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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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. INTRODUCTION onto vacant energy levels within the medid’the transition
radiation is produced even in the case of constantly moving
Ultrarelativistic electrons E>50 MeV) interacting with  charged particles, and the intensity of TR depends on the
periodic media yield the radiation spectrum, which is almostpolarization of the whole media. In the x-ray range, the per-
equivalent to the resulting pattern of the coherent quasimomittivity of the media depends universally on the radiation
nochromatic x-ray beam scattered by the same migdidne ~ frequency and is proportional to the electron den¥ityhis
spectrum of x-ray radiation from medium-energy electronsfact makes it possible to use the TR spectrum for determina-
with E=0.1-10 MeV, moving within the crystal, has been tion of the principal parameters of the nanoscale multilay-
recently show?™ to be determined by the same structureered structures. We demonstrate that the amplitudes of the
amplitudes, which define the intensity of the diffracted x-raywavefields of TR photons are determined by expressions
beam in the crystal. similar to those in the case of x-ray scattering on the same
In according with the results of Refs. 3 and 4, the princi-sample. However, contrary to the scattering problem, the TR
pal advantage of radiation, produced by the electron bearspectrum is observed with a background of bremsstrahlung
immediately inside the investigated crystal, is the reductionBS), which is caused by multiple scattering of electrons
of detection time in comparison with recording time for con- within the media. Therefore, we also derive the universal
ventional diffraction curves obtained with laboratory x-ray formula connecting the intensity of both radiatiaisee also
sources. The physical reason for such an intensity gain is theef. 4. This allows us to determine the range of wave-
transference of the point, where the energy of the electroniengths in which the TR spectrum becomes visible on the BS
transforms to the radiation. In the proposed method, the Yackground and to identify this range as 5—-50 nm, i.e., com-
rays are produced when the electron’s electromagnetic fieldarable with the typical size of the imperfectiotisterface
is scattered by the atoms of the investigated media. In corroughness, stepped interfaces, Jetd inhomogeneitylay-
ventional experiments with x-ray tubes, this conversion takegred structure of the samplwithin the nanostructures. The
place in the anode of the tulfeith the effectiveness essen- essential point is found to be an observation angle of TR,
tially less than unity, and then x rays are transported to theviz., the angle between the sample surface and the detector.
sample to be scattered. Recent publicafiohsonfirm the  The value of this angle must be small enough to register the
interest of the scientific community in the application of ra- TR photons emitted from the only short part of the electron’s
diation from relativistic electrons to a characterization oftrajectory, which diminishes the BS and multiple scattering,
nanostructures. as has been proved for optical FRn Sec. I, we derive an
In the present paper, we discuss the possibility of an apanalytical expression for the spectral intensity of TR from an
plication of the transition radiatiofTR) from nonrelativistic ~ electron beam passing through the periodic multilayered
electrons to investigation of superlattices and thin solid filmsstructure and we give a numerical example of simulated TR
which is usually carried out by a conventional x-ray reflec-spectra for typical nanostructures. The examples demonstrate
tometry method. The generation of photons in the TR modehe difference of the proposed technique from traditional
is determined by an abrupt change of permittivity when amethods, e.g., x-ray reflectivity measurements. In the latter
moving electron crosses the border between different mediaase, the information on the depth profile of nanostructure
This phenomenon has been studied theoretithlip the  (layer thicknessésis determined from the position of the
general case and experimentally for the optical range opeaks in an angular distribution of reflected x-ray intensity,
wavelengths,where the kinematical features of TR are simi- which requires the usage of a goniometer in the experiment.
lar to the features of inverse photoemission. However, thén the proposed technique, the analogous information is con-
physical principles of the formation of both radiations aretained in the frequency dependence of radiation, which can
essentially different. Whereas the inverse photoemission ibe recorded at a fixed position of the detector. Besides the
determined by the radiative transitions of moving electronghickness profile, TR intensity depends also on the imperfec-
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tions of the interfaces¢for example, roughnessithin the
nanostructure.

