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Features of multilayer mirror application for focusing
and collimating X-rays from inverse Compton

scattering sources

M.M. Barysheva, I.V. Malyshev, V.N. Polkovnikov, N.N. Salashchenko,

M.V. Svechnikov, N.I. Chkhalo

Abstract. We have analysed the use of X-ray interference multilayer
mirrors as the elements of a focusing scheme for a compact source
based on inverse Compton scattering. An algorithm is proposed for
selecting mirror parameters, which takes into account the properties
of the radiation source. The dependence of wavelength on the viewing
angle and the energy line broadening for a fixed viewing angle are
found to be the main limitations in the use of multilayer mirrors.
Efficient radiation collection calls for the application of broadband
mirrors. It is shown that the efficiency of multilayer mirrors in a
Kirkpatrick—Baez X-ray focusing setup exceeds that of total exter-
nal reflection mirrors by an order of magnitude, and that stack mul-
tilayer mirrors offer a small advantage over the periodic ones. The
overall efficiency of source radiation collection in the photon energy
range AE = 10-12 keV amounts to 12% for the two-mirror
Kirkpatrick—Baez setup. For a spectral region with a bandwidth
AEIE = 3%, the efficiency ranges up to 69 %.

Keywords: compact X-ray source, inverse Compton effect, multila-
yer mirrors, broadband mirrors, stack mirrors, Kirkpatrick—Baez
setup.

1. Introduction

High-power compact hard X-ray sources are used in research
and medical laboratories. Among the disadvantages of classi-
cal X-ray tube sources are low brightness and wavelength
tuning limitations associated with a broad bremsstrahlung
spectrum and with individual intense characteristic lines. Syn-
chrotron sources, which provide the possibility of wavelength
tuning and high brightness, cannot be applied in laboratory
conditions. Furthermore, the short-wavelength bound of the
photon spectrum is limited to energies of 300—500 keV even
for the most modern synchrotrons that use last-generation
undulators, while a broad class of problems invites high-int-
ensity high-energy X-ray beams [1]. Recent years has seen
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numerous papers concerned with the development of a com-
pact laboratory X-ray source harnessing the effect of inverse
Compton scattering [2—5].

Since the cross sections for the Thomson scattering of
laser radiation by relativistic electrons, or = (8/3) X w2 =
0.665 x 102* cm?, are extremely low, it was previously bel-
ieved that this effect has no practical application. However,
the efficiency of this X-ray source became higher with the
advent of high-power femtosecond lasers and special-purpose
accelerators that generate high-repetition-rate electron bun-
ches focusable to an area several micrometres in size. The
placement of laser beam —electron interaction region into a
power enhancement laser cavity, which increased the effective
average laser power in the interaction region by several orders
of magnitude, entailed an even greater growth of generated
radiation power up to values of practical interest [5].

X-ray sources based on inverse Compton effect are devel-
oped for biomedical applications [6, 7]. In particular, compact
sources may be used in the development of phase-contrast
imaging for diagnosing cancer and cardiac diseases, which
were previously tested with synchrotron sources. Due to a
continuous radiation frequency tuning, they may be employed
in X-ray absorption spectroscopy, diffraction and several
other tasks. For instance, Hornberger et al. [5] have recently
described a compact X-ray source with a tunable operating
wavelength corresponding to an energy range of 15-35 keV,
a bandwidth AE/E ~ 3%-5%, and an intensity of ~3 X 10
photon s7!. In this case, the source size was ~100 um. Also
reported in Ref. [5] was the development of a next-generation
device with a smaller source size (~80 um), a broader wave-
length range (8§—42 keV), and an order of magnitude higher
X-ray flux (~3 X 10! photon s71).

An efficient practical use of such a source calls, in particu-
lar, for an optimal choice of the X-ray optical elements that
collect, collimate, or focus the X-ray beam. Owing to a rela-
tively large angular divergence of the radiation, small-aper-
ture refractive lenses [8] turn out to be inefficient. These prob-
lems may be optimally solved with the use of single or crossed
mirrors (the Kirkpatrick—Baez setup [9]). Since the source is
quite new and still little used in practice, it is necessary to take
into account its properties in the development of specular
optics. This paper analyses the use of X-ray mirrors of vari-
ous types as reflecting and focusing elements of the optical
setup of the source. Mirrors based on the total external reflec-
tion, periodic multilayer mirrors, and broadband stack mir-
rors are considered. Our analysis is carried out by the example
of a source with a maximum photon energy of 12 keV, which
is being developed for materials science research.
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2. Spectral properties of a source based
on inverse Compton effect

