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Abstract

The interaction of an X-ray free electron laser (XFEL)
with a Bragg Reflector can cause a change of the lattice
constant, which has a direct influence on the stability of
the reflection conditions [1] and can also excite modes
of vibration [2]. The dynamical thermoelastic effects of
the photon-matter-interaction are simulated with a finite-
element-method (FEM) using the assumptions of contin-
uums mechanics. To compare the simulation results with
measured signals, a Michelson interferometer with ultra-
fast photodiodes (risetime < 175 ps bandwith > 2 GHz ) has
been built up. To test the experimental setup in an in-house
environment a pulsed UV laser is used to introduce a tem-
poral displacement field in a silicon crystal created by about
0.26 pJ of absorbed energy. The measured signal is in agree-
ment with the FEM simulation and has shown that if averag-
ing over thousands of pulses is applied a resolution < 0.5 pm
is feasible. This makes this experimental setup useful to
investigate the X-ray-matter-interaction of Bragg reflectors
at modern X-ray facilities.

INTRODUCTION

When electro-magnetic fields are interacting with an X-
ray Bragg reflector, the absorbed part of the energy will
cause a change of the local thermal energy of the crystal.
Due to thermal expansion this also affects the value of the
local lattice parameter, and due to Bragg’s law this has a
direct influence on the reflection conditions. To investigate
such effects one method is to directly observe the temporal
change of the lattice by using X-ray radiation [1]. How-
ever, for this experimental method a modern X-ray facility is
needed where the beam time for experiments is mostly lim-
ited. An alternative method could be to use optical methods
like thermoreflectance [3], the knife-edge method or interfer-
ometry [4]. In the present work a Michelson interferometer
is tested in terms of the requirements for such a measurement.
For the first test measurement, a pulsed UV laser introduced
temporal change of the displacement on the backside of a
silicon crystal was detected (Fig. 1). The temporal develop-
ment of the displacement can be simulated with numerical
methods like the finite-element-methode (FEM), which can
solve the coupled partial differential equations of thermoelas-
ticity using the assumption of continuum mechanics. These
results can be compared with measured displacements such
as presented in the present paper. This is useful to investigate
the stability of an X-ray free electron laser oscillator [5].
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EXPERIMENTAL SETUP

To built up a Michelson interferometer a linear polarized
continuous wave laser operating at a wavelength of 532 nm
is used. As illustrated in Fig. 1 polarizing beamsplitters
(PBS) in combination with rotatable wave plates (1/2 and
A/4) give control over the intensity, which is transmitted
or reflected by the PBS. Film polarizers (FP) reduce the
amount of intensity, which reaches the photo detector areas
to the desired value. A PID controller stabilizes the working
point of the interferometer by controlling the position of the
mirror in the reference arm of the interferometer. Spherical
lenses are used to collimate and focus the beam in a way
that the focal plane lies on the surface of the silicon crystal
and at the detector areas. Also the focal spot at the detector
area is reduced to a size which is smaller than the area of the
detector. The 1/4 wave plates are adjusted such that the total
amount of the reflected beam of both interferometer arms
goes into the direction of PBS3. The setup is adjusted in a
way that the beam waists coming from each interferometer
are equal. The beam size at the focal spot lying on the surface
of the crystal and the reference mirror is wy=25 pm.

Michelson Interferometer
Probelaser

532nm CW IRty

Isolator 2 PBS1

Balanced
Photodetector

|Beam
Expander

Digital Storage Oscilloscope

=

Figure 1: Pump-probe setup with Michelson interferometer.
For a detailed description see the text.

Single Crystal Silicon

-l PBES

D A

PDmg j‘
Pumplaser
213nm tp=1ns

The electric field amplitude and phase of the probe laser
is described by using the Jones calculus:
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Following Maxwell’s equations the intensity in this case
j is proportional to I ~ E' . E. With the 1/2 plate before the
Z PBS2 the intensities coming from each interferometer arm
a are adjusted to be the same. Therefore the Jones vectors for
2 the beams become:

> E()Ei(p' 2 0
‘11:( 0 )’ JZZ(EOeilﬂz ) (2)