II. INTENSITY OF TRANSITION RADIATION FROM
ELECTRON IN NANOSTRUCTURE

In the general case, the exact solution for the problem of
TR from a charged particle moving within the stack of
plates® can be used for the derivation of wavefield ampli-
tudes. However, the expression for this solution is cumber-
some, which complicates the qualitative physical analysis.
Therefore, we derive the formula for radiation intensity in a
more reductive form to establish the relationship between the
radiation from electrons in the multilayers and scattering of x
rays from the same structure. We also restrict our consider-
ation to the samples, the permittivity of which is close to  FIG. 1. Schematic view of the general sample model and beam
unity. directions. An electron beam of velocityand chargee falls on the

The intensity of radiation follows from the general for- Sample at angig, and the photonsk(w) are detected at exit angle
mula for the cross section of electromagnetic processes iff Py @ detector with apertur&{.
arbitrary medid. Neglecting the scattering of electrons inside . i . .
the sample and the influence of refraction on the polarizatiofiéPresentation for the wavefield, which can be effectively
of radiation, the expression for the spectral density of the2PPlied for the present problem, and we revisit it in brief
photon number with frequency emitted in the directiom elow. o _
in a unit time can be written 4s Let us consider first the stationary states of an electromag-

netic wave inside the infinite periodical media consisting of a
2
1—(ﬂ) to be denoted by, and e,, respectively. The wave of fre-
¢ quency w propagates with angler to the sample surface.

The solution for this problem is analogous to the Kronig-
layer period of numbel, it can be represented using trans-
mission T, and reflection R, coefficients® and Bloch
functions:

N Periods

N ew
dwdn 45202

stack of bilayers with permittivities of upper and lower parts
+o0 2
X J' dzexdi(p,— plz)z/ﬁ]u(k*)*(z) . (D) Penney problem in qguantum mechanics. Inside the single bi-

Here# is the Planck constang is the velocity of light,k
=wl/cn, J is the number of electrons with enerdy and
velocity v=c?p/E, striking the sample at anglg in unit W2)=€*U(z), u(z+d)=u(z), d=d,;+d,, (2
time;

where the periodical function(z) is

— 2/~2_ m202_n2_ N2
Pz= \/E Ic m=c Px py’ u(Z)=aeiX1Z+befinZI[-ﬂeinz-F Rlefixlz]efikzl

P1z= \/(E_ﬁw)z/cz_r‘nzcz_(px_ﬁkx)z_(py_ﬁky)2 0<Z<d1,

are the projections of the primary and final momentum of the ) _ _ ) _
electron to thez axis, which is an outward normal to the  u(z)=a’'e'X2*+b’'e” "\2*=[T/e'X2*+ R/e "2’ ]e”'"?,
sample surfacéFig. 1).

The scalar functior{ )(z) describes the amplitude of d,<z<d, 3)
the electromagnetic field, corresponding to the solution of
the uniform Maxwell equations for the wave falling from 1)
vacuum on the sample at angle A formation of the radia- X12=K\€pmcos a, k= <

tion amplitude by an inverse wave follows from the general

theory of theS matrix? the particular case of which is the It is important that none of the coefficientsb,a’,b" de-
reciprocity theorem used for a description of diffuse X_raypendS on the layer position within the stack. Their values are
scattering:* The waveU ﬁ‘)(z) can be represented as a com- defined by known analytical expressions, following from the
bination of transmitted and specularly reflected waves wittfonditions of the periodicity fou(z), its derivative, and the
amp”tudesl determined by recurrent equat&f‘hﬂlde'y used Continuity of the wavefield at the interfaces between the Iay'
in x-ray reflectometry. This wave is certainly the unique so-€rs. Bloch parameters, , are the solutions to the dispersion
lution of Maxwell's equations for a monochromatic wave- €quation:

field. However, the form of this solution is inconvenient for P

calculation of the radiation intensity for different frequencies X1t Xz . d- sinv.d

because for every photon’s wave vector, the recurrent proce- 2x1xg X101 SINX202.
dure must be applied. Meanwhile, there is an exact analytical 4

coskd=cosy,d; cosy,d,+
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For every frequencw and anglex, this transcendental equa-
tion defines two independent linear waves z), corre-
sponding to the values, ,= * . The coefficients in Eq.3),
being normalized by conditioa=1, are determined from
the following formulas:

leefi)(lld, Rl — beixlld, TII =a/e7i)(2(|+l)d,
er — b,eiX2(|+l)d,
O+ xo)[eI— gt ]

