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Radiation in transition of charged patrticles through rough interfaces
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A theory of transition radiation is presented for the rough interface having sufficiently sloping and smooth
inhomogeneities with large curvature radius in each point of the surface. Characteristic size of roughness
slowly varies over the distance of the emitted quantum wavelength. The advantage of this method is that no
limitation is imposed on the dielectric constants of media. The general case of an interface with two-
dimensional roughness is considered. The physical picture of the radiation from a rough surface is determined
by both longitudinal and transverse effects. Angular and spectral distribution of the intensity are obtained under
penetration of a charge into the target at arbitrary angle, both for the forward and backward radiation. For
periodically distributed roughness, specific examples of expansion coefficients are considered, characterizing
the type of surface. For random surfaces, statistical parameters of the radiation field aréaf@mraged over
the ensemble of surface$articularly, for the two-dimensional Gaussian distribution of roughness, the average
intensity of radiation is obtained. All our expressions transform into known ones when the interface is plane.
Numerical calculations were carried out whose results agree with experimental data. The research is practically
important, since its results may be used for diagnostics of surfaces.
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[. INTRODUCTION view, so the study of radiation from rough surfaces is per-
formed by various approximate methods depending on the

Interaction of uniformly moving charged particles with nature of inhomogeneities.
realistic interfaces between media, depending on physical In recent years we realized a common mathematical ap-
conditions under which it takes place leads to such radiativé@roach to problems of emission at interaction of charged par-
effects as, e.g., transition radiation, Vavilov-Cherenkov radicles with rough interfaces in the approximation where di-
diation, diffraction radiatior(see, e.g., Ref$1,2]), radiation ~ €lectric constants of media differ from each other
on surface roughneg8,4]. Under certain conditions an in- insignificantly (see, e.g., Refd.7,8]). An advantage of this
terference between these radiations occurs in spite of the fagPproach is that no restrictions are imposed on the typical
that one or another radiation dominates. sizes of interface roughness.

The very first experiment&ee, e.g., Ref5]) have indi- In the present paper we develop a theory of radiation of
cated that polarization essentially depends on the surfacgharged particle$9] in the case of sufficiently sloping and
treatment quality. Roughness of the interface was shown témooth roughness of interfaces with large curvature radius at
strongly affect the intensity and polarization of the transition€very point of surface when typical sizes of roughness vary
radiation. No description of this roughness effect was giverittle at distances of the order of the wavelength of emitted
before. Particularly, Ginzburg and Tsytovich have observedPhotons. An essential advantage of this approach is the ab-
in their monograpli2] that they are leaving aside the impor- sence of restrictions on dielectric constants of media.
tant for applications issues of transition radiation in the pres-
ence of various_(_axterna! structures. The same authors alsq STARTING EXPRESSIONS FOR RADIATION FIELDS
noted that transition radiation from regular and statistically
rough interfaces still needs to be described. Let us consider transition radiation from interfaces be-

All phenomena caused by interface roughness are impotween media with arbitrary dielectric constants by means of
tant and must be studied, as the investigation of nonideageneralization of the Kirchhoff approximatigsee, e.g., Ref.
surfaces is one of the rapidly developing directions in optic§10]) known in the light scattering theory.
and solid state physics. Study of this problem is of practical The interface between two media with dielectric constants
interest too, as it can promote appearance of one more way t ande, (magnetic permeabilities are assumed to be equal
determine the surface purity; one can at least hope that dée unity) is determined by an equatia f(x,y), where the
pendences of various parameters of radiation from a rougfunction f(x,y) may be either periodic or a statistical func-
interface will turn out to be useful for comparison of the tion of the surface coordinates. Without violating generality,

theory with experimental dat@ee, e.g., Ref$5,6)). we can choose the rectangular coordinate system witlz the
The physical picture of this radiation has been consideredxis directed from the first medium into the second so that
in detail by the authofsee, e.g., Ref3,7]). the planez=0 is coincident with the mean level of the rough

