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1 Introduction
Theoretical investigations of radiation generated by the charged particle toov
ing through a medium with a periodically varying permittivity were per-
formed for the fint time is work [1]. Later the radiation ia X-r», band of
charged particle moving through a crystal, haa been investigated by Ter-
MikaeHan [2]. Propertiea of this tadiatk» ha* been theoretically considered
in work [3 -7,19]. From the m i d * of W-les the experimental investiga-
tiom of PXR propertiea hat beea provided m tb« USSR [8 -12]. Later the
investigations in Hue field has been began in USA (la] and Japan [14].

In our previous paper [10] the investigation of dimweatial PXR character-
iatica measured in arbitrary anits with high angnlai and spectral resolution!
at incident electron energy 35 MeV has been carried oat. In present work
we have reported the results of measurement* of absolute differential yield
of PXR in thin Si single crystal at incident electron energies 15.7 and 25.7
MeV and discuss the influence of density effect on PXR properties at high
incident electron energies.

2 Experimental
The experiment has been made by using the linear electron accelerator LUE-
40 in Kharkov Institute oi Physics and Technology. In previous investigation
[10J we have receive the PXR yield ia arbitrary anits by nonoafisattoa of
PXR quanta nomber on qnanta nnmher of characteristic X-ray K-ndiatinn
of target atoms. After setting the experimental proeschtre of absolute mea-
surement» we have carried out the simultaneous investigation of the absolute
K-ionuation cross section of the target atoms [18] and PXR absolute yield
[present work].

The experimental setup is shown in fig.l. The beam of accelerated elec-
trons 1 passes in vacunm through «target 2 and a secondary emission monitor
5. The X-ray radiation, induced by electrons in the target, was measured by
a detector 4. The current pulse frequency of the accelerator was 50 Hz, the
pulse duration being 4 рл. The full width at half maximum of the peak in
the spectrum of the accelerated electron beam was i% of the average electron
energy. Tbe beam spot on the target was nearly 7 mm in diameter, the be*m
divergence was about 1 mrad. To avoid X-ray «pectnim distortions diif ( i



the piU *ц> ifti'ci iLc iiir'4n bearu curreul value «ru choecn to be such that
the «muting tate of (be spectrometer should be below 5 Hz Typically, it
« u a few nA.

Ав » toTget.. ч( used a 17 fun thick lilicon single cryelal plate, whoee
crystaUographic plane (520) waa parallel to the plate surface. The target was
placed in tbe vacuum goniometer and wa* preaHgned во that the < 220 >

MM should be parallel to the velocity vector V of tbe beam electrons, and
ike cryittaNographic plane (ill) should be perpendicular to the detection

plane and parallel to the vector V. Tbe measurements of orientational de-
ptadencm in fige.2-5 were provided aa a flection of target rotation angle ф
relative ахи perpendicular to the detection plane in direction of the detector.

Tke charge of the beam that has pawed through the target during tbe
exposure time waa meamred by a secondary-emission aaonitor 5, placed 20
em behind the target 2, and the charge-to-code converter 7. The monitoring
system was calibrated by means of the Faraday cup of the accelerator.

The spectra were measured using the 35 mm7 area Si(li) X-ray detector
4 of type BDER-2-25A, with liquid nitrogen cooting. Detecloi was placed

: aft 4530 mm from the target, at fl = 305.9 miad to the beam axis, and
! CQMcetad to the goniometer chamber by a vacuum channel. To protect the
\ detector agaiaei the electrons scattered in tbe target, the vacuum channel

had a daaaisg aagaet 3. The detector was surroaaded by a lead shield.
h boat of the 20 /mi thick berylum kA of the detector was placed a lead

: diaphragm 0.8 mm thick. The angular resolution of the detecting system
with taking into account the «se of beam spot on the target was about
2 mrad. The detector's efficiency гея meaewed with the lead diaphragm
through the we of the set of special iateMsty-cafibraied X-ray sources. The
eaergy'teaoratkHi of the spectrometer at £ , = 6.4 keV was found to be 286
eV. Experimental procedure is described in [IT]. The absolute measurements
technique fe described in detail in [18).