Let us consider the properties of the emission spectrum of a
source based on inverse Compton scattering that affect the
choice of mirrors. The expression for the energy E of photons
scattered by an angle 6 in the head-on collision with a relativ-
istic electron may be written as

(1

where E; is the energy of a laser photon; y = E,./E, is the rela-
tivistic factor; E, is the electron energy; and Ey=0.511 MeV is
the electron rest energy. Formula (1) is written under the
assumptions that E, >> Ej;, £}, << Ej, and 6 << 1. According
to expression (1), to every photon scattering angle there cor-
responds an X-ray photon wavelength (energy) of its own. In
view of relation E} = hc/l (A is the wavelength of laser radia-
tion), the maximum energy is defined as

Epae = 21€,2. 2)

max
X AO

Relation (1) between the scattering angle 6 and the photon
energy E may also be represented as a function of E,,:

EO)= — =
1+ 2L a0
+ 4he
or (3)
gy = Ahe(l 1
18 Ao (E Emax>.

For an Yb:YAG laser with 1, = 1030 nm and the maxi-
mum X-ray photon energy E,,,, = 12 keV, we havey ~ 50, i.e.
E.=25.5MeV. Figure 1 shows the X-ray photon energy as a
function of the observation angle calculated by formula (3).
This function defines the relation between the energy range of

the X-ray photons generated by the source and the angle from
which the optical system should ‘capture’ the radiation.

Since the electron beam has an angular spread in the focal
region (the interaction domain), the function E(0) is broad-
ened. The broadening observed experimentally [S] amounts to
3%—5%. The domain marked in Fig. 1 corresponds to a band
of width 3%. This signifies that it is inexpedient to use inter-
ference mirrors with spectral selectivity better than 3% as ref-
lecting elements, since it will only lead to the loss of the useful
signal.

3. Properties of Kirkpatrick—Baez setup
as applied to the Compton source

The Kirkpatrick—Baez optical setup is intended for the two-
dimensional focusing/collimation of X-ray radiation. In this
case, the optics developers usually face the problem of collect-
ing as many photons of the source as possible. The main fea-
tures of the application of X-ray multilayer mirrors to the
sources based on inverse Compton scattering are considered
for the case when it is necessary to maximise the X-ray flux cap-
tured from the source in the photon energy range 10—12 keV.
We also estimate the setup’s efficiency for a 3% spectral cap-
ture bandwidth and consider the setups using total external
reflection and multilayer interference mirrors (periodic multi-
layers and stack ones, i.e. stacks of several periodic mirrors
deposited on top of each other [10]).

3.1. X-ray optical setup description

The X-ray optical Kirkpatrick —Baez setup is shown in Fig. 2.
The distance of the first mirror from the X-ray source (500 mm)
is determined by the thickness of the biological shield wall
and the design of the two-mirror objective. The mirror length
is chosen proceeding from the limiting capabilities of the facil-
ity for ion-beam mirror aspherisation and local error shape
correction [11]. The distance from the object is determined by
the requirement imposed on the focal spot, which should be
equal to the source size (a one-fold magnification for the first
mirror).

E[keV 3%
12

10

-3 -2 -1 0 1 2

0 [deg

Figure 1. Energy of X-ray photons generated by the source based on
the inverse Compton effect as a function of the observation angle for a
laser wavelength Ay = 1030 nm.

Source (10 um)

Focal spot (~10 um)

300 mm

Figure 2. Design X-ray Kirkpatrick—Baez setup.

We analyse the geometry of radiation incidence on the
mirrors in the Kirkpatrick — Baez setup (Fig. 3) so as to under-
stand the major difference of the source under consideration
from a monochromatic source with some angular width.

Let a beam with an angular width 2A6 and a wavelength 1
be incident on a mirror of length L at a grazing angle 6, (for
the central ray). For the reflection of each ray incident on the
mirror at a local angle 6,,. to be efficient, the Bragg equation
must be fulfilled,

2d)c5in 01 = 4, 4)
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Figure 3. Diagram of ray paths (top and side views) in the reflection of a beam with an angular width 2A6 from a mirror of length L.

where d|, is the local period of the multilayer coating. In the
plane of the mirror, the grazing angles of the extreme rays of
the beam are almost equal:

0y ~ 0. ~ O, 4
and the local structure periods are equal. Therefore, to maxi-
mise the radiation collected from a monochromatic source,
one must employ multilayer mirrors with a period varying in
one direction along the surface (the so-called Gébel mirrors)
[12].