Analysis of the problem of deviation of an interface from surfacez=f(x,y) [f(x,y) being the deviations of surface
an ideal plane is complicated from the theoretical point ofpoints from the mean plare= 0], and the particle velocity
directed from the first medium into the second is in the plane
(x,2z) making an angley with the z axis.
*Email address: raffi@ipr.sci.am The essence of the approximation consists in representa-
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tion of a sufficiently sloping interface with roughness of are the radiation fields on the surfaiceb =e'*?/R, R being
horizontal sizd (exceeding the heights of roughne9sand  the distance between the point of observation and the current
curvature radius at every point of surface much longer thamoint of the surfacek is the wave vector of emitted quantum
the pseudophoton wavelengthby a surface with differently (k= w\/e/c), w is the frequency of the emitted photon; dif-
oriented plane areas replacing the roughness. Hence, the sgrentiation in grad is performed over the surface points. In
face roughness vary little over the distances of the order obrder to simplify the formulas we omitted the time factor
the pseudophoton wavelength. exp(—iwt) and the subscripts 1 and 2 of the fields and the
The effects of shadowing and multiple scattering are notharacteristics of the fir§the upper sign before the integral
taken into account, meaning that surface roughness must bgd the secon¢the lower sign before the integrahedium,
sloping enough. This limitation is equivalent to the reqUife'respectiver. Using the relatiodf=dxdyy/1+ yxz-i- ),y?, we
ment that correlation between the deviations of rough surfacgass in Eq(2) to the integration over the underlying plane.
from its average plane must be high enough. We assume this The Green formula gives a correct result for either back-
requirement fulfilled, and also demand that roughness correyard (into the first medium or forward (into the second
lation radius is much smaller than the surface dimensions. Ifedium emission on whether we close the rough, on an
addition, as the particle field in contrast to that of a planeayerage plane, surface in infinity at the le(0) or at the
electromagnetic wave depends on the distance from the trajght (z>0). Because of the approximation made, the field
jectory, it is necessary that the transversal dimenpignof  at every point of the rough surface is the same as in the
the particle fieldsee, e.g., Ref§1,7]) be less than the typi- jnfinite plane replacing in the given point a section of the
cal sizel of the roughness, while the coherent lendth,  rough surface; this means that it is the known radiation fields

(see,e.qg., Ref§1,7]) exceeds the height of the roughness, £ andH for a planar interface that enter the integrand of
The conditions that the transversal field dimensions of gormula (2) (see, e.g., Chap. 4 in Refid] and[12]).

moving particle are much smaller than the transversal char-
acteristic size of roughness, and coherence length exceeds
the heights of roughness, certainly impose limitations on the
combination of parameters: Let us consider transition radiation in the case where the
interface is described by a functidi{X,Y), periodic with

IIl. INTERFACE WITH PERIODIC ROUGHNESS

NBe 1 respect to both variables andY with the periodd, andl,,
11— B B2 <1 respectively. Coordinates of points of the rough surface are
denoted byX, Y, Z. With use of the Weyl expansion of the
\B Ve cosy ‘ " scalar Green function in plane waves,
f(l—,B\/Ecosw cosa)‘ o '_ ” elkx(x=X) +iky(y=Y) +ik |z~ Z| dk.dky ®)

" 27 . K
where B=v/c, wherec is the speed of light and is the T ‘

angle of radiation. These limitations are taken into accountin, 4 having in mind tha (k) = (c/w)[ kX E(k) ], we obtain

obtaining the numerical results as given in the Sec. V, at ’

various incidence angles and observations in the plane of 1 (=

incidence of a charged particle. E,(R)= i_f L} el (ke kaX+ilky—ky) Y+i(k;—kp) ((X,Y)
The field at each point of the rough surface is assumed to ™ 8mw2) -

be the same as on the tangent plane drawn at this point. For

every area of the tangent plane, as for a section of an infinite x el iy riiedd xdy dg dkydk,dk )
plane surface, one can write the field distribution taking into

account the orientation of the area with respect to the direc¥here

tion of propagation of pseudophotons. Starting from this dis- e —

tribution, using Green'’s vector formu[d1], we can obtain, r_ 1—+ 7§+7§{nx[k’><E AK")]=K[Nn-E; oAk")]
by means of integration over the surfaces of all areas, the ~12 2k.k, L L
radiation field in the point of observatidR above any point

of the rough surface, +kX[nXE; Ak")]}. 5)

1 ) HereE, 4(k’) are the Fourier components of radiation fields
E(R) =+, . I - (NXH)®+(nXE)xgradp from a planar boundary in, respectively, the first and second
medium(for simplification the wave vector subscripts denot-

ing media are omitted
+(n-E)gradp |df, 2 Let the expansion of the product of periodic functions
entering the integral4) into a double Fourier series be
where n=(ne=— v/ V1+ i+ 72, n,= known as
—yylV1+ yxz+ yyz, n,=1//1+ yx2+ yyz) is the unit normal w
tf the syrfacef in an arbitrary p0|nt_,yxz<9f/_é?x, and vy, Li’ﬁi(k;—kz)f(x,v): 2 LrInSl’Z(k)eimeHstY’ (6)
=df/dy; n makes an acute angle with tlkzeaxis. E andH m,§= —o
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wherep=2m/l,, t=2mx/l,, andL 4 k) are the expansion where

