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Coherent x radiation induced by relativistic electrons in crystals
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We present the results of a theoretical study of coherent x radiation induced by relativistic electrons in
crystals for observation angles exceedirigt, wherey is the projectile Lorentz factor. The assumption for the
process includes both elastic and inelastic radiation mechanisms. The results were compared with available
experimental data.
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Up to now, several theoretical approaches for the coheremgroduct of a radiation cross section for an isolated adarg,
x-radiation description, based on classical electrodynamicand the coherent diffraction factdg,y,, in the form
[1-3] and quantum theorj4,5], have appeared. In these ap- (2m)°
proaches, the emission of coherent photons was reduced to _ _\em sz =
the process of elastic scattering of virtual photons associated docon=Teordorar= VN D1|D(g)|*3(a—g)doar, (1)
with the projectile, on bound crystal electrons. Such ap-
proaches correspond to the form-factor approximation use@heredo=d*s/dwdQ,dQ, , and it is assumed that there

in the theory of Rayleigh scattering of real photons by anis no overlap of terms with differerg in the radiation pat-
isolated atonj9] and therefore, it cannot give a full descrip- tern. In Eq.(1), V is the volume of the unit crystal cel is
tion of the process, which is achieved by taking into accoun{pe number of atoms per unit cell; af(g)|? is the crystal

the inelastic channel. structure factorD(g)=3;exp(g-r;), wherer; describes the

; n Iour recint W?.rk%r’]?]’ Wte stugl_let(_i dlffer_entlzl andd_lnt-_ osition of theith atom within the cell. For the diamond-type
egral properties o ,|nco erent X radiation, using the radiatiorgy oy e (N=8) considered here, the structure factor is
amplitude of Amus'yaet al. [8] for the case of interaction

between a relativistic projectile and an isolated nonrelativis- _
tic atom, and considered two channels leading to the radia- ID(g)|*=
tion by crystal electrons: elastic channel when states of the

T
1+exp(i§(h+k+|))

crystal target before and after radiation process are identical, X[1+ (=DM R+ (=M (=), (2
and inelastic channel when in the final state the target emits
one of its electrons. where h,k, andl are the Miller indices of the planes and

It was shown that at observation angkes> 10y 1 (yis therefore,|D(§)|2 is (a) equal to 64 for all planes with even
the projectile Lorentz factoythe crystal electrons provide a indexes and their sum is a multiple of @) equal to 32 if all
dominant contribution to the total radiation yield. the indexes are odd; ar(d) otherwise equal to zero . Thg

In the present work, we used the same approach as in Rdfinction in Eq.(1) reflects the fact that the coherent cross
[6,7] to obtain, for photon energies<m, wherem is the  Section can be essential only when the momentum trans-
electron mass, the total coherent cross section, taking inttgrred is very close to that of a reciprocal lattice vector. The
account both the elastic and the inelastic radiation channel§)coherent factob takes into account disorder in the recip-
and then compared our results with available experimentdlocal location of different crystal atoms.
results. From the conditiorg=g, one can get the energy depen-

Let us consider a photon with energyand wave vector dence of coherent photons @ and the reciprocal orienta-

k, which lies within a solid anglel),, aroundé,,, resulting ~ tion of vy andg:

from the passage of an electron with initial eney mo- 2

mentump,, and velocityv; through a set of crystallographic gussing —o—

planes with a reciprocal lattice vectgr After interaction, Weop= S (3
the outgoing electron with energl§, and momentunf)z 1-v,cosf,+ E%sin 01

moves within a solid angleIQpz aroundﬁz. During the ra-

diation, the medium acquires momentuﬁ# 51—52—I2 and  whereg is the angle between the crystal planes érﬂdand
the momentum-energy relationshjg=E2—m? is always 6,= 0,+ ¢. In the case oE;>g, Eq.(3) coincides with an
valid. accuracy of terms of ordeg/E; with the high-energy limit

As in the theory of high-energy coherent bremsstrahlungesult[12,13. In this limit and for6,>y*, the dependence
[10,11], the coherent cross section can be presented as @ w.y, ON 7y is negligible.
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As in the case of incoherent radiati¢i6,7]), the coher-
ent cross section in Eq1) consists of elastic and inelastic
parts. The elastic cross section describes the interaction ¢
the projectile with an atom as a whole and it is a sum of the
static (Bethe-Heitlef cross sectiondos;, the polarization
cross sectionlo,, and the interference terdv,,; . For the
elastic channelD [Eq. (1)] is caused by the thermal disor-
der in a crystal and therefore, it has to be replaced by the§
Debye-Waller factoD$'=exp(—g??) [11,14], whereu? is
the mean-square temperature displacement of the atoms froi
their equilibrium positions.

