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Zone plates are high quality optics that have the potential to provide diffraction-limited nano-focusing

of hard X-ray free electron laser radiation. The present publication investigates theoretically the

temperature behavior of metal zone plates on a diamond substrate irradiated by 0.1 nm X-rays from the

European X-ray Free Electron Laser. The heat transfer in the optic is simulated by solving the transient

heat equation with the finite element method. Two different zone plate designs are considered, one

small zone plate placed in the direct beam and one larger zone plate after the monochromator. The

main result is that for all investigated cases the maximum temperature in the metal zone plate layer is

at least a factor 2 below the melting point of the respective material, proving the efficiency of the

proposed cooling scheme. However, zone plates in the direct beam experience large and rapid

temperature fluctuations of several hundred Kelvin that might prove fatal to the optic. The situation is

different for optics behind the monochromator with fluctuations in the 20 K range and maximum

temperatures well below room temperature. The simulation results give valuable indications on the

temperature behavior to be expected and are a basis for future experimental heat transfer and

mechanical stability investigations of fabricated nanostructures.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Free electron lasers (FELs) emitting in the hard X-ray regime
around 0.1 nm wavelength are upcoming large scale facilities at
few places worldwide. While the Linac Coherent Light Source
(LCLS) [1] in the USA already started its operation, the European
X-ray Free Electron Laser (XFEL) in Germany [2] and the Spring-8
Compact SASE Source (SCSS) in Japan [3] are under development.
It is envisaged that these machines will enable new research
possibilities in many fields, from basic science to medicine. One of
the major challenges is how to focus the hard X-ray laser beam
with a typical diameter in the mm range down to spot sizes in the
range of 100 nm or less as required by many application
experiments. One possibility is the use of diffractive zone plate
optics, i.e., circular gratings with decreasing grating constant. In
the present article, we propose a zone plate design that should
survive a single FEL pulse and investigate with the help of
transient heat transfer simulations if zone plates can withstand
the high average heat load created by the partial absorption of the
FEL X-ray beam in the zone plate material.
ll rights reserved.

niversity Center, SE-106 91

8 5537 8466.

sson).
In general, several possibilities based on reflective, refractive
or diffractive optical devices exist in order to focus an X-ray beam.
The method of choice will often depend on the focal spot size
required for a specific experiment. For focus diameters below
100 nm and a hard X-ray free electron laser beam, three different
possibilities are under consideration, namely double-mirror
Kirkpatrick-Baez systems [4], compound refractive lenses [5] or
diffractive zone plates. While every system has its advantages and
disadvantages, zone plates are of special interest since they are
the X-ray optics that presently show the highest special
resolution approaching the 10 nm regime [6–8]. At the same
time, they are diffraction-limited which means that they do not
introduce aberrations into the wavefront behind the zone plate.
This might be very important for certain types of experiments.
The most prominent example is single molecule diffraction
imaging which tries to reconstruct the structure of, e.g., a protein
from its diffraction pattern by iterative algorithms [9]. A third
advantage of zone plates is the fact that they are single elements
that are easily and quickly aligned to the X-ray beam, an aspect of
great practical importance since beamtime at X-ray FELs is
very limited.

Despite the obvious benefits of zone plate optics the major
question presently unknown is for how long a zone plate can
withstand the high-intensity FEL beam. This question has been
under discussion for some time now and experimental experience
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is limited to zone plates placed in a direct, unfocused extreme-
ultraviolet FEL beam [10]. Moreover, the technical design report
(TDR) of the European XFEL writes that ‘‘the lifetime of zone
plates may turn as short as a single pulse’’ [2]. Even in this case a
zone plate can still be useful since the focusing of the light might
take place before the optic explodes. Consequently, zone plates
lasting only a single shot have already been tested as focusing
optics in a diffraction experiment at the FLASH soft X-ray free
electron laser in Hamburg. However, the high costs and inefficient
use of beam time of this method are serious limitations.

