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The transition radiation emitted by relativistic charged particles on defects—vacancion pores— of the crystal
lattice of a solid is considered. It is shown that in the case in which the pore dimension is smaller than the
characteristic distance over which the field produced by the moving charge falls off the intensity of the
transition radiation depends on the concentration and dimensions of these pores. The use of the transition
radiation to investigate the vacancion porosity of solids is therefore suggested. The resonance transition
radiation emitted in ordered one- and three-dimensional vacancion-pore structures, i.e., in pore chains and
vacancion-pore lattices, is analyzed. It is shown that in the region of emitted-quantum frequencies #» = 10?

keV the transition radiation emitted in the experimentally observed pore lattices in such metals as Al and Ni
is more intense than the bremsstrahlung. It is suggested that solids containing vacancion-pore lattices, and
possessing a developed vacancion porosity can be used in relativistic-charged-particle detectors and as x-ray

sources.

PACS numbers: 61.80.Mk, 61.70.Bv

1. INTRODUCTION

Upon the passage of a charged particle through the
boundary between two media with different dielectric
properties, there is emitted transition radiation
whose properties were first studied by Ginzburg and
Frank.! Resonance transition radiation is emitted
during the passage of a uniformly moving charged par-
ticle through an inhomogeneous medium whose dielec-
tric properties vary periodically.?~®

Besides the transition radiation, an additional emis-
sion channel is possible in a solid because of the
periodic disposition of the atoms in the crystal lattice.®~®
This radiation arises as a result of the diffraction of the
field of the particle at the Bragg angles in the ordered
system of atoms.,

The properties of resonance transition radiation
have been investigated in detail in a number of experi-
ments (see, for example, Refs. 2, 9~12) on the flight
of relativistic charged particles through various layered
media, which are sets of periodically alternating la-
minae possessing different dielectric properties. The
spacing of such one-dimensional periodic structures
that are usually used in these experiments ranges from
L;=5x107%to L, ~ 1 em. Similar layered media are
used to construct detectors for high-energy charged
particles. Resonance transition radiation possesses
threshold properties. An important parameter here is
the layered medium’s spacing, which characterizes the
minimum particle energy starting from which the entire
emission spectrum is regenerated. To broaden the
energy range of the detectable particles in the region of
lower energies, we need periodic structures with suf-
ficiently small spacings.

Interesting structure formations, which arise under
certain conditions in various solids, and whose dielec-
tric properties are periodic with a sufficiently small
periodicity dimension (of the order of hundreds of
angstroms), are ordered structures of crystal-lattice
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defects. Foremost among these structures are the or-
dered structures of vacancion pores.®*~!7

It has now been experimentally established that the
irradiation of various metals by fast particles (fast
neutrons, ions, electrons) produces in them vacancion
pores that in a number of cases form ordered structures
of several types: one-dimensional (pore chains®?'%),
two-dimensional (pore walls!®), and three-dimensional
(vacancion-pore lattices®+*7),

In each of these structures the size distribution of
the pores is very narrow, and all the pores are located
strictly at a definite distance from each other. The
mean dimension of the pores and the order constant in
such ordered structures depend on the conditions of the
irradiation and the type of metal. Uusually the mean
pore dimension R ranges from about 10 to 10® &, while
the order constant L for the various metals ranges from
about 10? to 10* A.

The most interesting ordered defect structure is the
vacancion-pore lattice. It is produced in a definite tem-
perature range starting from some radiation doses. All
the pores in the pore lattice are practically of the same
size. The mean dimension of the pores located at the
nodal sites for the various metals ranges from 20 to
100 3, while the pore-lattice constant ranges from
200 to 800 A. The symmetry of the pore lattice coin-

~ cides with that of the original crystal lattice of the

metal. The pore lattice is a stable structure forma-
tion.!®:1% At present pore lattices have already been
found in such metals as Mo, Ni, Al, Nb, Ta, and W,
in the alloys TZM and Mo, ¢ Ti, o5, as well as in fluo-
rite.!” Evidently, pore lattices can be formed in other
solids.

Ordered defect structures can also be produced
under conditions other than those produced by irradia-
tion. Thus, the diffusional decay of solid solutions leads
to the formation of an ordered lattice of the precipitates
of the new phase.?® This lattice is also periodic in its
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dielectric properties.

Another interesting phenomenon, which leads to the
formation of one-dimensional ordered structures
(vacancion-pore chains), is the “vacancion breakdown”
of solids.'* This phenomenon is observed in ionic
crystals, in which the vacancion-pore chains are
formed under conditions of high-temperature annealing
of the pores by the action of a constant electric field.
The pores in such chains may have a fairly extended
cylindrical shape, and the axes of the pore chains
always coincide with the direction of the electric field.

Ordered vacancion-pore structures differ essentially
from the synthetic layered media usually used in ex-
periments on transition radiation in a number of their
properties. First, they possess fairly small periodic-
ity dimensions L;/L,. = 10° and, secondly, the ordered
pore structures, being three-dimensional structure

formations, consist of pores of finite linear dimensions.

And, which is particularly important, the pore dimen-
sion can be significantly smaller than the distance Lg
over which the electric field produced by the relativis-
tic charged particle is nonzero. Therefore, in contrast
to the emission in a one-dimensional layered medium,
the intensity of the transition radiation emitted in a pore
lattice will depend essentially on the transverse dimen-
sions of the pores.

