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Transition radiation from electrons: Application to thin film and superlattice analysis
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The transition radiation from nonrelativistic electrons moving in periodical nanostructures is discussed in
view of its application to surface and interface analysis and thickness measurements. The spectrum of this
radiation is shown to deliver information on the investigated sample that is similar to that provided by
conventional x-ray reflectivity methods. An analytical expression for the intensity of electromagnetic radiation
from the electrons passing through the periodical multilayers has been derived. Numerical examples of radia-
tion spectra are given for some typical sample models, and general conditions for the observation of these
spectra with a background of bremsstrahlung are discussed.
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I. INTRODUCTION

Ultrarelativistic electrons (E.50 MeV) interacting with
periodic media yield the radiation spectrum, which is alm
equivalent to the resulting pattern of the coherent quasi
nochromatic x-ray beam scattered by the same media.1,2 The
spectrum of x-ray radiation from medium-energy electro
with E50.1–10 MeV, moving within the crystal, has bee
recently shown3–5 to be determined by the same structu
amplitudes, which define the intensity of the diffracted x-r
beam in the crystal.

In according with the results of Refs. 3 and 4, the prin
pal advantage of radiation, produced by the electron be
immediately inside the investigated crystal, is the reduct
of detection time in comparison with recording time for co
ventional diffraction curves obtained with laboratory x-r
sources. The physical reason for such an intensity gain is
transference of the point, where the energy of the electr
transforms to the radiation. In the proposed method, th
rays are produced when the electron’s electromagnetic
is scattered by the atoms of the investigated media. In c
ventional experiments with x-ray tubes, this conversion ta
place in the anode of the tube~with the effectiveness essen
tially less than unity!, and then x rays are transported to t
sample to be scattered. Recent publications6–8 confirm the
interest of the scientific community in the application of r
diation from relativistic electrons to a characterization
nanostructures.

In the present paper, we discuss the possibility of an
plication of the transition radiation~TR! from nonrelativistic
electrons to investigation of superlattices and thin solid film
which is usually carried out by a conventional x-ray refle
tometry method. The generation of photons in the TR mo
is determined by an abrupt change of permittivity when
moving electron crosses the border between different me
This phenomenon has been studied theoretically9,1 in the
general case and experimentally for the optical range
wavelengths,1 where the kinematical features of TR are sim
lar to the features of inverse photoemission. However,
physical principles of the formation of both radiations a
essentially different. Whereas the inverse photoemissio
determined by the radiative transitions of moving electro
0163-1829/2001/63~15!/155318~7!/$20.00 63 1553
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onto vacant energy levels within the media,10,11the transition
radiation is produced even in the case of constantly mov
charged particles, and the intensity of TR depends on
polarization of the whole media. In the x-ray range, the p
mittivity of the media depends universally on the radiati
frequency and is proportional to the electron density.12 This
fact makes it possible to use the TR spectrum for determ
tion of the principal parameters of the nanoscale multila
ered structures. We demonstrate that the amplitudes of
wavefields of TR photons are determined by expressi
similar to those in the case of x-ray scattering on the sa
sample. However, contrary to the scattering problem, the
spectrum is observed with a background of bremsstrahl
~BS!, which is caused by multiple scattering of electro
within the media. Therefore, we also derive the univer
formula connecting the intensity of both radiations~see also
Ref. 4!. This allows us to determine the range of wav
lengths in which the TR spectrum becomes visible on the
background and to identify this range as 5–50 nm, i.e., co
parable with the typical size of the imperfections~interface
roughness, stepped interfaces, etc.! and inhomogeneity~lay-
ered structure of the sample! within the nanostructures. Th
essential point is found to be an observation angle of T
viz., the angle between the sample surface and the dete
The value of this angle must be small enough to register
TR photons emitted from the only short part of the electro
trajectory, which diminishes the BS and multiple scatterin
as has been proved for optical TR.1 In Sec. III, we derive an
analytical expression for the spectral intensity of TR from
electron beam passing through the periodic multilaye
structure and we give a numerical example of simulated
spectra for typical nanostructures. The examples demons
the difference of the proposed technique from traditio
methods, e.g., x-ray reflectivity measurements. In the la
case, the information on the depth profile of nanostruct
~layer thicknesses! is determined from the position of th
peaks in an angular distribution of reflected x-ray intens
which requires the usage of a goniometer in the experim
In the proposed technique, the analogous information is c
tained in the frequency dependence of radiation, which
be recorded at a fixed position of the detector. Besides
thickness profile, TR intensity depends also on the imperf
©2001 The American Physical Society18-1



o
of
li-
e

si
a
th
f

de
to

r-
s
de
tio
th

th
e

f
o

ra
e
ay

-
it

o
e-
or
es
c

tic

ely
ief

ag-
f a
rts
-
.
ig-

bi-
s-

are
he

ay-
n

am

e

I. D. FERANCHUK AND A. ULYANENKOV PHYSICAL REVIEW B 63 155318
tions of the interfaces~for example, roughness! within the
nanostructure.