In the present publication we propose the design of a zone
plate that should survive a single X-ray FEL pulse and that is based
on materials that are compatible with current nanofabrication
methods for zone plates. The major challenge then is if the zone
plate can handle the long-term average heat load induced by the
fractional absorption of the X-rays in the zone plate material. This
is especially true for the European XFEL with its special time
structure consisting of pulse trains rather than isolated
single pulses [2]. We use the finite-element method [11] to
calculate the transient heat transfer in the optic in order to
investigate the temperature behavior at different places on the
optic. This temperature should be well below the melting
temperature of the used materials as a first necessary criterion
for the survival of the optic. Although there are many other
important issues that have to be investigated both theoretically
and experimentally before a definite statement for the long-term
usefulness of zone plates can be made, we limit the present study
to heat transfer investigations since they already can give
recommendations for the direction of further research. Moreover,
we limit the calculation to the case of diffraction-limited focusing
since we believe that this ability is the major advantage of a zone
plate compared to other optics.
2. Zone plate design

2.1. X-ray free electron laser beam parameters

Table 1 summarizes the most basic parameters of the three
facilities mentioned in the introduction. For the heat load on the
zone plate the most important factors are the absorbed energy/
volume per pulse and the repetition rate of the pulses. The
amount of absorbed energy in one pulse is determined by the
wavelength, the number of photons per pulse, the transverse size
of the beam and the material used for the zone plate and
substrate.

The number of photons per pulse is roughly 1012 for all three
facilities and the wavelength is either 0.1 nm as in the case of
XFEL and SCSS or 0.15 nm as in the case of LCLS. The largest
difference between the three facilities is the pulse structure. LCLS
and SCSS have evenly spaced pulses of repetition rate 120 and
60 Hz, respectively. The use of a superconducting linac at the XFEL
enables a more complex time structure consisting of 10 bunch
trains per second where each bunch train is 0.6 ms long and
consists of 3000 pulses with 200 ns spacing. The amount of
energy in one pulse is of the same order of magnitude for all three
Table 1
Parameters of the three hard X-ray free electron laser facilities [1–3].

XFEL SASE1 LCLS SCSS

Wavelength 0.1 nm 0.15 nm 0.1 nm

Pulse duration 100 fs 80 fs 500 fs

Photons/pulse 1e12 1e12 7.6e11

Pulses/second 30000 120 60
facilities but the pulse structure at XFEL will be considerably more
demanding for the optics from a heat load perspective. For this
reason, this paper will consider the heat load at the XFEL and uses
the beam parameters of the SASE1 undulator in the simulations.

2.2. Choice of zone plate parameters and materials

The first-order focal spot size d of a zone plate illuminated by a
plane wave is given by:

d¼ 1:22Dr ð1Þ

This makes the outermost zone width Dr the most important
zone plate parameter. A zone plate focuses light into many
diffraction orders and the efficiency of the first-order focus is
determined by the thickness d and the optical properties of
the grating material [12]. In general, for hard X-rays d will always
be much larger than Dr, so the maximum possible thickness of
a certain zone plate is limited by the ability to fabricate these
high-aspect-ratio structures. State-of-the-art nanofabrication
techniques can achieve zone plate aspect ratios up to 15:1 [13],
but the exact value will strongly depend on the desired Dr. The
smaller Dr, the smaller will be the possible aspect ratio and
therefore also the zone plate efficiency. For the following
simulations we chose Dr¼100 nm and d¼1 mm, i.e., an aspect
ratio of 10:1 as a compromise that lies well within current
nanofabrication capabilities.