The investigation of the transition radiation emitted
in ordered defect structures may prove to be useful in
the determination of the general laws governing the
formation of such ordered structures. Furthermore,
the investigation of the transition radiation emitted on
vacancion pores is of interest by itself. This radiation
can be used to investigate the defect structure of solids.
It may prove to be especially effective in the investiga-
tion of the surface layers of solids, which contain dif-
ferent defects: vacancion pores, cracks.

In the present paper we consider the transition radia-
tion emitted by relativistic charged particles in ordered
vacancion-pore structures. We first investigate the
radiation emitted on one vacancion pore, and then deter-
mine the parameters of the radiation emitted in vacan-
cion-pore chains and lattices. We also present the re-
sults of transition-radiation calculations performed
for the experimentally observed vacancion-pore lat-
tices in Al and Ni. The resonance transition radiation
emitted in a pore lattice is compared with the brems-
strahlung emitted in the crystal.

2. TRANSITION RADIATION EMITTED BY
RELATIVISTIC CHARGED PARTICLES ON A
VACANCION PORE

Let us determine the radiation that is generated dur-
ing the flight of a relativistic particle with charge e
through one vacancion pore located in a transparent
medium.

The moving charge produces an electromagnetic field
in the medium. The scattering of this electromagnetic
radiation on the vacancion pore results in the generation
of the transition radiation of the relativistic charged
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particle on the pore. The description of this phenomen-
on with the framework of the kinematic theory of dif-
fraction is similar to the description of the scattering
of light by an inhomogeneous medium ** whose role is
played in the present case by the vacancion pore.

Let us suppose that the permittivity of the medium
containing the vacancion pore has the following form:

(2.1)

Here £°)(w) describes the permittivity of the homo-
geneous medium in the absence of the pore (e = £,)
and £)(w, r) characterizes the deviation of the permit-
tivity €, of the vacancion pore from the permittivity €,
of the solid in which the pore is located.

e(o, r)=e” (0)+e* (o, r).

Below in considering the transition radiation emitted
on a pore we shall be interested in the emission of quan-
ta with frequencies significantly higher than the char-
acteristic atomic frequencies w,. Inthe region of fre-
quencies w> w,, the quantities £{°) and £*) are equal to

(2.2)
(2.3)

e (0) =1—0?, o’=4ne’NZ/m,,

e (0, r)=x(0)0(r), x(o) =g,—&, ="/ 0"

Here NZ is the mean electron density in the medium
in which the pore is located, 6(r) is the pore-shaped
function, equal to unity if the radius vector r is located
inside the pore and to zero otherwise, and m, is the
electron mass.

Let us note that, although below we shall consider the
transition radiation emitted only on the vacancion pores,
the case in which the charged particle passes through
an arbitrary inhomogeneity (e.g., the precipitate of a
new phase) characterized by the permittivity €, can be
considered in similar fashion. In this case the quantity
x(w) in the expression (2.3) should be replaced by the
quantity

4net

mn’=——‘ (NZ—NPZP)r (2-4)
m,

(o2
x(0)= o

where N, Z, is the mean electron density in the precipi-
tate.

In the region of frequencies w> @, we have £(®)> ¢,
and therefore in computing the transition radiation
emitted on the inhomogeneities of the medium we can
use perturbation theory,??! which reduces in this case
to the determination of the intensity of the radiation
generated by the electromagnetic wave scattered on the
inhomogeneity of the medium of permittivity e,

Below we shall designate the quantities characterizing
the incidént electromagnetic wave by one prime (e.g.,
E',H') and the corresponding quantities for the scatter-
ed wave by two primes (e.g., E”,H").

Let us find the radiation emitted by a particle on a
pore in the case in which the relativistic charged par-
ticle traverses a vacancion pore in the form of a cylin-
der of radius R, and length R, the particle moving with
constant velocity v along the axis of this cylinder. As
has already been noted, pores of a similar shape are
formed under conditions of a “vacancion breakdown,”!*
The electromagnetic field produced by a relativistic
charged particle in a medium of permittivity ¢, has the
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well-known form

4ine e,0v—ke?

E’ (k, m)=»—e——m6(m—kv) (2,5)

It can be seen from this expression that, for ultra-
relativistic particles (i.e., for v=c), the electromag-
netic field (2.5) is practically a transverse field of
strength E, (E|/E|~y>1). Let us orient the z axis
along the axis of the cylindrical pore. Then the com-
ponents E; and E; of the electric field (2.5) assume the
form

, eqei®”: g y

E‘ e 2 21"
v nvey,  (z*+y)" Kals 41",

(2.6)

where

a=(0/v) (1—ep*)", p=vlc.

The field of the scattered electromagnetic wave is
described with the aid of the induction D/, (D), = E!
+e(VE), which satisfies the following equation:

ml
AD,"+e, = D,”=-—rotrote“E,’.

2.7

The solution to Eq. (2.7) can be written down with the
aid of the retarded potentials, and at a sufficiently large
distance R, from the pore has the form"’

" em’& ’ 7
D."=— o (KX [K'X 6], (2.8)
where
G(0)= je“’(m)E’(m, r)e=*"d’r. (2.9)

Here K =wc™'e}*n is the wave vector of the emitted
quantum. Notice that Eq. (2.7) was derived in the per-
turbation-theory approximation for £ > ¢ [(g, - €,)/
£ 1], and without allowance for the small terms of
the order of €V)E”; therefore, below we shall, for con-
venience, write in Eq. (2.7) the quantity €, =1 in place
of the quantity €,, and, accordingly, the wave vector

k' =w/c.