(Xl_XZ)[ei wd _ ei(7X1d1+X2d2):| ’

©)

,Xetxat(xa—x)b |
a = e
2x2

X2—x1t(x2tx)b 4
= e,
2x2
In the range of x-ray wavelengths, where the conditjien

—1|<1 is fulfilled, the expression for parametets,, de-
fining two linearly independent solutions for Maxwell's

b/
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are caused by normal periodicity of the sample. If either the
incident angleB or the exit anglex is close to the critical
angle of TER, the general equatiof) must be used instead
of Eq. (6).

The functionU{ () describing both the scattering of the
wave from the stack of plates and the cross section of x-ray
radiation from electrons inside the stack can be found from
stationary states of an electromagnetic field in the sample by
using the boundary conditions at the sample surface and at
the top interface of the substrate:

U(k+)(z) — U(_—k)* (Z) — eik SinaZ+ Roe*ik sin aZ' Z>0,

=Tyn(2)+Rypy(2), —Nd<z<0, ®

=Tfeinz, Xf:k\ q—COSz o, z<—Nd.

The approach presented above permits us to find the
wavefield at every point of the sample without solving the
system of recurrent or matrix equations. This also may be
useful for the calculation of the diffuse scattering cross sec-
tion by the distorted-wave approximatiéhFinally, for cal-
culation of the reflectiorRy,R and transmissiof, T; inte-

equations for periodical media, can be found in obvious anagral coefficients for all structures, the system of linear

lytical form:*®
k1 d=mN+ 3815, x1d1+ x202=7n+v, (6)
0=+ \/VZ_MBindeﬂz- (@)
' 2| x1x2l

These approximate solutions are equivalent to the two-wave
approximation of dynamical diffraction theory for one-
dimensional periodical media and are valid only for grazing
angles of the photon velocity vector to the plane of layers,

exceeding the critical angle of total external reflecti®&R)
0., for every plate(layen, i.e., when the conditions are ful-
filled,

a> |€i_1|, Xidi"’l, i:1,2.

These conditions are shown below to be the principal ones

equations following from the continuity conditions is used:
1+Ry=T(1+by)+R(1+b,),
ksina(1—Ro)=T[(x+ x1) + (k= x1)b1]+R[(— «x+x1)

—(k+x1)b2],
9

TfeinNd=Tei"(N_l)d(aieiXZd-i— bie‘iXZd)
+e—iK(N—1)dR(aéeiX2d+ bée—i)(Zd)’
XfoeinNd:TeiK(Nfl)d[(K+X2)a:/leiX2d
_’_(K_Xz)bie*i)(zd]_i_e*iK(N*l)dR

X[(— K+ xz)a5e12— (x+ xp)bge™ 2],

for the radiation problem. When they are satisfied, the reflecHere the coefficients; ,b;, i =1,2 follow from formulas(5)
tion coefficient from every layer is small enough and thewhen Bloch’'s parameter takes the valuesk). The coeffi-
wave transmission is determined by Bragg reflections, whicltientsR, and T; follow from Egs.(9),

A (0)By(k)—

A1 (= K)Ba(— k)

0

A (—K)By(—

K)— AL (K)By(k)

[A5(k)(a+B1) = As(— k) (az+B2)] [Ay(1+Rg)—ksina(l+B;)(1-Ry)]

T el X0 = gilx—x)(N-1)d

A(fz)(x):[(xl— kxksina)—B1Ax1+ kT ksina)]e“N-Dd

[Ax(k)(1+B1)—A1(—x)(1+62)] [(x2— ) as—(x2+ k) B5]— xi(as+ B3) ,

(10

B1AK)=(x2+Kk—xp) i, (X2— K+ Xx1) B2,

Al AK)=(x2—K)ay,— (X2t K)BLo A1 Ak)=(x1— &)~ (X1F K)B12-
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IIl. QUALITATIVE ANALYSIS OF THE SPECTRAL
INTENSITY OF RADIATION