II. INTENSITY OF TRANSITION RADIATION FROM
ELECTRON IN NANOSTRUCTURE

In the general case, the exact solution for the problem
TR from a charged particle moving within the stack
plates13 can be used for the derivation of wavefield amp
tudes. However, the expression for this solution is cumb
some, which complicates the qualitative physical analy
Therefore, we derive the formula for radiation intensity in
more reductive form to establish the relationship between
radiation from electrons in the multilayers and scattering o
rays from the same structure. We also restrict our consi
ation to the samples, the permittivity of which is close
unity.

The intensity of radiation follows from the general fo
mula for the cross section of electromagnetic processe
arbitrary media.2 Neglecting the scattering of electrons insi
the sample and the influence of refraction on the polariza
of radiation, the expression for the spectral density of
photon number with frequencyv emitted in the directionn
in a unit time can be written as2

]2N

]v]n
5

e2v

4p2c2
JF12S nv

c D 2G
3U E

2`

1`

dzexp@ i ~pz2p1z!z/\#Uk
(2)* ~z!U2

. ~1!

Here \ is the Planck constant,c is the velocity of light,k
5v/cn, J is the number of electrons with energyE, and
velocity v5c2p/E, striking the sample at angleb in unit
time;

pz5AE2/c22m2c22px
22py

2,

p1z5A~E2\v!2/c22m2c22~px2\kx!
22~py2\ky!2

are the projections of the primary and final momentum of
electron to thez axis, which is an outward normal to th
sample surface~Fig. 1!.

The scalar functionUk
(2)(z) describes the amplitude o

the electromagnetic field, corresponding to the solution
the uniform Maxwell equations for the wave falling from
vacuum on the sample at anglea. A formation of the radia-
tion amplitude by an inverse wave follows from the gene
theory of theS matrix,2 the particular case of which is th
reciprocity theorem used for a description of diffuse x-r
scattering.14 The waveUk

(2)(z) can be represented as a com
bination of transmitted and specularly reflected waves w
amplitudes, determined by recurrent equations,15 widely used
in x-ray reflectometry. This wave is certainly the unique s
lution of Maxwell’s equations for a monochromatic wav
field. However, the form of this solution is inconvenient f
calculation of the radiation intensity for different frequenci
because for every photon’s wave vector, the recurrent pro
dure must be applied. Meanwhile, there is an exact analy
15531
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representation for the wavefield, which can be effectiv
applied for the present problem, and we revisit it in br
below.

Let us consider first the stationary states of an electrom
netic wave inside the infinite periodical media consisting o
stack of bilayers with permittivities of upper and lower pa
to be denoted bye1 and e2, respectively. The wave of fre
quencyv propagates with anglea to the sample surface
The solution for this problem is analogous to the Kron
Penney problem in quantum mechanics. Inside the single
layer period of numberl, it can be represented using tran
mission Tl and reflection Rl coefficients15 and Bloch
functions:

c~z!5eikzu~z!, u~z1d!5u~z!, d5d11d2 , ~2!

where the periodical functionu(z) is

u~z!5aeix1z1be2 ix1z5@Tle
ix1z1Rle

2 ix1z#e2 ikz,

0,z,d1 ,

u~z!5a8eix2z1b8e2 ix2z5@Tl8e
ix2z1Rl8e

2 ix2z#e2 ikz,

d1,z,d, ~3!

x1,25kAe1,22cos2 a, k5
v

c
.

It is important that none of the coefficientsa,b,a8,b8 de-
pends on the layer position within the stack. Their values
defined by known analytical expressions, following from t
conditions of the periodicity foru(z), its derivative, and the
continuity of the wavefield at the interfaces between the l
ers. Bloch parametersk1,2 are the solutions to the dispersio
equation:

coskd5cosx1d1 cosx2d21
x1

21x2
2

2x1x2
sinx1d1 sinx2d2 .

~4!

