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Abstract

A series of experiments on the parametric X-rays radiation (PXR) generation and radiation soft component dif­
fraction of relativistic electrons in pyrolytic graphite (PG) crystals have been carried out at the Tomsk synchrotron. It is 
shown that the experimental results with PG crystals are explained by the kinematic PXR theory if we take into account 
a contribution of the real photons diffraction (transition radiation, bremsstrahlung and PXR photons as well). The 
measurements of the emission spectrum of channeled electrons in the photon energy range much smaller than the 
characteristic energy of channeling radiation have been performed with a crystal-diffraction spectrometer. For electrons 
incident along the (110) axis of a silicon crystal, the radiation intensity in the energy range 30 ^  co ^  360 keV exceeds 
the bremsstrahlung one almost by an order of magnitude. Different possibilities to create an effective source of the 
monochromatic X-ray beam based on the real and virtual photons diffraction in the PG crystals have been considered.
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1. Introduction

Intensive monochromatic and tunable X-ray 
beams are extensively exploited in applied inves­
tigations, industry and medicine. As a rule, these 
devices are based on a primary powerful radiation 
source and crystal monochromator. Different ra­
diation mechanisms are used -  bremsstrahlung
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from X-ray tube, synchrotron (SR) and an undu- 
lator radiation (UR).

The parametric X-rays radiation (PXR), that 
can be treated as the own field diffraction of a 
fast charged particle moving through a crystal, 
and diffracted y-radiation which are intrinsically 
monochromatic and readily tunable may be con­
sidered as an alternative source of a monochro­
matic X-ray beam. For moderate electron energies 
(E0 ^  1 GeV) and X-ray range of photon energies 
(20-300 keV), the radiation intensities from a
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condensed m atter target (such as bremsstrahlung, 
channeling radiation, transition radiation, PXR) 
are much greater compared to the SR and U R 
intensities.

Mosaic pyrolytic graphite (PG) crystals are 
known to have the highest X-ray reflectivity in 
comparison with other crystals [1]. The X-ray 
diffraction theory in mosaic crystals is consistent 
with the experimental results obtained with PG 
crystals [2]. However, the PXR yield measure­
ments in a PG crystal [3] have shown that mea­
sured ratio of intensities of the different reflection 
orders differs greatly from the calculated one. In our 
previous measurements with a pyrolytic graphite 
crystal [4] we experimentally demonstrated that for 
electrons with energy E0 = 850 MeV and photons 
energy 03 ~  yoov, where y is Lorentz factor, cop is 
plasmon energy of medium, the contribution of 
bremsstrahlung photons diffraction to the spec­
trum  measured was comparable to the PXR yield 
and depended significantly on the spectral and 
angular distribution of radiation generated in the 
crystal.

The PXR experimental investigations in mosaic 
pyrolytic graphite crystals under the same experi­
mental conditions but in different spectral ranges 
(a> <C ymp and a> > ya>v) with allowance for con­
tributions of the real photons diffraction may 
elucidate a physical reason for the large discrep­
ancy between prediction of kinematic PXR theory 
and results of the previous experiments [3,4]. On 
the other hand, mosaic pyrolytic graphite crystals, 
known for their high X-ray reflectivity and used as 
targets for PXR generation, may ensure much 
higher radiation yield compared to conventionally 
used diamond, silicon, and germanium mono­
crystals.

It is well known (see for example [5,6]) that for 
electrons with energies of the order of 1 GeV in the 
range 03 ~  03m «  a>0y3/2 (®o ~  102 eV) the electrons 
channeling radiation (CR) is the most intensive 
one compared to other radiation types. As a rule, 
the main attention in experiments and calculations 
was given to this range of photon energies. Up to 
now, experimental investigations of softer part of 
CR (co^0.1fom) have not yet been performed.

In this range of photon energies, the forma­
tion length, or the coherence length (/“ =  y2X,

where X is the wavelength) becomes a macroscopic 
quantity for a photon emitted in the straightfor­
ward direction [7] and the spectral and angular 
distribution of radiation in a dense medium are 
significantly modified. The bremsstrahlung is sup­
pressed because of the polarization of the medium 
and the Landau-Pomeranchuk-M igdal effect [8] 
observed recently in [9,10] for the whole radiation 
cone and electrons with energies between 8 and 25 
GeV.

These effects should be also expected for the 
particles with lower energies, but in the X-ray en­
ergy range 03^ 100 keV. The influence of the me­
dium polarization on the emission spectrum from 
channeled electrons in crystals has not yet been 
studied experimentally.

