DIFFRACTION ON A POLYCRYSTAL FOR INVESTIGATIONS AND
DIAGNOSTICS OF X-RAY RADIATION OF RELATIVISTIC PARTICLES
IN A FORWARD DIRECTION

A.V. Shchagin
Kharkov Institute of Physics and Technology, Kharkov 61108, Ukraine;
E-mail: shchagin@kipt.kharkov.ua

It is shown that the diffraction on a polycrystal can be used for investigation and diagnostics of X-ray radiation
emitted in a forward direction by relativistic charged particles moving in crystalline or other targets or fields. Meth-
ods for measuring radiation spectral density, divergence, and linear polarization at any requisite energy from a few
units to tens of keV are proposed. The explanation for the origination of experimentally observed and earlier uniden-
tified spectral peaks as a result of Bragg diffraction on a polycrystal is proposed. The experiment for verification of

the explanation is suggested.
PACS: 41.50.+h; 41.60.-m; 07.85

1. INTRODUCTION

There exist several kinds of X-ray radiation of re-
lativistic charged particles moving through a radiator,
i.e., amorphous or crystalline targets or fields. These are
ordinary bremsstrahlung, transition radiation (TR), res-
onance transition radiation, coherent bremsstrahlung,
channelling radiation, parametric X-ray radiation
(PXR), undulator radiation, Thomson or Compton scat-
tering, etc. Most of them are going from the radiator in a

forward direction mainly within the angle of about y ™!

relative to the incident particle velocity vector 7V,
where V' is the relativistic factor of incident particles.
Several of the above-mentioned kinds of radiation can
be generated in the radiator (e.g., in a crystal) simultan-
eously, and the total radiation in a forward direction
(RFD) is going along the vector } . To investigate the

composition of the total radiation and the role of its
components, experimental measurements of the RFD
spectral properties are needed. However, it is generally
difficult to measure the spectral properties of the RFD
from relativistic particle beams on account of its high
intensity, wide spectrum and a restricted counting rate
of spectrometers. In the gamma-ray band, it is the
Compton scattering that is successfully used for invest-
igations of the RFD. In the X-ray band, the use of Bragg
diffraction seems to be more natural. In this paper we
suggest that the Bragg diffraction in a polycrystal placed
behind the radiator should be used for measurements of
the RFD spectral density, divergence and linear polariz-
ation at any wanted X-ray energy. Besides, we shall dis-
cuss the experiment, where, in our opinion, the Bragg
diffraction of X-ray RFD by the polycrystal was ob-
served.

2. HOW TO MEASURE X-RAY RADIATION
IN A FORWARD DIRECTION WITH THE
USE OF A POLYCRYSTAL

The scheme of the setup for measurements of the
X-ray RFD properties is shown in Fig. The beam of in-

the RFD crosses the polycrystalline foil P. The particle
beam can be either deflected by the bending magnet or
can pass through the foil, too, if its radiation in the foil
does not prevent the observation of radiation under
study. The spectrometric X-ray detector D is installed at
an observation angle 0 .

OD

The relativistic particle beam passes through the radi-
ator R and generates radiation in a forward direction
(RFD). The RFD is going along the particle velocity vec-
tor V and passes through the polycrystalline foil P. One

of randomly aligned grains of the polycrystal with the
crystallographic planes and corresponding reciprocal

vector g is shown in the foil. The spectrometric X-ray
detector D is installed at observation angle 8§ relative
to particle velocity vector. The observation direction is
shown by the unit vector () . The detector can register
RFD diffracted by polycrystal at Bragg energies

The polycrystalline foil consists of a number of ran-
domly aligned crystalline grains. Some of them can ap-

pear oriented relative to the vector /7 and the observa-
tion direction ( to satisfy the Bragg condition. One of
these grains with the crystallographic planes denoted by
the reciprocal lattice vector g is shown in the foil in
Fig. The X-ray RFD of Bragg energy Ep will be reflec-
ted by these planes into the detector. Thus, the spectro-
metric detector will be able to register several spectral
peaks of energies Ep corresponding to several main
crystallographic planes of the polycrystal. These ener-
gies can be found by the formula from Ref. [1]

cident relativistic particles from the accelerator passes - ngz—» (1)
through the radiator R and generates RFD going along B 2|gn | ’
the particle beam within the angle of about y'1 . Then
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where ( is the unit vector in the observation direction
at the observation angle § relative to the particle velo-

city vector |/ and the RFD axis,

-
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is the lattice constant;

g=lgF

[,m,n are the Miller indices for the crystallographic
planes with a nonzero structure factor. The scheme in
Fig. is similar to the one used in the well-known Debye-
Scherrer method for investigations of polycrystalline
samples by a monochromatic X-ray beam. Here, we
propose that this scheme with the known polycrystal
should be used for investigation and diagnostics of in-
tense RFD X-ray beams that may have wide and com-
plicated spectra.