coefficients depending on the shape of surface, witls

=0,£1,=2,....Substituting Eq(6) into Eq.(4) and using c )
the definition of § function, we obtain for Fourier compo- msl|2:m [Eqr12C08¢—¢")
nents of the radiation field the following expression: L.2=E=r1.2

siné; ,
Ey k)= 2 Lina oK), 7) +Ex1,2008¢|Prg o osd! ——=(Eqr12t Exq £0S¢")
12

where k,=k;+mp, ky=k{+st. If the coefficients of the

subsidiary Fourier expansion X (Amg£05¢+ Bma Sing)

ei(k;—kz)f(X,Y): 2 Ling zeime+istY (8) c
m.s ’ Nmst 2= [Eq’lzsin(<P_§D,)
" 2w\e1£0801 , ’

are known, the coefficients|,, , can be found in terms of

Lma 2 by differentiating with respect tX and Y (8) and ) siné; ,

composing the left-hand side of expressiéh +ExSiNe]Pma 2 050! ——(Eq12t Exq,008¢)
Let us mark out the polarization planes as in the case of a 12

planar interface. These are the parallel polarizatjprwith

the electric vector lying in the radiation plaf@ntaining the X (Ame,Sin@— B L£0SE)

wave vector of the emitted quantum and the normal to the

interface and the perpendicular on@.) with the electric

vector perpendicular to the radiation plane. It should be

noted that when determining the projections of the electric Pms,2=

field on the tangential plane the problem of transition radia-

tion in a rectangular coordinate system has been incidentally X (1— ﬂx\/;20039x1 e Bz\/;zcosﬁ A

solved and the connection between these formulas and con-

ventional fields in an oblique-angled coordinate system has

been found(formulas in the rectangular coordinate systemA g ,=—

\/s 1,/€0S6; 5+ C0S6; 5)

coh

(1— ByVe1 L0805 ,* B\ €1, L£0S0; 5),

are symmetric and relatively simpjefFor a planar interface CBZ
this problem was solved in Ref13].

So, we obtain the following expressions for the compo- g _ @l con 1= Bue 0S8 -+ Be COSH
nents of the field vectors parallel and perpendicular to the ™2 cB, (1= Byfe1, 0080, 5* B\e1£0S01 ),
radiation plane:

cB — — _
H 2 . r Icoh:f(l_ﬂx Sl,zcosaxl,zi B 81,2(:056’1,2) 11
Et12= 2w 7:12003012 msL,2! msl,21 (10)

where Eq1, and E,; , are the Fourier components of the
Efj,=——— E Lmet Nmet 2+ 9 electric field from a planar interface in an oblique-angled
" 2w\g1,C080; , ms coordinate system,

. (8217 €12 (1= By\e1 L0805 ,+ Bo\eEr 1~ £1,8IMP 0] )

E 'eBz; 0, cosh
q'1,2= SN0, LOSO, , ; Py
m’c (1— By\e1.£0805; )%~ Bi(e01— &1 SiP0] )

(1= By\e1,£0S0y o+ By\es 1~ &1 SIP O] 5~ Bie1) C0S0; = ByB,81,L£0Sby; 5
[(1— Bx\e1.£080}, »)2— B2e1 £0S 0] 5] (£21C080; 5+ \e1 2801~ 85 SINPO; )

_ieBBiNers, | (821— &1 (1= By\E1 £0SOy ,F ByyEs1— &1 SO )

1’2: +———CO0S , B N B
* wlc b2 (1_,Bx\/sl,zcosaxl,z)z_,85(82,1_81,23|n201,2)
X{[(1— By\e1 L0806y )°— Bre1 L0 Hl(Veq £0S0] ,+ \ep1— el SN0 )} L (12)
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wheree is the electron charge. The upper signs in these exMaking use of these formulas, we obtain the following ex-
pressions correspond to the field to the left of the interfacepression for the spectral densities of the radiation energy in
while the lower signs correspond to the field in the secondhe frequency rangdw into the solid anglel(},

medium. The direction of incidence of the particle is deter-

mined by the quantities8,=(v/c)siny, B,=(v/c)cosy, dil) 15 w2cd Lt 2 (£ i
a.nd the direction of emission is determmed by directing co- dudQ ~ 4,2 £10026, 5% | 0SB, , qQ'1,
sines of the wave vectok (cosé=singcose, cost, ’ ’ :