2. Calculation

To calculate the PXR characteristics we used 
the following formula of spectral and angular 
PXR distribution derived within kinematic ap­
proximation in [11]:
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The system of units used hereinafter is h = 
me = c = 1. Here, so =  1 — a>2/a>2 is the mean 
value of the dielectric function, rop is the plasmon 
energy of medium, /? =  /M0 is the electron velocity 
vector, «o and ft are the individual vectors corre­
sponding to the incident electron and emitted 
photon (with the energy 03 and momentum k), g is 
the reciprocal lattice vector, e—> are the polariza­
tion vectors, _L is the index denoting the vector 
projections on the plane normal to ft0. The re­
maining notations are conventional. The term |xj|2 
denotes the following value:

W 2 =  |S (l) |2exp(-2(M2) | 2) ml f ( g )
or (2)



Here, |»S(g) |2 is the structure factor, exp(—2{u\)g2) 
is the Debye-Waller factor for a pyrolytic graphite 
crystal [2], where (u\) is the mean-square ampli­
tude of vibration of the carbon atoms perpendic­
ular to the reflecting planes of PG crystals, / ( g) is 
the Fourier component of the spatial distribution 
of electrons in a crystal atom (/(0) =  z where z is 
the number of electrons in the atom).

The electron beam divergence and the PXR 
photon absorption inside the crystal are consid­
ered as follows. The crystal is subdivided into a 
great number of layers. The angular distribution of 
the electrons inside each layer is determined by the 
multiple electrons scattering in all layers before it. 
This distribution, in turn, is used to calculate the 
PXR spectrum generated in this layer. The PXR 
absorption is determined by the remaining part of 
the crystal. The mosaic crystal structure is taken 
into consideration through calculation of the 
spectra for different mosaic bulks with allowance 
for their distribution over the target.

The procedure for calculating the mosaic crystal 
reflectivity described in [2] was obtained for a 
monodirect and monoenergetic photon beam. As a 
rule, a divergent photons beam with a continuous 
energy spectrum is incident on the crystal. We 
proceeded from the formula for the reflection of a 
monodirect and monoenergetic photon beam from 
an element of the mosaic crystal of volume AV  [12],

P(0)d0 = QAV, ( 3)

where P(9) is the reflectivity of the crystal element 
at an angle 9. According to [2] the reflectivity is 
proportional to the distribution of mosaic blocks. 
Here
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where N  is the concentration of scattering centers, 
|F ( |) |2 =  1 6 |/ ( |) |2exp(-2(M2) | 2), A is the wave­
length, exp(—2(m2 )g2) and f (g )  are the same as in 
Eq. (2), |FP| is the polarization factor which de­
pends on the polarization of radiation incident on 
the crystal. If the polarization vector is perpen­
dicular to the diffraction plane, |Fp| =  1; otherwise 
|FP| =  cos226>b- For an unpolarized photon beam 
| F p j  =  (1 +  cos226>B)/2. Here 6>B is the angle be­

tween the crystallographic plane and the average 
direction of photon beam propagation.

Let the radiation with the spectral and angular 
intensity distribution I(a>, n) be incident on a m o­
saic crystal possessing the distribution of recipro­
cal lattice vectors P(g) where m and n are the 
energy and the unit vector directed along the 
photon momentum vector, respectively. Here 
g = \g\a, where a is the unit vector specifying the 
deflection of crystal microblocks from the average 
direction g0 =  (I)- The vector g0 is perpendicular 
to a crystal plane. It is rotated through the angle 
(n /2  — 6>B) about the beam axis. The diffraction 
plane is determined by vectors n0 and g.

Based on Bragg’s law for a photon with energy 
03 and propagation direction n, we can write the 
following requirement imposed on the direction of 
vector g of the microblock on which the photon 
can diffract:

gn III sin 0
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( 5)

where n' is the vector specifying the direction of the 
diffracted photon. Hence it follows that the angle 
between vectors n and g must meet the condition

sin 0 III
2o>V^o

(6)

A number of mosaic crystal blocks that satisfy the 
equation

sin 0 ?) _  [nxgx + r i y g y  + nzgz}
III III (7)

meet this requirement. From here one can deter­
mine the mosaic blocks on which this photon can 
diffract and the direction of the reflected photon 
propagation

Then the density of the reflection probability of 
the photon with fixed œ and « in a mosaic crystal 
block of thickness At in the direction of photon 
propagation can be written as

f(m , n) = q(o3, n)Q(03)At, (8)

where q(œ, n) is the coefficient taking into account 
the mosaic crystal structure,

q(o3,n) = J Pm(ax(o3,n, t t y ) ,  tty) d t t y . (9)



Here Pm(otx,oty) is the mosaicity distribution in 
terms of co, ft, otx and oty given by Eqs. (5)—(8).