Let us note one important characteristic of the elec-
tromagnetic field (2.8), (2.9): the characteristic dis-
tance over which the electromagnetic field produced by
the relativistic charged particle in the medium falls
off is, for v~¢, equal to

c ,(x)oz =2

L= (- +55)
This distance determines the transverse dimensions of
the region in which the incident electromagnetic wave
excited by the particle traversing the medium under-
goes significant scattering on the inhomogeneities of
the medium. The dimensions of the vacancion pores are
usually tens of angstroms, while the value of Ly, for
example, for quanta of wavelength A =1 A and y =10° is
equal to Ly~2x 10% A, and for vacancion pores with
dimensions E < 10> A the condition L;> R is fulfilled.
Therefore, in contrast to one-dimensional layered
media, the transition radiation emitted by relativistic
particles on vacancion pores as the particles fly through
the region p< L (p is the distance from the trajectory
of the particle) will depend essentially on the number
of pores in this region and the transverse pore dimen-
sions. This indicates that the transition radiation can
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be used to investigate crystal-lattice defects and, es-
pecially, the vacancion porosity of irradiated solids.

For vacancion pores of cylindrical shape the com-
ponents of the vector G with allowance for the expres-
sions (2.3), (2.6), and (2.9) are equal to

dieayWe™™ sin xR,
Unge, al+q?

kS k', (2.10)

(2

where

W=+ qR.J, (4R K, (aR,) —aR,1,(gR) Kx(aR,),

= %— (1—e"Bcos®), g=Fk sin®,

J,(x) and J,(x) are Bessel functions.

The intensity of the emission of quanta in the fre-
quency and solid-angle intervals dw and dQ, respec-
tively, is equal to

dl,=ce,"|E,”I’Rdw dQ. (2.11)

Let us, taking account of the fact that the medium
does not scatter the electromagnetic waves E, =D’ /e
at the observation point, substitute the expressions
(2.8) and (2.10) into (2.11). As a result we obtain the
following expression for the intensity of the radiation
emitted by a relativistic particle during its flight
through a vacancion pore:

dl, 2y’ (1—e,p*) W*cos® sin O sin’ xR,
dedd nce (1—e,p*cos*®)(1—Pcos¥)?
Let us consider a few limiting cases.

(2.12)

In the case in which an ultrarelativistic particle with
energy E> mc? traverses a vacancion pore of small di-
mension @R, < 1, the radiation intensity is equal to

dl., 2ey?
dodd nce,"(qR,)*
x [qR.+qR,J.(gR,)—2J,(gR,) (1—!/.a*R,*) ]* cos* ¥ sin® ¥ sin® xR,
(1—ep*cos® 9)*(1—p cos @) * '

(2.13)

The intensity of the pencil radiation (3« 1) emitted
by ultrarelativistic particles on small-sized pores
(Ry=R=R, gR< 1, nR« 1) is equal to

dl, 1 ot 1
Todt =~ Pt ®*R%*9°.

Notice that the radiation intensity in this case in-
creases with increasing pore dimension (dI,/dw xR®),
and practically does not depend on the particle energy.

In the case of the traversal of large pores, i.e., for
aR, > 1, the intensity of the radiation emitted by a
relativistic particle into the small solid angle with 9«1
is, according to the expression (2.12), equal to

i sep OO [%fi" (1—B‘+ﬁ”)]
dodd  mc (1—pHyt00):(1—p+o9)°

This expression coincides with the expression for the
intensity of the transition radiation emitted in a plate
of thickness L=2R (Ref. 2).

In the region of frequencies and emission angles
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where the radiation intensity 9« 1 - @« y depends on
the particle energy, i.e., dI /dw~E*, while dI /dw
~Efatl-pg@g~9.

The dependence of the intensity of the transition radia-
tion emitted on large vacancion pores (i.e., on vacan-
cion pores for which @R, > 1) on the particle energy in-
dicates that materials containing vacancion pores can
be used in relativistic-charged-particle detectors.

Let us compare the transition radiation emitted on a
vacancion pore having a sufficiently small longitudinal
dimension, i.e., for which »R;<« 1, with the diffraction
radiation generated when a charged particle flies
through an aperture in a thin (I~X) screen.? In Ref. 2
the diffraction radiation is described with the aid of an
approximate computational method based on the Huygens
principle. In that analysis the field of the emission
from the aperture is the result of the superposition of
secondary fields emanating from the points of the aper-
ture, and has at a sufficiently large distance from the
aperture the form [cf. the expressions (2.8) and (2.9)]

ke ik,

R,
El =7jE' (@,r) e ds, (2.14)

2ni.

where k=w/c.

In this expression, in contrast to (2.8), E' is the
field produced by the moving charge in a vacuum, and
not in a medium with permittivity €,. It has the form
of (2.6) with @ =w/vy. Moreover, in the analysis of the
diffraction radiation emitted during the flight through
the aperture the screen essentially differs in its optical
properties from the medium in which the vacancion
pore is located, and which is traversed by the charged
particle. Thus, it is assumed in the analysis of the
diffraction radiation® that the screen is ideally conduc-
tive (€, =) and absolutely opaque. On the other hand,
the investigation of the transition radiation emitted on
a pore located in a medium has been performed for a
transparent medium (screen) with allowance for the
polarization of the material of which it is made.

