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1. Introduction

When a fast charged particle moves through a dense medium it can emit electromagnetic
waves due to the scattering of the particle Coulomb field by medium atoms. The
distinctive property of the emission being discussed, known as the polarization
bremsstrahlung (PB) [1, 2, 3], consists in the strong dependence of its characteristics
on inter-atomic correlations in the target. This property opens the possibility to use
PB for medium atomic structure diagnostics [4]. Since the spectrum of initial virtual
photons associated with incident particle Coulomb field is wide enough, the spectral
measurements of scattered photons are more convenient for the structure diagnostics on
the base of PB. Such variant of X-ray diagnostics, known as EDXD (energy dispersive
X-ray diffraction) [5, 6, 7|, requires a well determined spectrum of primary photons.
It should be noted in this connection that the use of PB for the diagnostics has an
advantage consisting in the possibility to calculate exactly the spectrum of primary
virtual photons. One further advantage of this approach connects with the possibility
to elaborate the method of structure diagnostics with high space resolution. Indeed,
the problem of a primary electron beam focusing on the sample by equipments of an
ordinary magnetic optics is incomparably less than that for X-ray beam.

The suggestion to use PB for atomic structure diagnostics was verified by
experiments, performed in the last few years. The measurements of the distances
between atomic planes in polycrystalline targets have been realized experimentally on
the base of PB from electrons with energies of about units MeV [8, 9, 10]. The possibility
to determine texture in polycrystals by PB from 150 MeV electrons was demonstrated
at the experiment [11]. The method of mosaic crystal diagnostics on the base of PB and
the method of a nanocluster size measuring in small grained media have been recently
proposed [12].

It should be noted that many crystallographjc planes in a polycrystalline target
make the contribution to PB yield simultaneously in the form of Bragg reflexes.
The number and positions of such reflexes in total spectrum depend strongly on the
observation angle between directions of an incident electron beam and diffracted photon
fluxes. It is significant that reflexes can overlap and hence the accuracy of measurements
is determined by the spectral width of these reflexes. Generally the value of PB peak
width Aw is inverse proportional to Lorentz factor of an emitting electron ~, so that the
energy resolution of the method under consideration increases with increasing v. Unique
possibility to increase the energy resolution in the process of polycrystal diagnostics
is connected with coherent PB peaks emitted in a backward direction relative to the
electron velocity [13]. It has been shown in [13], that Aw for such anomalous peaks is
proportional to v~=2 and so these peaks are of interest for diagnostics tasks.

It is significant that the analogous peaks occur in the process of coherent PB from
relativistic electrons moving in a single crystal [14, 15| (coherent part of PB in a single
crystal is identical to well known parametric X-ray radiation [16, 17, 18]). Experimental
studies of parametric X-ray radiation peaks emitted to backward direction relative to



an emitting electron velocity have demonstrated that the spectral width of these peaks
ranges up to about tens MeV [15].

Our paper is devoted to the advancement of approach [13]. Possibilities to use
backward PB peaks for the diagnostics of ordered in part media are the subject for our
studies. New method of the diagnostics of short-range order in weakly ordered medium
based on above PB peaks is elaborated in the next section of the paper. We discuss in
section 3 the new method of cluster size measurement on the base of backward PB. Our
conclusions are presented in section 4.

Relativistic system of units A = ¢ = 1 is used in the paper.

2. Relativistic electron PB to backward direction. Study of short-range
order in weakly ordered medium

Let us consider the spectral-angular characteristics of PB photons emitted by relativistic
electrons crossing a thin solid target starting from Maxwell equations for Fourier
transform of excited electric field
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Here the last item in the right side of (1) describes the current density of a fast

electron, J is the induced current density of medium electrons, determined within the
frame of dipole approximation [3] by the equations
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where R is the screening radius in Fermi-Thomas atom model (the simplest model
with exponential screening is used in our calculations), summation in (2) is performed
over all atoms in the target, r; is the coordinate of I-th atom, ap(w) is the ordinary
dipole polarizability of an atom.

The function G describes both refraction and scattering of photons in the target.
It is convenient for the further analysis to separate GG into averaged over coordinates of
all atoms and accidental components

G=G+G, G={(G) = 4mnoao(w)d(k' — k), dmnoao(w) = y(w), 1+ y(w) = (w), (3)

so that the scattering of a fast electron Coulomb field will be described by G only.
Here ny is the average density of atoms,y(w) and (w) are the dielectric susceptibility
and permeability of the target respectively.