To calculate the yield of diffracted photons 
passing through the collimator aperture for the zth 
reflection order, we took the convolution of the 
spectral and angular distribution of the radiation 
intensity I(co,n) with the diffraction probability 
density over all variables (including energy, angles 
of photon incidence 6X and Qy, and the crystal 
thickness),

dX = /  dœ dt l(œ ,ri)Q (œ )
JAcoi  J T  J  J A Q  '  '

x q(co,n, d6xd6y, ( 10)

where T  is the crystal thickness, AQ is the an­
gular acceptance, and Aco* is the energy accep­
tance of the spectrometer for the zth diffraction 
order.

In our calculations we took into account the 
experimentally measured mosaic crystal structure 
distribution (see below) and the extinction of the 
initial photon beam due to the absorption and 
diffraction in the crystal (the secondary extinction 
effect [12]). The secondary diffraction of the re­
flected photon in the direction of the initial beam 
propagation from the reflection region to the exit 
from the crystal was calculated using the formula 
analogous to Eq. (10) with allowance for the 
change of the polarization of the radiation dif­
fracted. Numerical values of f ( g ), concentration 
of reflecting centers N  and the Debye-Waller fac­
tor used in our calculations were taken from [2]. 
The difference between the values of the crystal 
reflectivity calculated by the suggested procedure 
for the monodirectional and monoenergetic pho­
ton beam and by the procedure described in [2] did 
not exceed a few percents.

The calculation error is determined by the er­
rors in measuring the mosaic crystals structure, 
specifying the PG crystals parameters and em­
ployed approximations. We believe that its total 
value does not exceed 10-15%. The calculation 
methods of PXR and the y-radiation diffraction 
yields in mosaic crystals have been described in 
details in [13] and [14], respectively.

3. Experimental investigations

3.1. Experimental methods and technique

The experimental study of the PXR spectral 
characteristics in pyrolytic graphite crystals were 
carried out with the internal electron beam of the 
Tomsk synchrotron with electron energies of 500- 
900 MeV. Fig. 1(a) shows the chart of the experi­
ment. The electrons accelerated to final energy 
hit a pyrolytic graphite target (PG) placed in a
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Fig. 1. Schematic layout of experiment: Q -  quantometer; PG -  
pyrolytic graphite crystal; D -  detector; IC -  inductance current 
gauge; SR -  synchrotron radiation detector; Si -  silicon crystal; 
Ci -  collimator of the bremsstrahlung beam; Sc -  scatterer; C2 -  
collimator of the diffracted beam; 0o -  observation angle; A6X 
and A 0 X -  acceptance of the diffractometer and collimator 
aperture in the horizontal plane, (a) PXR characteristics mea­
surements; (b) soft radiation component measurements; (c) 
diffractometer layout.



goniometer. The spectrum and the angular distri­
bution of the emitted radiation were measured by 
the detector D enclosed in a lead shield. The de­
tector was placed at an angle 6>D with respect to 
the electron beam direction. The total energy of 
bremsstrahlung from the target was measured 
using the Gauss quantometer Q.

To limit the multitraversal of electrons through 
a thin internal target an additional target -  scraper 
in the synchrotron can be used [15]. The using of 
the scraper in the Tomsk synchrotron has allowed 
us to obtain an average value of the multitraversal 
about unity [16]. During the spectral measure­
ments the electron beam current was decreased to 
~  106 particles per pulse and was measured using a 
synchrotron radiation (SR) detector. For each spill 
(~  10-15 ms) the number of events detected was of 
the order of 30-50, and the pile-up probability did 
not exceed 3-5%. The readings of the synchrotron 
radiation detector were normalized to absolute 
values through measurements of the bremsstrah­
lung total energy from the target under low (SR 
detector) and high (inductance current gauge (ID)) 
electron beam currents for the same target orien­
tation. The normalization error was lower than 
10-15%.

The measurements were carried out for two 
PXR emission angles: 6>D =  90° (co <C ya>p) and 
6>D = 4 °  (m > ymv). Because of significant differ­
ence in geometry of the measurements, two crystals 
with dimensions 1 x 6 x 10 mm3 and 2.5 x 6.5 x 
22 mm3 were used for 0 D =  90° and 0 u  = 4°, re­
spectively. The (0 0 2) crystallographic planes of 
both crystals were nearly parallel to the large 
face of the targets. During the measurements the 
crystals were rotated around the electron beam 
propagation direction through 45° and 2°, respec­
tively.

