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Abstract—Dispersive properties of natural diamonds were studied for the first time in arange of x-ray wave-
lengths of 0.03-0.2 nm. The dispersion element represented an analog of a rectangular prism. A collimated
beam of polychromatic radiation was directed onto the refracting face from inside under asmall glancing angle
(<172). Theradiation was introduced into the prism through a side face oriented perpendicularly to the axis of
the incident beam. In the range of energies near 8 keV, a resolution of 106 eV was achieved, which is about
twice as good as the corresponding parameter for semiconductor detectors. Cal culations show that under ideal
conditions the limiting resolution for adiamond prism with a single refracting face can be reduced to 3640 eV.
Thismakesit possibleto create a new type of analytical devices—dispersion x-ray spectrometersfor theinves-
tigation of rapid processesinvolving generation and absorption of x-ray radiation. © 2001 MAIK “ Nauka/Inter-

periodica” .

INTRODUCTION

For a detailed analysis of spectra of x-ray radiation
propagating in a given direction in the range of A <
0.3 nm, monochromators made of perfect single crys-
talsare used as arule [1, 2]. For afixed orientation of
the unit vector S, that characterizes the specified direc-
tion, reflection can occur only in narrow spectral inter-
valsin accordance with the Bragg condition for diffrac-
tion. Therefore, in order to investigate the total spec-
trum in a wide spectral range, it is necessary to
mechanically rotate the monochromator and multiply
repeat measurements. It is obvious that such a method
is inapplicable for the investigation of nonstationary
fast processes, e.g., those occurring upon irradiation of
atarget with a power laser pulse [3]. Note that in prac-
tice the spectrum of the radiation that is reflected from
a crystal monochromator is frequently detected using a
photographic plate or other types of two-dimensional
position detectors [4]. However, the condition of the
constancy of S;isviolated in this case.

Pulsed radiation spectra also cannot be studied
using cooled semiconductor detectors [5], since afun-
damental condition for them to operate is a successive
registration of isolated quanta in time intervals of
=210 ps[6]. Diffraction gratings, which are widely used
in the optical and soft x-ray spectral ranges, possess a
low efficiency (~1%) at wavelengths less than 0.3 nm
[7, 8]. In addition, uncontrolled distortions caused by
the strong anisotropy of scattering are superimposed
onto the spectrogram, since in the case of artificial peri-
odic structures the radiation wavelength A is much
smaller than the grating period p.

Thus, at present, there is likely to be no suitable
experimental means for the spectrometry of directional
polychromatic beams of hard x-ray radiation generated
during fast nonstationary processes.

In this work, we show for the first time that the dis-
persive properties of diamonds make it possible to
decompose spectra of hard x-ray radiation with wave-
lengths down to 0.03 nm (E = 40 keV) and, owing to
angular dispersion, to analyze the spectra of both sta-
tionary and pulsed sources without any limitations on
the pulse duration.

1. EXPERIMENTAL

Figure 1 displays a schematic of an experimental
setup we designed to perform dispersion measure-
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Fig. 1. Schematic of the experimental setup for measuring
dispersion: (1) x-ray tube; (2, 3, 9, 12) vertical collimating
dits; (4) movable horizontal dlit; (5, 11) goniometers; (6)
sample; (7) protecting absorbing shield; (8) monochroma-
tor; and (10, 13) radiation detectors.
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ments. The source of radiation is a sharp-focus x-ray
tube with a copper anode. The visible dimension of its
focus in the measurement plane is 40 um. Along the
X-ray beam, two x-ray goniometers are mounted. The
distances from the focus of the x-ray tube to the main
axes O; and O, of goniometers 5 and 11 are 330 and
1161 mm, respectively, and those from the axes O, and
O, to the entrance dits 9 and 12 are 225 and 192 mm,
respectively. With an entrance dit of 30 um wide, this
scheme ensures an angular resolution of 0.0076° for the
first (dlong the beam) goniometer 5 and 0.0017° for
goniometer 11.

Asthe samples, we used crystals of natural diamond
(type 1a) with a density of 3.515 g/cm3. The base
(refracting) face was paralléel to the (110) plane; per-
pendicularly to this base, two paralel side faces were
prepared by lapping and polishing. The polishing of the
surfaces was performed using an ASM28/20 diamond
powder. The refracting face was additionally polished
using a finer powder with an average grain size of
~1 pum. Three samples were prepared. The dimension
of the refracting face (which has a minimum area of
12 mm?) in the incidence plane of the beam was
2.2 mm. For comparison, we also used a single-crystal
silicon plate cut from a standard optically polished
wafer. In this case, the side surfaces perpendicular to
the base face were obtained by cleaving on silicon
cleavage planes.