=sin#sing, cosh,=cosd) with ¢ being the angle between sine),

thex axis and the tangential component of the wave vegtor — @)+ Ex1 £0S¢]Png o~ —(Eqr12
of the emitted quantum. The anglése are related to the cosf ,

anglesd’,¢’ as follows: 2

+Ex1,£08¢" ) (A 0S¢+ Bg 5SiNg) ]

c
coséy =cosfy,—mp—-=,
Ve )
dlw,kl,z '7T2C3 Lmsl,2 [[E r( ,)
= 1,81~ ¢
c dodQ 40205, | LR
cos&{,:cosey—st—\/_, 4o ey, ms | €OSOy,
wve o,
] sind, ,
5 +Ex1,8IN@]Pna o ———=(Egra12
cosf ,

co€0' =coo— CT[(m|0)2+(5'02]
w~ & 2

. +E0 £08¢) (A i@~ Bingy £05¢)

+2

(mpcoso,+stcosb,). (12

o\e (14)

Let us now calculate the energy flux of the transition ra-These formulas determine the intensities of transition radia-
diation through the planes— =«. The Pointing vector of tion backward and forward. They are significantly simplified
radiation with different polarizations has, by definition, the if one observes the emission in the plane of incidence of the

form particle, i.e., if =0. At normal incidence of the particle
| | N when B,=0 and B8,=8, expressiong14) take relatively
S1.o= (Ely X Hip o), simple form. If one considers in addition a surface wave in
. N | only one direction, say=f(Y), then at observation of the
Sp 2= (Etg 2} Hia o). (13 emission in vacuume,=1, £;=¢) one obtains
|
d'U,,,k _ eB%1—¢gl’sino L(1—B\e—sinfd’ — B?)(cosh+cos’)coss’ ‘2
dodQ  472c|1—Bcosb|?cog8 T |(1+Bcost’)(1—B\e—sir0 ) (s cosd’ +\e—sit')|
Y 2
m 267162 sl—LS(l—,B\/s—sﬁa’—/32)(1+cosacosa’)
w,k - y
= . , : (15
dodQ  472c|1—Bcosb|? T | (1+Bcosb’)(1— B e—sirfd')(e cosd’ + e —sir?d’)
|
where ation of specific examples of expansion coefficients is given
in Ref. [7]. Here it can only be noted that for an interface
) A2 sinusoidal in both direction§(X,Y)=a cospX)+bcostY),
cos§' =cos - SE : these coefficients are expressed in a simple manner in terms

of the Bessel functions:

—_— (16) a b
w I-m51,2:im+s‘]m _) Js [

Icoh coh

(17

So for complete solution of the problem one needs to know
only the coefficientsL,,s of the subsidiary expansion in In the case of one-dimensional sinusoidal roughness, assum-
which the shape of surface is taken into account. Consideiing f to depend only orY, we obtain
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Lmst2—Ls12=1%3s(p12), (18) surface enters only the power of the exponential factor,
whereJg(p; o) is the Bessel function of thsth order and its 1 (= ,
argumesnt b El,Z( R) == 167T2 —oc{(x El,Z)(k - k) + %(k El,Z) - El,2
b bw p , exdi 1)+ f(r
Pl,zzm:J(l—ﬁx\/slvzcosﬁxlyzi,82\/81’200301,2) X[2- (k' +k)]} HiCe D ¥ i%f(n)]
co z !
(19 kK2,
x glikextikyy +ikz)g k. d k;d k.dkdr, (20

is the roughness parameter representing the ratio of the sinu-
soid amplitude to the coherence length. For smatlotice-  \here % = (ki —ke k) —Kk,), r=(X,Y), and x,=[(w
able values are obtained with first terms of the sef@@spli-  _ k'v,)lv,]—k,. Let uys now average EG20) over all real-

tudes of spectra decrease rapidly with increasing numbefy4iions off(r). Denoting the averaging by a line, we obtain
and for calculation one can retain small numberss). For
1 foc dkdk,

large values ofp the first terms are small while the series o ,
converges more slowly. At some values @fthe emission ErdR)=%5 Eq et kY ikezh (o) o
vanishes in certain directions. Equatiti®) shows that the o z 21)
effect of large roughness at smadllis the same as the effect
of small roughness at largé. In expressions for spectral \yhere
densities of the emission energy the term of the series with
m=s=0 gives the intensity of transition radiation modified
by the presence of interface roughness. It differs from the
conventional planar interface formula by the factlﬁ(p)
which reduces the intensity of the transition radiation. TheW(f) is the function of distribution of surface points over
formulas pass to the expressions for a planar surfape@t  heights, anch(x,) is the corresponding characteristic func-

It should be noted that the expressions for spectral denstion (see, e.g., Ref10]). In obtaining Eq(21) the definition
ties of the emission energy could have been obtained if onef the §-function has been used. It should be noted that the
used instead of Eq9) the fields at long distancd&|=|r mean value of the radiation field is represented as a superpo-
+R|, whereRy is the position vector drawn from the origin sition of plane waves, each of them with its coefficient
to the point of observation andis a point of the surface. h(s,).