Both crystals were prepared using the Union 
Carbide technology, i.e. the same technology as 
used for preparing targets in the experiment [3]. 
The mosaic structure of the crystal with dimen­
sions 1 x 6 x 1 0  mm3 (<rm =  3.3 ±  0.3 mrad) was 
measured with an X-ray diffractometer. The dif­
fraction measurements of bremsstrahlung photons 
in the crystal 2.5 x 6.5 x 22 mm3 [14] showed that 
its mosaic structure distribution can be represented 
as the sum of two Gauss distributions with pa­

rameters <rm =  4.2 ± 0 .1  mrad, Si ~  0.67 and 
<rm =  9.0 ±  0.5 mrad, S2 ~  0.33, where <rm and S  
are the variance and the weighting coefficient, re­
spectively. The distribution centers coincide with 
an accuracy better than 0.2 mrad.

For the PXR emission angle @d =  90° the 
measurements were carried out for electrons en­
ergy of 900 MeV by means of a proportional xe­
non-filled counter having the efficiency /  ~  80%> at 
photon energy m ~  7 keV and energy resolution 
Am/m  ~  15%. The counter was shifted in vertical 
and horizontal directions to find the PXR reflex 
center and to measure the PXR angular distribu­
tion. The counter was placed at a distance of 116 
cm from the crystal. The beam collimation angle 
0 ™  =  1.74 mrad was less than the PXR emission 
characteristic angle 6>ph =  (y~2 +  m2/m 2)2. Curve 1 
in Fig. 2(a) shows a typical spectrum measured at 
the center of reflex. The spectrum generated by the 
electrons passing through an amorphous carbon 
target of nearly the same thickness was used as the 
background one (curve 2).

A Nal(Tl) detector with dimensions 0  63 x 63 
mm3 was used as a spectrometer for the PXR 
emission angle @d =  4° when electrons energy was 
500 MeV. It was placed at the distance of 364 cm 
from the crystal. The photon beam collimation 
angle was i^’XR =  1.9 mrad. The spectrometer ef­
ficiency was close to unity in the photon spectral 
range 50-300 keV. For the 59.4 keV Am241 line the 
detector resolution was a =  4.8 ±  0.1 keV.

Fig. 2(b) shows a typical smoothed instrumen­
tal spectrum in the region of maximum radiation 
yield for 6>B =  6>D/2  =  34 mrad (curve 1) and the 
background spectrum (curve 2) measured for the 
(00 2) plane of graphite crystal rotated through 
the angle 6>B ~ =  —34 mrad opposite to the direc­
tion of electron beam propagation. The angle 6>B 
is counted from the “physical zero” coinciding 
with the radiation intensity maximum for (0 0 2) 
planar channeling radiation. The method for the 
crystal alignment was the same as in [4].

As in [3], well-defined PXR peaks to the third 
and even fourth reflection orders can be seen for 
both the pyrolytic graphite crystal. For 6>D =  90°, 
no contribution of the (0 0 2) reflection with energy 
2.6 keV can be seen. This is caused by the strong 
photon absorption in the crystal itself and in air on



Fig. 2. Experimental radiation spectra, (a) PXR at 0D =  90°; 
E0 =  900 MeV. Curves: 1 -  experimental spectrum, 2 -  back­
ground spectrum; 3 -  peaks fitted after subtraction of 
background, (b) PXR at 0D =  4°; E0 =  500 MeV. Curves: 1 -  
experimental spectrum, 2 -  background spectrum; (c) diffracted 
photons spectrum from the silicon target. Curves: 1 -  for 
0 B =  3.59° and coi =  30 keV; 2 -  0 B =  -4 °  (the background 
component).

the photon way from the exit window of the syn­
chrotron to the counter. The sharp decrease in the 
counter efficiency for the photon energy co ^  15 
keV and insufficient energy resolution do not allow 
one to divide surely close peaks of older PXR or­
ders for this crystal orientation. Nevertheless, a 
difference between radiation spectra from the 
crystal and the amorphous targets for photon en­
ergies up to co ~  15-18 keV indicates that there is a 
contribution of these reflection orders to the 
spectrum measured.

For the detector placed at the angle 6>D =  4° 
the peak for the photon energy œ ~  20 keV is 
caused by the emission of the fluorescence radia­
tion quanta of iodine when the photons from the

(0 0 2) reflection hit the detector. The linear inten­
sity scale used in this figure and relatively large 
contribution of the continuous background put 
the contribution of older orders on a mask. How­
ever, using of the logarithmic scale as in [4] and 
fitting of the spectrum measured by the sum of 
Gaussian curves (see below) show the presence of 
older reflection orders in the spectrum.

To reduce the statistical errors of the high or­
ders intensity and to correct the drift of the spec- 
trometric instruments gain coefficient, several 
measurements were performed for each crystal 
orientation. To find the radiation yield for each 
reflection order the PXR and the diffracted radia­
tion (see below) experimental spectra were fitted 
by the sum of Gaussian curves (one curve for each 
peak) and the background spectrum. Curve 3 in 
Fig. 2(a) shows the fitting results. To estimate the 
instrumental error of the results obtained we used 
the r.m.s. deviation of each reflection order fitted 
area of individual measurements from its mean 
values. The method used for spectra measurements 
and their processing allowed us to define intensity 
of older reflection orders up to 5-6 with sufficient 
accuracy.