The inelastic channel results from the interaction of the
projectile with atomic electrons as individual particles. The
inelastic cross section is a sum @é,,,, the cross section
describing Compton scattering of virtual photons associatec - ! T T T T
with the projectile by the bound electrons, add,, the
cross section due to the radiation of the projectile in the field ¢ (deg)
of the atomic electrons. While the elastic cross sections as- gig. 1. The elastic cross sections as a functiop 66r the (111)
sume statical distributions of the electron clouds surroundingjanes of a silicon crystal at,=7° andE; =25 MeV. Thedo e
the nUC|e| Of the CryStal atomS for the InelaStIC ContnbuuonSContnbuteS to the total cross section as 3. S%dof ol and the
an instantaneous straggling in positions of electrons belongontribution ofdoe is 36.1% ofdo,.
ing to different crystal atoms plays an essential role. Assum-

?sr]

do [10 cm

ing that the average value of this straggling is equal to a v1C0S6.(COSH,— v ,COSP) — ¥~ 2c0SH,|?
screening(Thomas-Fermi radius a=0.88%,Z %, where To= z 1=0,0090,—¢) , (8
ay is the Bohr radius and is the atomic number of the U1 2= @

crystal, factoiD ; for the inelastic channel should be replaced 1 cosé,

by DI'®'=exf —g?(U?+a?)]. Ty=—

Thus, the coherent cross section can be recast in the form v 1-v,coso,

v1€0S0,(COSH,—v1COSP) — ¥~ 2cOSb,

do'coh_D dUcoh meld Icnoehlv (4) X 1-v,co86,— ¢)
where the elastic contnbuuordmacoh is In Egs. (8), 0,=6,— o, 00:(8772/VN)(ar§/
N weor9?)|D(9)|2, @=1/137, andr, is the classical electron
docon=dositdopet doin (5 radius. The components of the inelastic part of the total cross
section are
and the inelastic contribution is
| docom= O'OZZS(g)Tzi 9
do'"®'=doeomtdo (6)
o eom Tel doe1= 06Z2S(g) 1. (10

n Egs.(7) and(9), F(g) is the atomic form factor an8(g)
s the incoherent-scattering functigh5,16.
The angular dependence of the elastic cross section com-
o ponents ony is shown in Fig. 1 forg,=7°, E;=25 MeV,
tory coordinate system and in the case when vedtops, and for the case when the radiation is generated oilttih

andé lie in the same plane, the components of the total crosplanes of a silicon crystal. It is seen from this figure that the

By assuming thatl) w<E;,E,, o<m; (2) q<<p1,ps;

and (3) all radiation energies are large compared to those o!‘
electronic binding, and using thé function in Eq. (1) to
integrate ovedw and dez, one can find that in the labora-

section have the formcKo-Edza'/de) main contributions to the total cross section come from
dopor and dojne. dope has two maxima atp(*)=19,/2
dog=0oZ1-F(9)]%Ty, +1/2'y and a minimum at ¢y=(6 /2)+(coth0/

2142 cosé,) [13,17). The interference contribution changes
o= 06Z2FA(Q) T, (7) its sign ate = ¢q. For the case of relativistic positrordg

has the opposite sign. For the chosen crystal and planes, the
ratio betweendo,, and do¢on, is 30.3 and fordog; and
doe, the ratio is 2.77.

The comparison between the available experimental data
and our calculations is presented in Figs. 2—4. In the calcu-
2 lations, we assumed crystal targets were kept at room tem-

perature. It should be noted that the data presented in the
literature, on experimental investigations of coherent x radia-

doin=200Z?F(g)[1-F(9)]Ts,
where

1 cosé,

T1= [Ty 1-v,cosf,
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0, (deg) FIG. 4. Comparison of the present calculations Ry [Eq.

(12)], andR; [Eqg. (13)] for g corresponding t¢111) crystal planes,
FIG. 2. The coherent cross section as a functiorfpfat E;  with experimentally defined ratios between the intensities of the
=25((solid ling) and 15(dashed lingMeV for the (111) planes of a  coherent radiation generated on different crystal planes. Inserted in
silicon crystal. The data are taken from Rf8]. the upper-right corner are the plane indexes, type of the crystals,
and thicknesses.
tion, are reported in the form of photon fluxgser incident
particle or per one incident particle and one steradamd  (dashed ling The experimental data are taken from our pre-
not as radiation cross sections. Because of this, we show Wious work[18], where the observation angle was 17.52°. It
Figs. 3 and 4 the ratios for calculated and measured valuegs seen thatlo,, has a minimum a#,=90° and, as for the
In Fig. 2 the maximal values of the coherent cross secincoherent cross sectiof6], achieves its maximal values
tions at fixeds,, are presented as functions @f for a silicon neard,=180°.