3 Results and Discussion

$ 1.1 The PXR peak energies
;.- The X-ray spectra measuring at incident electron eaergies 15.? and 25.7
" MeV ate similar to spectra presented in figs. 1,2 in our preliminary work



[10]. Therefore we do not pieeent К hi this report text to place economy.
In igt.1,3 Ike peak energies in measured X-ray apectra versus tbe target
orientation are shown by full rink*. By told Kaet there ue ihows tbe
calculations of coherent radiation energy according to formula [2,9,10}*

where А н the Planck's constant divided by 2ж, to ia the coiutant part of
tbe medium permittivity, "j* a the reciprocal lattice vector, fi it tbe unit
vector ia direction of tbe detector, с it the i |h t velocity. Tbe lolid K M
Б, D, C, prtwt tbe ealnlaiicm» by formula (1) for tbe rows of ndprocal
lattice vecton T«=...< TT3 >,< 111 >...•, "|*»=...< П5 >, < l i t >,
< 33? >...; T * - - < 0 M >>< 220 >..., teapectively. From tint igarei
one can tee that experimental dai* for аи peal» at enerfiet 1S.7 aad 35.7
MeVaKbttottwatedagractatatmthctJaidatfo^
«aergy accordiag to fcnwri» (J). Btnpbame, that tkt tadkik» comtclad
with reciprocal lattice vtcto» f « < Щ > Cram tbt row §£ к dctacttd wiih
much more iattttity cstapwativdy with coatrlbtttiot) of оЦиг vecton bmm
tow j j becante tht carter of tcflar from {Аме (111) at ф = f /2 ш diNettd to
the detector, whettta al the teat leflent from vtctott of rows fnt ?*» T*
are directod at large aa^he to the detector. Ptafate apectra couected wHh
towt gu and §£ an caatad by the тал of radiatioM from radprocal lattkt
vecton, which compote thett rows. From the formula (1) oae can tee that
afl vecton of each tow have identical radiataoa energy m oer axptrkMntal
geometry became the 1 к ош which vacton come to tmA h perpwdk«ltr to

V. The agreement of urperimeatal dais far al oaterved ptab (ttt ftg.l ia
ref. {10})with cafeiktioa by fonnaJa (I) coafhw tie cowntact of radiation
in the vicinity and at btge aagabw «Маисе final ceatttt of PXR itAexm

Note that ia oar «x««rkaeata tW ngjttvatida of the cobereat tadbttioa
weak peab at latga aagalar dwtaacc from At ctaten of PXR rcfexe» waa
poaaibk daetoUgh taactnl aad aagalar ratohtioae of detactiag tytUm, Ha
matcbitgdeae tooptimamone and alto low background apectra.

For compatiaon, the cskulationt of eaetgies determiaed by the Bragg taw
in crystal for detector direction are prevented by dashed fanea in fige.2,3.



(2)

The calculation according to (2) for ibe reciprocal lattice vectui ~g -<
11J > (fine B) fa dote to experimental data «id calculation according to (1)
at ф я */2 when the PXR reflex center from (311) plane it in toe vicinity
of the detector direction, but the divergence ie increaaed with dfaorientatioa
increasing. The calculation according to (2) for the reciprocal lattice vector
"J* =< 220 > (line A) has given the lowest energy in companion with other
vectors of the row yj}, but even this energy much differs from experimental
data.
• That the calculation of energy peal» of PXR according to Bragg formula
(2) has given values dose to experimental value* only in direction dose to
the PXR reflex center direction. In common case the energies of PXR peaks
are described by formula (1) which takes into accounts the coherent nature
of PXR. It fa interesting to note that the coherent radiation energy of the
particle moving in periodical media described by formula (1) does not de-
ft«iad on the concrete interaction mechanism. For example, this formula b
tree both for coherent bremsstrahlung radiation [2, 15], arising doe to the
interaction of particle with nuclear crystal subsystem, and for PXR, arising
due to the interaction of particle with electron crystal subsystem.