For radiation fields at long distanc&, we have in the

IV. INTERFACE WITH STATISTICAL ROUGHNESS first and second media, respectively,

h(x,)= f e W(f)df=e' (1), (22

Let us consider the radiation from a statistically rough __ie”‘RO * ,
interface of two media described by an equatisnf(x,y),  E14Ro)= “87R, 730{(”' E1o) (k' —k)+ax(k-Ey )
wheref is a random stationary differentiable function of co-

ordinates, values of which range about the plase®. Here 1 ,

the solution of the problem of transition radiation differs —Epdae (k+ k’)]}k,—e'(’ﬂ'r)e'xzf(r)dKQdk;,dr.
somewhat from the calculation of radiation fields on a regu- 2%z

lar interface. Actually, if a periodic boundary is given, it (23

determines unambiguously either the shape of the surface or

the radiation field, whereas a statistically rough surface cathile for the average radiation fields we obtain
be given by some parameters of deviations of surface points

from the mean planéby distribution probability density for E,(Rg)=Fim
these deviations, by correlation functjo®uch setting of the 1270
surface determines an infinite ensemble of various samples

of surfaces similarly described statistically. Each sample off hey differ from the fields in the case of a planar interface by
an ensemble gives a certain emission pattern which does ndt,factorh(x,).

generally, coincide with the emission pattern of an other SO, the average radiation fields from randomly rough in-
sample. So, one needs to find the statistical characteristics tgrfaces can be calculated if either distribution function for
an ensemble of emission patterns provided that the statisticéie quantityf [the density of probabilit)V/(f)] or the corre-
parameters of the surface shape are given. According to tHgponding characteristic function is known.

statement of the problem, it is the mean value and the aver- When the transition radiation from a statistically rough
age intensity of radiation fields that are of basic interest herdpoundary is considered, the mean intensity of the figidan
while it is assumed the averages over the surface coincid¢alue of squared fieldss much more interesting. The radia-

elkRo

Ro

E1Ak")N(x,). (24)

with averages over the ensemble. tion energy in the frequency rangk into a solid angled()
To determine the radiation fields we use formui, is

wheref(X,Y) is now a function of randomly rough surface. -

This expression may be transformed so that the shape of dl,, k1,2=CVe1 dE1 A Ro)|?REdwd Q. (25)
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We will perform averaging of this expression over 1 Cis
samples of surfaces by means of a binary distribution func- Qq,lyzz—(k;(ky—kx’,kx)<—,'Jrq’VL2
tion [a probabilityW(f,f’) that at two points determined by q q
two-dimensional position vectorsandr’ the heights of the
surface will bef andf’]. For a very general case of a two- Cio= qz—q'z—(k’+k )%
dimensional normal distribution of deviation of surface ’ zooene
points in heightf from the mean planeg=0 (see, e.g., Ref.

10]). 1//w—kuv
[10]) Vl’2:1——/( X ) (29
) kz Uz
1 f2—2Fff’ +f
W(f,f')y=———=exg ~——— |, TP ;
27-rfé n_p2 (1—F2)f§ Here, for simplification, the subscripts 1 and 2 of the wave

26) vectors are omitted. Expressioit®8) and (29) determine
completely the intensity of emission from a rough interface

all the information on statistical properties of the surface isforward and backward if the functiow is known. By pass-

determined by the mean-square deviatioh=f2 and the iNg in Eq.(28) to new variables'= \/{;+ ¢, x, using the

correlation coefficienE of heights in two different points ~ formula

andr’ of the surface. The correlation coefficient, in the gen-

eral case of spatially uniform surfaceb {depends on the 2m ) B o
difference of argumentsis determined by the relation 0 exfli(x, -]¢didy=2m . Jo(%,.£)¢dg,  (30)