FIG. 1. Schematic view of the general sample model and be
directions. An electron beam of velocityv and chargee falls on the
sample at angleb, and the photons (k,v) are detected at exit angl
a by a detector with apertureDV.
8-2
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TRANSITION RADIATION FROM ELECTRONS: . . . PHYSICAL REVIEW B63 155318
For every frequencyv and anglea, this transcendental equa
tion defines two independent linear wavesc1,2(z), corre-
sponding to the valuesk1,256k. The coefficients in Eq.~3!,
being normalized by conditiona51, are determined from
the following formulas:

Tl5e2 ix1ld, Rl5beix1ld, Tl85a8e2 ix2( l 11)d,

Rl85b8eix2( l 11)d,

b5
~x11x2!@eikd2ei (x1d11x2d2)#

~x12x2!@eikd2ei (2x1d11x2d2)#
, ~5!

a85
x21x11~x22x1!b

2x2
eikd,

b85
x22x11~x21x1!b

2x2
eikd.

In the range of x-ray wavelengths, where the conditionue
21u!1 is fulfilled, the expression for parametersk1,2, de-
fining two linearly independent solutions for Maxwell
equations for periodical media, can be found in obvious a
lytical form:16

k1,2d5pn1d1,2, x1d11x2d25pn1n, ~6!

d1,256An22
ux12x2u2

2ux1x2u
usinx1d1u2. ~7!

These approximate solutions are equivalent to the two-w
approximation of dynamical diffraction theory for one
dimensional periodical media and are valid only for graz
angles of the photon velocity vector to the plane of laye
exceeding the critical angle of total external reflection~TER!
ucr for every plate~layer!, i.e., when the conditions are fu
filled,

a.Aue i21u, x idi;1, i 51,2.

These conditions are shown below to be the principal o
for the radiation problem. When they are satisfied, the refl
tion coefficient from every layer is small enough and t
wave transmission is determined by Bragg reflections, wh
15531
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e
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are caused by normal periodicity of the sample. If either
incident angleb or the exit anglea is close to the critical
angle of TER, the general equation~4! must be used instea
of Eq. ~6!.

The functionUk
(2)(z) describing both the scattering of th

wave from the stack of plates and the cross section of x-
radiation from electrons inside the stack can be found fr
stationary states of an electromagnetic field in the sample
using the boundary conditions at the sample surface an
the top interface of the substrate:

Uk
(1)~z!5U2k

(2)* ~z!5eik sin az1R0e2 ik sin az, z.0,

5Tc1~z!1Rc2~z!, 2Nd,z,0, ~8!

5Tfe
ix f z, x f5kAe f2cos2 a, z,2Nd.

The approach presented above permits us to find
wavefield at every point of the sample without solving t
system of recurrent or matrix equations. This also may
useful for the calculation of the diffuse scattering cross s
tion by the distorted-wave approximation.14 Finally, for cal-
culation of the reflectionR0 ,R and transmissionT,Tf inte-
gral coefficients for all structures, the system of line
equations following from the continuity conditions is used

11R05T~11b1!1R~11b2!,

k sina~12R0!5T@~k1x1!1~k2x1!b1#1R@~2k1x1!

2~k1x1!b2#,
~9!

Tfe
ix fNd5Teik(N21)d~a18e

ix2d1b18e
2 ix2d!

1e2 ik(N21)dR~a28e
ix2d1b28e

2 ix2d!,

x fTfe
ix fNd5Teik(N21)d@~k1x2!a18e

ix2d

1~k2x2!b18e
2 ix2d#1e2 ik(N21)dR

3@~2k1x2!a28e
ix2d2~k1x2!b28e

2 ix2d#.

Here the coefficientsai ,bi , i 51,2 follow from formulas~5!
when Bloch’s parameter takes the values (6k). The coeffi-
cientsR0 andTf follow from Eqs.~9!,
R05
A2

2~k!B1~k!2A1
2~2k!B2~2k!

A1
1~2k!B2~2k!2A1

1~k!B1~k!
,

Tfe
ix f d5ei (k2x f )(N21)d

@D28~k!~a181b18!2D18~2k!~a281b28!#

@D2~k!~11b1!2D1~2k!~11b2!#

@D2~11R0!2k sina~11b2!~12R0!#

@~x22k!a282~x21k!b28#2x f~a281b28!
,

A1,2
(6)~k!5@~x12k6k sina!2b1,2~x11k7k sina!#eik(N21)d, ~10!