The experimental and theoretical ramrle shown on ftgs. 2,3 fa excetent
demonstration of precision smooth tuning possibilities for PXR frequency in
a wide X- ray band (see also reft. % 10]).

0.3.2 The PXR absolute differential yield

In figs .4,5 the result» of mtasmiuwts of PXR quanta number per electron
and unit sofid angle ate shown by «a* fall cades. The slatfatkal errors of
measurements an shown by vertical loes. The absolute measurement error
«as not exceed ±15%.

The aagular resolution of measurement* was much fees than the angular
sfae pf PXR fine structure. The multiple scattering of the incident electrons
in die thin target wan «significant. Therefore we have compare our exper-
imental data with cakiktkm of PXR differentia! yield. The calculations



were provided by formula for the number of quanta derived in ref.[10] in
accordance with the Idnematkal theory [2]

dN

0)

where dN it the aumber of quanta with frequency ь> = иод (]) emitted io the
•olid anfle &! at n particle* with tbe charge с aid energy E, рам through
a crystal of a tVcfcneat L; Xfiu) *• *•• Fouriet component of the variable

part of permtttMty; Л?, | ? are the eompoMata of If, T perpendicular to

V. later the similar formula was derived is j«f. (7] from ami-quantum
•xpnaak». The nralto of cakulatioM of the PXR abaohte Afftreatial ykW
I » the radiation atwdated with tl» radprocai lattice vector f =< i l l >
ate shown by the Елее in Igi. 4,5. t i e contribution from other vaeton o!
the row ijb in peak k m«ch 1ем than 1%.

the daaited line w the cakniatioa withent talrag into accoaat the PXR
attenuatk» in target, the eoKd K»e ia the caknlation with taldug it inio
account. For calculation withoat attenuation we have nee factor I 2

For the attenuation be taken Into account we have ate the factor t in the
form

т л

where Tc а Т«(ы) • tie e-fdd attenaatioa kngtb of radiation with frequency
w, Г ta the target plate thklnew; T fa the nnit vacior perpendicular to the
target plane; t =%•• The fcnnula (4) ia appMed to the arbitrary target and
detector orientation relatively to the beam for Bragg and Laue geometries.

It is necessary to dote the fair agreement of the measured absolute differ-
ential yield of PXR with that calculated by the fonnula (3). Calculations by



fcnd.i'tst' ,t'j; [i'jj Joes ROI show Ibe asynimotiy of the PXR yield relatively
of it flex renter observed in experiment (see figs 4,5).

3 3 The energy dependencies of PXR. properties
Ftom eotup.-uison of fig.2 and fig.3 one can see that the qupitum energy
in FXR peaks is practically independent on the incident electron energy in
agreement with formula (1) at V'/c -» 1. However, figs.4,5 show the strong
dependence of angular distribution and PXR yield from it. Let UB consider
this dependencies.

In fig.6 the calculation by using formula (3) for the angular distance
between right aud left maximaof PXR yield from fige.4,5 is shown by the lint.
It is aeen from fig. 6 that the angular size of PXR reflex Лф is decreased with
growth of incident electron energy &Ф ~ m&jE, up to the critical energy
£<r>t - ^fir^<-'1. where hup. is the energy of PXR quanta in the vicinity of
(be reflex center, w? >a tbe plasma frequency for the Si single crystal. In our
case Ншн » 12.3 kcV and Е„ц ss 212 MeV. At E, > Еац the angular site of
reflex does not depend on incident electron energies. In fig.6 the experimental
results are shewn by full circles. It it seen that the experimental results on
(he angular size of PXR reHex is (he region of electron energy E€ < £ „ 1
ate in good agreement vritb tlie calculation using formula (3).

la ilg.T the calculations using formula (3) of PXR differential yield in
(eft (solid line) and right (daehed line) maxima of orientational dependencies
of PXR yield (see Sg.4.5) are shown. It is seen from fig.7 that the PXR
c'iiFerenual yield in maxima increaeee with incident electron energy increasing
approximately proportional to the square of energy up to the critical energy
£с,£. At Ee > £„,-. t;.se PXR dirTerential yield does not depend on the
incident electron energy, in fig.7 the result* of our measurementa are shown
by :'i4ii ciicies for she >cft maximum in figs.4,5 and open circles for right ones.
Osa cut see f-aat our experimental results on the PXR differential yield in
maxima k: ?ae region of toe we'tdeat dectroa energy Et < Ea%t are in good
^reemeai wjib cbe caiculatioa using formula (3).

