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1 Introduction

Theoretical invesligations of radiation generated hy the charged particle 1ov-
ing through a medium with & periodically varying pmmttmty were per-
formed for the first time in work [1]. Laser the radiation in X-ra, band of
charged particle moving through a crystal, has been investigated by Ter-
Mikaelian [2]. Properties of this zadiation has been theoretically considered
in works {3 -7,19). From the middie of 80-les the experimental investigs-
tions of PXR properties has been provided in the USSR {8 -12]. Later the
investigations in this field has been began in USA [15] and Japan [14].

In our previous paper [10] the investigation of differential PXR character-
istics measured in arbitrary units witk high angular and speciral resolutions
at incident elfeciton energy 25 MeV has been carried out. In present work
we have repurted the results of measurementis of abeclule differential yield
of PXR in thin Si single crystal at incident electron enetgies 15.7 and 25.7
MeV and discuss the influence of density effect on PXR properties at high
incident eleciron energies.

2 Experimental

The experiment has been made by using the lineac electron accelerator LUE-
40 in Kharkov Institute of Physics and Techndlogy. In previous investigstion
{101 we have receive the PXR yield in azbitrary wnils by normalisation of
PXR quanta number on quenta number of characteristic X-ray K-radiation
of target atoms. After seiting the experimental procedure of absvluie mes-
surements we have carried out the simultaneous investigation of the sbeolute
K-ionization croes section of the target atoms [18] and PXR abeolute yield
[present work}.

The experimential setup is shown in fig.1. The beam of sccelerated elec-
trons } passes in vacuum through a target 2 and a secopdary emissiop monitor
5. The X-ray radiation, induced by elecirons in the target, was measured by
a detector 4. The current pulse frequency of the accelerator was 50 Hz, the
pulse duration being 4 us. The full width at haif maximum of the peak in
the spectrum of the accelerated electron beam was $% of the average electron
energy. The beam spot on the target was nearly 7 mm in diameter, the beam
divergence was about 1 mrad. To avoid X-ray cpectrum distortions due ¢



the pile up =fes Wi ween beam current value was chosen tu be such that
the couiiting tate of (he spectrometer should be below § Hz. Typically, it
was a few nA.

Ar » torget. we used & 17 um thick silicon single crystal plate, whose
crystaliographic plane (320) waa parallel to the plate surface. The target was
placed in the vacuum goniometer and was prealigned so that the < 320 >

axis should be parallel to the velacity vector V of the beam electrons, and
#he crystallographic plane (i11) should be perpendicular to the detection

plane and parallel to the veclor V. The measurements of orientational de-
peadencies in figs.2-5 were provided as & function of target rotation angle ¢
telative axis perpendicuiar to the detaction plane iu direction of the detecior.

The charge of the beam that has pamed through the inrget during the
exposure time was measured by a secondary-emission monitor 5, placed 20
cm behind the target 2, and the chasge-to-code converter 7. The monitoring
system was calibraied by means of the Faraday cup of the accelerator.

The specira were measured using the 35 mm? area Si(li) X-ray detector
4 of type BDER-2-25A, with kquid nitrogen cooling. Delecior was placed
ot 4520 mm from the target, at # = 305.8 mrad to the bearn axis, and
counected to the goniometer chamber by a vacuum channel. To protect the
detecior sgainel the electrons scatiered in the target, the vacuum channel
had a cleaning magnet 3. The detector was surrounded by & lead shield.
In froat of the 20 pm thick berylium foil of the detector was placed a lead
disphragm 0.3 mm thick. The angular resolution of the delecling system
with taking into account the pise of beam spot on the target was aboui
2 mrad. The detecior’s efficiency wan mesewred with the lead diaphragm
through the use of the sel of special inlensity-calibraied X-ray sources. The
energy’reacluiion of the specisometer al E, = 6.4 2V waz found to be 286
eV. Experimental procedure is described in {17]. The absolute measurements
technique is described in detail in [18].