Fig. 1(b) shows the experiment chart for inves­
tigating the soft component of radiation. The 
electrons accelerated to E0 =  500 MeV intersect 
0.52 x 15 x 15 mm3 a silicon crystal placed in 
the goniometer. The y-beam under study passed 
through the collimator C\ and two crystal-dif- 
fraction spectrometers and was absorbed by Gauss 
quantometer. The crystal was oriented relative to 
the electron beam direction using the Nal(Tl) de­
tector which detected photons emitted due to 
channeling radiation and bremsstrahlung mecha­
nisms with the energies co > 0.5 MeV, scattered in 
the convertor Sc. The electron beam parameters, 
the experimental apparatus and the method of 
crystal alignment have been described earlier 
[4,17,18].

To measure the photon yield in a narrow 
spectral range, two crystal-diffraction spectrome­
ters comprising PG crystals and Nal(Tl) detectors 
were used. Fig. 1(c) shows the block diagram of 
the diffractometer.

In these measurements we used two PG crystals. 
One was the same having been used for the PXR



measurement at 6>D =  4°. Other crystal with di­
mensions 3.5 x 5.5 x 20 mm3 had a greater mo- 
saicity. The mosaic structure distribution in this 
crystal can also be represented as the sum of two 
Gaussian distributions with parameters <rm =  6.2 ±  
0.4 mrad, ~  0.64 ±  0.05 and <xm =  15.0 ±0 .1  
mrad, S2 ~  0.36 ±  0.05. The distribution centers 
were shifted by 10 ±  0.3 mrad.

The photon beam passed through the PG 
crystals placed in the goniometers at the distance 
~15.5 m from the target where the radiation under 
study was generated. The diffracted X-rays (DXR) 
were detected by the Nal(Tl) spectrometers placed 
at the distance ~ 3 .5 m  from the goniometers where 
the PG  crystals were placed.

The goniometers may be displaced in the hori­
zontal plane to change the observation angle 90 
relative to the electron beam direction within the 
interval 0-0.1°. In Fig. 1(c) “Beam line” is the 
initial electron beam direction. For such configu­
ration the crystals 2.5 x 6.5 x 22.5 mm3 and 3.5 x
5.5 x 20 mm3 ensured the diffractometers angular 
capture in the horizontal plane A9X ~  ±0.08 and 
A9X ~  ±0.12 mrad, respectively. For a small an­
gular capture the spectrometer energy resolution is 
virtually independent on the crystal mosaicity and 
determined only by the crystal width (2.4 and 3.5 
mm, respectively) and the collimation angle of the 
diffracted beam depending on the collimator C2. 
The photon beam collimation angle in the dif­
fraction plane A 0 X = 0.7 ±  0.05 mrad ensured the 
spectrometer resolution Aa>/a> = 0.9-1.2% as a 
function of the detector position angle 6>D- The 
initial y-rays collimation angle in the vertical di­
rection was 9y = ±0.6 mrad.

We measured the dependencies of the photon 
yield with fixed energy on the orientation angle 
of the silicon crystal axis relative to the electron 
beam propagation direction and the diffracted 
photons yield for the selected crystal orientations. 
To measure the orientation dependencies (OD), 
we used the detectors of thickness 1 mm, and 
to measure the yield, we used the Nal(Tl) spec­
trometer with dimensions 0  63 x 63 mm3. The 
use of thin Nal(Tl) crystals as detectors and dif­
ferential discriminators allowed us to register 
the first diffraction order only. It reduced the 
background level and allowed obtaining the con­

tribution of background photons with energies 
differing from the selected one by no more than 
1- 2% .

By way of example, Fig. 2(c) shows typical 
smoothed spectra measured with the Nal(Tl) de­
tector of great thickness for two orientations of the 
pyrolytic graphite crystal. Spectrum 1 was mea­
sured in the diffraction curve maximum. The angle 
between the photon beam incident on the PG 
crystal and the reflection plane was 6>B =  3.59°. To 
correct for the contribution of the background 
from compton scattered photons in the graphite 
target itself and scattered radiation background, 
the crystal was disoriented at the same angle in the 
opposite direction relative to the photon beam 
propagation direction (curve 2).