In conventional reflectometry, the quasimonochromati
characteristic radiation is used and the angular dependence
scattered photons is studied. In the proposed “radiation’
approach, the energy spectrum of x rays is wide enoug
which makes the experiments with a fixed position of a de
tector, which records the spectral distribution of radiation
more advantageous. In this scheme, the spectral density g

emitted photons can be found after the substitution of
wavefield from Eq.(9) into Eq. (1) and further integration

over the solid angleA(), determined by the width of the
detector slit(for simplicity, the normal incidence of electrons
is considered hergg= 7/2):

dN e?v?cod asirf a

o=

2
PREIC JAQ|M(w,a)|?,

1 Ry

T
N f

M= ei[k+(v/c))(f]Nd

c

h

a
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resulting from the reflection of pseudophotons, composing
the electromagnetic field of electrons, from the surface of the
sample. The intensity of this radiation depends on the same
refflection coefficientRy, which determines the intensity of

,t%e specular beam in x-ray reflectometry. Thus, to obtain
comprehensive information about the surface of the nano-
structure, the radiation from electrons should be detected in

the directionRy—1.
f The third term describes the radiation originating in the
Substrate, and its amplitude tends to zero with an increasing
number of layers, if the absorption is taken into account.
Finally, the last two terms are responsible for radiation
formed inside the multilayers. The corresponding amplitude
contains sharp peaks caused by the interference of radiation
from different layers, which is the so-called resonant
radiation®*3

In our paper, we consider the medium-energy electrons
E=0.1-1.0 MeV, which makes it possible to operate with
intense electron beams. Three limiting cases of the investi-
gated structure are considered below, when @4) takes
the following very simple form(i) the multilayered structure

v . v . VXt
l1+—sinae 1-—sina 1+-—— is absent and electrons radiate the photons only when cross-
C c kc . . .
ing the substrate surfacéi) the number of superlattice pe-
_ v riodsN>1, and(iii) a single thin platdfilm) without a sub-
1—EXpI k+ EK Nd strate.
TL, In the former case, Eq1l) is reduced to well-known
1—expi| k+ KK d formulas for transition radiatiotf, which are valid for the
c angles of emitted photons close to the valuedgf, where
the reflection coefficienRy~1. Neglecting the imaginary
1— expi ( ke 2 K) Nd part, the permittivity of the substrate can be defined as
C
J’_
| 5 RL, (11 "
1—expi k—EK d eg=1-—,
The parameters, , in Eq. (11) define the amplitude of ra- Are?
diation from electrons passing a single period of the nano- wi= meP (12)
structure and are expressed analytically through the coeffi- 0 m '

cientsag, a;, bs, andb{ (s=1,2):

ei[ki(v/C)K+(v/C)Xl]dl_ 1

Ls=ag 5 5
gt —
1 ke keXt

eilk= (/o) —(v/e)x1ld; _ 1
+bg

1+ 0
K kCXl
ei[ki(u/C)K+(U/C))(2]d2_ 1

+a,

1+U n U
“ke " keX?

el [k= (/) k= (v/c)xaldp _ q

+b 5 5
1+—K—k—CX2

All the terms in Eqs(11) have a certain physical interpreta-

wo
a~a.=—<1,
0}

where p is the electron density of the substrate material.
Then the spectral density of emitted photons, in the approxi-
mation of grazing incident angles, is written as

4
@

A 1
[w+ \/wz—w(z)/az]z

dN
_ 3" _
Flw)=w do

w>wol a,
=Aw5a2,

w<wgla,

e®v2(1—v?/c?)?