The diameter D of a zone plate is given by Dr and the total
number of zones N:

D¼ 4NDr ð2Þ

If we consider diffraction-limited focusing, the number of zones N

should not be larger than the inverse of the bandwidth DE/E [14].
For a zone plate with Dr¼100 nm and a bandwidth of DE/E¼10�3

this results in 1000 zones and a corresponding diameter of
400 mm. If this size is compared to the XFEL beam diameter of
982 mm full width half maximum (FWHM) in the experimental
hall 980 m behind the SASE1 undulator it is clear that not all
photons are collected by the zone plate. To solve this problem one
can think of simply increasing the diameter of the zone plate but
this also increases the number of zones and the focus is no longer
diffraction-limited. In order to maintain the diffraction-limited
focus, a possible solution is to use a monochromator that reduces
the bandwidth to DE/E¼10�4. The lower bandwidth enables the
use of a zone plate as large as 4 mm in diameter (N¼10000)
which can collect the full beam. However, using a monochromator
has the drawback of decreasing the number of photons in the
beam to 10% of the original value. On the other hand, a larger zone
plate area can partly compensate for this and from a heat load
point-of-view the placement of the optic behind the monochro-
mator is preferable. It is interesting to note that the final
beam width of the XFEL SASE1 is still under discussion and
might be adjustable, to both larger and smaller diameters,
compared to the original value of 982 mm (FWHM) discussed in
the TDR. Therefore, this paper investigates both a smaller zone
plate without a monochromator and a larger zone plate with a
monochromator.

In order to achieve high diffraction efficiency for a 1 mm thick
zone plate at 0.1 nm wavelength the optic should ideally be made
of a high-Z material. Zone plates for hard X-rays have been
fabricated in materials such as gold [15], tantalum [16], iridium
[17], and tungsten [18]. The first-order efficiencies as a function of
grating thickness at l¼0.1 nm are shown for some of these
materials in Fig. 1. The efficiency does not vary much between the
different materials and all are good candidates from an efficiency
perspective. It should be noted that the efficiency is a result of
both absorption and phase shift in the zone plate structures.
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Fig. 1. First order diffraction efficiency for different zone plate material

thicknesses at wavelength l¼0.1 nm.

Table 2
Thermal properties at room temperature. The values for diamond are taken from

Ref. 22 and the values for gold, iridium and tungsten are taken from the material

library in COMSOL.

Material Cp [J/kgK] k [W/Km] r [kg/m3] Tmelt [K]

Diamond 502 2 052 3 515 3 820

Au 129 318 19 282 1 337

Ir 130 148 22 500 2 739

W 132 174 19 300 3 695

Fig. 2. Sketch of the geometry proposed for the direct beam. A metal zone plate is

mounted in the center of a cone shaped diamond substrate and the edge of the

substrate is cooled.

D. Nilsson et al. / Nuclear Instruments and Methods in Physics Research A 621 (2010) 620–626622
However, the disadvantage of a zone plate made from a high-Z
material is a high X-ray absorption in the material. For example, a
1 mm gold layer absorbs 27% at l¼0.1 nm so for a pulse energy of
2 mJ (¼1012 photons) the temperature increase in the layer will
be significant. If the zone plate should have a chance to survive
one pulse, the temperature directly after the pulse should be well
below the melting temperature of the material. Moreover, the
substrate has to transfer away enough heat before the next pulse
arrives. Otherwise, the temperature will quickly build up and
the zone plate might evaporate after a few pulses. The substrate
material, geometry and the cooling scheme used determine the
amount of heat transferred away between two pulses. The
important material parameter is the thermal diffusivity a defined
as a¼k/rCp where k is the thermal conductivity, r is the density
and Cp is the specific heat capacity. At both room temperature and
liquid nitrogen temperature, the substrate material with highest
thermal diffusivity is diamond. Diamond also has the advantage of
being a light element and as such has a low absorption of X-rays.
The thickness of the substrate should be as thick as possible to
have a large thermal bulk but at the same time thin enough to
minimize absorption. Diamond is commercially available in
chemical vapor deposition (CVD) form in many different thick-
nesses. Choosing a thickness of 100 mm is a good compromise,
providing good thermal properties and absorbing only 4% at
l¼0.1 nm. Cooling the substrate with liquid nitrogen (77 K)
further increases the thermal performance since the thermal
conductivity increases with decreasing temperature.