As can be seen from Fig. 2(c), the intensity of 
the diffracted radiation for the first reflection or­
ders is much greater than that of the background. 
The diffracted beam intensity becomes less than 
the background one for the fifth reflection order 
only. The spectrum and intensity of the diffracted 
photon beam is completely determined by the in­
cident radiation one, the parameters of the PG 
crystal used and an experimental setup. Hence, if 
we measure the diffracted photons spectra for 
different detector position angles we may obtain 
information about spectrum of the incident pho­
ton beam. In contrast to conventional methods of 
y-radiation spectra measurement this method al­
lows investigating the photon spectrum in a very 
narrow angular cone (far less than y_1) and gives 
high energy resolution A œ /œ  ~  1%. Contribution 
of the background from high energy photons 
emitted into the same angular cone in the spectrum 
measured is negligible.

The efficiency of the crystal-diffraction spec­
trometers for different detector position angles 6>D 
was calculated in accordance with Eqs. (3) (10) 
taking into account the PG crystals dimensions 
and mosaicity, the spectrometer angular accep­
tance and the collimation angle of the diffracted 
photon beam. For the first reflection order the 
efficiency varied from 3% up to 10%. For the 
conditions of our experiment, the range of mea­
surable photon energies was 19<o><400 keV. It 
was bounded from below by the absorption of 
photons in air in the path from the accelerator



output window to the Nal(Tl) detectors (~11 m) 
and from above by the reflectivity of pyrolytic 
graphite crystals and the minimum detector posi­
tion angle (

3.2. Results o f the PXR measurements

For calculations we have taken into account 
the electron beam divergence in the crystals, the 
real crystals mosaicity, the contribution from the 
diffraction of the transition radiation and brems- 
strahlung, the suppression of bremsstrahlung pho­
ton emission due to the medium polarization, the 
photon absorbtion inside the crystal and the ra­
diation collimation. Secondary reflection of the 
diffracted radiation (including a diffraction of PXR 
photons) have been taken into account too.

The obtained experimental data with allowance 
for the photon absorption in air and in the input 
window of the Nal(Tl) spectrometer, the efficiency 
of the detectors and the iodine escape peak for the 
(0 0 2) reflection order at 6>D =  4° coupled with the 
calculated yield of PXR, the diffracted transition 
radiation (DTR), and the diffracted bremsstrah­
lung (DB) for the radiation emission angles <9D =  
90° and (9d =  4° are shown in Fig. 3. The ratio of 
the experimental and calculated total radiation 
yields Xexp/XCaic *s shown in Fig. 3(c). The errors are 
statistical.

As can be seen from Fig. 3(a), for photons with 
energy (D <C ycop the diffraction of transition radi­
ation photons is the main contribution to the ob­
served spectrum. The bremsstrahlung in this range 
is virtually completely suppressed by the medium 
polarization. For the spectral range œ > yœv the 
contribution of the diffraction of the real photons 
is also greater than that of PXR itself by several 
times (see Fig. 3(b)). Here, DB dominates while 
DTR contribution is very small, that is caused by 
the following reasons. Firstly, within this energy 
range the transition radiation intensity begins to 
fall as photon energy rises, but since influence of 
medium polarization effect on BS intensity de­
creases (see e.g. [7]). Secondly, the TR is generated 
in front surface of the target only, but the BS is 
generated throughout thickness of the crystal. The 
electron multiple scattering angle in the crystal
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Fig. 3. Dependence of the radiation intensity on the photon 
energy: experimental spectrum ( • )  and calculation results of 
PXR (A), DB (o) and DTR (O). (a) <9D = 90°; (b) <9D = 4°; (c) 
the ratio of the experimental and total (PXR + DB + DTR) 
calculated radiation yields.

ams ~  5 mrad is about the crystal mosaicity. Thus 
the whole BS intensity that can be diffracted in the 
graphite crystal is much more than TR intensity. 
This fact results in the big difference between dif­
fracted photons yields from these radiation 
mechanism. Thirdly, so long as BS is generated 
along the whole thickness of the crystal the 
weakening of initial photon beam because of 
Bragg re-reflection (the secondary extinction ef­
fect) has less effect on DB intensity than on DTR 
one.

As follows from the Fig. 3(c), the experimental 
data agree with the calculated results for both 
spectral ranges and all reflection orders observed. 
For the first reflection orders the discrepancy 
between experimental yields and the calculated 
ones are within the statistical errors. For the fifth



reflection order and 6>D =  4° the statistical error is 
very big. Moreover, there are different values of 
mean-square amplitude of the carbon atoms vi­
bration in PG crystals in the literature. This pa­
rameter is very important for the intensity of high 
order reflection (see Eqs. (2) and (4) in Section 2). 
As mentioned above, in our calculation we used 
the PG crystal parameters taken from [2]. If  in­
stead of (m2 ) =  0.014 A2 [2] we take the value of 
this parameter (u \) = 0.009 A2 from [19], the dif­
ference between the experimental and calculated 
results for the fifth reflection order will reduce. 
This assumption validity is confirmed by the re­
sults of the diffraction measurements. For this 
diffraction order and all the diffracted spectra 
measured the obtained initial photon beam inten­
sity is slightly higher than for other ones (see 
Section 3.3, Fig. 5(a)). The anomalous high in­
tensity of higher reflection orders obtained in 
experiment [3] is not confirmed by our measure­
ments.