Let us compare the intensity of the transition radia-
tion (I,,) emitted on a vacancion pore with a small longi-
tudinal dimension Ry= X (wR <« 1) with the intensity of
the diffraction radiation (I 4,) emitted on an aperture.?
For pores and apertures having small transverse di-
mensions aR, <1 A< R,), according to the expres-
sions (2.8) and (2.14), the field of the transition radia-
tion emitted on a pore (E[) is weaker than the field of
the diffraction radiation emitted on an aperture (E%;)
by a factor of y (i.e., Et:=xE%; ) and, accordingly, the
emission intensities are connected by the relation I,
~x%I4 . This difference in the intensities is due to the
difference in the optical properties of the medium and
the screen in the two investigations. For pores and
apertures having large transverse dimensions R, ~ 2y,
the deviation from each other of the transition—and
diffraction—radiation fields is due not only to the dif-
ference in the optical properties of the screens in the
two approaches, but also to the fact that in (2.8) the
field E' produced by a charged particle in a medium
with permittivity &, differs from the field E' in (2.14),

23 Sov. Phys. JETP 55(1), Jan. 1982

which is the field produced by the charged particle in a
vacuum. For the radiation emitted at small angles
9~y 1« 1 in the frequency band w < w,y, the transition-
radiationfield is weaker than the diffraction-radiation
field by a factor of y2, i.e., E}; ~v*E., so that the
radiation intensity I 4 ~9%,,.

To conclude this section, let us formulate the con-
ditions of applicability of the expression (2.12) for the
intensity of the transition radiation emitted on a pore.
The transition radiation emitted on a vacancion pore
was considered above with the use of perturbation
theory, and, besides the requirement that £{°)> g{*),
for the results obtained here to be applicable, it is also
necessary that the next perturbation-theory approxima-
tion be smaller than the preceding one. For pencil ra-
diation emitted on pores of small dimension, i.e., on
pores for which aR, «1, gR, <1, R, =R=R, we ob-
tain by comparing the expressions for E’ and E” the
following condition for the applicability of the expres-
sion (2.12):

oc~!(wo/c)*R*<1.

It can be seen from this relation that the main results
obtained here for the transition radiation emitted on
vacancion pores are well applicable in the description
of the pencil radiation.

3. TRANSITION RADIATION EMITTED ON A CHAIN
OF VACANCION PORES

Let us now proceed to consider the radiation that
arises during the flight of a relativistic charged par-
ticle through a chain of vacancion pores. As has al-
ready been noted, ordered vacancion-pore chains can be
produced artificially in various solids as a result of the
irradiation of them by fast-particle fluxes®® and also
as a result of a “vacancion breakdown.”** The vacan-
cion breakdown effect occurs in ionic crystals, in
which the ordered pore chains form under the action of
an electric field. The formation of the pore chains oc-
curs as a result of the motion of the pores under the ac-
tion of the external electric field; therefore, the axes of
the pore chains coincide with the direction of the electric
field. This, apparently, may significantly facilitate
the performance of experiments in which it is neces-
sary to produce ordered charged-particle motion along
the axis of the pore chain.

Let us consider an ordered vacancion-pore chain
consisting of N pores, and having a spacing equal to L.
All the pores in the chain have a cylindrical shape and
linear dimensions R, and Rj. Let a relativistic charged
particle transverse the pore chain, moving along the
axis of the chain with velocity v. Let us orient the z
axis along the pore chain. Then, for w> w,, the per-
mittivity €(w, r) of the medium containing the vacancion
pore chain can be written in a form similar to (2.1),
in which the quantity £)(w, ¥) is, in the cylindrical
system of coordinates (p, z), equal to

N—i

eV (o, r)=yx(0) Z 6(R,.—p)0(z—nL)6(2R,+nL—z),

n=0

where
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1, z>0
8(=)= {0, 2<0’

The transition radiation that arises during the flight
of a relativistic charged particle through a vacancion
pore chain is due to the scattering of the electromag-
netic field (2.6) produced by the moving charged particle
not by one pore, but by the N pores of the pore chain.

To determine the intensity of the radiation emitted on
a pore chain, let us compute the quantity G, which, for
a pore chain consisting of N pores, is denoted below by
G{"). The calculations lead to the following result for
this quantity:

N—-i

G =G § : ek,

nw=0

3.1)

Here the quantity G!*) corresponds to the value of G for
one pore, i.e., is given by (2.10).

Performing the computations in much the same way
as was done in the preceding section, we find with the
use of (2.11), (2.8), and (3.1) the following expression
for the intensity of the transition radiation emitted on a
pore chain:

I _ sin’(xNL/2) dL” (3.2)

dod®  sin*(xL/2) dodd’ ’
Here dIf,})/dwds is the intensity of the transition radia-
tion emitted on one pore [see the expression (2.13)].

It can be seen from the expression (3.2) that when the
resonance condition

L= (wL/v) (1—2,','5 cos®)=2nn, n==%1,2,... (3.3)

is satisfied, the radiation intensity increases rapidly
with increasing number of pores:

dI™ Jdo d9~Nd1" /de do. (3.4)

The resonance conditions (3.3) determine the emis-
sion angle of the resonance quanta,

An increase in the intensity of the radiation emitted
during the flight of a relativistic particle through a pore
chain in comparison with the same quantity for one
pore can also be achieved upon the fulfillment of the
following condition:

% ~ %TL (1—p*+0+x) <1,
which is fulfilled in the case of ultrarelativistic par-
ticles (v=c), which emit pencil radiation (9« 1). In
this case the radiation intensity is, as in (3.4), propor-
tional to the square of the number of pores.

Let us now analyze a few limiting cases.

