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Compound X-ray amorphous radiation-cooled filter based on
free-standing thin films for synchrotron radiation facilities
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A radiation-cooled X-ray amorphous filter based on thin films is proposed for use at 4th generation synchrotron
radiation facilities‘ beamlines. This filter can be exploited under conditions of high thermal loads and high coherent
photon flux fraction. In order to ensure X-ray amorphousness, it is proposed to use glassy carbon, metallic glasses,
and multilayers with nano-sized periods as filter materials. Filtering is assumed to be carried out in stages: first,
radiation in the low-energy range (up to ~ 5keV), and then, if necessary, in the medium-energy range (up to
~ 15keV) being suppressed. It is proposed to use a set of glassy carbon films as an absorber for primary filtering
and a set of films containing elements with higher atomic numbers for additional filtering. The selection of filter
film materials allows for consistent suppression of undulator harmonics when operating in the high-energy range
(above 15keV). Modeling of thermal loads and stationary temperature distribution has been carried out for glassy
carbon films. The thickness of these radiation-cooled films is chosen in such a way that their maximum temperature
in thermal equilibrium does not exceed the graphitization temperature.
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Introduction

Ultra low emittance close to the diffraction limit is the key
feature of new fourth-generation synchrotron radiation (SR)
facilities. Electron bunches circulating in the storage rings
of such facilities generate intensive X-ray beams with small
angular divergence, relatively high photon flux coherent
fraction and large spatial coherence lengths. The specified
radiation properties enable the new ,.coherent® methods of
substance investigation to be used. Nevertheless, to imple-
ment the potential of the modern SR facilities, specialized
X-ray optics, in particular, filters shall be developed.

Hard X-ray experiments at SR facilities with a relatively
low electron energy (3 GeV and lower) are performed using
high harmonics of undulators (Figure 1). And it turns out
to be necessary to suppress the first high-intensity long-
wavelength undulator harmonics to avoid overheating of
the X-ray optical elements of beamlines. Therefore, cooled
filters are placed upstream of beamline optics.

In the storage rings of the fourth-generation SR facili-
ties, total power emitted by electrons going through the
undulator’s magnetic field achieves tens of kilowatts. After
preliminary collimation, the undulator radiation (UR) power
is equal to hundreds or even thousands of watts. Whereas
the lateral size of undulator beams in question is about
I mm. Thus, the primary filtering elements on modern

undulator beamlines are exposed to extremely high local
heat loads, thus, giving rise to a nontrivial heat removal
problem.

One of the solutions is the use of single-crystal diamond
as a primary filtering element [1]. Due to its record-
breaking high thermal conductivity, the diamond single-
crystal withstands extremely high heat fluxes, however,
UR flow through the single-crystal results in occurrence
of unwanted Bragg reflections at some wavelengths which
hinders or even prevents the use of radiation at such
wavelengths. In other words, the spectrum of UR that
has passed through the single-crystal becomes riddled with
so-called ,glitches“ [2], ie. dips corresponding to crystal
diffraction.

Another widely used primary filter material is graphite
because it also withstands extremely high temperatures [3].
Nevertheless, the use of such filter results in spurious
interference when partially coherent UR passes through
a polycrystalline substance. Visibility of the occurring
unwanted fringe pattern depends heavily on the crystal
grain sizes. The material consisting of crystallites of several
tens of nanometers in size may be considered as X-
ray amorphous [4]. Then, when using a nanocrystalline
carbon filter [5] in high thermal load conditions, it is
required to avoid recrystallization. Moreover, transition
to nanocrystalline materials means considerable reduction
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Figure 1. Comparison of radiation spectra generated by the same undulator (Table 1) installed on a straight section of Spring-8-II
(electron energy 6 GeV, [7]) and SKIF (3 GeV, [8]) storage rings. transmittances of some filters are listed — the selected filter materials
and thicknesses provide successive suppression of UR harmonics in a high-energy range.