Because the polarization states are perpendicular the
beams won’t interfere with each other. The intensity at this
point is I ~ 2E8. The fast axis of the 1/2 plate before PBS3
makes an angle of ¢=or /8 with respect to the horizontal axis
(x-direction), which gives considering the Jones Matrix [6],
the following change of J; and J,:

her and DO
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The PBS3 transmits the vertical (y-direction) and reflects
the horizontal (x-direction). So the transmitted intensity
becomes I;, ~ E%(l — cos(gp, — ¢1)) and the reflected
< E%(l + cos(¢> — ¢1)). The phase difference
B ¢p=¢, — ¢ can be calibrated by changing the position Az
& of one interferometer arm while holding the position of the
2 other constant: ¢=%722 To achieve the optimal amplifica-
5 tion performance of the balanced photo detector (BPD) both
2 channels needs an input signal of 600 mV. This demands
Z that the intensity of working point as well as the intensity
& reaching PD,.; must be adjusted with the help of the 1/2
§ plate before PBS1 and FD1 in a way that 600 mV reaches
© each channel of the BPD. This calibration results in an output
3 31gnal of 0mV if no pump signal is present. The reflected
8 part of PBS3 is used to adjust the working point at the value
=) = between constructive and destructive interference. The con-
 sidered displacements to be measured with this setup are
M below 1 nm, so the relation between voltage and displace-
8 ment can be considered linear. The UV laser operates at a
£ wavelength of 213 nm and emits pules with a reparation of
8 1 kHz and a pulse duration of ~1.5 ns. With a thermal power
é meter an average power of 0.8 mW has been measured, and
{‘;’ the pulse energy therefore is 0.8 uJ. Each pulse sents a trig-
< ger signal to a digital storage oscilloscope. The measured
; signal has been averaged over thousands of sweeps. The
5 beam profile can be expressed with by a multi-Gaussian
"O
2 8 radial symmetric distribution and has been measured with
2 an UV converter in combination with a beam profiler. The
z displacement signals created by the UV laser is measured
E with an ultrafast photodiode with a risetime < 175 ps. In this
§ work the first 60 ns after the arrival of the UV laser pulse
«» are measured. The results can be seen in Fig. 2 (a) The sub-
= plot shows the first 10 ns before the trigger signal, where the
S displacement should be zero, indicating that the accuracy of
E the interferometer is below 0.5 pm. The silicon crystal has a
‘q"é area of 4mm x 10 mm and a thickness of 100 pm
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NUMERICAL SIMULATION OF
DISPLACEMENT

The coupled non-linear! partial differential equations of
thermoelasticity considering the infinitesimal strain theory
under assumption of continuum mechanics and the Fourier
heat law are used to simulate the displacement field of the
above described measurement. Thermal losses by convec-
tion and radiation of the material surface are neglected. The
simulations where carried out with the FEM software COM-
SOL Multiphysics® using the coupled solid mechanics and
heat transfer in solids module. The absorption coefficient
at 213 nm has a value of 1.7884 x 10° cm™! for silicon [7].
Due to the high value of the absorption coefficient the tempo-
ral and spatial function of the UV laser pulse is considered
as a boundary heat flux:

E
1) = abs
Q1) ZW(AU% + BU%)

2 2
[Ae 271 4 Be 273 ]f(t) . @

The choice of multi-Gaussian function was necessary
considering the measurement of the beam profiler. The
data has been fitted to Eq. (4) using the software Origin®
giving the values A=0.00544, B=0.01059, ¢,=57.634 pm,
0,=18.748 pm. The function f(¢) in Eq. (4) is the temporal
profile of the laser pulse. The integral of this function is
normed to unity and contains discrete values, which have
been measured with a fast photo diode. The interpolation be-
tween the values is piecewise cubic. Due to the refractive in-
dex 1.1222 and extinction coeflicient 3.0314 [7] of silicon the
reflectance is 0.67218 and therefore only E,,;,,=0.26 1] are
absorbed in the crystal. The temperature dependent values of
thermal conductivity [8], thermal expansion coefficient [9]
and the heat capacity [10] of silicon were taken from the cited
publications. The following material parameters are consid-
ered temperature independent and taken fron the COMSOL
material library: Poission’s ratio ¥=0.28 Young’s modulus
Y=170 GPa, p=density 2329kg/m3. A radial symmetric
simulation is considered with a mesh covering z=100 pm
and r=700 pm. The mesh has quad elements of size=2 pm
and a distributed boundary layer mesh at side where the heat
source is applied.