crystal. The radiation is generated in tkEL1) planes by In Fig. 3, we show the ratio of the cross sections for two
electrons withE; =25 MeV (solid line) and E;=15 MeV  projectile energies:

7-. a 17.52°[18) 1=M (11
v 44’2 d E;
6' o 9%0°[19] ocon(Ep)
LTttt TTanEes as a function off,. As in Fig. 2, we consider here the
5- maximal values otio,, at eachd,. The solid line presents
1 L o R, for the case when the radiation is generated by(1i4)
o 4] planes of a silicon crystal atE;=25MeV and E;

=15 MeV; the experimental daturttriangle up is taken
from Ref.[18]. The dotted line shows the ratio for tli&l1)
planes of a diamond crystal d;=8.3 MeV and E;
=3.5 MeV; the experimental daf@riangle down are from
Ref. [12] (6,=44°). The dash dotted line show®; near
6,=90° for the (800 planes of a diamond crystal &;
r—— 1+ 1T+ 1T+ T+ T+ 1T+ 1T T =900 MeV andE; =600 MeV. The datunicircle) is taken
200 4 60 8 M0 A2 a0 180 1 from Ref.[19] (6,=90°). The dashed lines correspond to
6, (deg) the dependence of radiation intensity versus projectile energy
. . , as y?, predicted in Ref[12] for two ratios of projectile en-
l_:IG: 3. The_ratlo between coherent cross sections a_t d'ﬁerenérgies(25/15 and 8.3/3)5As shown in the figure, oR; has
projectile energies and for thoge where these cross sections are o e .
maximal[Eq. (11)]. The solid curve corresponds® for the (111) a minimum até,=90° and reaches the pr.edICt.ed V.alue only
planes of a silicon crystal &,=25 MeV andE;=15 MeV. The near the erW?“d and bgckwarq obsgryatlon directions.
dotted curve shows111) planes of a diamond crystal &, . A contribution of the |nel_ast|c radiation channeldo,p,
=8.3 MeV andE;=3.5 MeV. The dash-dotted curve showg is small and more appremab_le fo_r I(_ﬂv-crystals, and for
near 6,=90° for the (800 planes of a diamond crystal df, those planes having low Miller indices. Indeed, for the
=900 MeV andEj;=600 MeV. The datuncircle) is taken from Middle- and highZ crystals and low plane indice$(g) can
Ref. [19] (8,=90°). The dashed lines correspond to the depenbe neglected in comparison W'_Ehz(g_), and for higher plane
dence of radiation intensity versus projectile energyy&s pre- indices the inelastic contribution is strongly reduced by a
dicted in Ref.[12], for two ratios of energie§25/15 and 8.3/3)6 factorD,.
Angles refer to the experimental observation angles. In Fig. 4, we compare another calculated ratio, namely,
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f(@con) docon(9) (444 plane indexes the calculated ratios are shown for a
= , (12)  silicon crystal. The experimental ratios were defined from
f(wion) dogon(g”) the data presented in RdR1] (triangle down and in Ref.
. ) . [22] (circle and star, experimental errors in Reff22] are not
with the ratio from the experimental data. In H32), the  reported. In the calculations, we take into account the attenu-
cross sections are taken at the maximum of their angulagiion of the photon flux inside the targets by using the data
distributions;g corresponds td111) crystal planes and the from Ref.[23]. Note that while for thé220) case the differ-

attenuation factor i$(w) = L;l_[l_eXp(_L;lt)]' whereL,  gnce betweelR, andR), is about 7.5%, for th€333 planes
is the absorption length at a given photon energy,taedhe i is |ess than 1.5%.

2

target thickness. In Fig. &%, is represented by thick hori-  ag follows from above, the coherent cross section @.
zontal lines and the thin horizontal lines show the ratio forjg j, satisfactory agreement with the experimental data
elastic contribution: known up to now. The delineation of relative contributions
el from elastic and inelastic mechanisms to the total radiation
, Hweon) docon(9) (13) yield requires more precise experiments. The results obtained

2 f(wlop) dUﬁLh(g’) ' in this work, together with the results of Ref§,7], can be

used in the planning of more detailed experimental investi-
Forg’ corresponding to th€220) plane, the ration is shown gations of the process by using coincidence techniques, as
for a diamond crystal. The experimental rattoangle up  well as for investigations of the radiation processes induced
was defined by using the data from REf2] for the (111) by relativistic particles where the considered radiation ap-
plane and fron{20] for the (220 plane. For thg333) and pears as a background effect.
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