3 Resulis and_ Discussion

3.1 The PXR peak energies

The X-ray spectrs measuring al iucident elecizon emergies 15.7 and 25.7
MeV ate similar to spectra presented in figs.1,2 in our preliminary work

2



[10]. Therefore we do not present it in this repost text to place economy.
In ig2.2,3 the peak energies in measured X-ray spectrs versws the target
orientation are shown by full circles. By solid kines there sre showa the
calculations of coberent radiation energy according to formula {2, 9,10}

chls-V
c-ﬁv-a' @

where A & the Planck’s constant divided by 2x, ¢ in the coustani part of
the medium permittivity, §* is the reciprocal lattice vector, R ie the unit
vector in direction of the detecior, ¢ is the lght velocity. The sobid limes
E, D, C, present the calculaiions by formula (1) for the rows of reciprocal
lattice vectors §'1;;=...< T13 >,¢ 11T >..; Fa=..< 116 >, < 111 >,
< 333 >.; §u=..< 004 >,< 220 >..., respectively. From this figures
one can see {hat experimental dais for all peaks at energies 16.7 and 25.7
MeV are in the same good agreement with calculations of coharent radiation
emergy according o formns (1). Beaphasise, that the radiation comnecied
with reciprocal Jattice vector 3* =< 111 > from the row §3; is detected with
much more intensily comparatively with comtribution of diher vectors fiom
tow g becanee the cenier of reflex from plenc (111) st ¢ = #/2 is directed to
the detector, whetess all the rest reflexes from vectors of tows §'x;, s, 7'

Ecp=Mhvcp =

- are directad st large angles to the detector. Pesks in specira consected with

rows §;; and gy sre cawsed by ihe ouzn of radistions from reciprocal lattice
vectors, which compove these rows. From the formula (1) owe can wee that
&R vectors of each row Save identical radiation energy in our experimental
geometry because the Swe on which vectors come to end s perpendicular to
V. The agreewent of experimental dats for all observed peaks {see fig.1 in

 ref. (10})witk calculetion by formala (1) cosfirms the coherence of radiation

in the vicinity and at lnsge sagular distance from centers of PXR seflexes.
Note that is our experiments the regisiration of the coberent radiation
weak peaks at large angulsr distance from the cesters of PXR reflexes wis
possible due (o high speciral sud angular resolutions of defecting system, its
metching close (o optimum one and aleo Jow background spectta.
For comparison, the calculstions of energies determined by the Bragy law
in crystal for detector direction are presented by dashed hnes in fign.2,3.
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‘The calculation wccording to (2) for the reciprocal lattice vectur g’ =<

111 > (line B) ia closs i0 experimental dats and calculation according to (1)
at ¢ =3 8/2 when the PXR reflex center from (111) plane is in the vicinity
of the detector direction, but the divergence is increased with disorientation
increasing. The calculation according to (3) for the reciprocal lattice vector
g =< 220 > (live A) bas given the lowest snergy in comparieon with other
vectors of the row j3}, bui even this emergy much differs from experimental
data.
i Thus the calculation of enesgy peaks of PXR sccording to Bragg formula
(2) bas given values close to experimenial values caly in direction close to
the PXR reflex center direction. In common case the energies of PXR peaks
are described by formula (1) which takes into sccownts the coherent nature
of PXR. It is interesting o mote that the coberent radiation energy of the
pasticle moving in periodical media described by formula (1) doss not de-
peud on the concrete interaction mechanism. For example, this formula is
tree both for coherent bremestrablung radistion {2, 15], arising due to the
imteraction of particle with wuclear crysial subsystem, and for PXR, arising
due 10 the interaction of particle with eleciron crysial subsysiem.

The experimental and theoretical resulis shown on figs. 3,3 is excellent
demonsiration of precision smooth tuning possibilities for PXR frequency in
& wide X- ray band (see aleo refe. {9, 19)). '

0.3.2 The PXR absolute differential yield

In figs.4,5 the 1esulta of mesaurerments of PXR quasts number per electron
and unit solid sngle are shown by the full circles. The statistical errors of
measurements are shown by verticel hu The absolule measurement error
was ot exceed +15%.

The sagular resclution of messurements was much Jess than the angular
sise of PXR fine struciure. The multiple scatiering of the incident elecirons
in the thin target was insignificant. Therefote we have compare our exper-
imental data with calculation of PXR differential yleld. The calculations
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were provided by formula for the number of quanta derived in ref.[10] in
accordance with the kinematical theory [2]

N __ Pulleylf
i = 3y (* 7. ?f)

(w\/e_g ) T x f(weol ) V + 'i'] ' @

{(wﬁ; o) ity - 94_] + (%) [(mc’IE.)’+(¥ (l-eo)]

where dN is the sumber of quania with frequency w = wop (1) emitted ip the
solid angle dS} as n patticles with the charge ¢ and energy E, pass through
s crystal of a thickness 1; x(w) is the Fourier component of the variable

pert of permittivity; ﬁ:, ¢ are the compowents of ﬁ. T pecpendicular to
V. Later the similar formula was detived in vef. {7] from ssmi-quantem
sxpression. The results of calculations of the PXR abeolute differential yield
for the radiation associated with the reciprocal lattice vector ' =< 111>
are shown by the lines in figs. 4,5. The conttibution from other veciors of
the row gz in peak is much less than 1%.