C2772

JAQ. (13)

The real application of the proposed technique for the

tion. The first and the second terms describe the radfatiorinvestigation of surfaces has some limitations because the
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TR spectrum is recorded with an intensive background of
incoherent bremsstrahlung caused by multiple scattering of
electrons within the sample. Therefore, it is necessary to es-
timate for which radiation frequency and media parameters
the TR spectrum is observable on this background. For this
purpose, we use a known formula for the cross section of
bremsstrahluny and derive an expression for the spectral

density of BS photons normalizing the values in the same
way as in Eqs(13):

Intensity (arb. units)

252 2\2 e n=1234
—~ e Z _1/3 T T T T T T
= | IN(18Z")pal aperd——. 00 05 10 15 20 25 30
BS

do w

(dN
mc

Herep, is the number of atoms with a nucleus of chaZge FIG. 3_. Calculatgd intensity of x-ray radiation from electrons in
the unit volumep=Zp,, andL ,sis the absorption length of the Mo/Si sup_erlattlce. The superlattlce Bragg peaks are marked as
media for frequency. The coefficient. ¢ determines part SL™ and the inset shows the fine structure of SL-2.

of the electron’s trajectory, the radiation from which contrib-

utes to the recorded data. The electron is assumed to fall ohhese values are typical for any material used in modern
the sample perpendicular to the surface, and the detectsemiconductors and the estimate predicts the observation of
makes the angle with the sample surface. It should also be TR in the range of soft x rays. Of course, the wavelength of
noted that a similar weakening of bremsstrahlung intensity atadiation should be comparable with the characteristic size of
the grazing angles is well known from experiments on TR inthe investigated inhomogeneity, e.g., stacking of materials in
the optical rangé.Using Eq.(14), the ratio& of TR and BS ~ multilayers, vertical or lateral correlation lengths, interface

spectral densities is expressed as stepping, etc. Thus, at some conditions, TR spectra can be
used along with or instead of conventional x-ray reflectivity
16mv2c?(1—v?/c?)?p, and diffraction methods.
&=—, TN (19 Figure 2 demonstrates the radiation spectra of electrons
o'Lapd @) In(183.Z715) within the silicon and copper substrates. The appearance of

Evidently, the possibility of TR observation is conditioned curves is sim?lar_ to the dependence of the reflectivity coeffi-
by the inequality¢>1, which establishes the upper limit for cient on the incidence angle for x-ray scatterifigind the
the frequency of emitted photons. Substituting the real valuespectral function contains information about the surface and

for Si crystal in Eq.(15), the density profile of the sample that is analogous to that
obtained from x-ray reflectivity. The absolute spectral inten-
Z=14, p,=(5.43 %10 cm 3, a=1072, sity of the photon flux reaches 10° quantum/keV sec for
100-keV electrons with current 1@A within solid angle
Laps=3%10"°X (fiw,keV)® cm, AQ=~10"3 rad.

The second limiting case is the superlattice with a large
number of periods, when the conditiegNd>1 is fulfilled.
Assuming the photons exit angle is larger thyp, the ra-

2arcC diation spectrum does not depend Nrand contains peaks
hw<0.5 keV, A= T>3 nm. (16)  corresponding to the Bragg reflections from a vertical one-

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

Cu 7 290"

2
L2}
(&)
N
z
Q

Spectral function F(
2
B

1074 -

Spectral function F{w)

o(keV)

10"

00 05 10 15 20

o (keV) FIG. 4. Calculated spectral function of x-ray radiation from

electrons, crossing the copper plate of finite thickness 500 A and
FIG. 2. Simulated spectral function of radiation from nonrela-20 A (inse). Two types of oscillations are visible in both curves

tivistic electrons within the silicon and copper crystals. (for details, see the text
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dimensional periodical structure, i.e., a bilayered superlatspectrum from the Mo/Si superlattice is shown in Fig. 3. The
tice. The positions of the peaks are defined by the conditioMo and Si layers are 39 A and 58 A thick, respectively.
The detector is positioned at=0.1 rad, and electrons of
2[d1X1+ doxs]=mn, n=0,1,2... . (17) energyE=100 keV and curren.ﬂz_SO pA fall perpeqdicu-
c lar to the surface of the superlattice. The superlattice Bragg
In the vicinity of thenth superlattice Bragg peak, E@.1) is  Peaks are denoted Si.-and the inset shows the fine struc-