The samples were mounted in such a manner that
the edge formed by the base and the side surface facing
the focus of the x-ray tube be coincident with the rota-
tion axis O, of goniometer 5 (Figs. 1, 2). The typical
angular divergence of the beam incident on the refract-
ing face of the dispersive element was 24". A graphite
monochromator 8 and detector 10 mounted on arotary
arm were used to preliminarily adjust the x-ray scheme.
All the results that are given below were obtained by
angular scanning using detector 13 with an Nal(TI)
scintillator crystal with rotation about the O, axis. The
program of controlling the data acquisition at a con-
stant velocity of the detector made it possible to use an
arbitrary time of data acquisition at each angular posi-
tion. A typical angular interval between the readings
was 0.0005°.

2. ANGULAR DISPERSION UPON
REFRACTION OF X-RAYS

Let us consider (in terms of geometric optics) the
passage of a parallel x-ray beam through a rectangular
prism of auniform material. We designate the refractive
indices of the prism and the ambient medium ny(A) =
1-5,(A) —iBy(A) and ny(A) = 1 —85(A) —if35(A), respec-
tively. Let the z axis be perpendicular to and the x axis
be parallel to the first interface and let them lie in the
incidence plane (Fig. 2). Let the radiation be mono-
chromatic (A ~ 0.1 nm) and the angle ¢ of incidence
onto thefirst interface be close to zero. Under the above
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Fig. 2. Geometry of the x-ray radiation path for the case
where abeam to be analyzed strikes from inside the refract-
ing surface of adiamond crystal.

conditions, the following simplifications are possible.
First, we can consider only refraction at the second
interface, since the magnitudes of the coefficient of
reflection and the changes in the refraction angle upon
the intersection of the first interface are negligibly
small. Second, we can ignore the state of polarization
of theincident radiation, since, according to the Fresnel
formulas, the coefficients of transmission for the s and
p polarizations are virtualy coincident at ¢ — 172
Going from incidence angles ¢ to glancing angles 6 =
U2 — ¢, we can transform the sine law [9] for the sec-
ond interface to the form

1-8,-iB, _ J/1-sn’g, M
=818 [1_snie,

where 6, and 8, are the glancing angles for the incident
and refracted radiations in the first and second media,
respectively. The absolute magnitude of the decrement
of the refractive index |d + i3] for the wavel ength used
islessthan 104 [10] (B/d < 1). This circumstance per-
mits us to use, in the range of small glancing angles
(6, < 12), the expansion into a series and obtain the
following expression for the glancing angle 6, of the
refracted radiation in the second medium:

0, 0./62—2(5,-3,). 2

Let us differentiate Eq. (2) with respect to 0,. Then,
for a beam with an angular divergence A6, we abtain
the following dependence of the coefficient of angular
contraction C, on 6, (here, 0, is the glancing angle of
the central beam):

_ A8, _ /81 -2(3,-8)
Ca - A_ez - el . (3)

The decrement of the refraction index of air &, can be
neglected. Asfollowsfrom Eqg. (3), in the geometry that
was chosen (Fig. 2), there occurs an angular contraction
of therefracted beam (C, > 1). Note that upon the rever-
sion of the beam direction, i.e., upon the passage of the
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radiation from air into the sample, the angular cone of
therefracted beam will increase, sinceinthiscase C, < 1.
Consequently, in our case, a maximum angular resolu-
tion of the spectrum is observed.

Now, we take into account the spectral dependence
of the refractive index. In the spectral range under con-

sideration, the condition v; > v? for all electron shells
of the C atom is fulfilled (here, v, is the frequency of
vibrations corresponding to an arbitrary line in the
X-ray range under study and v; is the natural frequency
of vibrations of an electron of the ith shell). Under the
above condition, in accordance with the el ectron theory
of dispersion [10], we have for any line A of the x-ray
spectrum

3A = gpA?, )

where g is a dimensiona coefficient (which can be
expressed through fundamental physical constants) and
p is the physical density of the sample. Substituting
Eqg. (4) into Eq. (2) and differentiating with respect to
A, we obtain the following expression for the angular
dispersion:

2\gp . )
J8; —2gp\°

It isobviousthat at grazing angles (8; — 0) the angu-
lar dispersion is maximum. Inthiscase, D 0 pY? and is
independent of A. At ei > 2gpA?, the magnitude of