An alternative to a metal zone plate on a diamond substrate
would be a zone plate made entirely out of a low-Z material like
silicon [19] or diamond where the zone plate pattern is directly
transferred into the substrate. The reduced absorption, as
compared to a metal zone plate, greatly reduces heat generation
in the zone plate structure. The problem is that extremely high
aspect ratios are needed in order to achieve good diffraction
efficiency. As an example, a thickness of 1 mm diamond would
give an efficiency of merely 1%. However, if one were able to
fabricate a 10 mm thick diamond structure it is possible to reach a
maximum theoretical efficiency of 40%. Unfortunately, for a zone
width of Dr¼100 nm this is far beyond today’s nanofabrication
possibilities.

To sum up, this paper investigates two possible designs. Both
consist of a 1 mm thick zone plate made of gold, iridium or
tungsten. These materials were chosen because they represent a
large span of important thermal properties (see Table 2) as
described in the next section. The optics are fabricated on 100 mm
thick CVD diamond substrates. The differences between the two
designs are the number of zones and the diameter. If the zone
plate is to be placed in the direct beam an optic with 1000 zones
and a diameter of 400 mm is considered. When using a
monochromator the diameter is chosen to be 2 mm, corres-
ponding to 5000 zones. Fig. 3 shows the geometry of the two zone
plates including the substrate and cooling scheme. The substrate
faces towards the XFEL beam absorbing 4% of the incoming
radiation and thereby reducing the amount that hits the metal
zone plate layers. To increase the efficiency of the cooling, the
substrate is bonded to a diamond cone that is cooled at the edge
[20]. A sketch of the diamond cone and zone plate is shown in
Fig. 2. No limiting aperture is assumed in front of the zone plate so
also the cone part is exposed to the XFEL beam. For the larger
2 mm zone plate, no cone is needed and it is possible to apply the
cooling directly to the edge of the substrate.
3. Theory

3.1. Transient heat transfer

The aim of this paper is to simulate the transient heat transfer
that takes place after the zone plate is heated by an X-ray free
electron pulse. When an X-ray photon is absorbed in a material it
will transfer its energy to the electrons, for instance in form of
photoelectrons and Auger electrons. This is taking place on an
ultrafast time scale between femtoseconds and picoseconds.
During this time the material is in a highly non-equilibrium state
and no well-defined temperature exists. After some picoseconds
the electrons will excite phonons and a state of local thermal
equilibrium is reached. The processes taking place during and
shortly after the pulse are only expected to be relevant for damage
if the absorbed dose in the zone plate is close to the melting dose
[21]. This has also been confirmed experimentally at the soft
X-ray free electron laser facility FLASH in Hamburg [22]. For the
zone plate designs discusses here the doses in the material and
substrate are all well below the melting doses. Therefore, it is
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enough to consider the heat transfer that takes place on longer
time scales, after thermalization has occurred. In this case a macro-
scopic description is valid and the well-known heat equation can
be used to calculate the time evolution of the temperature T:

dT

dt
�

k

rCp
r2T ¼Q ð3Þ

3.2. Thermal boundary resistance

Whenever heat flows through a boundary between two
different materials, it experiences a thermal boundary resistance
(TBR) [23]. The result of the TBR is a discontinuity in temperature
across the interface. The heat flux across the interface is given by

dQ

dt
¼ hBdDT ð4Þ
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Fig. 3. The geometry and mesh for (a) the 400 mm diameter zone plate in the direct be

indicate the hottest points in the optics and are the points for which the temperatures
where dQ/dt is heat flux, DT is the temperature difference across
the interface and hBd is the thermal conductivity of the boundary
in units of W/m2K. The resistance arises because a phonon from
one material is not perfectly transmitted into the other material.
Two basic models to describe the TBR are the acoustic mismatch
model (AMM) [23] and the diffusive mismatch model (DMM)
[23]. The AMM uses the acoustical counterpart of the Fresnel
equations and the difference in acoustical impedance to calculate
the probability for a phonon to cross the interface. In the case of
DMM, the probability is calculated from the phonon density of
states in the two materials. If the phonon spectrums are similar,
the probability for a phonon to cross the interface is high and
reversely if they are dissimilar, the probability is low.