Table 1. Storage ring and superconducting undulator parameters used for calculations

Parameter Value
Storage ring
Electron energy, GeV 3
Beam current in the main mode, mA 400
Horizontal beta-function in the center of the straight section, m 15.6
Vertical beta-function in the center of the straight section, m 24
Horizontal emittance in the main mode (with full current), pm-rad 68.18
Vertical emittance in the main mode (with full current), pm-rad 6.818
Horizontal electron bunch size in the center of the straight section ox = FWHMy/2.355, um 326
Vertical electron bunch size in the center of the straight section oy = FWHMy/2.355, um 4.02
Superconducting undulator

Period, mm 15.6
Peak magnetic field, T 1.25
Number of periods 128

of thermal conductivity which aggravates the heat removal
problem.  Thus, for example, thermal conductivity of
natural diamond at room temperature is higher than that
of nanocrystalline diamond with a grain size of 10nm
by 2 orders of magnitude, and of 6nm — by 3 orders of
magnitude [6].

At operating energies higher than 30keV, multilayer
mirror monochromators used on the SR facility beamlines
transmit radiation in low- and medium-energy portions

of spectrum due to the total external reflection (TER)
phenomenon. For suppression, absorbers made of mate-
rial containing elements with higher atomic numbers are
inserted (Figure 1). Even considering the collimation and
primary filtration, thermal loads on these additional filters
turn out to be extremely high resulting in the same problems
as that described for the primary filter.

A concept of X-ray amorphous radiation-cooled thin-film
filter is offered herein. Such X-ray filter, on the one hand, is
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Figure 2. Radiation-cooled X-ray filter based on thin films in various versions: ¢ — with normal incidence and constant film thickness;
b — with normal incidence and growing film thickness; ¢ — with incidence at angle 6 to surface and constant film thickness; d —

with incidence at angle 6 to surface and growing film thickness.

able to withstand high thermal loads and, on the other hand,
does not induce spurious diffraction and interference and,
therefore, is important for modern SR facility beamlines.

1. Operating principle of the
radiation-cooled filter

Operating principle of the given X-ray amorphous filter
is shown in Figure 2. The system consists of a set of
filtering elements — spaced-apart free-standing thin films
that together provide the necessary thickness of the filtering
substance. It is proposed to make films from glassy carbon,
metallic glasses, multilayers or other X-ray amorphous
materials. In case of a multilayer, low thickness of layers
is chosen (units of nanometers in the order of magnitude),
whereas interlayer boundaries prevent crystallite growth.
When the SR beam passes through the filter, the absorbing
films are heated until thermal equilibrium is achieved,
i.e. to the temperature at which the absorbed X-rays power
becomes equal to the emitted thermal radiation power. To
ensure efficient heat removal, the films are quite spaced
apart. Thickness of an individual film is selected such that
to minimize the total number of filtering elements, but to
avoid overheating.

The proposed radiation-cooled thin-film filter may be
available in various versions. In the simplest case, films with
the same thickness are placed at right angle to incident UR
(Figure 2,a). In order to minimize the number of filtering
element or for smooth variation of the filter transmittance,
the films may be inclined as shown in Figure 2,c¢. In this
case, the power absorbed by each film will increase, but
surface and volume densities of absorbed power will change
just a little, which will be demonstrated below. Modification
of both versions described above is possible to make the
device more compact: film thicknesses may be increased
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Figure 3. Illustration to the inclined filter problem.

with UR attenuation in such a way as to maintain the same
steady-state peak temperature of the films (Figure 2, b, d).

It is important that the EUV lithography has successful
experience of long-term application of radiation-cooled thin-
film screens — pellicles. Power absorbed by one such
screen may achieve tens of watts at a density of absorbed
power of about 1 W/em?, and the pellicle is heated up to
temperatures of about one thousand degrees [9,10).