The dashed kine is the calculation withont taking into account the PXR
attenuation in target, the asolid lise is the caleulation with taking it ":nto

account. For caleulstion without atienuation we have use factor [ = p-
g

For the atienuation be tiken into account we have wee the factor L in the

form
— |—\\
L=T.'i'5 1__exp(__ j‘ _.)] {4
t v T.|?T 0 )

where T, = T,{w) is ike e-fold aitenuation length of radiation with frequency
w; T e the target plate thickness; ¢ i the unit vecior perpendicular to the
iarget plane; 7’ = !- The formula (£) is spplied to the arbitrary target and
detecior otientation relatively lo the beum for Bragg and Laue geomeirier.

It is-necessary lo tote the fair agreement of the measured abeolute differ-
entisl yield of PXR with tbati calculated by the formula (3). Calculations by
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foriouige 45 [19]) does not show the asymmetiy of the PXR yield relatively
ef teflex :enter cbserved in experiment (see figa 4,5).

3.3 The energy dependencies of PXR. properties

From compasison of fig.2 and 2.3 one can see that the queanium energy
in FXR peaks is practically independent on ihe incident electron energy in
agreement with formula {1} at V/c — 1. However, figs.4,5 show the strong
dependence of zngular distribution and PXR yield from it. Let us consider
this dependencicer.

In fig.8 the calculaticn by using formula (3) Tor the angular distance
between right and left maximaof PXR yield from figs.4,5 is shown by the lins.
It is aeen from fig.6 that the angular size of PXR reflex Ag is decreased with
growth of incident electron energy Ad ~ mc3/E, up to the critical energy
Esu = ’ﬁfmc', where fusg is the energy of PXR quanta in the vicinity of
the reflex center, u, is the plasma frequency for the Si single crystal. In our
case hwp =3 12.3 keV and E,y = 212 MeV. At E, 3> E,q the angular sizse of
teflex does 1ot depend on incident electron cnergies. In fig.6 the experimental
resuits are shown by full circles. [t is seen that the experimental results on
the angulat size of PXR retlex in the region of eleciron energy £, « E.
aie in good agreement with Lhe calculation wsing formula (3).

In fig.7 the calculations using formuia (3} of PXR differential yield in
feft (solid line) and right (dashed line) maxima of orientational dependencies
of PXR yield {see fig.4,5) are shown. It is seen {rom fig.7 that the PXR
differeniial yieid in maxima increases with incident eleciron energy increasing
approximaicly proporiional to the square of energy up to the critical energy
Eouw A E, 3> E.; the PXR differential yield does not depend on the
incident eieciron energy. fn fig.7 the results of our measurements are shown
By fuil clicles for the left maximum in fige.4,5 and open circles for right ones.
Gae con sec that our experimental results on the PXR differential yield in
maxima i1 the region of tie incident electron energy F, € E.. &ré in good
rgreement with the calculation using formuls {3).

Thus, the experimental investigations, (in 1ef.[10] and in this work), of
s«pectral and angular differentinl characteristics of PXR, excited in the ihin
3t zrystal ‘n the Laue geometry by relafivistic electrcns with the energy
considerably less ihan the critical energy coufirm fully the validity of the
“Ter-Mikaelian kinematical theory (2}.

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

In this section we have consider the physical reason by which the linem
decteasing of apgulsr size of PXR reflex (fig.6) and aquare growth of the
PXR differential yield in maxima (fig.7) are stopped with the increase of the
incident electron energy at E, rt Eqq = tlmc’ Also we have consider the
influence of density effect on a pmlnhhe' of dynamic effect experimental
cbservation.

Ii is known, that PXR is the result of charged particle virtual photon
teflection from the crysiallographic plane system of crystal through which
the particle moves. By other words the particle field is a radiation source,
and the crystallographic plane system is a reflector. It is evidently that the
crysial reflecting properties do not depend on the incident electron energy.
Thezefore the behavior of field of a pariicle moving through a crystal has
the basic influence on energy dependencies of PXR properiies. In particular,
the field components of incident particle with frequency about wy take part
in formation of PXR reflex with quantum energy in the reflex center Ex =
hwp. Let un consider the qnctnl-mgnln distribution of virtual photons
of relativistic charged particle moving through s media with the average
dielectric pemnttmty & for photon energy Aw € E,. For this we can use
the expression from [16] without the constant factor

where  ie photon wave vector, 7 = &[ By using the approach v =

1/J1~=(vfc)2 > 1 and 6, & 1 and also the expression for the dielectric
permittivily ey = 1—{wy/w)? for frequencies exceeding the atomic frequencies
one can easy {o transform expression (5) to

.;€£.~s=[ o___ YV
dwd W |+ 1P+ (wy/wP)

T
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where @, is the angle between the particie velocity vector V and photon

wave vecior ?, w, is the plasms frequency of media elecirons. Analysing
the expression (6) one can easy (o see that angular and energy dependencies
of PXR reflex are similar to angular and energy dxpendencies of distribution
of incident particle virtual photcns with frequency w = wp.

