay lines for XFEL pulses with a low degree of coherence, for which the

condition AQ >>AQp is satisfied, where AQpg :ab| ;(h|/ sin’ Og is the spectral width of the Bragg
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reflection, and y}, 1s the Fourier component of the crystal polarizability. It is also of interest to consider the
possibility of creating a delay line for high-coherence pulses obtained using the self-seeding scheme and for
which the coherence time is 7. < 7).

‘4LW(T) 1 ‘AR(I)2
= . -
" 2 3 J0.003
{ ’
N (VT
Sl | U o002
054 i
o L
| N v Hooo

-50 0 50 100 150 200
L fs
Fig. 5. 1 - wave-packet of an incident 7, = 5 fs pulse with 7, = 0.2 fs coherence time; 2, 3 - temporal structure of the
pulse after reflection from a double-layer crystal with layers’ thicknesses |} =1, =10 um and |; =1, =15 um, deformation is

Ad/d=2- 107 for both layers, C(400). Colored waists of the pulses depict delayed pulses generated by different spectral
components of the pulse for different thickness of the layer (Fig. 4, peaks 1 and 2)

In this case, the spectrum of the incident pulses sharply narrows. Therefore the bicrystal must be rotated
at such an angle A& with respect to the Bragg angle 6g, so that the maximum of the pulse spectrum lies
approximately in the middle between the reflection peaks from the film and from the substrate (Fig. 6). In
this case, the delayed pulses are formed as a result of the diffraction of radiation concentrated on the "tails"
of the incident pulse spectrum, which fall in the region of the Bragg reflection peaks from the film and from
the substrate. This situation is presented in Fig. 6. It can be seen, as in Fig. 5, as with the increase in the
thickness of the film, the delayed pulse shifts to the region of larger times.
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0 50 100 150 200
Time (fs)
Fig. 6. Panel a: 1 - spectral reflection curve with reflection peaks from the layer (/) and from the substrate (s);
2 - incident pulse spectrum; parameters: 7, =10fs, Ad/d =3- 10_5, A@ =-1.5arc.sec, | =50 um, C(400).

Panel b: 1 - incident pulse, curves 2 and 3 - delayed pulses at layer thicknesses | =20 um (2) and | = 50 um (3)
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It is easy to see that the delay time in the case of diffraction reflection of a pulse from a bicrystal, as it is
shown in Fig. 1 and Fig. 3-6, is determined mainly by the thickness of the upper layer: At=2lsinéfg/cC.
From a practical point of view, this is not very convenient, since for a smooth adjustment of the delay time, a
large set of bicrystals with different thicknesses | is required.

However, the situation is greatly simplified if instead of bicrystal we use a system of two parallel crystals
separated by a certain interval L, the value of which can be smoothly changed (Fig. 2). Moreover, instead of
such a very complicated procedure as ion implantation, one can use simple heating of one of the crystals to
change the interplanar distances in crystals. In this case, the relative change (deformation) is equal of
Ad/d = o7 AT, where o is the coefficient of linear thermal expansion, and AT is the change of a

temperature. At a temperature of 300 K, the coefficient of thermal expansion of crystal of synthetic diamond

s o =1- 107 [14]. Hence it follows that to ensure, for example, the magnitude of the crystal deformation

Ad/d=2-107° , as in Fig. 5, one of the two crystals needs to be heated only by AT =20°C.
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Fig. 7. 1 - incident pulse, 2, 3 - reflected pulses temporal structure for a=L =10 pm and a = L = 20 um, respectively.
Crystals have the same thickness of |, =1, =3 pm, diamond (400).

Reflected pulse intensity is presented on the right-side axis

Fig. 7 shows that different distance between crystals leads to different delays. However, at the moment it
appears to be impossible to grow crystals as thin as 3 um, so generation of desired smooth separate peaks is
not feasible.

Fig. 8 shows the delayed pulse curves for different values of the width of the gap L between the crystals.
It can be seen that the delay time At increases linearly with increasing of the distancelL . The pulses
intensities do not depend on this distance. It follows from Fig. 8 that there is some “dead” time delay
At = 130fs under the width of the gap L =0. This time is determined by the thickness of the upper crystal 2
(with deformation) in Fig. 2. To reduce the delay time, this thickness should be reduced. However, in this
case the intensity of the delayed pulse also decrease and the pulse shape change.

This problem can be solved in a simpler way. For this it is necessary in the second system of crystals to
interchange the crystals with deformation and without deformation. In this case, the “fast” pulse reflected
from the upper crystal with deformation in the first system of crystals at first falls on the ideal crystal in the
second system of crystals, passes through it and is reflected from the crystal with deformation. The delay
time of this pulse increases as a result of passing through an ideal first crystal. On the other hand, the
delayed pulse which is formed by reflection from the lower ideal crystal in the first system of crystals is

immediately reflected practically without delay from the ideal crystal in the second system. Thus, the delay
time can be reduced almost to zero.
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Fig. 8. Demonstration of the time structure of delayed pulses depending on the thickness L of the gap between the crystals.
Parameters: ||, =20um, |, =50um, Ad/d = 3x107, duration of the incident pulse 7, = 20fs, coherence time 7, = 2fs

To create an effective delay line, it is very important to be able to control the intensities of delayed pulses.