2.1. MEASUREMENT OF THE RFD SPECTRAL
DENSITY

The number of counts registered by the detector in
the spectral peak of energy Ep is proportional to the
RFD spectral density at this energy. For absolute meas-
urements of RFD spectral density, one should calibrate
the foil+detector system using the radiator with the
known spectral density of X-ray radiation and provide a
reliable monitoring of the number of incident electrons.
For measurement of RFD spectral density in arbitrary
units, one can change radiators or their properties at a
fixed geometry of both the foil and the detector and re-
gister number of counts in the spectral peaks at energy
Ep generated by constant number of incident particles.
For example, in this way one can measure the spectral
density of channelling radiation as a function of crystal-
radiator alignment. Note that only a small part of RFD
can be diffracted by a thin polycrystalline foil into the
detector. This is favourable for preventing the spectro-
meter from overloading at measurements of intense X-
ray RFD beams. The wanted energy Ep can be

provided by a proper choice of the polycrystal and the
observation angle in accordance with the formula (1).

2.2. MEASUREMENT OF THE RFD DIVER-
GENCE
The width A E of the measured spectral peak at en-
ergy Ep is a function of the experimental polar angular
resolution A8 and the incident X-ray RFD beam diver-
gence 0 in the observation plane, and also the energy
resolution of the detector 4 E; . The experimental angu-

lar resolution is determined by the angular size of both
the detector and the RFD beam spot on the foil in the
observation plane. Using the Eq.(1), one can find

QD(A62+02), )

In practice, the divergence can be measured
provided that the spectral peak broadening due to the

RFD divergence exceeds or is comparable to the broad-
ening due to the experimental angular resolution and en-
ergy resolution of the detector. In this case, the diver-
gence @ in the observation plane can be found from Eq.

Q).

2.3. MEASUREMENT OF THE RFD LINEAR PO-
LARIZATION

The Bragg diffraction intensity has its maximum for
X-rays polarized in the plane perpendicular to the dif-
fraction plane, and its minimum for the X-rays polarized
in the plane of diffraction. These maximum and minim-
um are particularly pronounced at § close to 7 /2.
Due to these well-known peculiarities of Bragg diffrac-
tion, the setup shown in Fig. should possess the polariz-
ation analyzing power. The setup can be used for meas-
urements of the RFD linear polarization at energy Ep.
To this end, one should perform measurements of poly-
crystal-diffracted radiation at a fixed observation angle
§ as a function of the azimuthal angle of the detector

rotation around the vector J/ .

3. DISCUSSION OF SOME EXPERIMENTAL
RESULTS FROM REF. [2]

In our opinion, the diffraction of RFD by the poly-
crystal could be observed in Ref. [2]. The experimental
setup in Ref. [2] was partially similar to the one shown
in Fig. The authors of Ref. [2] studied the PXR and the
diffracted TR in the Bragg direction, the radiations be-
ing generated by the 150 MeV electron beam in silicon
single-crystal radiators of various configurations. Dif-
fraction of TR realized in the same single-crystal radiat-
ors. Behind the radiator, a 10 { 7 thick molybdenum
foil was installed. The characteristic X-ray radiation, ex-
cited in the foil, was used for monitoring the number of
beam electrons that have passed through the radiators.
Those authors have measured a series of nice spectra
having a low spectral background by a Si(Li) detector at

g = 25.8°. In the spectra they observed clearly marked

spectral peaks of PXR and diffracted TR from the radi-
ator, and also the peaks of characteristic X-ray radiation

from the molybdenum foil at reference energies Egq
=17.45keV and Egp =19.6keV. Besides, they ob-

served spectral peaks with energies = 12.5 keV and =

25.0 keV, the origin of which was not identified in Ref.
[2]. Here, we shall discuss the data concerned with these
unidentified spectral peaks (USPs).

In Ref. [2] the authors have noted that the molyb-
denum foil was amorphous. To understand the origin of
the USPs, let us suppose that the molybdenum foil is
polycrystalline. This polycrystal can diffract the radi-
ation of Bragg energies from the RFD, generated in the
radiator, into the cone and, in particular, in the detector
direction. The Bragg energies calculated by formula (1)
for the crystallographic planes with nonzero structure
factors (110), (220), (200) of molybdenum lattice [3] at

the reference lattice constant a = 3.15 A and g = 25.8°

are  EQY=125kev, EGPY=250kev, EGV
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=17.6 keV,
EgllO) and El(gzzo) are practically coincident with the

ones of both USPs observed in Ref. [2]. The energy
[(200)
B

respectively. The calculated energies

is close to Egy of the characteristic peak, and

these peaks are not seen resolved in the experimental
spectra in Ref. [2].