In energy region E, & E,i, that corresponds to 1/v* > (wpfwr)?,
the presence of media have no influence on the distribution (6): maxima in
angular distribution are placed at angles 6y nee = 1/, and number of quanta
in maxima incteases as 2%z ~ +*. Thie corresponds to the calculations of
PXR properties by the formula (3) and is confirmed by our experimental
tesults (fig.6,7). The influence of media in this case s small and distribution
of virtual pholons (6) is similas to that for a particle moving through a
vacunm

However, at E, > E.i, that cotresponds to 1/¥ € (w,/wgr)?, as seen
from formula (6), the influence of the media on the particle field leads to
independence of the component distribution (6) with a frequency wg on the
energy of incident electron. In pasticular &) mex — 55 {in our experimental
conditions 2 = 2.4 mrad). For PXR it means the transition from linear
decreasing of reflex angular size to saturation at E, > E,, (as it is seen
in fig.6 A¢ — 2.4 mrad at E, » E,;), and the transition from square
growih of quantumn number in maxima to the saturation at E, 3 Eg (see
fig.7). This can be seen from formula (3) after substitution the expression in
denominator (%2:"-(% ? (1-e)tok+ ( -:'-)2 (9-.'} ?. Thus the saturation
at £, > E,,; of the number of quanta, angular mze and another propertics
of PXR reflex take place due to the influence of the density eflect of media
on the field of incident particle moving through this media. The saturation
of some PXR properties was confirmed at £, > E,,; experimentally in refs.
{11] and {24].

As il iz seen from above mentioned consideration we have explain the
change of PXR properties behavior on the enetgy of incident electrons at
E, = E,, as influence of density effect on the incident particle field. Note
that Ter-Mikaelian in [2] have not discuss the influence of density effeci on
radiation properties in the vicinity of the Bragg conditions (he names this
radiation a= "reconance radiation”), although this influence in contained in
formulae of his theery [2}, and therefore in formvla (35

Unfortunately, the influence of the density effect leads to cescation of the
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rapid increase of PXR differential yield with increasing energy of incident
particles at E, rs E,i:. From above mentioned consideration it is seen that
to receive the PXR maximum yield at definite value of wp and all other
things being equal it is neceseary to use crysials with lowest average density
of electrons because in this case the densily effect influence begin at bigher
encrgy of incident electrons.

Let ua consider the influence of the density effect on a possibilities of
dynamic effect experimental observation. In work {7] the condition i which it

_ is possible to negleci the dynamic effect was derived (if experimental angular

resolution mach poorer than Ix-,') as
i -‘!'- > |x-,| : m

where ! associsted with a width of PXR angular distribution. In condition
{7) the influence of the density effect does not taking inlo account. With
taking into account the density effect a width of PXR angular distribution is

and therefore the condition in which il is poesible to neglect the dynamic
effect have another form

1

-+( ) > |xql. ®)
The condition (9) put more hard limitation then (7) on a possibilities of
dynamic effect experimental observation at high incident eleciron energy be-
cause at £, — oo relation (9) reduce to form \ﬂm =8> fx?l that
uaually is satisfy.

Thus density effect’ taking into account lead to impoesibility of dynamic

effect for noticeable part of PXR reflex in ringle crysial even at high incident
electron energy.

5 Acknowledgments
We are graleful to the co-authors of {17}, and also to S.V. Kas'van, V D)

Gavrikov who took part in the preparation and condurtion ¢f the measure
ments at the accelerator.



Bibliography

f1] Ya.B. Fainberg and N.A. Khizhoyak, Zh. Ehksp. Teor. Fis. 32 (1957)
883, ; |

2] M.L. Ter-Mikaelian, High-energy eleciromagnetic processes in con-
depsed medis, Interscience tyacts on Physics and Astronomy (Wiiey-
Interacience, New York, 197?).

[3] V.Q. Baryshevakij, Char.aeling, radiation and reactions in crystals at
high energies (BGU prol.; Minsk, 1982) [in Russian].