B1,2~k!5~x21k2x f !a1,28 2~x22k1x f !b1,28 ,

D1,28 ~k!5~x22k!a1,28 2~x21k!b1,28 , D1,2~k!5~x12k!2~x11k!b1,2.
8-3
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III. QUALITATIVE ANALYSIS OF THE SPECTRAL
INTENSITY OF RADIATION

In conventional reflectometry, the quasimonochroma
characteristic radiation is used and the angular dependen
scattered photons is studied. In the proposed ‘‘radiatio
approach, the energy spectrum of x rays is wide enou
which makes the experiments with a fixed position of a
tector, which records the spectral distribution of radiati
more advantageous. In this scheme, the spectral densi
emitted photons can be found after the substitution o
wavefield from Eq.~9! into Eq. ~1! and further integration
over the solid angleDV, determined by the width of the
detector slit~for simplicity, the normal incidence of electron
is considered here,b5p/2):

dN

dv
5

e2v2 cos2 a sin2 a

4p2c2v
JDVuM ~v,a!u2,

M5
1

11
v
c

sina

1
R0

12
v
c

sina

2
Tf

11
vx f

kc

ei [k1(v/c)x f ]Nd

2F 12expi S k1
v
c

k DNd

12expi S k1
v
c

k Dd

TL1

1

12expi S k2
v
c

k DNd

12expi S k2
v
c

k Dd

RL2G . ~11!

The parametersL1,2 in Eq. ~11! define the amplitude of ra
diation from electrons passing a single period of the na
structure and are expressed analytically through the co
cientsas , as8 , bs , andbs8 (s51,2):

Ls5as

ei [k6(v/c)k1(v/c)x1]d121

16
v
kc

k1
v
kc

x1

1bs

ei [k6(v/c)k2(v/c)x1]d121

16
v
kc

k2
v
kc

x1

1as8
ei [k6(v/c)k1(v/c)x2]d221

16
v
kc

k1
v
kc

x2

1bs8
ei [k6(v/c)k2(v/c)x2]d221

16
v
kc

k2
v
kc

x2

.

All the terms in Eqs.~11! have a certain physical interpreta
tion. The first and the second terms describe the radiat2
15531
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resulting from the reflection of pseudophotons, compos
the electromagnetic field of electrons, from the surface of
sample. The intensity of this radiation depends on the sa
reflection coefficientR0, which determines the intensity o
the specular beam in x-ray reflectometry. Thus, to obt
comprehensive information about the surface of the na
structure, the radiation from electrons should be detecte
the directionR0→1.

The third term describes the radiation originating in t
substrate, and its amplitude tends to zero with an increa
number of layers, if the absorption is taken into accou
Finally, the last two terms are responsible for radiati
formed inside the multilayers. The corresponding amplitu
contains sharp peaks caused by the interference of radia
from different layers, which is the so-called resona
radiation.1,13

In our paper, we consider the medium-energy electr
E.0.1–1.0 MeV, which makes it possible to operate w
intense electron beams. Three limiting cases of the inve
gated structure are considered below, when Eq.~11! takes
the following very simple form:~i! the multilayered structure
is absent and electrons radiate the photons only when cr
ing the substrate surface,~ii ! the number of superlattice pe
riodsN@1, and~iii ! a single thin plate~film! without a sub-
strate.

In the former case, Eq.~11! is reduced to well-known
formulas for transition radiation,17 which are valid for the
angles of emitted photons close to the value ofucr , where
the reflection coefficientR0;1. Neglecting the imaginary
part, the permittivity of the substrate can be defined as

e f512
v0

2

v2
,

v0
25

4pe2r

m
, ~12!

a;ac5
v0

v
!1,

where r is the electron density of the substrate mater
Then the spectral density of emitted photons, in the appro
mation of grazing incident angles, is written as

F~v!5v3
dN

dv
5A

v0
4

@v1Av22v0
2/a2#2

, v.v0 /a,

5Av0
2a2,

v,v0 /a,

A5
e2v2~12v2/c2!2

c2p2
JDV. ~13!

The real application of the proposed technique for
investigation of surfaces has some limitations because
8-4
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TRANSITION RADIATION FROM ELECTRONS: . . . PHYSICAL REVIEW B63 155318
TR spectrum is recorded with an intensive background
incoherent bremsstrahlung caused by multiple scatterin
electrons within the sample. Therefore, it is necessary to
timate for which radiation frequency and media parame
the TR spectrum is observable on this background. For
purpose, we use a known formula for the cross section
bremsstrahlung18 and derive an expression for the spect
density of BS photons normalizing the values in the sa
way as in Eqs.~13!:

S dN

dv D
BS

.
e2Z2

p S e2

mc2D 2

ln~183Z21/3!raLabsaJ
DV

v
.