The acoustical properties and phonon spectrums for metals
and dielectrics are quite different and a significant TBR can be
expected between the metal zone plate and the diamond
r [µm]

00 800 1000 1200
r [µm]

600 800 1000

am and (b) the 2 mm diameter zone plate behind the monochromator. The arrows

are presented in Section 4.
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substrate. However, despite the existence of different models the
exact value of the TBR is difficult to calculate since it depends on
the interface quality between the two materials [23]. Measure-
ments suggest that the conductivity is around 40 MW/m2K for
gold on diamond [24] and this is the value used in the
simulations. Since all the investigated zone plate materials have
similar acoustic properties, the simulations use the same
boundary conductivity value for all materials.
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Fig. 4. Temperature evolution in a 400 mm diameter zone plate made of gold,

iridium or tungsten after illumination by a single XFEL pulse of 2 mJ energy. The

temperature shown is for the hottest point in the optic, indicated by an arrow in

Fig. 3a.
3.3. Numerical implementation

To calculate the transient temperature in the zone plate and
substrate, the heat equation (Eq. (3)) was solved numerically
using the finite element method. The software used was COMSOL
Multiphysics 3.5. The circular symmetry of the zone plate made it
possible to simplify the full 3D problem to a 2D problem which
results in greatly reduced computation times. Furthermore, the
actual zone plate pattern was replaced by a circular grating with
constant period. This was done to simplify the generation of the
geometry and mesh. Since the area of obscuring zones is the same
for the real pattern and the simplified one the results for the
simplified pattern are also valid for the real zone plate. Fig. 3
shows the geometry and mesh used in the simulations.

Material parameters for the different metals were taken from
the material library included in COMSOL. For the diamond
substrate, the material parameters used originate from the
compendium CVD diamond booklet [25], as provided by Diamond
Materials GmbH, a commercial supplier of CVD diamond. All
material parameters are temperature dependent and the simula-
tions use bulk values since the error arising from size effects are
expected to be comparably small. As an example, theory and
measurements predict a reduction in thermal conductivity of gold
to about 60% of the bulk value for structure sizes discussed here
[26,27]. Although this is a significant change it will have a small
impact on the general behavior of the heat transfer since the main
bottlenecks are the TBR and the heat transport in the substrate.

The boundary conditions for the calculations were thermal
isolation for all boundaries except for the outer edge of the
substrate where the temperature is fixed to 77 K. Radiation from
the boundaries was not included since its contribution to the
cooling is neglectable compared to the effect of cooling through
the substrate. The thermal boundary resistance was included in
the simulation as an infinitesimally thin layer that can handle the
discontinuity in temperature between the metal zone plate
and diamond substrate. The layer had a thermal boundary
conductance hBd¼40 MW/m2K.

The material warm-up during one XFEL pulse was implemented as
a sudden temperature increase, which is calculated from the amount
of absorbed energy as a function of r and z. Assuming a Gaussian
beam, the distribution of the absorbed energy is determined by the
FWHM of the beam and the absorption length labs in the material.
Using the relation DQ¼mCpDT, where m is the mass, one can write
the instantaneous temperature increase in one pulse DTPulse as

DTpulse ¼

Z Q0

0

Q

2ps2labsrCpðTÞ
e�r2=2s2

e�z=labs dQ ð5Þ

where Q0 is the pulse energy, s¼FWHM/2.35 and CP(T) is the
temperature dependent heat capacity. The integration over Q is
needed to handle the large temperature dependence of the heat
capacity, especially at low temperature. The integral was solved
numerically for every new pulse.