The solution of (1) should be determined by perturbation theory. Substituting (3)
into (1) and representing the total field E,x as a sum of the electron Coulomb field E%



and the emission field E'%¢ one can obtain in the first-order of G the following expression
for Ered
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Formula for the spectral-angular distribution of the number of emitted photons
follows from (4) in the form
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where all interatomic correlations of interest to us are contained in the correlator
(Gk1) G (ky)).

To show the possibility to use PB for study of short-range order in solids one should
calculate above correlator using two-particle density f»(r;,r,,) which may be presented
as a sum fo(r;,ry) = fi(r) fi(rm) + g2(Jty — r4n]), where fi = 1/V is one-particle
distribution function for a homogeneous target, V' is the volume of this target, g, is
the two-particle correlation function. The desired radial density is expressed in term
of the correlation function by the formula noV?n(r) = n(r) — ne [19]. Based on above
considerations one can represent (5) in the form
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Here the first item in the right side describes PB generated independently on each

atom of the target
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where 7 is the number of electrons in a target atom, L is the thickness of the target,

wp is the plasma frequency, p* = v7% 4+ w2/w? , v is Lorentz factor of an emitting fast
electron.
The last item in (6) describes an addition to PB caused by interatomic correlations

(8)
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It is important to keep in mind that the results (7) and (8) have been obtained to
fit PB photons emitted in a backward direction relative to an emitting electron velocity.



This is of no concern for PB on a separate atom (7), since the angular distribution of PB
on an atom is close to isotropic one. On the other hand, it is of fundamental importance
in the task of wgf—d];g determination on the base of the result (8). Indeed, the connection
between Fourier transform of radial density n(r) and the quantity wgf—d];g is integral, but
in conditions of PB in a backward direction under consideration this connection can be
approximated by local one due to extremely small value of the width of the range of
momentum transfer, as it follows immediately from the coefficient (2% —1) /(x?— 1+ p*/4)?
consisting in a very sharp peak with the width of the order of p?/4 &~ 1/47? < 1. Since
the effective values of in the integral (8) is in the region of a distance between atoms [,
the variable x in the function sin(2wrz) is approximately equal to unity with the proviso

that

1 2 1 2
—W ~ —W 1 9
lp l’}/ < ( )

As a result the formula (8) takes the form
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Formulae (6), (7) and (8) allow one to determine the function of radial density n(r).

Indeed, since PB spectral-angular distribution w% is defined experimentally and the

coefficient A(w) is calculated by the formula (10) as well as the distribution w-22 s
calculated by (7) one can determine n(r) by Fourier integral
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analogous to that used in the classical Zernicke - Prins approach [20], based on
angular measurements of scattered by a sample quasi-monochromatic X-ray beam.

It is of first importance that the approach being proposed does not constitute a
conceptual disadvantage of Z-P method consisting in the availability of a finite top limit
in the Fourier integral. The indicated limit causes substantial distortions in the function
n(r). The absence of above distortions within the frame of our approach is caused by
EDXD technique and the possibility to determine the spectrum of initial virtual photons
exactly.

3. Diagnostics of cluster size in small grained medium by anomalous PB
peak

The general formula (5) is applicable for targets with arbitrary atomic structures. Let
us use this formula for an analysis of the possibility to measure a cluster size in small



grained medium on the base of PB. In order to calculate the correlator (G(k;)G*(ks))
one should set the coordinates of atoms in the target r,, by the formula

rn:Rn+rnl+unl; (12)

where R, is the coordinate of n-th cluster, r,; is the coordinate of lI-th atom in
n-th cluster, u,; is the thermal displacement of this atom. Averaging over thermal
displacements u,,, cluster sizes, forms and orientations leads to the following expression
for the correlator:
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where u is the mean square amplitude of thermal vibrations of atoms, ng is the
density of clusters, n.(r) is the radial density of clusters, analogous to that in an
amorphous medium, (S(k)) = (Si(k)), Si(k) = =N, exp (ikry,) is the structure factor
of I-th cluster, containing N; atoms.