~14!

Herera is the number of atoms with a nucleus of chargeZ in
the unit volume,r5Zra , andLabsis the absorption length o
media for frequencyv. The coefficientLabsa determines part
of the electron’s trajectory, the radiation from which contri
utes to the recorded data. The electron is assumed to fa
the sample perpendicular to the surface, and the dete
makes the anglea with the sample surface. It should also b
noted that a similar weakening of bremsstrahlung intensit
the grazing angles is well known from experiments on TR
the optical range.1 Using Eq.~14!, the ratioj of TR and BS
spectral densities is expressed as

j.
16pv2c2~12v2/c2!2ra

v4Labs~v!a ln~183•Z21/3!
. ~15!

Evidently, the possibility of TR observation is conditione
by the inequalityj.1, which establishes the upper limit fo
the frequency of emitted photons. Substituting the real val
for Si crystal in Eq.~15!,

Z514, ra5~5.43!231024 cm23, a51022,

Labs.3310253~\v,keV!3 cm,

and assuming the energy of electrons isE.0.1 MeV, the TR
intensity is observable under the following conditions:

\v,0.5 keV, l5
2pc

v
.3 nm. ~16!

FIG. 2. Simulated spectral function of radiation from nonre
tivistic electrons within the silicon and copper crystals.
15531
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These values are typical for any material used in mod
semiconductors and the estimate predicts the observatio
TR in the range of soft x rays. Of course, the wavelength
radiation should be comparable with the characteristic siz
the investigated inhomogeneity, e.g., stacking of material
multilayers, vertical or lateral correlation lengths, interfa
stepping, etc. Thus, at some conditions, TR spectra can
used along with or instead of conventional x-ray reflectiv
and diffraction methods.

Figure 2 demonstrates the radiation spectra of electr
within the silicon and copper substrates. The appearanc
curves is similar to the dependence of the reflectivity coe
cient on the incidence angle for x-ray scattering,12 and the
spectral function contains information about the surface
the density profile of the sample that is analogous to t
obtained from x-ray reflectivity. The absolute spectral inte
sity of the photon flux reaches;102 quantum/keV sec for
100-keV electrons with current 10mA within solid angle
DV.1023 rad.

The second limiting case is the superlattice with a la
number of periods, when the conditionv0Nd@1 is fulfilled.
Assuming the photons exit angle is larger thanucr , the ra-
diation spectrum does not depend onN and contains peaks
corresponding to the Bragg reflections from a vertical o

-

FIG. 3. Calculated intensity of x-ray radiation from electrons
the Mo/Si superlattice. The superlattice Bragg peaks are marke
SL-n and the inset shows the fine structure of SL-2.

FIG. 4. Calculated spectral function of x-ray radiation fro
electrons, crossing the copper plate of finite thickness 500 Å
20 Å ~inset!. Two types of oscillations are visible in both curve
~for details, see the text!.
8-5
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dimensional periodical structure, i.e., a bilayered super
tice. The positions of the peaks are defined by the condi

v

c
@d1x11d2x2#5pn, n50,1,2, . . . . ~17!

In the vicinity of thenth superlattice Bragg peak, Eq.~11! is
transformed to

dNn

dv
5

e2v2n2

4vc2 U ẽ1d11 ẽ2d2

~d11d2!~n1d! S ẽ1d11 ẽ2d2

d11d2
2

2n

pnD U2

.

~18!

Here, the parametersn and d define the deviation of radia
tion frequency from the Bragg condition~17! and are deter-
mined by Eq.~6!; e1,25e1,221. The simulated radiation
th
tio

he
th
ay

15531
t-
n
spectrum from the Mo/Si superlattice is shown in Fig. 3. T
Mo and Si layers are 39 Å and 58 Å thick, respective
The detector is positioned ata50.1 rad, and electrons o
energyE5100 keV and currentJ550 mA fall perpendicu-
lar to the surface of the superlattice. The superlattice Br
peaks are denoted SL-n, and the inset shows the fine stru
ture of SL-2. The integral number of photons in thenth
Bragg peak is the same amount as the above-mentio
value for the radiation from electrons passing through
single surface.