Consider some other experimental data concerned
with USPs described in Ref. [2]:

i. The USPs disappear if the radiator is removed.
This is because the RFD from the radiator disappears.
Therefore, only characteristic peaks excited by the elec-
tron beam in the foil are seen in Fig.11,b of Ref. [2].
Note that the spectral peaks of PXR with the energies
practically equal to the energies of USPs can be gener-
ated by the beam electrons in molybdenum grains. Their
absence in Fig. 11,b of Ref. [2] means that the PXR
from the polycrystal is weak and is no obstacle for cor-
rect measurements of RFD (see item 3 in next section).

ii. The USPs disappear if the molybdenum foil is re-
moved. This is because the Bragg diffraction without
the polycrystal is absent.

iii. The energies of USPs do not vary with signific-
ant variations of the crystal-radiator alignments. This is
because the RFD is going along the fixed vector 7/ in-

dependently of the crystal-radiator alignment.

iv. The energies of USPs are the same at arbitrary
alignment of the molybdenum foil. This is because the
RFD is diffracted by the molybdenum grains which ap-
pears at appropriate for Bragg diffraction alignment in-
dependently of the alignment of the whole foil.

v. The 12.5 keV USP seems to vanish with the align-
ment of the Si crystal-radiator <100> axis close to the
incident particle beam axis (see Fig.12,c in Ref. [2]).
This may be due to a significant broadening of the USP
as a result of an appreciably increased RFD divergence.
The increased RFD divergence may be a result of in-
creased electron beam scattering in the crystal-radiator
at this alignment because of the crystal-radiator config-
uration [2]. Besides, the increasing of the electron beam
scattering is possible at motion of electrons along the
<100> strings of the crystal.

Thus, the above-considered experimental data from
Ref. [2] seems are in agreement with our explanation of
the USPs origin as a result of the RFD Bragg diffraction
by the molybdenum polycrystal.

4. RESULTS AND DISCUSSION

1. In this paper we have suggested the methods for
diagnostics and measurements of intense X-ray RFD.
They permit measurements of spectral density, diver-
gence and linear polarization of the RFD with the use of
Bragg diffraction on a polycrystal. The methods seem
relatively simple and inexpensive, as only a single poly-
crystalline foil with an arbitrary alignment should be in-
stalled, and ordinary spectrometric detector(s) can be
used for measurements at any energy chosen in the
range from several keV to tens of keV.

2. Here, we have suggested the explanation of spec-
tral peak origination at energies of about 12.5 and
25.0 keV, observed and unidentified in Ref. [2]. The
peaks are due to the Bragg diffraction of RFD from the

radiator by a polycrystalline molybdenum foil installed
behind the radiator. This explanation can be additionally
verified with the experimental setup described in Ref.
[2]. For this purpose, one can vary the registration angle
of the detector § and observe variations of the spectral
peak energies. For the molybdenum polycrystal, they
should obey the following formulae obtained from (1):

E(110) 1.9695\/5
B 0 keV 3)
sin—
2
for the spectral peak from the (110) plane of molyb-
denum (= 12.5 keV in Ref. [2] at § = 25.8° ) and

£(220) _ 1.969048
B 0 keV, 4)
sin —
2
for the spectral peak from the (220) plane of molyb-
denum (= 25.0 keV in Ref. [2] at § = 25.8° ). Besides, a
new peak at energy
F(200) 1.969 12
B . keV, (5)
sin —
2
from the (200) plane of molybdenum may appear. In the
experimental conditions [2] at § = 25.8°, the energy of

this spectral peak Egzoo) =17.64 keV is close to the one

peak at Egy =17.45 keV.

These peaks could not be resolved by the detector with
an energy resolution of 450 eV used in [2].

Besides, our explanation can be verified by using an-
other kind of polycrystal at the same observation angle.
For example, the copper polycrystal can diffract the
RFD with energies 13.3, 15.4, 21.8 keV from crystallo-
graphic planes (111), (200), (220) respectively at
f = 258°.