D(p,\) = d6,/d\ =
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Fig. 3. Angular profiles of the refracted beam for the CuK
line for three diamond samples (a—). The beam strikes the
refracting surface from inside the sample; the fixed glancing
angleis 6, = 0.09°.
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D(p, A) changes approximately proportionally to p and
A. Asisknown from the theory of prism spectrometers
[11], the spectral resolution A = A/AA is related to the
diffraction limit. In the case under consideration, the
effective cross section of the refracted beam in the
plane of incidence can berestricted by two factors: first,
the finite size of the elemental refracting area b and,
second, the finite mean free path of photonsin the sam-
ple, which is equal to the inverse linear coefficient of
absorption u(A). More strictly, we can write the follow-
ing expression for the diffraction angular width AB(A)
of the refracted beam:

CA/b8,, b<2/p()
A8 D%\p(x)/zez, b>2/u(A). ©)

The introduction of the factor 2 is caused by the fact
that, when estimating the diffraction broadening, we
should take into account a decrease in the wave ampli-
tude. For the regions of the x-ray spectrum near the
CuK, (0.154 nm) and CuKg (0.139 nm) characteristic
lines, the condition b = 2/u(A) is fulfilled. Substituting
into Eq. (6) the value of u(A) for diamonds for the
above-indicated wavelengths and the typical value of
the angle 6, = 0.2° (3.5 mrad), we obtain AB;(CuK,) =
0.0019° (32 mrad) and AB,(CuK,) = 0.0012° (2.1 mrad).
This permits us to estimate the spectral resolution A(A)
of the dispersive element. Multiplying the left-hand and
right-hand parts of Eq. (5) by AA and substituting the
values of the constants corresponding to the indicated
parameters, we find A, = 200 and Ag = 251. By going
from AA to the energy resolution, we obtain AE = 40
and 36 eV for the lines with the wavelengths 0.154 and
0.139 nm, respectively.

3. MEASUREMENT RESULTS

Figure 3 displays the angular profiles of the
refracted beam for three diamond samples (a, b, and ¢)
measured under identical irradiation conditions. Here-
after, the abscissa axis corresponds to the deviation
angle ¢ =6, —06; measured from the direction of the pri-
mary beam. The beam analyzed passed, in accordance
with the geometry of the scheme shown in Fig. 2,
through the side face and fell from inside on the base
surface of the sample. The maintenance of a constant
magnitude of the glancing angle 6, is a fundamental
condition for obtai ning maximum resolution. As can be
seen from the comparison, the width at the half-height
of the refraction peak is minimum for sample a. This
indicates that the major part of its refracting surface
meets the condition of maximum planeness. Therefore,
we used just this sample for further measurements.

With decreasing glancing angle 6,, the angular dis-
persion should increase according to Eg. (5). As was
shown in [12], the effective width of the entrance aper-
ture of adispersion element for the spectral line with a
wavelength A in the geometry of Fig. 2 is equa to
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Fig. 4. Refraction patterns of diamonds at various glancing angles 6;: (1) 0.60°, (2) 0.25°, (3) 0.09°, and (4) 0.01°.

0./u(A), and as 6; decreases, the intensity of the
refracted beam decreases monaotonically. The depen-
dence is nonlinear, since the coefficient of reflection at
the diamond—air interface tends to unity R(8,) — 1 at
8, — 0. The above regularities are confirmed by a
series of refractograms obtained by angular scanning
with detector 13 at several fixed grazing angles 6,
(Fig. 4).

With going from the diamond to single-crystal sili-
con (Z = 14), the effective free path of x-ray photons
I = 1/u in the dispersive element decreases sharply for
any wavelength in the spectral range considered. In par-
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ticular, at A = 0.154 nm (CuK, line), we have u(Si) =
145 cm™ and p(C) = 14.7 cm! [13-16]. According to
Eq. (6), adecreasein D(p, A) should be observed for sil-
icon in this case. As can be seen from Fig. 5, which dis-
plays the refractograms of Si (curve 1) and C (curve 2)
for a grazing angle 6, = 0.08°, the dispersive element
made of silicon does not allow a compl ete resol ution of
the CuK, and CuKj spectral lines. At an acceleration
voltage of 25 kV at thetube, the hardest part of the radi-
ation spectrum in this case is not separated from the
side wing of the primary beam that passes through the
gap between the sample and shield 7 (Fig. 1).



~
(@]

]
@

[l

10°

10*

103

10%

10

100

TOUR’YANSKII et al.