—— [ X=X Y=Y ) )

f(r)f'(r")="fgF T (270 and denoting’/l by 7, one arrives at

x y
. - . . dilt Jei d? (= o

Herel, andl, are the correlation radii, i.e., typical distances wki2 TC €14 L m
at which the correlation coefficient varies essentiallyl,|f dwdQ 2 _wdkxdky 0 D12J0(%.17)
=I,=I, the surface is statistically isotropic addepends
on |/, where{=r—r'. Correlation coefficient is equal to X e~ % foll=F(n)] nd7. (31)
unity when its argument is zero and drops to zero whgn
exceeds the correlation radiuis When the emission is observed in the plane of incidence of

After substitution of Eq(23) into Eq.(25), transformation
to new variableg, r’, and integration over’, one obtains
for the mean value of the radiation intensity for parallel and
perpendicular polarizations, respectively,

the particle,g=0 must be taken in all these formulas. At
=0 the correlation coefficient is equal to unity and Egf)

goes to the expression for a planar interface. Whenw,

the correlation coefficient equals zero and we obtain

C €12 * .
dl“'iklf—'f Dl4el(x 0 dilid,, dilh
k1, 4 12 wkl2_ k.2 . 212
Tod0 ~ dodQ (from planar interfacge™ *z'o, (32)
Iﬂ)
X 2204 AR ’ ’
expr %o 1 F( I didkydg, (28 while k; =k, in x,. The expression
where " 2o
L 2 . Jo(a 1) "2lo2="indy (33
-~ ~(
Dg,zz K (q_zk_)(le,ZExl,2+Gq/l,2Eq’1,2) ,
z
2 entering the formulag31) can be represented as
2
1
D1,= ——(Qx12Ex1,27 Qqr1,Eq1,2)| » 20 (#,50)2" [
2K, e S PEO [ i F ()T ndn. (34
G L k,C Ko ky+ K k,—g?)k;V
x1,2—a[ Crat (Kot kyky=akeVaal, By taking F(7)=e" 7" and using the relation
1| kik +kik o 1 2
Ggr1.27= L,yycl,zﬂk;kﬁk§ky—q2)Q'V1,z, f Jo(gue v udu= —ex -9 ,  Rew?>0,
q 0 2w? 4w

(39

1
QXl*Zza[kycl'ZHKXky_ kykokeVaal, the following result is obtained:
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digias_dliias
dwdQ) dodQ

2
C 812| * 2.2
v ) Pt

o (fg)™ (2,1)?
X >, ex;{— n

i=1 2nin

2.2
sz

(from planar interfacgee™*

dk;dk, . (36

Intensity [eV/(cm sr electron)]

For small heights of roughnes$g<<1/x,=1.,,, One can
limit the sum in the second term of E6) by the first term. !

If we consider the case where the wavelength of emitted -60 -40 -20 0 20 40 60
quantum is shorter than the typical sizes of boundary rough- 9 (deg.)
ness, i.e.x |, »,fyin Eq. (31) are large, the high-frequency
Fourier components of the functio must be taken into FIG. 1. Angular distribution of radiationA=4400 A, y=0°,

account. Correspondingly, it is smaji values of W, where  fo=100 A, 1/f3=100. Ordinates of curves 2 are ten times magni-
the functionF is close to unity anéV has a prominent maxi- fied.

mum at f=f', that will enter effectively the integrand.

Within the corresponding small region of the surface theto get information on correlation characteristics of the sur-
heightf is always close to the heigffit. For example, for a face. So, a connection is established between the shape of the

Gaussian distribution the expression interface and the characteristics of the radiation in a form
- allowing concrete calculation.
exp{— x;fo[1-F(»)]} (37 Real interfaces may only be weakly approximated by the

. . ) ] ) surfaces considered. The high sensitivity of radiation to sta-
vanishes rapidly wher only slightly differs from unity.  tistical properties of the interface does not allow one to ob-
Hence, one can expand the correlation function in series negin final formulas for the intensity of emission from any
the null of its argument and retain the first nonvanishing termyrface. A base to construct formalized mathematical

schemes served the qualitative notion on appearance of

F(p)~1+ }F"(O)nz, (39) roughness in the process of treatment. Since_ the process of

2 roughness formation is a consequence of multiple factors ex-

, hibiting randomly and to almost the same degree, it has been

with F (0)<<0 as a result of general properties of the corre-confined here to consideration of rather general case of nor-
lation coefficient. By inserting this expansion into E§1) mal distribution of heights of roughness with a smooth cor-
and performing the integration by means of E85), we relation coefficient of the Gaussian type. So bringing the

obtain theory up to formulas for calculations can be successful for
only specific models, although the obtained results allow one
dl‘zll;%kl,Z_ wc\/slvzlz ® L 1 to understand general regularities of radiation without going
dwd® ~ 2¢2F"(0)[) -« 12 52 into details of the specific structure of the surface.
x1? V. NUMERICAL RESULT
xexg — —55——|dKdk,. (39 - NUMERICAL RESULTS
223 15/F (0)] The expressions obtained above have been used to evalu-