Let us consider in more detail the problem of the effect
of film inclination with respect to the SR beam on the
film absorptance. Assume that a parallel monochromatic X-
ray beam with the wavelength A and lateral sizes Ax x Ay
passes through a film with the thickness h with refraction
index N = 1—§—ip at the angle 6 to the surface (Figure 3).
Then, the substance layer thickness through which radiation

h

passes is equal to Az = o, and the size of the illuminated
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area on the film surface is AX x |, where | = 51n0 Photon
flux @, ie. the number of photons flowing through the area
AX x Ay per unit time, decreases exponentially with the
substance depth z under the Bouguer—Lambert—Beer law:

— ® exp(—u2), (1)

where @y — is the photon flux before absorption, y — is
the linear absorption coefficient of this substance for 1. Full
number of absorbed photons per unit time:

uh

— . 2

sin 0 ) } @)

Film substance volume in which absorption takes place:

®(2)

Dops = Oy — P(AZ) = By [1 — exp (—

AxAyh
in 6 (3)

Then from (2) and (3), the averaged volume density q,
and surface density gs of absorbed power are expressed as

= - ®gsin 61— exp (— L
W= “Axayn 4 oS [ exp < sin0

(4)

V = AXAyAz =

Os=1,h,
where Ejp = is the photon energy.
Note that for the wavelength of X-rays absorbed by the

filter 2 = 0.5 nm and for the typical (as shown in Section 3)
film thickness of h = 250 nm, we have

Zn hc

6 250 nm

~1072 < 1.
0.5nm <

,uh:4ﬂ,82~4ﬂ-10_

Now assume 6 ~ 1rad (i.e. not the grazmg incidence case)
and, by expanding (4) in series in £% ~ uh < 1, we obtain

_ sinf uh 1/ uh 2 1 wh
MU e 2 —ul1—2 2L

B> { +sm9 2<sm6) H 2 sin6
(5)

Expression (5) shows that the averaged density of
absorbed power decreases slowly with 6. Considering
this density as constant, now we obtain the absorbed and
reradiated powers

1

Pabs =1,V 6
abs =V X 5g sin@’ (6)
4 1
Prad = 2e0TAX -,
sin @
where ¢ — is the emissivity factor, o — is the
Stefan—Boltzmann constant, T — is the temperature of

radiated film surfaces.

Thus, for one film to a first approximation (non-grazing
incidence), T,, T and T do not depend on the angle of
incidence in the thermal equilibrium state. However, when 6
decreases, the effective filter thickness increases by a factor
of 1/ sin @ which corresponds to the decrease in the required
number of films. Unlike this, films with higher thickness
h* = h/sin@ placed normally to the UR beam result in

thermal equilibrium temperature growth as shown in (6):
power absorbed by each individual film increases and the
heating spot area, i.e. the intensively radiating film surface
area, remains minimum.

Note that the proposed concept of a composite filter
allows some film defects. Assume that the i-th film of the
filter has a through hole with a small diameter, then the ray
going through this hole will lead in phase the rays passing
through the film.

sh

Abi =27 5o

(7)

Take glassy carbon with a density of 1.54g/cm? as an
example of film material. With normal incidence of X-rays
at an operating wavelength of 2 = 0.1nm on the 250 nm
glassy carbon film, we have

2.1-107°250nm

Ap; =2 ~ 2
P & 0.1nm

-0.005 < /2.

In other words, the wavefront aberration remains within the
Rayleigh tolerance A/4 with a margin of safety. It can be
reasonably suggested that random positions of defect will be
evenly distributed over the area of each filter film and the
probability that several defects on different films will occur
on the same ray path is low. Then, when passing through
all films, the wavefront aberration will also remain lower
than 1/4.

Suitability of thin multilayer films at grazing angles to UR
shall be addressed separately. Due to the Bragg diffraction
on the multilayer, a device with such geometry could selec-
tively reflect radiation in the specified narrow wavelength
range slightly decreasing the intensity in the remaining
spectrum. Film arrangement at different angles within
the filter unit or the employment of various multilayers
would allow for X-rays ,equalization“ to be organized,
i.e. to give any pre-defined shape of the dependence of the
filter transmittance on energy. Nevertheless, achievement
of the flatness of such thin film within the boundaries
of the illuminated area that is necessary to satisfy the
Bragg condition presents an extremely nontrivial problem,
especially considering the highest thermal loads. Another
potential area for the development of thin-film filters could
be the implementation of the TER phenomenon to extract
the low-energy portion of radiation from the beam, for
which, however, the films must have been placed at even
lower grazing angles to X-rays.