To simulate the temperature evolution after one pulse, the
transient heat equation was solved using an initial temperature
calculated as the sum of the ambient temperature T0¼77 K
and the temperature increase DTPulse. The initial time step used
was 10�10 s and the temperature was solved for times from t¼0 s
to t¼tend, where tend is a time large enough such that
the temperature everywhere has reached the ambient tempera-
ture T0.

When simulating a full pulse train of the XFEL, the strategy
was to solve the transient heat equation repeatedly between two
consecutive pulses. The temperature rise in every pulse was
calculated as described above. Since the heat capacity is
temperature-dependent, the temperature increase will be slightly
different for each new pulse.
4. Results and discussion

4.1. Single pulse

In this section we present the simulation results for the two
designs suggested in Section 2 and the case when a single FEL
pulse hits the optics. Fig. 4 shows the temperature evolution in
the center of a 400 um diameter zone plate placed in the direct
beam. This is the hottest point on the whole optic, indicated by an
arrow in Fig. 3a. The initial instant temperature increase in one
time step for the three different materials was calculated using
Eq. (5) at an initial temperature of 77 K. The temperature curve
consists of two main parts, a fast decrease followed by a slower
one. The first part lasts until t¼10�7 s and is a result of heat
flowing from the hot zone plate layer down into the thermal bulk
of the diamond substrate. The slower process indicates the
transfer of accumulated heat inside the substrate to the cooled
edge of the substrate. Accordingly the time to cool down to the
initial temperature will depend on the geometry and takes about
3 ms for the 400 mm zone plate. The maximum temperature
directly after the FEL pulse is 314 K for gold, 305 K for iridium and
388 K for tungsten. All temperatures are well below the melting
temperature of the respective materials. The observed difference
is a direct result of the difference in heat capacity Cp.
However, the difference in thermal conductivity k does not have
a large impact on the cooling behavior since it is
mainly determined by the heat transfer through the diamond
substrate.

Fig. 5 shows the temperature evolution in a 2 mm diameter
zone plate placed after a monochromator. The temperature
increase for the different materials is only about 1/10 of the
value for the direct beam. This is a direct result of the reduction in
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intensity by a factor of 10. The curves show the same
characteristics of a fast initial part and a second slower part.
The slow part is extended to about 10 ms where the initial
temperature is reached. The slower cooling, as compared to the
direct beam design, is a result of the increased diameter. The
temperature directly after a pulse is 104 K for gold, 108 K for
iridium and 121 K for tungsten. These temperatures are far below
room temperature and a cooling to 77 K might not be necessary.

It is interesting to compare the time to reach 77 K with the
pulse separations at the different facilities. The repetition rate of
120 Hz at LCLS corresponds to a pulse separation of 8.3 ms which
is much longer than even the slower cooling time of 10 ms for the
large zone plate. In other words, the zone plate will have plenty of
time to reach 77 K before the next pulse arrives. The same is of
course also true for the 60 Hz repetition rate at SCSS. For these
two facilities, one can consider simpler cooling schemes than the
one proposed in this paper. At the XFEL the pulse separation is
only 200 ns and the zone plate will not have time to reach 77 K
before the next pulse. In this case the full pulse train has to be
simulated in detail, as discussed in the next section.
4.2. Pulse train

Here we present the simulation results for a full XFEL pulse
train consisting of 3000 pulses spaced by 200 ns. Fig. 6 shows the
temperature during a pulse train in a 400 mm diameter zone plate
in the direct beam made of gold (a), iridium (b) and tungsten (c).
The figures are divided into two parts where the left part shows
the temperature for the first ten pulses and the right part shows
the temperature for the last ten pulses. After about 300 pulses, the
temperature behavior reaches a solution in which the
temperature cycles between a maximum and a minimum value.
The temperature fluctuations are 223 K for gold, 201 K for iridium
and 279 K for tungsten. After the pulse train is over, the
temperature decreases to 77 K as discussed in the previous
section. From the simulations, one can see that the cooling
provided by the diamond substrate is sufficient to keep the zone
plate well below the melting temperature throughout a full pulse
train. However, the large and fast temperature fluctuations might
be a challenging problem.