The situation with the inverse Compton source is more
complicated, since the beam contains photons with different
wavelengths: 4, = A10c(01oc)- The local Bragg condition takes
on the form

2dloc sin eloc = lloc(eloc)- (6)

It contains, obviously, a more significant change in the period
of the multilayer mirror along the surface of the structure.
However, this condition can be met, since the mirror length is
hundreds of millimetres and it is easy to form a significant
period gradient over this length. In the perpendicular direc-
tion, the grazing angle varies only slightly as before, but the
wavelengths of radiation incident at the central and extreme
points are different, A, = A, # A, i.e. the structure period also
varies in this direction. In this case, unlike the longitudinal
direction, where the period varies in a length L of several hun-

dred millimetres, in the transverse direction the period varies
in a length Lsin6_, which amounts to several millimetres. It is
evident that there is no way of depositing a mirror with a
period that varies several-fold in a length of several millime-
tres. This problem may be solved only with the use of broad-
band mirrors.

When a mirror intercepts a beam with an angular width
2A6 and the central grazing angle 6., it will receive rays in the
angular range 6.+ A6, corresponding to the energy range
from E;, to E .. In this case, the value E,,, is fixed and the
minimal energy E,;, is determined by the angle 6. and the
geometrical parameters of the setup (Table 1).

One can see from Table 1 that increasing the grazing angle
increases the photon energy range captured by the mirror, i.e.
improves the efficiency of the optical setup. The use of too
small a grazing angle corresponding to total external reflec-
tion results in a significant increase in the geometrical dimen-
sions of the system or in an energy loss. For a grazing angle
0. < 0.6° we have (Epax — Enin) Emax < 3%, which signifies the
introduction of additional loss arising from the energy broad-
ening of the Compton line. This value of the central grazing
angle may be treated as the minimal possible one for the effi-
cient use of the source. Increasing the radiation grazing angle
is advantageous from the standpoint that the optical system
captures the radiation in a broader energy range. However,
the spectral bandwidth of interference mirrors becomes nar-
rower with increasing working angle. This limits the efficiency
of employment of multilayer mirrors in the sources based on
the inverse Compton effect.
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Table 1. Minimal X-ray photon energies E,,;,, captured by a mirror of
length 300 mm and radiation collection angles 2A6 for different central
radiation grazing angles 6.

0, [deg E i [keV (Emax = Emin) Emax (%0)  2A0 [deg
0.2 11.97 0.25 0.06
0.3 11.93 0.6 0.09
0.4 11.87 1.1 0.24
0.6 11.71 2.4 0.36
0.8 11.50 4.2 0.48
1.0 11.23 6.4 0.60
1.2 10.925 9.0 0.72
1.4 10.58 11.8 0.84
1.6 10.21 14.9 0.96

3.2. Optimisation of X-ray mirror parameters

In the optimisation of X-ray mirror parameters, we assume
that the quantum source efficiency /(6), which defines the
number of photons emitted in a unit solid angle per second, is
approximately described [4] (Fig. 4) by the Gaussian function
of the form

1(6) = Iyexp

_ (0 - 0C)2
[ 207 | @

where o = 8.5 mrad and I, = 12 X 10® photon s mrag> (the
total flux is 2 X 10'2 photon s™!). According to formula (1), the
X-ray photon energy and the angle 6 are unambiguously rel-
ated; the expression for the total energy of the radiation sou-
rce in the angular range Af is represented in the form

Fauree = [ HO)E(0) 27040 8)
0

(the integrand is the product of the number of photons and
the energy of a single photon). In expression (8) we pass to
integration with respect to dE in view of formula (3) to obtain

dnthe , (B dE
Esource = %IOJ‘E I(E)F 5

‘il

O 1 1
-30 -20 -10 0 10

20 6/mrad)

Figure 4. Dependence of X-ray radiation intensity on the observation
angle for an energy of ~12 keV for a source based on the inverse Com-
pton effect [4].

or (as a function of the maximal energy)

4n/
Esource = 1;'016 IO exP(nghEC: >
0-Lmax

Enax 2he \ 1
X ————\=dE. 9
JAEmm exp< 0’2}.0 E) E ( )

For Ay = 1030 nm, ¢ = 8.5 mrad, an energy of ~10 keV, and
exp[—2hcl(c*oE)] ~ 1, at the input of the X-ray optical setup
we have

Ioexp< (10)

- _4 2hc 11
source Ao O’ZioEmax>(Et2nin Er211aX>

Our task is to focus the radiation on a sample and, and
doing this, to minimise the possible energy loss. Upon reflec-
tion from two X-ray mirrors at an angle 6, the signal takes on
the form