The proposed thin-film filter can perform a set of
additional functions on SR facility beamlines. The device
can be used for monitoring of the X-ray beam intensity,
shape, sizes, position and direction by thermal radiation.
For this, a couple of thermal imaging cameras shall be
directed through sight glasses to the first and last filtering
films. Relatively sharp boundaries of the beam footprint will
be distinguished on the recorded temperature maps (shown
in Section 3).

A single film may serve as a window in ultrahigh-
vacuum channels. The whole film package, when using
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the corresponding materials may play a role of gas absorber.
Moreover, the proposed filter will reduce molecular conduc-
tivity of the vacuum channel.

2. Materials

A wide set of technologically available amorphous ma-
terials and multilayers [11] will provide efficient selection
of filters for various radiation ranges. It is expected that
UR filtration will be performed in several stages using a
filter combination. The primary filter may be installed
in frontends of SR facility beamlines and the additional
filters containing heavier chemical elements will be inserted
into the beam, if required. Certainly, to ensure long-term
thermal stability, heat-resistant absorbing film materials shall
be chosen for all filters.

The primary filter is designed to absorb mainly low-
energy portion of spectrum, therefore, the primary filter
films shall be made from a material with a low atomic
number. Glassy carbon and multilayers based on beryl-
lium, boron, carbon, nitrogen and oxygen, for example,
B4C/BeOy, C/BN, etc, are among the candidates for
such material. For example, thermally stable multilayer
TiAIN/SizNy [12], Sc/CrNy [13] or SiC/Be films may be
used for additional filtration. For a harder range, multilayers
with heavier chemical elements may be used such as
WCy/B4C [14] and refractory metallic glasses based on Mo,
Zr, W, Re [15], etc.

Filtering films may be placed in vacuum or in nitrogen
and noble gas atmosphere, including He, Ne, Ar, Kr, Xe.
In case of gas atmosphere, cooling due to partial heat
transfer to the gas flowing around the films will be added
to the radiation cooling mechanism. Moreover, smooth
variation of the filter transmittance will be available by
means of gas pressure adjustment in the chamber.

3. Simulation

For performance check of the thin-film radiation-cooled
X-ray filter, UR spectra, thermal loads and film temperature
distribution were calculated in thermal equilibrium state.
The calculations use the parameters of the storage ring [8]
and superconducting undulator of 1—1 Microfocus [16]
beamline of SKIF fourth-generation SR facility (Table 1).
It is assumed that the generated UR beam is collimated
before passing through the filter unit: in the beamline
frontend, an angular aperture (75urad)? is pre-defined by
masks.

Figure 4 shows the spectrum of the photon flux emitted
into a solid angle of (75urad)? upstream of filters, down-
stream of the glassy carbon filter with a total thickness
of 1750 um, downstream of the double-mirror multilayer
monochromator (DMM) set to transmission of 30.9 keV,
and downstream of DMM with inserted additional SiC filter
with a total thickness of 300um. The required thickness
of the primary filter is provided by combining ~ 1000

Technical Physics, 2024, Vol. 69, No. 7

glassy carbon thin films package that accept the highest
thermal load and glassy carbon plates placed downstream
of it. At high energies, the DMM mirrors [17] are
placed at grazing angles ~ 0.5° to the beam due to which
DMM transmits low-energy harmonics of the undulator as
a result of the TER phenomenon. Additional 300 um SiC
filter ensures suppression of these spurious harmonics by
reducing considerably the thermal load on the downstream
X-ray optics of the beamline. The required thickness of SiC
is provided by the SiC/Be multilayer film package.