Tfeus, the experimental investigations, (in ref.fltfj and in this work), of
spectral &nd angular differential characteristics of PXR, excited in the thin
h?t srystai ;n tbe Laue geometry by relativislic electrons with the energy
considerably less than tbe critical energy confirm fully tbe validity of the
Гзг-Шсаецап kmemattcal theory [2].



4 The influence of density effect on depen-
dence of properties of PXR on incident
electron energy

In Ibis section we have consider the physical reason by wbkh tbe lineai
decreasing of angular size of PXR reflex (fig 6) and square growth of the
PXR differentia] yield in maxima (fig.7) are stopped with the increase of A*
incident electron energy at Et я Еац s feme*. Abo we have consider the
influence of density effect on a possibilities of dynamic effect experimental
observation.

It m known, that PXR is the result of charged particle virtual photon
reflection from the crystallograpbic plane system of crystal through whkb
the particle moves. By other words the particle field is a radiation source,
and the cryetaOographx: plane system is a reflector. It is evidently that the
crystal reflecting properties do not depend on the iaddeat electron energy.
Therefore the behavior of field of a particle moving through a crystal has
the bask influence on energy dependencies of PXR properties. In particular,
the field components of incident particle frith frequency about шц take part
in formation of PXR reflex with quantum energy in the reflex center Ец =
Ьыц. Let us consider the spectral-angular distribution of virtual photons
of telativietic charged particle moving through » media with the average
dielectric permittivity «o for photon energy hu < E,. For this we can пк
the expression from [16] without the constant factor

JN -пк V
(5)

where T is photon wave vector, IT = A . By using the approach уA. By

V y 1 - ("A)3 > 1 and 0i < 1 and also the expression for the dielectric
г permittivity £0 = 1 - ^ / w ) 1 for frsquensiss exceeding the atomic freqneDeier-
( one can easy to transform expression (5) to

i dlf t
f l / i » + (av/w)f

T



where 0, if the «ogle between the particle velocity vector V and photon

wave vector * , «uj, ia the plum* frequency of media electrons. Analysing
the expression (б) one can easy to мс that angular and energy dependencies
of PXR reflex we similar to angular and energy dependencies of distribution
of incident particle virtual photcm with frequency u> а шд.

In energy region Et <i Еац, that corresponds to I/73 *> (и/р/шцУ1,
the presence of media have no influence on the distribution (6): maxima in
angular distribution we placed at angles 0 i n u = 1/7. *nd number of quanta
in maxima incteases as j ^ *» y*. This corresponds to the calculations of
PXR properties by the formula (3) and is confirmed by our experimental
results (fig 6,7). The influence of media in this case is small and distribution
of virtual photons (6) is similar to that for a particle moving through a
vacuum.

However, at Et > Е„ц, that corresponds to I/73 < (ш,/ыц)2, «a seen
from formula (6), the influence of the media on the particle field leads to
independence of the component distribution (6) with a frequency WR on the
energy of incident electron. In particular 9lmn -» j j (in our experimental

; conditions Jf* = 2.4 mrad). For PXR it means the transition from linear
j decreasing of reflex angular site to saturation at E, !> Е„« (as it is seen
I in fig.6 &ф —* 2.4 mrad at E, > Еац), and the transition from square
j growth of quantum number in maxima to the saturation at Ec > Evit (see
: fig-7). This can be seen from formula (3) after substitution the expression in

d e n o i n i n a t o r ( ^ a + ( ^ a ( l - e 0 ) t o £ + (£ )* ( £ ' Л Thus the saturation
; at EK > Eott of the number of quanta, angular sue and another properties

of PXR reflex take place due to the influence of the density effect of media
on the field of incident particle moving through this media. The saturation
of some PXR properties was confirmed at Et > Ея„ experimentally in refs.
[11] and {14}.