Enmax
Erg 0.) = dmhe IOCXP(zihc> R*(0.,E)

Ao %20 Emax ) ) Enin(6e)
2he \ 1
X — —dE 11
exp(~ 5 gk (11

where the X-ray mirror reflection coefficient R(6., E) depends
on the incident photon energy E and the angle 6., which also
defines the photon energy range captured by the mirror for a
Compton source. Considering that the exponent in the inte-
grand is close to unity, the optical efficiency of the system
consisting of two X-ray mirrors may be represented as

Emax

Err(6) _ fEmmwc)
1/Er2nin_ 1/l':rznax

R*(0.,E)E"'dE
€(6.) =

(12)

ESOUTCE

Therefore, the task of maximising the integral setup effi-
ciency is to find the X-ray multilayer mirror parameters that
maximise integral (11) for a fixed grazing angle 6, and then to
find the optimal angle 6.

When E! in the integrand in expression (12) is replaced
with a constant, this entails an error of ~10% in the determi-
nation of the efficiency, and the problem, in a sense, is reduced
to the known one: the search for a mirror with the highest
integral reflection coefficient with the inclusion of double ref-
lection. It is well known that a large integral reflection coef-
ficient can be obtained using aperiodic mirrors [13]. However,
from the point of view of manufacturing and certification of
broadband mirrors, it is more efficient to use not classical
aperiodic mirrors, but stack structures [14,15], because the
labour expenditures for depositing them are an order of mag-
nitude lower. These mirrors permit broadening the reflection
band, but their peak reflectivity is evidently lower than that
for a periodic mirror. For a multimirror setup (number of
mirrors: m) the integrand contains R™ and not R?. Therefore,
it is a priori not clear how efficient this approach will be: each
mirror captures radiation in a broader energy band, but the
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effect of reflectivity lowering will be progressively stronger
with increase in the number of mirrors m.

For a reflective coating of the total external reflection mir-
ror we considered platinum Pt, because this heavy material
provides a large critical angle and, in the case of multilayer mir-
rors, the Pt/C pair provides a high reflectivity in the 10-12keV
energy range. Furthermore, according to Ref. [13] the Pt/C
mirrors, unlike, for instance, W/C mirrors, which also pro-
vide a high reflectivity, necessitate a smaller number of layers.
This is of importance in the optimisation of the stack struc-
ture, since it entails the possibility of using a smaller number of
stacks and therefore simplifies the technological process signi-
ficantly. For an energy of about 10—12 keV (4 ~ 0.10—0.12 nm)
and a grazing angle close to 1°, according to the Bragg equa-
tion we obtain periods of about 2—5 nm for Pt/C mirrors. For
our calculations we assumed an interlayer roughness of
~ 0.3 nm. The densities of all materials were taken to be equal
to the tabular ones.

Expression (12) was optimised using the Multifitting code
[16], which permits calculating X-ray reflectivities of arbitrary
layered structures as well as solving optimisation problems: to
maximise a given integral or minimise the difference of the
calculated curve from a given one. For a thick Pt film we cal-
culated the reflectivities and efficiencies (12) for grazing ang-
les of 0.2°-0.4° in the total external reflection domain. The
reflectivity curves are plotted in Fig. 5 and the calculated effi-
ciencies are collected in Table 2.
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Figure 5. Reflectivity curves of the total external reflection Pt mirror
for grazing angles 6. = (1) 0.2°,(2) 0.3° and (3) 0.4°.

In the optimisation of the parameters of periodic Pt/C
mirrors, their thickness was taken to exceed the radiation ext-
inction depth in the material (the bilayer number N = 80).
Expression (12) was optimised by varying the period d and 8
fraction of the scattering Pt layer in the period. The resultant
data are given in Fig. 6 and Table 2. For 6, = 0.8°, the spectral
width of the Pt/C-mirror reflectivity curve is ~3%, i.e. all
X-ray photons with an energy of 12 keV are captured. In this
case, the single-reflection coefficient of the mirror is 83.3%,
and for a double reflection we obtain an efficiency of 69 % for
a spectral bandpass of 3%.