Let a relativistic charged particle traverse a chain of
pores having an extended shape with a small transverse
dimension, i.e., for which Rp>R,, aR, < 1, =R~ 1
The intensity of the pencil radiation (gR < 1) in this case
is equal to

dI;) iR, 9°sin’(xR,) sin’(NxL/2)
dodd  2mc®  (1—pr+o°+y)® sin*(xL/2)
In the case in which the particle traverses pores of
large transverse dimension aR, > 1, the expression
(3.2) obtained within the framework of perturbation
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theory for the intensity of the radiation emitted on a
pore chain goes over into the expression obtained earlier
(see Ref. 2) for the intensity of the transition radiation
emitted on a pile of plates each of which is of thickness
R"-

Let us now determine the total radiation emitted by
the relativistic particle during its flight through the
pore chain. To do this, let us integrate the expression
(3.2) over the angles with the aid of the well-known
relation®

sin® (NxL/2)

TR =2nN“§; 8 (xL—2nn).

o«

The general expression for the total radiation inten-
sity has quite an unwieldy form; therefore, let us
consider the case—the most interesting one—in which
the radiation emitted on the pore chain has a high-
directional (9« 1) character, and all the pores in the
pore chain have a small transverse dimension aR, < 1.

According to (3.3), the emission of quanta at small
angles will occur when the following condition is ful-
filled:

2nnc/ 0 L<1,

the maximum emission angle being then equal to 9
= 2mnc/wyL.

max

The frequency distribution of the radiation intensity in
this case has the form
e0'R ‘N
4c*L

2nR,

do’
a1 = 2—9—- [20'—@'*(1—p?) —p.®] sin®
® L

n. (3.5)

where v’ =w/w,, w,=2mv/L, p,=w,/w, It canbe
seen from this expression that the distribution of the
radiation intensity is a superposition of harmonics with
different values of n.

The range of emitted frequencies is determined by the
condition |cos9|« 1, rhich leads, when (3.3) is taken
into account, to the following inequality:

1+e," p=w./0=1—e,"p. (3.6)

The first part of this inequality for ultrarelativistic
particles, for which y?=E/mc®*> 1, v*> p?, determines
the minimum (w_,) and maximum (w,,,) radiation fre-
quencies:

Omin =~ 7 (D..pn’, (Dmaxzzmﬂz,

between which lies the entire emission spectrum of the
quanta. Let us note that the condition for the positive-
ness of the radiation intensity (3.5) leads to the same
frequency range.

It can be seen from the expression (3.5) that the
radiation intensity for each harmonic at the emission
frequency, which is equal to

0=

has the maximum value

G SN (4 b2 g 2,
do 4c'L  oa Y L

It can be seen from this expression that the maximum
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value of the intensity for each harmonic increases with
increasing particle energy E, and that it approaches
a limiting value at high energies (i.e., when y?*> p?).

An important characteristic of resonance transition
radiation is the threshold energy E{™, starting from
which the harmonic with the number n appears in the
emission spectrum. This quantity is determined from
the condition (3.6), and is equal to

ES /mct=0,/0n=0,L/2ncn.

The fact that E{" ~ L is very important in connection
with the performance of experiments on resonance emis-
sion on a pore chain. The value of L for a pore chain
is fairly small (L= 10? - 10* A), and therefore the en-
tire radiation spectrum is regenerated starting from
energies E{!)=(w,L/2nc)mc?. For example, for L
=5x 10? A and %iw, =30 eV, the quantity E{*'~ 1 MeV.

Let us now find the total number of quanta emitted
by a relativistic charged particle as it passes through
a unit length of a pore chain. For this purpose, let us
divide the quantity (3.5) by the energy %Zw of a quantum
and the total length NL of the chain and integrate the
resulting expression over the frequencies. The maxi-
mum value of the total number of quanta emitted from
a unit length of the pore chain is approximately equal to

1 0B 1 4ne ,2nR,

Moo ¥ o 13T & L ’?ln(mob 7")5”‘" "

3.7

where n,,,~ w,L/2mc.

Let us, for comparison, point out that in the case of
the transition radiation emitted on a pile of plates with
spacing L, the maximum number of quanta emitted from
a unit length is equal to®

Tmax

4 1 1
m ~ 137 E—Z;ln(&vfon).

n=1

The ratio of the quantities (3.7) and (3.8) is equal to

(3.8)

Mpor o goi @R Lt (3.9)
m ¢ Lpos
For the characteristic values L., =5x 10* &, R,=50 A,
and 7w, =60 eV of the parameters of the ordered vacan-
cion-pore chain that forms in a solid, and for the spac-
ing L, =5x 10° A of the layered medium, the gamma-
quantum yield ratio (3.9) is equal to m p,/m,; =~ 103,

In the case of pores of a large dimension R, > 1 the
expression (3.2) obtained for the radiation intensity
within the framework of perturbation theory goes over
into the corresponding expression for the intensity of
the radiation emitted by a relativistic charged particle
in a layered medium.?® Allthe quantities characterizing
the transition radiation in this case are considered in
detail in Refs. 2 and 3.

To conclude this section, let us make a few remarks
about the effect of a deviation from the ordered dis-
position of the pores in the chain and the smearing of
the narrow size distribution of the pores in the pore
chain on the intensity of the resonance radiation emitted
in this ordered structure. As is well known,?*> the char-
acteristic distance over which the transition radiation
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is produced in a medium with permittivity € is the co-
herence length L.~ c/w(1 - ef +9?)7%. It can be shown
in much the same way as is done in Refs. 2 and 3 that,
if there are distortions in the periodicity of the ordered
pore chain, so that the pores are shifted from site
positions in the ordered structure through distances
~{6LF}*2, and if the size distribution of the pores has a
width ~(6R%)'?, then all the results obtained for the
resonance transition radiation will not change provided
the following conditions are fulfilled:

(6R*)"<L., (8L%)"<L..