_ 5 ate the angular and spectral distribution of the intensity for
In the case of normal correlation, whéf(7)=e"7 We  the transition radiation created by incidence of the electrons
have|F (0)|=2, and hence, having energy 80 keV on the rough interface between
vacuum €;=1) and aluminum target. Surface roughness
dilhe, mce d? (= ' o\ was described either by a periodic functiof(X,Y)
dodQ 412 foch'z?ex T 25,10 dkdky.  —f [cos(2mX/l)+cos(2rY/)], or random function, with cor-
‘ (40) relation coefficientF(»)=e~ 7. The intensity distribution
was evaluated numerically in the optical range of spectrum
Note also that the formulas are simplified if we consider(\ =2800-5600 A) at various incidence angles and observa-
one-dimensional roughness, i.&(x,y)—f(x) or f(y). tions in the &z) plane of incidence of a charged particle.

All the obtained expressions go to conventional formulas As an illustration, the distribution curves are shown in
of transition radiation when the interface tends to a planeFigs. 1 and 2 in the case of periodic roughness. The curves 1
They determine completely the emission intensity if thedescribe the parallel component, while the curves 2 perpen-
function of distribution of deviations of surface points from dicular component of radiation. For comparison, the polar-
the mean plane is known. The inverse is also obvious; exized component of transition radiation from planar interface
perimental study of the distribution of emission enables onés also shown by dotted curves, obtained from the well-
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FIG. 2. Spectral distribution of radiatioghi=15°, §=10°, f,=320 A; (a) |/f,=1000, (b) |/f,=100. Ordinates of curves 2 i@) are ten
times magnified.

known expressionsgsee, e.g., Ref[1]). The perpendicular tion radiatior), but also by transversal distance.

component under observation in the plane of incidence in the The expressions presented in this paper clearly establish

latter case is known to be zero. the relations between the interface parameters and radiation
Our obtained results show that even a small roughness @fharacteristics.

interface creates nonzero perpendicular component of radia- This paper claims to be a significant development of pa-

tion. As the roughness heiglf, grows and the ratid/fo  per[7] where dielectric characteristics of two media differ

falls, depolarization is observed, whose extent is increasegsjgnificantly. Meanwhile, here these media are taken arbi-

for smaller radiation angles. Thus for the valués  rary, which makes possible experimental verification of the

=320 A, 1/fg=100, 6=10°, y=15°, and\=4400 A, the poner results.

perpendicular component reaches nearly 75% of the parallel Experimental study of the issues raised in this paper is

comp_qnent. Thg latter in its turn is four times larger than forgy), unsatisfactory. Known are experimeri&,6] analyzing
transition radiation from a planar surface. Note also that af,e ragiation created by penetration of electrons into various
large radiation angles the curves 1 lie below the dotteqnetas. In these experiments roughness of the interface is
curves. o shown to affect the intensity and polarization of the transi-
In the case of normal incidence of a charged partighe o radiation. However, the roughness density and structure
=0°), the transition radiation at the angle-0° is completely \yere not taken into account in these experiments. The work
unpolarized. Radiation pattern in this case is symmetric relaf6] dealt merely with a matte-finished surfa@ehere the size
tive to the normal to average plane of interface, i.e., tozthe inhomogeneities is of order of the wavelengths in the