-0.05

Y, deg

Fig. 5. Refraction patterns of (1) single-crystal silicon and (2) diamonds for a glancing angle 8, = 0.08° and a voltage at the x-ray

tubeV = 25 kV.

Figure 6 displays a series of refractograms of dia-
monds that were obtained at afixed grazing angle 8, =
0.06° and various voltages at the x-ray tube in arange
of 12 to 35 kV.

The spectra resolution of the diamond prism was
determined using the refractogram (Fig. 7) that was
obtained at U, = 40 kV and 6, = 0.06°. Measurements
of the peak width at the half-height of the lineswith the
wavelengths of 0.154 and 0.139 nm with corrections
for the instrumental function yield AA = 19.7 and
17.1 pm, respectively, or, on the energy scale, AE = 103
and 110 eV, respectively. At smaller angles, as follows
from Eg. (5), the spectra resolution should increase.
No such an increase is observed in redlity, since the
radiation propagates along the surface through a dis-
torted layer damaged by mechanical treatment, which
increases the intensity of scattering by nonuniformities
of the surfacerelief and leadsto asmearing of the angu-
lar spectrum.

PHYSICS OF THE SOLID STATE \Vol. 43

Thus, the investigations performed show the possi-
bility of using a single-crystal diamond for practical
measurements of hard x-ray radiation with wavelengths
from 0.03 to 0.25 nm. This range includes the charac-
teristic lines of the K and L series of virtualy al ele-
ments with atomic numbers Z > 25. The range can be
dlightly extended to the long-wavelength region (to
0.3-0.5 nm) by fully or partialy evacuating the work-
ing chamber in which the x-ray optical circuit is placed.
With afurther increase in A, the absorption coefficient
increases rapidly and the magnitude of b drops, which
leads to a decrease in resolution due to diffraction
effects related to the finite size of the effective refrac-
tive surface.

From the practical viewpoint, the most important
result is that, owing to the angular dispersion of radia-
tion, the full spectrum can be recorded using a single-
or two-dimensional position detector, e.g., based on a
linear or matrix CCD detector. This ensures the possi-
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Fig. 6. Refraction patterns of adiamond at aglancing angle 6, = 0.06° and voltages at the x-ray tube equal to (1) 12, (2) 15, (3) 20,

(4) 25, and (5) 35 kV.

bility of analyzing the spectrum without any restric-
tions on the magnitude of the time interval to be mea-
sured. Since the angular distribution is described well
by Eq. (5) derived from the sine law and since the
absorption properties of carbon have repeatedly been
tabulated, we can calculate the spectral density of radi-
ation 1 (A\) from the experimental dependence of 1(¢).

An aternative to diamonds as a material for disper-
sive elements is beryllium. In comparison with poly-
crystalline beryllium, the density of a natural diamond
isgreater by afactor of 1.9, which, according to Eq. (5),
provides a higher angular dispersion. In addition,
owing to the single-crystal structure, the scattering near
the zero point of the reciprocal latticeis minimum. Itis
natural that, when using a polychromatic spectrum,
some reciprocal-lattice points of single-crystal C (dia-
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mond) inevitably fall onto the Ewald sphere and part of
energy flow will be dissipated into larger angles, in
accordance with diffraction conditions. The diffraction
scattering angles 4 should be equal to or greater than
=A/d, where d is the maximum interplanar distance in
the sample. In the spectral range under study, we have
9 > ¢; i.e, the diffraction peaks cannot fal into the
characteristic range of angles measured in refraction
experiments. In addition, as was indicated above, the
diffraction conditions are fulfilled only in narrow spec-
tral bands for a finite set of reflections and, therefore,
their presence virtually does not distort the monotonic
distribution in the continuous part of the spectrum
(Fig. 7). Asto the characteristic lines, for aknown crys-
tallographic orientation of the diamond single crystal,
we can always calculate in advance the angles between
the refracting surface and atomic planes for which the
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Fig. 7. Refraction pattern of adiamond at a glancing angle 6; = 0.06° and a voltage at the x-ray tube V = 40 kV.

diffraction conditions are not fulfilled for a given set of
characteristic lines. Note that the samples of natural
diamondswith an effective area of the refracting face of
~10 mm? that were used in our experiments are signifi-
cantly cheaper than analogous synthetic crystals. In
addition, in view of the mosaic structure of the latter,
the spectral bands in which the intensity distribution in
the angular spectrum can be distorted at the expense of
Bragg reflections are wider in them than in natura
crystals.
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