[4} G.M. Garibyan and C. Yang, X-ray transilion radiation (Arm. SSR
publ.,, Erevan, 1983) in Ruesian).

[5] D. Dialetis, Phys. Rev. A 17 (1978) 1113.
[6] V.P. Lapko, N.N. Nasonov, Zhurn. Tekbn. Fis. 60(1990)160.
{7] B. Nitta, Phys. Lett. A 158 (1991) 270,

{8] D.I. Adewshvili, S.V. Blazhevich, V.F. Boldyshev, G.L. Bochek, V.I.
Vit'ko, V.L. Morokhovskij and B.1. Shramenko, Dokl. Akad. Nauk SSSR
298 (1988) 544.

[9] V'L. Morokhovskij, A.V. Shchagin, Zhurn. Tekho. Fiz. 60(1990)147.

[10] A.V. Shchagin, V.1 Pmtups, N.A. Kbizhnyak, Phys. Leit. A
148(1990)485.

{11] Yu.N. Adishchev, A.N. Dideako, V.V. Muon, G.A. Plcuhkov A.P. Potyl-
itsin, V.K. Tomnchakov, S.R.Uglov, and S.A. Vorob'ev, Nucl. Instrum.
Methods Phys. Research B 21 (1987) 49.

[12] R.O. Avakyan, A.Eh. Avetisyan, Yu.N. Adishchev, G.M. Garibyan,
S.S. Danagulyan, O.S. Kizogyan, A.P. Polylitsin, $.P. Tarovan, (i.M
" Ehlbakyan, C.Yang, Pis’ma Zh. Fhksp. Teor Fiz. 45 (1937) 313

10




SR R AT

T LT

[13] R.B. Fiorito, D.W. Rule, X.K. Maruyama, K.L. DiNove, S.J. Everteon,
M.J. Osborne, D. Snyder, H. Rieldyk, M.A. Piestrup, and A.H. Ho,
Phys. Rew.Lett. 71{1993)704.

{14] S. Asano, I. Endo, M. Harads, S. Ishii, T. Kobayashi, T. Nagata, M.

Muto, K. Yoshida, H. Nitta, Phys. Rev. Lets. 70 (1993) 3247,
[15] H. Uberall, Phys. Rev. 103 (1956) 1055.

[16] V.A. Bazylev, N.K. Zhevago, Radistion of fast particles in matier and
external fields (*Nauka”, Moscow, 1987) [in Russiaa].

[17] D.I. Adeisbvili, S.V. Blashevich, G.L. Bochek, V.I. Kulibabs, V.P.
Lapko, V.L. Morokhovakij, G.L. Fumecv, and A.V. Shchagin, Prib.

Tekbn. Ebkep. 3(1989)50; for corcection see Prib. Tekhn. Ehlnp.

6{1989)4.

[18] A.V. Shchagin, V.I. Pristups, N.A. Khishnyak, Nucl Instr. Meth. Phys.
Res. B (o be published). '

[16] 1.D. Feranchuk and A.V. Ivashin, J. Physique 46(1985)1881.

it




Fig.1. Experimental layout. 1 - electron beam; 2 - Si targei; 3 - cleaning
smegnet; 4 - Si(Li) detector with a disphragm; 5 - secondary emission monitor;
6 - 100 V battery; ? - chazge- to-code converter; 8 - graphite collimators.
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Fig. 2. Peak energies in radiation specira messured versue the erystal
alignment (full circles) at E. = 15.7 MeV. The solid lines E, D, C show
ibe coherent radiation energies calculated by formuls (1) for the rows of
reciprocal lattice vectors §y;, 7z and 75 respectively. The dashed lines B,A
is the Bragg energy cakculated by formula (2) in the direction of detection
for 3 =< 111 >and F =< 220 > respectively.
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Fig. 3. Peak energies in iadidtion specirs measured versus the crystal
alignment (full circles) messured at E, = 25.7 MeV. The solid lines E, D, C
show the coberent radiation energies calculated by formula (1) for the rows
of reciprocal lattice vectors 75}, 73 and g3; respectively. The dashed lines B,A

is the Bragy energy cakulated by formula (2) in the direction of detection
for g =<111>a0d § =< 220> respectively.
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Fig. 4. The sumber of PXR quants measured at £, = 15.7 MeV versus
the crystal alignment (full circles with statistical erzors). The dashed line ie -
the calculation by formula (3) for 7 =< 111 > without attenustion taking
account, he solid fine shows the calculation taking into sceaunt the PXR
atienuation in the larget. '
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