axis, like in the case of planar surface. However, when the,n,y7ed range of spectrum, while their density provides vi-
incidence angle) is nonzero, the symmetry agairsaxis is g5 diffusiveness of the surface
violated. . Both determination of radiation characteristics which sur-
Note also that parallel component of the radiationtyce roughness parameters are given and solution of the in-
smoothly falls off with increase of the wavelength(as in  yerse problem require establishment of the functional rela-
the case of planar surfaceMeanwhile for the perpendicular ion petween the interface and radiation characteristics. In all
component this fall of intensity is not always smooth. mentioned experiments no such dependence was found,
. Almost the same behavior is obtained when the rough, spaply due to small size of inhomogeneities making diffi-
interface is described by a random function. The only differ-c,i¢ their proper description. This fact to some extent holds
ence with the regular case is that perpendicular componepf, .k the development of theory.
here always decreases smoothly with growtivof Today only semiqualitative comparison of experiment and
Thus it may be concluded that roughness of the interfacg,qqry has been carried out, since the character of interface
essentially affects the transition radiation. was not taken into account. Numerical analysis has been per-
formed by the author, using the data of experimg@it
VI. DISCUSSION In view of the total lack of information about the state of
the target surface, we have made an attempt to correlate our
It is worth discussing the state of the theory and experimodel results, at least approximately, with experiment. Al-
ment in this area, in order to understand more clearly thehough some agreement exists, full interpretation of the ef-
ways of their possible development. fects is possible only after detailed specification of the sur-
The author’s theory is based on a method known in opticsface roughness in experimeni$eight distribution and
but is applied to radiation of charged particles. The key resultharacteristic size of inhomogeneities
is that this radiation is formed not only by longitudinal co-  Finally we observe that the obtained results may find ap-
herence lengtliwhich is well known in the theory of transi- plication in diagnostics of targets, especially important in
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analysis of nanostructures. Remember that resolution poweadiation in the case of non-normal incidence on a planar
in optics is limited by diffraction. Electrons are also known interface between media with arbitrary dielectric constants.
to behave like waves, with wavelengthk=h/mv; m Below, these fields are expressed through the well-known
=my/\1— 3%, wheremj is the electron rest mass atd Fresnel coefficients of reflectlomlk2 andry 1,2 and refraction
=6.62<10 ?’erg sec. However, due to small valuelpfthe  (t!,, ti ):

diffraction of charged particles with energy easily reached in

practice will be determined by wavelengths much shorter I _ [ o
than for visible light. Therefore the diffraction of charged r!2:82,1 £L008017~ €12V e 21— e18IT b1z

particles is more weakly expressed. £21 /81,200591,#81,2‘ /8211_81‘25"1201‘2
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APPENDIX: RESULTS EXPRESSED THROUGH THE
FRESNEL COEFFICIENTS (1+rl)) tH o 11 =th,. (A1)
Final results of the papdsee, e.g., Eq.14)] include ex-
pressions(11) for the fieldsEgy/;, and Ey, , of transition As a result, we obtain
ieB , sme12 2'sma12

z
Eq/1’2= Ecoselvz

1- ﬁx\/slzcosax12 ,32\/812005912 1- ﬁxV8120059x12+/32\/812005912

. ’ ’ . ’
t” ZSIn 02 1 ﬂXCOSQXLZ 81’2 Sin 01’2

1 Bu\e1 £080, 5+ Bye51C080; ,BZcosa’L2 21| 1— By\/e1 0080, ,* B\e1 £0S0; ,

;[ €21
2B, e £0SO (— —1) o
Pa21£08012 €12 N r!,zsm 012
1 Bx\e1 L0860, o+ B\e1£080 5/ 1= Bee1 £0S0y, »F Boi/e1 £0S0; ,

X1 15

2,1 . ’
—IQZSIH (92 1
€12 !

1 BxVeu, 2005‘9x1 2+ BzVes, 100592 1

ieBy 1 N Mo
2m2C \ 1— Byley L0805, o+ B\e1 £0S01 51— Bye1 L£0Sby 5+ Bye1 £0S0; ,

Ex1,2= -

tJ_
- 2 ~1. (A2)
1 Byx\e1,£080,1 ,* B;\E1C0SH,

Here the terms without Fresnel coefficients correspond to the wave generated by the charge itself. Terms n‘jgladnhg
r1 , describe the wave reflected from the interface, while those mclu:tﬁlpgndt1 ,the wave created by a charge either before
transition and propagated forward, or after transition and propagated backward. In the case of normal incidence, one obtains
the known expression®.45¢ and (2.451) of Ref. [2].

Substitution of expression®?2) in the final results of this paper gives the expressions for transition radiation on rough
interfaces, including the direct radiation from the particle itself, and terms due to reflection of this radiation from, and
transition through, the surface.

In particular we also express the relatidd$) through the following Fresnel coefficients:
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dill . e 1 , )
AL > |L(cosé +cosd)(1—pBcosh)
dwdQ  1672c |1— B cosh|?cofs 5 | ° p
[ sing’ rlsing’ thsing; 2
XCOS(P 7 + T ’
1-Bcosf# 1+ pcosd 1—,8\/500301
diy  e?p? S [L1- geose’)| (coss'+coso)sing’ ( )\)sina/
= —Bcosh')| (cosh +cos)sing —| s— .
dwdQ 1672 |1-Bcoso|?2 T | ° ly/ cosé

2

X (A3)

sing’ rlsine’ thsing;
7+ T 7
1-Bcosd 1+pBcosd 1—Byecoso;
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