In the case of fairly large shifts of the pores from the
nodal sites, i.e., for (6L%)"2> L, the transition radia-
tion is emitted on N independent pores, and the intensity
of the radiation emitted on a pore chain is the sum of
the radiation intensities for the individual pores each
considered separately [cf. (3.5)]:

a1 /de dd~NdIS" /de do.

The occurrence in a system of randomly disposed
pores of transition radiation with intensity proportional
to the pore concentration, and dependent on the pore
dimensions, can be used to investigate the vacancion
porosity of solids.

4. TRANSITION RADIATION PRODUCED BY FLIGHT
OF A RELATIVISTIC CHARGED PARTICLE THROUGH
A VACANCION-PORE LATTICE

Let us determine the radiation that arises during the
flight of relativistic charged particles through a
vacancion-pore lattice.

Let us represent the permittivity €(w, r) of the solid
containing the pore lattice in the frequency region w
> w, in the form of a sum of the two quantities: £00)(w)
and £€)(w, ) [see the expression (2.1)]. Here, as
before, the quantity £°(w) characterizes the permit-
tivity of the solid in the absence of pores, i.e., is given
by (2.2), while the quantity €*)(w, r) describes the
permittivity of the ordered pore system, and is equal
to

e (@, r)=x(w)d(r),

where 6(r) is a function characterizing the position of
the pores in the solid, being equal to one if the radius
vector r lies inside any pore and zero otherwise.

The permittivity €(w, r) of a solid containing a vacan-
cion-pore lattice is a periodic function of the coordin-

ates, i.e.,
(4.1)

e(o, r)=¢(o, rts),

where s is an arbitrary translation vector in the pore
lattice.

Let us, using the periodicity property (4.1), expand
the spatially inhomogeneous component £*)(w, r) of the
permittivity €(w,r) in a Fourier series in the reciprocal
pore lattice vectors q:

e (w, r)=2 eqe'V, eq= %j e (o, r) e dr.
q

Here the reciprocal pore lattice vector q has the com-
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ponents 27l/L, 2om/L, and 2mm/L, where I, m, and n

are the arbitrary whole numbers, L is the length of the
unit-cube edge in the pore lattice, and V is the volume

of the unit cell of the pore lattice (V= L?).

Let us find the intensity of the transition radiation
emitted during the motion of a relativistic charged
particle through the pore lattice. The calculations
for w> w,, £ > £ yield the following expression for
the radiation intensity per unit particle-path length in
the pore lattice for the quanta emitted in the frequency
range dw into the solid angle dQ (see also Ref. 2):

dl, e’ WENV 2 §lo—(k—q)v]
—_ m—— *llk + .
do dQ Zue,”'cvzl &a l [ ( c? 1 )] | [ (k—q)*—e0%/c*]?

(4.2)

Here k=wc™'¢}”?n is the wave vector of the emitted
quantum.

Notice that the transition radiation emitted in an
ordered system of precipitates® can be investigated
with the aid of the expression (4.5). For this purpose
the quantity y(w) should be taken to be the difference
between the permittivities of the matrix of the solid
and the material of which the precipitate is made [see
the expression (2.4)]. The maximum value of the inten-
sity (4.2) will occur in a pore lattice for which the
quantity |y(w)| has its greatest value.

It can be seen from the expression (4.2) that the
transition radiation possesses resonance properties
when the following condition is fulfilled:

(4.3)

This condition determines the emission angle 9 (i.e.,
the angle between k and v) at which resonance transition
radiation occurs in the pore lattice.

o—kv=—qv.

Below we shall consider in greater detail the most
interesting case, when the charged particle traverses
the vacancion pore lattice in a direction parallel to one
of the axes of the unit cube (i.e., the case in which
viz).

The orientation of the axis of the pore lattice can
easily be established in the experiments that can be
performed on transition radiation emission in a pore
lattice, using, for example, electron microscopy, or
any other method that allows the investigation of the
microscopic structure of the parent crystal lattice of
the solid. Knowing the orientation of the pore lattice,
we can direct the relativistic particle at any angle to
the chosen axis in that lattice. Then, since for w> w,,
we have €,< 1, the relation (4.3) will be satisfied only
in the case in which q.v ==2mv/L<0 (n>0). The con-
dition (4.3) in this case assumes the form

(4.4)

It can be seen from this relation that, when the con-
dition 2mc/w,L< 1 is fulfilled, the radiation emitted
by ultrarelativistic particles (v=c) is a pencil emission
occurring in a narrow cone with maximum apex angle
9,.%2mec/wy L.

% %
cos O=c/ve, —2nnc/we, L.

To determine the radiation intensity, we must find
the Fourier components €, of the spatially inhomo-
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geneous component of the permittivity £(w,r). As has
already been noted, the symmetry of the vacancion
pore lattice coincides with that of the parent crystal
lattice of the solid in which the ordered pore structure
is formed. Therefore, in such metals as Al and Ni,
in which pore lattices have thus far been detected, the
pores form the face-centered cubic (fcc) lattice, while
in Mo, Nb, Ta, and W the pores form the body-center-
ed cubic (bcc) lattice. Let us find the quantities g4 for
these two types of pore lattices. To do this, let us as-
sume that each pore has the cubic shape with a cube-
edge length equal to 2R. The calculations yield for the
quantity €, for the bcc pore lattice the expression
1’; 1+cosnl$:-m—n) sinlzn: Isin ZJZR msin 2IZR n. (4.5)
For the fcc pore lattice the Fourier transform €4 has
the form

€q=

% nRn nRIl
= + —_— -
€q n’lmn{ [0053(1 m) cos T + cos n(n—m) cos

nRm nRl nRm nRn
I . . .
+ cos n(l—n) cos 73 ] 2sin i sin 73 sin 73

(4.6)

+ sin Z’ZR Isin msin ZJZR n}.