3. As we mentioned above, the electron beam can
generate the PXR in the randomly aligned crystal grains
of a polycrystal. However, only a small part of these
grains has a proper alignment and produces the PXR re-
flection in the observation direction. One can estimate
relative number of such grains. As the angular size of

for the characteristic Ko

PXR reflection is about y;/} [6], only grains with recip-

. o . -2
rocal lattice vectors & within the solid angle ~} . can

take part in generation of the reflection in fixed observa-
tion direction. The relative number of such grains is

2
ye_ﬁ. The effective thickness Te for generation of
2n

PXR reflection in fixed observation direction of the
polycrystal with thickness 77 may be estimated as

Y off
e
Ty ~ o T, (6)

1
| )' 5 is the effective relativistic

where y = (172 11

factor [6], V
particles, X ¢ is the dielectric susceptibility. Thus, the

is the relativistic factor of incident
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PXR from ordinary polycrystal should be weak and
therefore is not seen in Fig. 11,b of Ref. [2].

4. To investigate radiation in a forward direction in
the wanted X-ray energy range, one can use a polycrys-
tal and position-sensitive X-ray detector(s) installed at
corresponding observation angles.

The diffraction on a polycrystal provides good pos-
sibility for studying the PXR and/or other kinds of radi-
ation diffracted in a crystal-radiator with simultaneous
measurements of radiation in a forward direction. For
example, the search for PXR in a forward direction may
be continued and/or channelling or transition radiation
may be studied with the use of a polycrystal.
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HUCIHOJIb30BAHUE TU®PAKIIMN HA MOJUKPUCTAJLIE IS UCCJIEJOBAHMI U TMATHO-
CTUKH PEHTTEHOBCKOT'O U3JIYYEHUS PEJISITUBUCTCKUX YACTHIL B HAITIPABJIEHNHA
BIEPE]

A.B. Hlazun

B pabote nmokazano, uro audpaxips Ha TOJUKPUCTAIUIE MOXKET OBITh MCIIOIb30BaHA IS MCCICIOBAHUSA U TUa-
THOCTHKH PEHTT€HOBCKOTO M3ITyUEHUs, KOTOPOE HUCIYCKAIOT B HANPABJICHUHU BIIEPEN PEISTHBUCTCKUE 3apsDKCHHBIE
YaCTHUIIBI, ABIKYIHECS B KPUCTAIUTMYECKIX WM OPYTUX MHIICHAX U HOJSX. [IpeanokeHsl MeToAb! A1 U3MEpeHUs
CHECKTPATbHON TUIOTHOCTH, PACXOIUMOCTH M JTHHEHHOHN MONSIPU3AIMA U3TYICHUS TIPH JIF000H jKeTaeMoi YHEPTUH OT
HECKOJBKUX €TUHHMII IO ECSTKOB KHJIOAIEKTPOHBOIBT. [IpemiokeHo 0ObsICHEHNE TPOUCXOKACHUS HAOIFO1aBIIHX -
Csl B 9KCIICPUMCHTE U paHee He MICHTH(OUITMPOBAHHBIX CIIEKTPAIBHBIX MUKOB KaK pe3yibTara audpakiuu bparra Ha
nonukpucraiie. [IpeamaraeTcst SKCIEPUMEHT JIJIs POBEPKH STOTO OOBSICHEHHUS.

BUKOPUCTAHHSI TU®PAKIIT HA TIOJIKPUCTAJI JUISI JOCJALKEHD I JIATHOCTUKH
PEHTTEHIBCLKOTI'O BUITPOMIHIOBAHHSI PEJISITUBICTCHKHUX YACTOK Y HATIPSIMKY
BIIEPE]

O.B. Il]azin

Y po6oTi mokaszaHo, 110 Audpaxifis Ha TOJIKPUCTAI MOKE OYTH BUKOPUCTAHA IS TOCTIIKCHHS 1 TiarHOCTUKH
PEHTIeHIBChKOTO BUIPOMIHIOBAHHS, 10 BUITYCKAaIOTh y HANpPSIMKY BIEpell PEISATHUBICTCHKI 3apsIKeHi YacTKH, LI
pyXaroTbCcs B KPUCTATIYHMX a00 IHIMMX MIMICHAX 1 MONIAX. 3alpOIIOHOBAHO METOMM I BHMIPY CIIEKTPajbHOT
TYCTHHH, PO30DKHOCTI 1 JiHIMHOI moJspu3alii BUIIPOMIHIOBaHHS TPH OyIb-AKii OaxxaHil eHeprii BiJ JEKiUTbKOX
OJMHUIIb JI0 JIECATKIB KUTOEJIEKTPOHBOJBT. 3allPOIIOHOBAHO MOSCHEHHS MOXO/DKECHHS CHEKTPaJbHUX IIKiB, IO
CIIOCTepiraiucs y eKCIepUMEHTI 1 paHilie He 1IeHTH(IKOBaHUX, K pe3yabTary nudpakuii bperra Ha moikpucTaii.
[IpomnoHy€eThCs EKCIIEPUMEHT LTS IEPEBIPKH LILOTO MMOSICHEHHSI.
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