To estimate heat fluxes on the evacuated primary filter,
the absorbing glassy carbon films were hereinafter assumed
to be homogeneous with a density of p =1.54 g/cm3,
which corresponds to the pyrolysis temperature of 1373 K
(SIGRADUR® K, [18]). Glassy carbon made at higher
temperatures (about 2473K) has graphite impregnations
and cannot be considered as amorphous, therefore it
was not included in the calculation. The distance from
the center of undulator to the primary filter was set
to 20 m.

The first part of Table 2 describes the UR absorption
by the first glassy carbon film of the primary filter in
case of normal incidence, and different film thicknesses are
addressed. For further calculation, a thickness of 230 nm
was chosen, UR absorption by the first ten such films is
described in the second part of Table 2. Film thickness was
selected such that the thermal equilibrium was achieved at
a temperature lower than the pyrolysis temperature of the
chosen glassy carbon grade (1373 K): graphitization starts
when this temperature is exceeded.

Figure 5 shows the section of volume density of ab-
sorbed power Q, at different film depths with normal
UR incidence (Figure 5,a), and maps of the depth-
averaged h = 230nm surface density of absorbed power
T, with normal incidence (Figure 5,b) and incidence
at 10° to the film surface (Figure 5,c). When the film
is inclined, the integral power Pgaps is increased from 0.5
to 29W, ie. by a factor of 5.8 (which corresponds
to 1/sin(10°) ~ 5.8), while the mean surface and vol-
ume densities T and T, vary just a little. Heat flux
distribution was calculated using SPECTRA software [19].
Further calculations addressed only the case of normal X-ray
incidence.

In order to estimate the steady-state temperature distri-
bution in the composite filter, a radiative heat exchange
model problem was addressed as shown in Figure 6,a.
To consider the effect of partial absorption of the emitted
thermal radiation by adjacent films to a first approximation,
the problem used the most thermally loaded first three
filtering films of h=230nm in thickness, spaced apart
at A = 5mm. In accordance with the second part of Table 2,
homogeneous volume heat sources Q,;, 0,2 and Q,3 were
set inside the films, because the density of absorbed power
at the film depth varies weakly (Figure 5,a).

The thermal conductivity of the chosen glassy carbon
grade weakly depends on temperature [18], it was set
to a constant value k = 6.5W/(m -K) for the numerical
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Figure 4. Attenuation of spurious ,soft“ undulator harmonics. The calculation was performed using SPECTRA [19].

Table 2. Absorption in glassy carbon films at normal UR incidence. Illuminated area (1.5mm)?

Single films of different thickness
Film thickness | Transmitted power, | Absorbed power, | Mean density of absorbed power | Mean density of absorbed power

h, nm w w q,, W/mm?® ¢} W/mm?
230 298.85 0.49 941.55 0.22
460 298.36 0.97 937.68 043
920 29741 1.93 929.96 0.86
1840 295.55 3.79 914.51 1.68
2300 294.64 4.69 906.78 2.09

Set of films with the same thickness h = 230 nm
Film No. Transmitted power, | Absorbed power, | Mean density of absorbed power | Mean density of absorbed power

W W g,, Wmm® 0, W/mm?
1 298.85 0.487 941.55 0.22
2 298.36 0.483 933.82 0.21
3 297.88 0.479 926.09 0.21
4 29741 0475 918.37 0.21
5 296.94 0471 910.64 0.21
6 296.47 0.467 902.92 0.21
7 296.01 0.463 895.19 0.21
8 295.55 0.459 887.47 0.20
9 295.09 0.455 879.74 0.20
10 294.64 0451 872.01 0.20
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Table 3. Steady-state temperature distribution calculation