As it is seen from above mentioned consideration we have explain the
change of PXR properties behavior on the energy of incident electrons at
E, es Eatt as influence of density effect on the incident particle field. Note

: that Ter-Mikadian in [2] have not discuss the influence of density effect on
radiation properties in the vicinity of the Bragg conditions (he names this

1.; radiation &<• "resonance radiation"), although this influence is contained in
•i formulae of hie t h e o r y [2], a n d therefore in formula 13 ' .
i Unfortunately, the influence of the density effect leads to cescation of the

?'*

* . 8



rapid increase of PXR differential yield with increasing energy of incident
particles at Et « Еац. Prom above mentioned consideration it is seen that
to receive the PXR maximum yield at definite value of и>ц and all other
things being equal it ш necessary to use crystals with fewest average density
of electrons because in this case the density effect influence begin at higher
energy of incident electrons.

Let us consider the influence of the density effect on • possibilities of
dynamic effect experimental observation. In work [7] the condition ш which it
is possible to neglect the dynamic effect w u derived (if experimental angular
resolution mach poorer than |x-j>|) u

where i associated with a width of PXR angular distribution. In condition
(7) the influence of the density effect doea not taking into account. With
taking into account the density effect a width of PXR angular distribution is

and therefore the condition in which it is possible to neglect the dynamic
effect have another form

The condition (9) put more hard limitation then (7) on a possibilities of
dynamic effect experimental observation at high incident electron energy be-
cause at Ee -* oo relation (9) reduce to form J\xo\ — *•• > |x-»| that
uauslly ш satisfy.

Thus density effect'taking into account lead to impossibility of dynamic
effect for noticeable part of PXR reflex in single crystal even at high incident
electron energy.
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>Fig.l. Experimental l»yout. 1 - electron beam; 2 - Si target; 3 - cleaning
magnet; 4 Si(Li) detector with a diaphragm; 5 - secondary emission monitor;
6 - 100 V battery; 7 - charge- to-code converter; 8 - graphite coUimatore.
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Fig. 2. Peak energies in radiation apectra meatered rent» the crystal
alignment (fnH drcke) 'at Ec = 15.7 M«V. The «olid Бое* Б, D, С tbow
the coherent radiation energies calculated by formula (1) for tbt rows of
reciprocal lattice vectors g?it g£ and g* reepectiveJy. The dubed lines B,A
u the Bragg energy calculated by formula (2) in tbt direction of detection
for ~g = < Ш >and ~g = < 220 > respectively.
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E«=25.7 MeV

г \ 1 д > И Г | | I I I I | I I i i I . I I . I I I I I i i i t i I I | I I I I I I M t I i i I i I I

(Ш) 0.05 0.10 0.15 0.20

Ф, rad
Fig. 3. Peek energies in radiation spectra measured versus the cryatal

angnment (full circles) measured at Et = 25.7 MeV. The Mfid lines E, D, С
•how the coherent radiation energieB calculated by formula (1) for the rowg
of reciprocat lattice vectora 5П, f s and j j respectively. The dashed lines В,А
• the Bragg energy calculated by formal» (2) in the direction of detection
for g = < U ] >and f * < 220 > respectively.
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Pig 4. Tbe oumber of PXR qowtU mewoxed *t I 1, = 15.7 MeV verm»

the crystal alignment (lull aides with rt*t»tic*l encni). The d««hcd Hne ш
the calculation by formula (3) ft» "J* » < 111 > wtthmt attenuation talcing
account, vhe acM fine ehowi the caknktion taking into account tbe PXR
attenuation io tbe target.
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Fig. 5. Tbe aumbet of PXR quanU meatiifed at Et = 25.7 MeV vent»
tke cnrttal algaraent (full drclea witfc «tatatkal etron). The darted line к
tbe laktktk» by (brmttla (3) for 7* = < Ш > wilboet attenuation taUog
wcout, the Mlk) (be thorn lie eafctlatlon inking into account the PXR
t i b the Uiget.
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