transformed to ture of SL-2. The integral number of photons in théh
Bragg peak is the same amount as the above-mentioned
dN, €%?n?| €d;+ed, [€dit+ed, 2v)|? value for the radiation from electrons passing through the
do  4ec? |(ditdy)(v+o)| ditd,  an single surface.
dwc e v (18) Finally, the single plate is the limiting case of a thin film

on a substrate, when the density of the former essentially

Here, the parameterns and 5 define the deviation of radia- exceeds the density of the latter. The spectral function of
tion frequency from the Bragg conditidd7) and are deter- | 4diation in this case is written as

mined by EQ.(6); €; ,=€; ,—1. The simulated radiation

2

o . .
iN w?+XG— —,C0S pu— 2XG COSp COSy— 2wXo Sinpu Sinv
o
Flw)=w’-—=Awg
dw 0

’ 19)
(Xg-l- w*)sir? ,u-l—4w2X(2) (

where Xo= \w?— w2/ o?, p=daxy/2v, and v=wd/2v. Equation(19) is valid when the frequency of radiation obeys the
inequality > wq /@, which cuts off the region below the critical angle of TER for the plate. Figure 4 demonstrates the
simulated spectra from 500 A and 20 @nsebd copper films. The electrons of 100 keV with current 58 strike the copper
plate, and the detector with a 1®rad aperture is placed at angle f0rad to the plate surface. The rapid oscillations,
parametrized by coefficient and clearly visible for thin 20 A film, are caused by the interference of pseudophotons turned
away from the electrons at the upper surface and then reflected from both the upper and lower interfaces. This effect is similar
to the interference of x rays reflected from different interfaces. The long-period oscillations are governed by the parameter
and are related to the contribution of pseudophotons turned away at the lower interface to the common interference process.
The phase difference between both oscillations and their different periodicity follows from the difference in the velocity of
photons and pseudophotons. Whereas the photons propagate in the media as light, the velocity of pseudophotons depends o
the velocity of electrons. Multiple harmonics, observable in Fig. 4, demonstrate the complexity of the interference process.

The method for calculation of the TR spectrum used in this work and based on the quantum theory of faiatisnus
also to take into account the imperfection of interfaces between layers with different refractive indices. To illustrate this
feature, let us consider transition radiation from electrons crossing the nonideal boundary between the vacuum and the
semi-infinite substrate, i.e., the surface with the profile described by a random fumetiofx,y). The nonuniform distribu-
tion of the electron density within the plane&,§) results in nonconservation of the transverse component of the transfer
moment, and formulél) for spectral-angular distribution of radiation is changed to

2> . (20

(nv)2

J1-|—

c

Here the integration in the planex,dy) is performed over scattering from rough surface. According to Ref. 19, the root
the whole substrate surfa& vectorq=(p—p;)/A—k de- mean square of surface roughnesand correlation function
fines the moment transfer during the radiation process; th€(x,y) are related as

brackets denote the averaging over the statistical distribution

of random functionu(x,y); and wavefield, describes the ([u(xy)=u(0,0]%)=20"~2C(xy). (D)
solution of Maxwell's equations for an ideal structure. TheThen the distribution of the TR intensity contributing by a
averaging of the matrix element can be carried out in theough surface of the sample with permittivieg=1 can be
same way as in Ref. 19 for the intensity of diffuse x-rayrepresented as follows:

#°N e’w
dwon A72c2

+ o0
dz [ & dyei[qzu(x,y)+qxx+qu1e[‘(pz‘plz)z’ﬁ]U(‘)*(Z)
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N _evisiracosa ik o Z(F( oo>+ffd da,S(d,dy)F( )
= € OZU— (l),a, ’ ’ w7a1 ’ ’
dwan w2c? ¢ Sina+e;—cog a2 BEGy S Gy %Gy

1 .
S(Gx,ay) = 4_772[ f dx dy{quzc(xyy)_ 1]l (@xtayy), 22)

2
v 1%
1+26——+ E\/Ef—COSZa
Cc

Flw,a,0x,0y) = >

U
1+25— —sirf a
CZ

v
1+ 5+E\/ef—cog a

fc2(qz+q))
2wE '