It can be seen from the expressions (4.2), (4.5), and
(4.6) that the emission spectra of charged particles in
the pore lattices are superpositions of various har-
monics having the numbers [, m, and », the radiation
intensities being largely determined by the contributions
of the first harmonics.

The condition |[cos 9] <1 with allowance for (4.4) de-
termines the emitted-frequency range for each har-
monic number considered separately. It should be
noted that the emitted-frequency range in the case of
the pencil radiation (9« 1) and the range for the radia-
tion emitted into the rear hemisphere (3 = 1) differ
somewhat from each other.?

Thus, in the case of the pencil radiation the emitted-
frequency range is equal to

) (4.7)

2nnv(1+8) , Lo
L et 2nnc

where y =(1 - ££) 72,

The wavelength of the pencil radiation depends on the
emission angle 9 and the emitted-harmonic number =n.
For |x|v?< 1 the wavelength of the radiation is equal to
A= L(1+5%%)/2"n.

For 2mnc/w,L 2 1 the angular radiation is not a pencil
beam, and is directed into the rear hemisphere. The
emitted-frequency range in this case is specified as
follows:

2nnv(14B) 2nnv
—L—’y Pm?m, (4.8)

In the metals Ni and Nb the observed pore-lattice con-
stants are respectively equal to L =660 and 750 A (Ref.
17), and the first harmonics (n =1-3) satisfy the rela-
tion 2mnc/w,L< 1, which indicates that the radiation
emitted by charged particles in these metals should
have a high-directional character with an emitted-
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frequency range given by (4.7). As an example, let us
point out that, in the case of the motion of relativistic
electrons with energy E =500 MeV through a pore lat-
tice of lattice constant L =700 A in a solid with kw,

=59 eV, the emitted-frequency range for the harmonics
with number » is 35n MeV 27iw 29927t eV.

In the other metals (Al, Mo, Ta, and W) in which pore
lattices have found to occur, the observed pore-lattice
constants are somewhat smaller [ L ranges from about
200 to 300 A (Ref. 17)], and in these metals the relation
2mc/wyL 2 1 obtains even for the first harmonics. The
radiation in these metals should be emitted into the rear
hemisphere, and the emitted-frequency range is given
by the relation (4.8). For example, for the radiation
emitted by relativistic electrons with energy E =500
MeV in the case in which L =200 A the emitted-fre-
quency range is equal to 3572 MeV 27w 2 31x eV.

Let us now determine the intensity dI /dw of the
radiation emitted by a relativistic particle moving in a
pore lattice along one of the unit-cube edges. For this
purpose, let us integrate the expression (4.2) over the
solid angle . As a result of the computations we ob-
tain

al, ¢ L (1—2w)e,p/2w+(1+g)w
do 20 Z s {[(1—(1+g)w)2+g(1—e.(3‘)]"’

_sfﬁ‘[i—2w+(1+g)w][(1—6.5’)+4w’(1—(1+g)w/e;§‘)‘]_1} (4.9)
4wl (1—(1+g) w)*+g (1—e,p?) ]* s

Here w=w,/2w, w,=2mv/L, and g=(4% +42)/q4>.

In the region of high quantum-emission frequencies
where w,/w<« 1, [x|¥*>1, and for small pore dimen-
sions R« L, the radiation intensity (4.9) varies accord-
ing to the following law:

dlo/do~e*w,'R* /40 L7,

In this frequency range the radiation intensity prac-
tically does not depend on the particle energy.

At higher frequencies, i.e., for w,/w<1and |x|y’« 1,
the radiation intensity depends weakly on the relativis -
tic-particle energy:

dl, o’ eq 1 o

o z'@—g?(z‘?‘z;)'

As has already been noted, an important characteristic
of the transition radiation emitted in an ordered vacan-
cion-pore structure is the presence of a threshold ef-
fect for the energy of the moving particle, i.e., the ex-
istence of a particle energy starting from which there
appear in the radiation spectrum (4.9) harmonics having
the ordinal numbers »n. Starting from the energy E{‘)
the harmonic with the number » =1 appears in the
radiation spectrum, and the entire spectrum is rees-
tablished. The radition intensity reaches saturation,
having then the highest possible value. The threshold
energy ESV is equal to :

EM = L mc?
P = —" .
2nc

The fact that E{!~ L is very important for the per--
formance of experiments on transition-radiation emis-
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sion in pore lattices. The point is that the value of the
threshold energy E{" in a pore lattice having a suf-
ficiently small spacing (i.e., with L~10°~10° &) is
significantly lower than the value of the same quantity
for the transition radiation emitted in the normally used
layered media. Let us, for comparison, point out

that, for layered media with L,~107% cm, E{V) 2 10?
MeV. On the other hand, in a pore lattice (in, for
example, Mo) with spacing L =220 A (Ref. 17) the
threshold energy for relativistic electrons has the
value E{¥ =0.54 MeV. In other experimentally observed
pore lattices!’ Eﬁ”: 1 MeV,; therefore, resonance
radiation can appear in a pore lattice at significantly
lower electron energies: E =1 MeV.