Let us consider this question in more details. As was shown in Section 2, the amplitude of the reflected pulse
is determined by the following integral relation

A(t)= [ A (Q)R(Q)exp(-i0t)do

where under the integral sign is the product Ay(2)R(€2) of the amplitude of the incident pulse spectrum
Ay(Q) on the spectral amplitude of the reflection coefficient R(€2) of our crystal structure. Therefore, to

change the amplitude Ag(t) of the reflected pulse, one can use the fact that the reflection coefficient R(£2)
depends on the crystal thickness, on the degree of deformation, on the reflection order, and the pulse
spectrum Ay(£2) depends on the pulse duration and the coherence time. In addition, the position of the

spectrum relative to the diffraction reflection curve depends on the angular deviation of the crystals with
respect to the Bragg angle.

Below we consider two possibilities for controlling the intensity of delayed pulses. Fig. 9 shows how the
relative arrangement of the diffraction reflection curves with respect to the spectrum of the incident pulse
changes with a change of the degree of deformation Ad/d . It is clear that the product of the curve of the
spectrum 4 by the diffraction reflection curve 1, which corresponds to the value of the crystal deformation
Ad/d =3x107°, is several times larger than the product of the weak “tail” of the spectrum (curve 4) by
curve 3 which corresponds to an increased degree of deformation Ad/d =9x107°.

The second possibility of controlling the amplitude of the reflected pulses is due to the fact that the
amplitude reflection coefficient depends on the crystal thickness, and specifically its magnitude increases
with increasing crystal thickness. Fig. 10 shows the spectral reflection curves for a fixed degree of

deformation Ad/d =4x107, but for three different thicknesses |, of the second crystal. It is clear that the
above product Ay(Q2)R(£2) in the region of the spectrum corresponding to the reflection from the second

crystal will increase with increasing thickness |, while the same product does not depend on this thickness
in the central region of the reflection spectrum € =0 from the undeformed first crystal.

43



V.A. Bushuev, L.A. Petrov / Resource-Efficient technologies 1 (2018) 36-46

-
=
<
N
>
=
2
) 04F
+~
=
—
0.2F
0.0 hmasststh
-0.004 0.000 0.004 0.008 0.012
Qlwy(%)

Fig. 9. Spectral curves of diffraction reflection 1-3 depending on the degree of deformation Ad/d, 4 - spectrum of the
incident pulse, 5 - spectrum of the pulse envelope; curve 1 - Ad/d =3x 10_5, angle deviation A@ =—4.2arc.sec;

curve 2 - Ad/d =6x107°, A@ =-8.4arc.sec; curve 3 - Ad/d =9x10~°, A@=—12.6arc.sec.
Parameters: |, =40um, |, =10um, 7, =20fs, 7, = 2fs, synthetic diamond crystals, reflections (400)
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Fig. 10. The spectral reflection coefficient (curves I-1II) for different thicknesses of the second crystal
(the thicknesses are indicated in the figure), the spectrum of the incident pulse (curve IV) and the spectrum
of its envelope (curve V). Parameters: deformation of the second crystal diamond crystals, reflections (400)

In Fig. 11 reflected pulse temporal structure is shown for three 20 pm-thick crystals. Here, stronger
dynamical effects compared to the case with thin crystals take place resulting in irregular temporal structure
and secondary peaks.
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Fig. 11. 1 - incident pulse (left axis), 2 - reflected pulse (right axis) in case of three 20 um-thick crystals positioned
at a distance of L =10 pm from each other
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The presented designs have a potential to generate delayed XFEL pulses at sub-100 fs level with regular
temporal structure. Also small number of optical elements required makes the introduced delay line easy to
operate. Unlike previously introduced delay lines [3—6], diffraction in only two crystals produces delayed
pulses. Moreover, the presented delay line allows for operation at any energy by simultaneous rotation of the
crystals, adjusting incidence angle to an arbitrary central energy of the incident pulse.

4. Conclusion

Thus, in this paper we analyze a simple X-ray delay line which consists of one and (or) two blocks. Each
block represents two fairly perfect crystals with thicknesses |; and |, and parallel to each other. The
interplanar distances in one of the crystals (for example, in the first crystal with thickness ;) differ by some
amount Ad from the other crystal. The distances between the crystals in the 1% and 2" blocks are equal to
L, and L,, respectively. The delay time for diffraction at the first block is approximately equal to
Aty =2(l; + Ly)sinfg /c. The minimum delay time is realized when L; =0. In other words, there is a so-
called "dead time" delay, the magnitude of which At; =2l;sinfg/cC is determined by the thickness |, and
cannot be made very small since the intensity of the diffraction reflection simultaneously decreases sharply.

The second block is necessary in order to preserve the direction of propagation of the delayed pulses with
respect to the incident pulses. If in the second block the first crystal is also a crystal with a thicknessl, , then
the delay time is equal to At =2At,, i. e. it increases. However, if the first crystal is the crystal with Ad =0
and whose thickness isl,, then the delay time becomes equal to the difference
At=2[(l; + L) - (I, +L,)]sinfg/c. It is easy to see that a simple change in the distances between the
crystals leads to the fact that the delay time can be positive, equal to zero (delayed pulses coincide) and even
negative (delayed pulses are interchanged).

Unlike previous schemes [3—6], this delay line can operate in a wide range of wavelengths which is
achieved by a simple rotation of all the crystals. In addition, calculations of the intensities of delayed pulses
in relation to the duration of the incident pulses, the coherence time, and the crystal thicknesses were
performed in this paper.

It is quite clear that in real situations there will be a number of problems associated with ensuring the
parallelism of the crystals, specifying the required deformation and also the quite possible non-stationary
heating of all crystals under the action of a powerful thermal load due to the partial absorption of the energy
of the incident pulses. These and similar questions require further investigation.
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