The first term in Eq.(22) corresponds to the TR intensity, analogous to the spatial intensity distribution of the scattered
attenuated due to the Debye-Waller factor, which depends oguasimonochromatic x rays, including the information on

the longitudinal component of the moment transfer duringsample inhomogeneity and imperfections. The advantage of
the photon emission process. The second term is the radighe proposed technique can be realized by a quick measure-

tion caused by the correlations in the roughness distributionnent of the TR spectral distribution by a fixed detector in-
it depends on the transverse component of the moment trangtead of time-consuming measurement of the spatial reflec-
fer. The expression above demonstrates the fact that TR iRyity curves using a goniometer. Both approaches can

tensity contains information on surface nonuniformity. How- g,nnlement each other in nanotechnology test instruments,
ever, a detailed investigation of this topic is beyond of the.qmpining the detailed information delivered by angular re-
scope of this paper.

flectivity measurements and time-saving spectral measure-
ments of transition radiation. Three typical examples of
structures, viz., single substrate, superlattice on a substrate,

In Conc|usion, the spectra of transition X-ray radiationand thin plate, are used for an illustration of the main fea-
from nonrelativistic electrons interacting with multilayered tures of specular and Bragg reflections of x rays produced by
structure are described on the basis of the solutions for thelectrons. The applicable range of wavelengths for the obser-
uniform Maxwell equations in periodical media. The TR vation of TR with a background of incoherent bremsstrah-
spectrum contains information about the sample that idung has been discussed.

IV. CONCLUSIONS

*Corresponding author; Email address: ilya@fer.minsk.by 9. F. Frank and V. L. Ginzburg, J. Phy@oscow 9, 353(1945.
TOn leave from Institute of Nuclear Problems, Minsk, Belarus.  *°N. V. Smith and D. P. Woodruff, Prog. Surf. S@il, 295(1986.
IM. L. Ter-Mikaelian,High Energy Electromagnetic Processes in 11G. Borstel and G. Thmer, Surf. Sci. Reps, 3 (1988.

Condensed Medi&Wiley, New York, 1972. 12R. W. JamesThe Optical Principles of the Diffraction of X-Rays
2V/. G. Baryshevskii and I. D. Feranchuk, J. Ph§Rarig 44, 913 (Ox Bow Press, Connecticut, 1982
(1983. B3y, E. Pafomov, Zh. Tekh. FiZ33, 557 (1963 [Sov. Phys. Tech.
31. D. Feranchuk and A. Ulyanenkov, Acta Crystallogr., Sect. A:  Phys. 8, 412 (1963]; Proc. Lebedev Inst. of Physic#4, 25
Found. Crystallogr55, 466 (1999. (1971).
4]. D. Feranchuk, A. Ulyanenkov, J. Harada, and J. C. H. Spence1,4V. Holy, U. Pietsch, and T. BaumbacK;ray Scattering by Thin
Phys. Rev. B62, 4225(2000. Films and Multilayers(Springer-Verlag, Berlin, 1998

5V. V. Morokhovskyi, J. Freudenberger, H. Genz, V. L. L. G. Parratt, Phys. Re\®5, 359 (1954.
Morokhovskii, A. Richter, and J. P. F. Sellschop, Phys. Rev. B®V. G. Baryshevsky and I. D. Feranchuk, Izv. Belaruss. Akad. Sci.

61, 3347(2000. Ser. Fiz.-Mat. Nauk, 117 (1975.
6A. P. Potylitsyn, P. V. Karataev, and G. A. Naumenko, Phys.*’V. L. Ginzburg, Theoretical Physics and Astrophysi@s¥auka,
Rev. E61, 7039(2000. Moscow, 1975.
B. Lastdrager, A. Tip, and J. Verhoeven, Phys. Re®1E5767  8W. Koch and J. W. Motz, Rev. Mod. Phy31, 920 (1961).
(2000. 195, K. Sinha, E. B. Sirota, S. Garoff, and H. B. Stanley, Phys. Rev.
8Y. Takahura and O. Haeberle, Phys. ReW6 E 4441(2000. B 38, 2297(1988.

155318-7