The normalization error of the experimental 
data presented here does not exceed 10-15%. The 
calculation error is determined by the error in re­
producing the geometry of the measurements, the 
error in measuring the mosaic crystal structure and 
approximations used in the calculations. We be­
lieve that for the observation angle 6>D =  90° the 
calculation error does not exceed 10%, it increases 
up to 20% for 6>D =  4°. This is caused by the 
specific features of electron hitting at the internal 
target of the synchrotron. For this observation 
angle the large crystal face (6.5 x 22 mm2) was 
tilted at a small angle relative to the direction of 
beam propagation; therefore, the distance along 
which the electron generates the bremsstrahlung 
and PXR varies from 6.5 mm to several fractions 
of a millimeter as a function of the horizontal 
coordinate of the point at which it strikes the 
crystal. This increases surely the yield uncertainty 
of diffracted radiation and PXR.

To check our approach we have calculated 
photon yield for the experimental conditions of 
[20]. In the experiment cited for electrons with the 
energy 900 MeV and the observation angle 
6>D =  29.6° the emission spectra from a pyrolytic 
graphite crystal were presented without compari­
son with calculations, and for the second reflection

order the photon yield F2xp =  4.5 x 10~5 photon/ 
electron was obtained. Taking into account the 
bremsstrahlung generation in the air between the 
synchrotron output window and the target and its 
diffraction in the PG target the calculated total 
(PXR +  DTR +  DB) yield F2calc =  5.1 x 10-5 pho­
ton/electron was obtained. Taking into account 
the error of determining the mosaic crystal structure 
(-10% ) and the detection efficiency (~6%), the 
calculated results well agree with the experimental 
ones. The ratios of the intensities of the first dif­
fraction orders obtained by fitting of the spectra 
presented in [20] with allowance for the photon 
absorption in air and the detector efficiency, Fjexp/  
F2xp — 1.8 and F2xp/F 3exp —4.0 are very close to 
the calculated values y ^ / Y ^  = 1.84 and F2calc/  
F3calc =  3.79.

For electrons with energy E0 — 90 MeV and a 
radiation emission angle 6>D =  45° a series of the 
PXR investigations in mosaic PG crystals was 
carried out in [3,21]. The authors of these works 
indicated impossibility of description of the ob­
tained experimental results in the frame of kine­
matic PXR theory. For experimental conditions [3] 
(the electron energy E0 =  90 MeV and the crystal 
mosaicity <rm «  3 mrad) the results of our calcu­
lation do not agree with the experimental ones. 
For the first two reflection orders the measured 
intensities are much less than the calculated ones, 
whereas for higher reflection orders the tendency is 
reversed. The experimental values exceed almost 
by an order of magnitude the results of our cal­
culations and the PXR calculations carried out in 
[3] without considering the contribution of the real 
photons diffraction.

Unlike the experiment [20] and our measure­
ments which were carried out at synchrotrons, the 
experiment [3] was carried out at the linear accel­
erator possessing short spill time. Therefore, it is 
possible that several photons from different elec­
trons were registered as one photon with greater 
energy. Then a less number of pulses with ampli­
tudes corresponding to the energy of photons of 
lower orders and a greater number of pulses cor­
responding to photons of higher reflection orders 
should be registered in the experiment in com­
parison with the calculated results, as was reported 
in [3]. In this case the experimental and calculated



absolute value of the total energy of monochro­
matic coherent radiation (PXR +  DB +  DTR) per 
electron /  =  J2"=i Y(cOi)cc>i should coincide. Here 
Y{(Oi) is the number of pulses (photons) per a 
single electron with amplitude (energy) corre­
sponding to the /th reflection order. The estima­
tion of this quantity based on [3] result led to the 
value /exp =  5.87 x 10~5 keV/electron, which 
agreed with the calculated value / cajc =  8.0 x 10~5 
keV/electron within the normalization error of the 
cited work results (±40%).