Film No. o, W/mm® Heat flux symbol Radiate\;lv power, Total radi%:,ed power, Peak ten;(perature,
Ob.1.1 0.22848 1182
Oa1.1 0.04959 845
1 941.55 Ob.1.2 0.22091 0487 1182
Oa.1.2 —0.01173 845
Oc.1 0.00001 422
Ob_2.1 0.22321 1184
Qa2.1 0.01783 856
2 933.82 Ob2.2 0.22323 0483 1184
Qa2 0.01897 856
Q.2 0.00001 473
Ob_3.1 0.21724 1177
Oa3.1 —0.01200 843
3 926.09 Op.3.2 0.22459 0479 1177
Oa_s.2 0.04942 843
Oc_3 0.00001 420
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Figure 6. Radiative heat exchange in the composite filter consisting of 230 nm glassy carbon films: @ — illustration to the model problem;
b — calculated temperature distribution on the first film surface of the filter.

simulation.  The surface emissivity factor of all films
addressed herein was set to a constant value ¢ = 0.65 [20].
The steady-state temperature distribution was calculated in
Fluent module of ANSYS 2020R2 software [21]. Calculated
thermal radiation powers and maximum surface tempera-
tures are listed in Table 3, the temperature map of the first
film is shown in Figure 6, b.

Peak temperatures of the radiated films reach ~ 1200 K,
which is below the initial active graphitization temperature
of glassy carbon. This means that radiation cooling is quite
efficient and the films retain their X-ray amorphousness.
Thus, it is possible to use radiation-cooled glassy carbon
films for the primary filtration of powerful UR.

For comparison, steady-state temperature distribution was
also calculated for the case of one water-cooled ,,integral®
glassy carbon filter of 1750 um in thickness as shown in Fig-
ure 7,a. Heat transfer coefficient 3000 W/(m? - K) at a wa-
ter temperature of 295.15K and a temperature-independent
thermal conductivity of glassy carbon 6.5W/(m - K) were
set for the simulation. Thermal radiation emitted by the
central section of the filter was considered, and constant
emissivity factor was set to € =0.65. The volume heat

source ¢, was set considering the varying density of the
absorbed UR power with the filter depth (Figure. 7, b).

Temperature distribution obtained in such simulation is
shown in Figure 7, c. The maximum temperature of 6000 K
exceeds even the graphite boiling temperature (4473K).
Actually heating will first result in local graphitization, and
in this case thermal conductivity increases considerably and
the thermal equilibrium temperature decreases. Even if the
final temperature turns out to be lower than the graphite
melting point (3925K) and the filter remains hard, then it
is no X-ray amorphous any longer.

Figure 7,b shows that the maximum thermal load is
applied to the first ~ 230 um of the primary glassy car-
bon filter depth (72W is absorbed in the first 230 um,
144 W is integrally absorbed in 1750 um). High volume
densities of absorbed UR power in this near-surface layer
correspond to absorption of the first intensive undulator
harmonic. Therefore, it is feasible to use a combination
of radiation-cooled filtering films and conventionally-cooled
Lthick” filter: about 1000 films of 230 nm in thickness will
accept the main thermal load, and the next glassy carbon
plate will ensure the required thickness of the filtering
substance.

Technical Physics, 2024, Vol. 69, No. 7
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Conclusion

An idea of a radiation-cooled X-ray amorphous thin-film
filter for the fourth-generation SR facilities is described.
Glassy carbon, refractory metallic glasses and potentially
heat-resistant multilayers are proposed as filtering film
materials.  Simulation of thermal loads and steady-state
temperature distribution for the primary glassy carbon filter
has been performed. Film thickness was chosen to ensure
the maximum film temperature in thermal equilibrium
during radiation cooling not exceeding the graphitization
temperature. The simulation indicates that radiation-cooled
glassy carbon films are suitable for primary filtering of
powerful UR at the fourth-generation SR facility beamlines.
For successive suppression of UR harmonics in the high-
energy X-ray range, additional filters with higher atomic
numbers were proposed. Further it is planned to select
the most promising materials and test their thermal stability
experimentally.

Technical Physics, 2024, Vol. 69, No. 7

It is worth noting that the addressed concept of radiation-
cooled X-ray amorphous filter may be also used on wide
wiggler beams having higher integral powers, but much
lower flux densities.
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