The results of the simulation have shows that the strain
0, is about 1073 and the strain o, in the range of 107°.
This shows that even small energy amounts (0.26 pJ) could
have a significant effects considering the stability criteria
for Bragg reflection because even strain of 10~7 can have
noticeable effects on a Bragg reflection [1]. The dips in
Fig. 2 (a), which occur in the measurement as well as in the
simulations around 33 ns and 56 ns, give a time distance of
23 ns, which matches the time 23.5 ns observed by dividing
twice the crystal thickness 100 pm by the longitudinal speed
of sound v, = Y/p. The cause for this periodical dips
are longitudinal ultrasonic waves, which are created by the
dynamical thermal expansion due to the absorption of short
laser pulse radiation. The ultrasonics are propagating with

! Temperature dependence of material parameters is considered
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Figure 2: (a) Comparison of the measured signal with FEM simulations. The broken line is the measured amplitude scaled
to fit the simulation results. (b) Simulated displacement field inside the silicon crystal 17.1ns after the photon matter
interaction. The UV laser pulse arrives at z=100 pm with center (maximum intensity) at r=0 pm. The arrows are normed to
a fixed value indicating the direction of the total displacement. The color code is set symmetric with white being the zero
value. Maximum and minimum values are marked u,,,,=47.43 pm (red dot), u,,;,=—9 pm (blue dot), w,,,,,=122.2 pm (red
dot), w,,,;,,=—5.4 pm (blue dot). (c) Temporal evolution of the deformation energy, kinetic energy and the temperature value

at r=0 pm, z=100 pm.

the speed of sound and are reflected at the boundaries of
the crystal [11]. The simulated displacement at the backside
illustrated in Fig. 2 (a) shows a similar form as the measured.
However, the amplitude of the measurement is significantly
smaller compared with the simulations. The reason could
be that the used UV laser, after operating for some time,
shows an intensity jitter, which lowers the mean energy per
pulse. The general rise of the over all displacement, which
is observed in the measurements as well as in the simulation
can be explained by considering Fig. 2 (b). It shows the dis-
placement field in the r and z direction at a time step 17 ns
after the UV laser arrival at the top surface (at z=100 pm).
The absorbed laser energy causes a rise in the temperature
at the top of the crystal. Due to the spatial profile (Eq. (4))
of the laser the maximum temperature will occur at r=0 pm
(Fig. 2 (c) ). Due to thermal expansion, this causes a displace-
ment field illustrated in Fig 2 (b). Because of the boundary
conditions at the top (z=100 pm), the displacement w (in
z-direction) will move upwards (positive z direction) and the
displacement u (r direction) will move away from the center.
However at the bottom (z=0 pm) the temperature is nearly
the one of the initial value. This causes the backside of the
crystal at r=0 pm, z=0 pm to move upwards. This is the area
where the interferometer measures the displacement.
Considering the deformation energy and the kinetic en-
ergy? in Fig. 2 (c) it is seen that most of the deformation
energy is caused by the thermal strain. The kinetic energy
is about 0.025 pJ. The repetition rate of the laser is 1 kHz.
Considering the crystal as a cantilever the first mode would
be f=1.38 kHz. To have a rough estimation, which mean dis-
placement u,, amplitude the crystal might have, the formula

2 For definition of the deformation energy and kinetic energy see [2]
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for kinetic energy is considered: 0.5M (277f)%u2,. With the
mass of the crystal M=9.3 mg, u,,, is some tens of nanometre.
However, in this estimation passive damping is not consid-
ered. An observation of the measurement is, that at the start
the displacement is nearly zero, which shows at least that
the signal is not affected by vibrations. However, the mea-
sured signal is averaged and therefore further investigations
considering mechanical vibration have to be carried out.

DISCUSSION AND OUTLOOK

Some of the assumptions made for the simulation like
the Fourier heat law might not be not fully valid for the in-
vestigated system, e.g diffusion of the excess electrons and
holes have to be considered. However, except for the modest
amplitude scaling factor, the quantitative and the very good
qualitative agreement between measurements and simula-
tions indicate that the present results are a good starting
point for more detailed investigations of Bragg reflectors
with interferometer techniques.
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