To broaden the spectral reflectivity curve, we optimised
the parameters of the stack structures consisting of two peri-
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Figure 6. Reflectivity curves of periodic X-ray Pt/C mirrors optimised
for maximum efficiency at grazing angles 6. = (1) 0.6°, (2) 0.8°, (3)
1.0°, (4) 1.2°,(5) 1.4°,and (6) 1.6°.

odic Pt/C mirrors, each being characterised by the combi-
nation of parameters {d;,f;, N;} (the subscript i numbers the
stacks from the surface). For the upper mirror, the values of
dy, By, and N; were varied over wide ranges. For the lower
mirror on the substrate, the thickness was taken to be very
large (N, = 100) and parameters d, and 5, were optimised.
The broadened spectral reflectivity curves for one stack mir-
ror are plotted in Fig. 7 and the double-reflection efficiencies
are given in Table 2. The case of a three-stack mirror was con-
sidered for an angle 6, = 0.8° (this angle corresponds to the
highest efficiency calculated for periodic mirrors).

R
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Figure 7. Reflectivity curves of stack X-ray Pt/C mirrors optimised for
maximum efficiency at grazing angles 6. = (/) 0.6°, (2) 0.8°, (3) 1.0°,
(4)1.2°,(5)1.4° and (6) 1.6°

Our analysis makes it possible to determine the optimal,
from the viewpoint of saving the source radiation power, gra-
zing angle in the Kirkpatrick—Baez setup. Figure 8 shows the
efficiency of the two-mirror optical setup calculated as a func-
tion of the grazing angle. One can see that the efficiency of
total external reflection mirrors is an order of magnitude
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Table 2. Kirkpatrick—Baez setup efficiencies ¢, calculated by formula (12) for different central angles .. of grazing incidence for optimised mirrors
of different types (for stack structures, the numbering begins from the surface).

Pt mirror Periodic Pt/C mirror Stack Pt/C mirror
0. /d
e [deg &, (%) &, (%)  Parameters &, (%)  Parameters
0.2 1.0 - - - -
0.3 L.5 - - - -
0.4 0.2 4.7 d=80.6A,8=0.1 - -
B _ o, Ni=14,d,=519A,p,=0.16
0.6 9.0 d=524A4,=0.20 955 N 2100 dh 526 A By =0.20
Ny =2,d,=378A,8,=020
0.8 - 11.0 d=39.5A,=032 11.8 N,=15,d,=39.0A,5,=0.27
N3=100,dy =39.7 A, B3 =0.34
- B . N, =20,d,=31.9A, B, =0.37
1.0 9.5 d=324A,5=0.37 10.0 Ny= 100, dy= 324 A, B, = 0.38
_ _ R op_ Ny =44,d,=269 A, 8, =0.35
12 7.6 d=27.6A,8=041 9.2 Ny =100, d,=27.6 A, , = 0.38
B _ <, N =21,d,=240A,p,=0.38
1.4 5.2 d=243A,=040 5.8 N, =100,d, =243 A, 5, =0.42
B _ o, Ny =66,d,=21.7A,5,=037
1.6 3.7 d=22.0A,8=0.40 4.3 N2=100,d2=22.0A,ﬁ2=0.40
& (%) The efficiency of total external reflection mirrors is an
12+ order of magnitude lower than that of multilayer mirrors.
3 Stack interference mirrors offer a small advantage over the
10k 2 periodic ones. This advantage becomes greater with increase
in photon energy and in the case of a single reflection setup.
The overall efficiency of the Kirkpatrick—Baez setup for a
8 photon energy range of 10—12 keV amounts to 12%; in a
spectral bandwidth of 3% the efficiency is 69 %.
6 -
Acknowledgements. This work was performed within the fram-
4l ework of State Assignment No.0035-2014-0204 under sup-
port from the Presidium of the RAS (Fundamental Research
Programme 1.1 ‘Extreme Light Fields and Their Interaction
2r ; with Matter’ No.0035-2018-0018). The modification of the
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Figure 8. Efficiency of the optical setup for source radiation collection
as a function of the grazing angle for (/) the total external reflection Pt

mirror, (2) optimised periodic Pt/C mirrors, and (3) optimised stack
Pt/C mirrors.

lower than that of interference mirrors due to the narrow ene-
rgy collection range at grazing incidence angles. As the graz-
ing angle increases, the radiation energy range captured by
the optical setup becomes broader, but the Bragg condition
causes the reflection peak to shift to the lower energy domain,
and the spectral width of the reflectivity curve is narrower at
larger angles. The competition of these two effects determines
the existence of the efficiency peak near an angle 6, = 0.8°.

4. Conclusions

We have shown that the principles of multilayer mirror opti-
misation for the sources based on the inverse Compton effect
are different from those for sources of other types. The main
efficiency limitation for these mirrors is the dependence of the
wavelength on the observation angle. Efficient radiation col-
lection calls for the use of broadband mirrors.
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