Since u < R , the contribution of incoherent part of PB is strongly suppressed in
(13) and hence PB spectral-angular distribution follows from (5) and (13) in the form
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different from (6) by the availability of cluster structure factor S(k), describing
the coherent contribution of cluster atoms to PB yield. It is clear, that the quantity

X (14)

{|S(k)|?) depends on the module of k only. In conditions of relatively small cluster sizes
under consideration (measurement of cluster size of the order of 10 nm holds the greatest
interest) the above function comprises a peak with a maximum at the point k& = 10.
Amplitude of this peak increases with increasing in cluster size, but its width decreases.
Since the peak being discussed describes the cluster as an entire object, the microscopic
arrangement of atoms in the cluster is of no importance to study of cluster size and hence
we will use a very simple model of cubic lattice. Bearing the fundamental properties
of the diagnostics method being studied in mind we neglect inter-cluster correlations in
(14) and consider the cluster as a cube with Ng atoms arranged along its verge, so that
the full number of atoms in the cluster is equal to N2. Assume that a is the distance
between neighboring atoms. As this takes place, the quantity {|S(k)|?) is given by the
formula
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The dependence T'(ka, Ng) presented in Fig.1 confirms completely above reasoning
on the properties of cluster structure factor.

Let us consider now the basic idea of cluster size measuring on the base of coherent
PB from relativistic electrons. First of all, it should be noted that the spectrum of
coherent PB described by (14),(15) has a maximum. Indeed, the factor |%;X(W)|2 in
(14) tends to zero with decreasing in w within the small frequency range I;Vhere the
susceptibility y(w) is approximately constant and hence PB spectrum is suppressed in
small frequency range. On the other hand, coherent PB is suppressed in high frequency
range, where the cluster structure factor decreases with increase in because of decreasing
of coherent contribution of cluster atoms to the formation of PB yield. It is clear that
the position of above maximum depends on the cluster size, determining the form of
structure factor (see Fig.1). The performed analysis of the results (14) and (15) has
shown that the frequency range where the maximum in question is realized depends
strongly on the observation angle between an emitting electron velocity and the unit
vector to the direction of emitted photon propagation. The most clear-cut dependence
of above maximum position on the cluster size manifests for backward PB owing to
extremely small width of the range of momentum transfer (in a similar way to that in
the case of amorphous target), but the maximum is realized in small frequency range.
A simple result follows from (14) and (15) in conditions under consideration
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where the last formula must be used with care because its accuracy is about of
15-20 per cent.

It is well to bear in mind that the calculated term in the right side of the equation
(16) which is compared with measured left side of this equation is not convenient for
cluster size determination because of strong distortions contributed by the dispersion of
dielectric susceptibility x(w). Considerably more convenient for comparison with data
function is defined as Q(wa, Ng) = w?a?T (2wa, Ng).

The function Q{wa, Ng) should be compared with experimental results by the
formula
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The task of cluster size determination is solved by the selection of the parameter
Ng equivalent to cluster size for good agreement between calculated function Q(w) and
measured quantity, given by the right side of the equation (17). It is clear, that more
realistic results may by obtained within the frame of more general model of the target
as an ensemble of clusters with different forms and sizes, but such analysis is beyond
the scope of this paper.

High sensitivity of the function Q(w) to cluster size is demonstrated by curves
presented in Fig.2. An important point is that the desired cluster size is determined
by the position of maximum in PB spectrum, which can by measured with accuracy
substantially better than that for traditional measuring of the width of PB coherent
peak.

Conclusions

The performed analysis shows the possibility to use collective effects in PB from
relativistic electrons moving in a dense media for the target atomic structure diagnostics.
PB in a backward direction is particularly appealing for the diagnostics because of
unique small width of the range of momentum transfer in the emission process.

A new EDXD method of the diagnostics of radial density function for atoms in a
weakly ordered medium on the base of relativistic electron PB in a backward direction
is proposed. The desired function is reconstructed by the equation (11). The field of
integration in this equation is not bounded from overhead and the spectrum of initial
virtual photons associated with incident electron Coulomb field is well defined, which is
why the desired function n(r) is not distorted in distinction to Zernicke-Prins approach.

PB may be used for the measurement of cluster sizes in a small grained medium.
The proposed method is based on one-to-one correspondence between the cluster size and
the position of coherent maximum in PB spectrum caused by the scattering of incident
electron Coulomb field by the cluster as an entire object. An important point is that
PB in a backward direction is found to be proportional to average square of module of
cluster structure factor. This circumstance allows one to determine the cluster size on
the base of simple equation (18).

A conceptual sketch of the method being proposed is considered in this paper. The
inclusion of a spread of cluster sizes and forms as well as inter-cluster correlations will
allow one to realize substantially more realistic model for interpretations of observational
data.
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Figure captions

Figure 1.

Square of the module of cluster structure factor versus the momentum transfer,
calculated for different cluster size.

Figure 2.

The position of the maximum of PB spectral peak versus the cluster size.