Fig. 7 shows the temperature during a pulse train in a 2 mm
diameter zone plate, made of gold (a), iridium (b) and tungsten
(c), behind a monochromator. A constant average temperature is
reached after about 400 pulses and the fluctuations are 24.1 K for
gold, 23.5 K for iridium and 32.4 K for tungsten. The reduced
intensity in combination with the effective cooling keeps the zone
plates well below room temperature during the pulse train. It is
clear that the average temperature will not be a problem and that
the small fluctuations are manageable. Moreover, it does not seem
to be crucial to use cooling down to 77 K. As an example,
simulations not shown indicate that a cooling at 300 K is enough
to keep the zone plate at a temperature below 600 K.

The thermal problems are drastically reduced when working
behind the monochromator, as expected. The price one has to pay
is a reduction in photon flux. However, the larger area of the zone
plate partially compensates for the lower intensity. For the
parameters described in this paper, the intensity in the focus
when using a monochromator is 86% of that achieved by the
smaller zone plate in the direct beam. The two zone plates provide
equal intensity if the beam size is increased to 1085 mm and for all
beam sizes above this value, the zone plate behind the mono-
chromator provides the largest flux in a diffraction-limited focus.
5. Conclusions

In this paper the possibility for metal zone plates to survive the
high heat load of an X-ray free electron laser was investigated.



80

100

120

140

160

180

Te
m

pe
ra

tu
re

 [K
]

80

100

120

140

160

180

Te
m

pe
ra

tu
re

 [K
]

0 0.5 1 1.5
80

100

120

140

160

180

Te
m

pe
ra

tu
re

 [K
]

Time [µs]

598 598.5 599 599.5

Fig. 7. Temperature in a 2 mm diameter zone plate, made of (a) gold, (b) iridium

and (c) tungsten, during a full XFEL bunch train. The zone plate is placed behind a

monochromator and the temperature is shown for the hottest point in the optic,

indicated by an arrow in Fig. 3b. The bunch train consists of 3000 pulses and the

left part of the figure shows the first ten pulses and the right one shows the last ten

pulses.
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The design proposed consists of a metal zone plate on a diamond
substrate, cooled to 77 K. The bandwidth of the direct beam limits
the number of zones to 1000, which corresponds to a diameter of
400 mm for a 100 nm outermost-zone-width zone plate. An
alternative is the use of a larger 2 mm zone plate placed behind
a monochromator. The simulation results for the direct beam
show that the zone plate is heated several hundred Kelvin in a
single pulse. However, the temperature increase is well below the
melting temperature and the zone plate should not melt after a
single pulse. During a pulse train, the zone plate is heated to a
temperature between 200 and 600 K. This is again well below the
melting temperature but the influence of the rapid and large
temperature fluctuations has to be investigated further. For the
case of a larger zone plate behind a monochromator the
temperature increase in a single pulse and during a pulse train
is small. The fluctuations are in the range of 20–30 K and should
be manageable.
The thermal simulations in this paper alone cannot answer the
question if metal zone plates will survive in a hard X-ray FEL
beam. The simulations suggest that the zone plates should not
melt but is possible that other effects such as stress or strain in
the optic due to thermal expansion will prove fatal. It should also
be pointed out that the exact value of the TBR between the metal
zone plate layer and the diamond substrate is not known exactly
and has a certain influence on the outcome of the calculations.
Nevertheless, the presented results already give valuable indica-
tions on the temperature range to be expected and can be used
as a basis for future heat test investigations of fabricated
nanostructures.
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