Finally, the single plate is the limiting case of a thin film
on a substrate, when the density of the former essenti
exceeds the density of the latter. The spectral function
radiation in this case is written as
he
s the

s,
urned
is similar
meter
process.

city of
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nsfer
F~v!5v3
dN

dv
5Av0

4

v21x0
22

v0
2

a2
cos2 m22x0

2 cosm cosn22vx0 sinm sinn

~x0
41v4!sin2 m14v2x0

2
, ~19!

where x05Av22v0
2/a2, m5dax0/2v, and n5vd/2v. Equation~19! is valid when the frequency of radiation obeys t

inequality v.v0 /a, which cuts off the region below the critical angle of TER for the plate. Figure 4 demonstrate
simulated spectra from 500 Å and 20 Å~inset! copper films. The electrons of 100 keV with current 50mA strike the copper
plate, and the detector with a 1023 rad aperture is placed at angle 1022 rad to the plate surface. The rapid oscillation
parametrized by coefficientn and clearly visible for thin 20 Å film, are caused by the interference of pseudophotons t
away from the electrons at the upper surface and then reflected from both the upper and lower interfaces. This effect
to the interference of x rays reflected from different interfaces. The long-period oscillations are governed by the param
and are related to the contribution of pseudophotons turned away at the lower interface to the common interference
The phase difference between both oscillations and their different periodicity follows from the difference in the velo
photons and pseudophotons. Whereas the photons propagate in the media as light, the velocity of pseudophotons d
the velocity of electrons. Multiple harmonics, observable in Fig. 4, demonstrate the complexity of the interference pr

The method for calculation of the TR spectrum used in this work and based on the quantum theory of radiation2 allows us
also to take into account the imperfection of interfaces between layers with different refractive indices. To illustra
feature, let us consider transition radiation from electrons crossing the nonideal boundary between the vacuum
semi-infinite substrate, i.e., the surface with the profile described by a random functionz5u(x,y). The nonuniform distribu-
tion of the electron density within the plane (x,y) results in nonconservation of the transverse component of the tra
moment, and formula~1! for spectral-angular distribution of radiation is changed to
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e2v
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JF12S nv

c D 2G K U E
2`
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dzE
S

dx dy

4p2S
ei [qzu(x,y)1qxx1qyy]e[ i (pz2p1z)z/\]Uk

(2)* ~z!U2L . ~20!
oot

a

Here the integration in the plane (dx,dy) is performed over
the whole substrate surfaceS; vector q5(p2p1)/\2k de-
fines the moment transfer during the radiation process;
brackets denote the averaging over the statistical distribu
of random functionu(x,y); and wavefieldUk describes the
solution of Maxwell’s equations for an ideal structure. T
averaging of the matrix element can be carried out in
same way as in Ref. 19 for the intensity of diffuse x-r
e
n

e

scattering from rough surface. According to Ref. 19, the r
mean square of surface roughnesss and correlation function
C(x,y) are related as

^@u~x,y!2u~0,0!#2&52s222C~x,y!. ~21!

Then the distribution of the TR intensity contributing by
rough surface of the sample with permittivitye f.1 can be
represented as follows:
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The first term in Eq.~22! corresponds to the TR intensity
attenuated due to the Debye-Waller factor, which depend
the longitudinal component of the moment transfer dur
the photon emission process. The second term is the ra
tion caused by the correlations in the roughness distribut
it depends on the transverse component of the moment tr
fer. The expression above demonstrates the fact that TR
tensity contains information on surface nonuniformity. Ho
ever, a detailed investigation of this topic is beyond of t
scope of this paper.

IV. CONCLUSIONS

In conclusion, the spectra of transition x-ray radiati
from nonrelativistic electrons interacting with multilayere
structure are described on the basis of the solutions for
uniform Maxwell equations in periodical media. The T
spectrum contains information about the sample that
15531
on
g
ia-
n;
ns-
in-
-
e

he

is

analogous to the spatial intensity distribution of the scatte
quasimonochromatic x rays, including the information
sample inhomogeneity and imperfections. The advantag
the proposed technique can be realized by a quick meas
ment of the TR spectral distribution by a fixed detector
stead of time-consuming measurement of the spatial refl
tivity curves using a goniometer. Both approaches c
supplement each other in nanotechnology test instrume
combining the detailed information delivered by angular
flectivity measurements and time-saving spectral meas
ments of transition radiation. Three typical examples
structures, viz., single substrate, superlattice on a subst
and thin plate, are used for an illustration of the main fe
tures of specular and Bragg reflections of x rays produced
electrons. The applicable range of wavelengths for the ob
vation of TR with a background of incoherent bremsstra
lung has been discussed.
ci.
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