Let us now determine the number dm of quanta emit-
ted by a relativistic particle as it travels a unit length
in a vacancion-pore lattice. Let us perform the num-
erical computation for the radiation emitted by rela-
tivistic electrons in the experimentaliy observed’
vacancion-pore lattices of the two metals Al and Ni.

In Fig. 1 we present the results of the numerical cal-
culation of the number dm of quanta emitted in the fre-
quency interval dw for Al having a pore lattice constant
L=1700 & and R =250 A (the curve 1) and for Ni with
L=620 A and R =125 A (the curve 2) in the case in
which the electron energy E =50 MeV.

The results of the calculations show that the number
of quanta emitted over a unit length in a pore lattice
practically does not depend on the electron energy
when E> E{!), At the same time, the number of emit-
ted quanta essentially depends on the lattice constant L
and the mean radius R of the pores. According to (4.9),
the highest yield of emitted quanta should occur in a
pore lattice in which the pores have fairly large dimen-
sions, i.e., for which R= L.

Such pore lattices can be produced with large radia-
tion doses under conditions of continuous pore swelling
that conform to the stability conditions for the pore
lattice.®+1°

In Fig. 2 we present the results of the calculation of
the number dm of quanta emitted in the pore lattice of
Al for different pore radii (R, =100 A, R, =150 &, and
R, =200 A) and a fixed pore-lattice constant L =700 A.
All the calculations were performed for an electron

w* ml’ 1;" 105

hw, eV
FIG. 1. Resonance transition radiation spectrum dm (number
of quanta/electron - keV) for the experimentally observed pore
lattices of the two metals Al and Ni. The energy of the radia-
tion quanta is plotted along the abscissa axis. The curve 1 per-
tains to the %ore lattice in Al (Ref, 17) for which L= 200
and R= 250 A; the curve 2 corresponds to the results of the
calculation for the pore lattice in Ni (Ref, 17) for which L
=620 A and R=125 A, The calculations were performed for
an electron energy £=50 MeV.
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FIG. 2. Resonance transition radiation spectrum dm (number
of quanta/electron - keV) for the pore lattice in Al as a function
of the dimension of the pores in the lattice. The energy of the
emitted quanta is plotted along the abscissa axis; the number
of quanta, along the ordinate axis. The calculations were per-
formed with a fixed pore-lattice constant L= 700 A and differ-
ent pore radiii: R;=100 A (the curve 1), R,=150 A (the curve
2), and Ry= 200 A (the curve 3). The electron energy E= 200
MeV,

energy of E=200 MeV. It can be seen that the yield of
emitted quanta increases as the vacancion porosity and
the mean pore dimension increase.

Let us compare the number of quanta emitted during
resonance emission in the pore lattice with the yield
obtained in the bremsstrahlung emitted in the crystal.
For electron energies E< E, = (mc*\E; w,L,,./8¢
(usually, for metals E;~1 GeV) and in the region of
quantum-emission frequencies 7w s# w. =hw,y, the
number of emitted quanta per unit length as determined
by the bremsstrahlung obtained with allowance for the
polarization of the medium is equal to?

1 do
3 1t 0o/ Lgge (4.10)
In Fig. 3 we compare the differential yield for the
quanta emitted in the pore lattice and the yield (4.10)
due to the bremsstrahlung of the relativistic particles
in the crystal. The calculations were performed for
electrons with energy E =200 MeV moving in the pore

dmor .=

d’"p. lat.: [am

brem

10% 107 0% 10°
hw, eV

FIG. 3. Comparison of the computed yield of emitted quanta
in resonance transition emission in the pore lattice in Al with
the computed yield due to the bremsstrahlung for different
dimensions of the pores in the lattice. The energy of the em-
itted quanta is plotted along the abscissa axis; the ratio of
the number dm .t of emitted quanta in the resonance transi-
tion emission in the pore lattice to the number dm, ., (4.10),
of quanta emitted as a result of the bremsstrahlung. The
curves 1, 2, and 3 pertain to different pore lattices in Al, in
which L=700 A and the pore radii are respectively equal to
Ry=100 A (the curve 1), R,=150 A (the curve 2), and Ry = 200
A (the curve 3). The electron energy E = 200 MeV.
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lattice of Al with L =700 A for different pore dimen-
sions: R, =100 &, R, =150 A, and R,=200 A. It can be
seen from these results that, in the region of frequenc-
ies iw < 10° keV, the quantum yield due to the transition
radiation is higher than the yield due to the brems-
strahlung.

In conclusion, let us note that the present investiga-
tion of transition radiation emission on vacancion pores
has been carried out for transparent media, and there-
fore the results obtained are valid for solids whose
thickness .£is smaller than the characteristic absorp-
tion lengths p~'. (For example, in Al, pu~'=15 pum for
Fw=10 keV, while p™*=1 cm for %Zw =50 keV.)

We can conclude on the basis of the above-performed
analysis and the data obtained on transition-radiation
emission in ordered pore structures that materials
containing pore lattices, and possessing a developed
porosity can be used for the construction of charged-
particle detectors and as x-ray sources. In this case
it is desirable to use materials with small Z in order
to decrease the quantum-absorption effects, since the
absorption cross section in the x-ray frequency region,
as determined by the photoelectric effect, is? o~ Z4.
Furthermore, the vacancion porosity of solids can be
investigated with the aid of transition radiation emitted
on pores. This method can apparently be especially ef-
fective in the study of the defect structure of the sur-
face layers of solids.

In conclusion, I express my profound gratitude to
Academician M. A. Leontovich for drawing my attention
to many of the questions touched upon in the present
paper, for numerous useful discussions of this paper,
and for a number of valuable pieces of advice.
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