This assumption validity is confirmed by the 
results of studying the dependence of the PXR 
intensity for the first reflection order on the mosaic 
graphite crystal structure performed more recently 
at the same facility [21]. Under similar experi­
mental conditions (E0 =  99 MeV, <rm =  3.3 mrad 
and the same observation angle), the ratio of the 
measured and calculated photon yields of the first 
reflection order (w, =  4.88 keV) increased from 
—0.25 [3] up to —0.5 [21]. For the electron energy 
E0 =  99 MeV and the crystal mosaicity <rm =  3.3 
mrad experimental result [21] Fexp =  7.5 x 10 6 
photon/electron agrees satisfactorily with our cal­
culated result Fĉ lc =  10.2 x 10~6 photon/electron 
within the normalization error (±40%). Nearly the 
same overestimation of the calculated results 
compared to the experimental data (-2 5 —30%)) 
was obtained for other graphite crystals examined 
in the work cited.

Depending on the experimental conditions the 
photon diffraction in mosaic crystals may not only 
increase the total emission yield (PXR +  DB +  
DTR) compared to the PXR intensity without 
considering the real photons diffraction, as in our 
measurements, but also decrease it. In the experi­
ments [3,21] the contribution of the bremsstrah­
lung photons diffraction was very small because of 
strong absorption of the first reflection order 
photons. For electrons with energy E0 — 90 MeV 
the transition radiation intensity also decreases 
sharply in this spectral range. Therefore, for the 
experiment [21] the measured photon yield 
êxP =  7.5 x 10-6 photon/electron and the total 

calculated intensity of the first reflection order 
ĉaic =  10.2 x 10-6 photon/electron were found to 

be less than the PXR photon yield calculated 
without considering the PXR photon diffraction

=  12.1 x 10 6 photon/electron, as was noted 
in the work cited.

3.3. Measurements o f  bremsstrahlung and channel­
ing radiation spectra

The orientation dependences (OD) measure­
ments of the soft radiation yield in the silicon 
crystal [22] showed that the radiation contribution 
of the planar channeling radiation was not more 
than 25%o from the incoherent background (the 
bremsstrahlung plus transition radiation) in the 
energy range a> — 30-50 keV. With electrons 
moving at small angles to the crystallographic axis, 
the radiation yield increases almost by an order of 
magnitude. At large angles with respect to the axis 
and outside of the planar channeling mode, the 
radiation yield in the X-ray energy range was in­
dependent on the crystal orientation [14,22].

For the intersection with the (110) axis the OD 
measurements carried out for photon energies ly­
ing in the range 19 <  a> <  72 keV and observation 
angles 90 <  0“ ax =  1.7 mrad (0“ ax >  y_1 >  ij/c, 
where i//c = 0.66 mrad is the critical angle of the 
(110) axial channeling of 500 MeV electrons in the 
silicon crystal) have shown that the maximum in 
the ODs is observed exactly when the crystallo­
graphic axis coincides with the direction toward 
the crystal analyzer of the difractometer.

By way of example, Fig. 4 illustrates the OD 
of radiation under the following conditions: 90 = 
0 ±  0.1 mrad, 9y = 0.6 mrad, and 9X = ±0.6 mrad 
(Fig. 4(a)) and 90 =  1.2 ±  0.1 mrad, 9y =  0.6 mrad 
and 9X =  ±1.5 mrad (Fig. 4(b)). Here 9y and 9X 
specify the collimator aperture for measuring total 
radiation energy and compton scattered photon 
yield for energies co ^  0.5 MeV (curves 1 and 2, 
respectively). Curves 3 and 4 show the OD of the 
yield of photons with energy a> = 29 and 36.5 keV, 
respectively. It is evident from the figure that a 
change of the observation angle results in decrease 
of the examined radiation intensity and the dis­
placement of the OD maximum proportional to 
the change of the observation angle. The peak/ 
pedestal ratio for both photon energies remains 
approximately the same.

The width of the peak (FWHM) of X-ray pho­
ton yield orientation dependence (A6> — 2.5 mrad)
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Fig. 4. Orientation dependences of the photon yield: silicon 
crystal with (110) orientation; t =  0.52 mm; E0 =  500 MeV. 1 -  
total radiation energy; 2 -  со ^  0.5 MeV; 3 -  со =  29 keV; 4 -  
со = 36.5 keV. (a) a =  0; 0O ~  0 mrad; A0o =  ±0.1 mrad; 
9X =  ±0.6 mrad; (b) a =  0; 90 ~  1.2 mrad; Л0О = ±0.1 mrad; 
0X =  ±1.5 mrad.
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Fig. 5. (a) Spectrum of the angular density of the (110) 
channeling radiation intensity for four detection angles: O -  
<9d =  11.16° and coj =  19 keV; •  -  <9D = 7.18° and cox =  30 
keV; 0  -  0 D =  5.58° and co\ =  39 keV; A -  0 D =  2.94° and 
coi =  72 keV; (b) The ratio of the radiation yields for disori­
ented and oriented crystals.

is larger than that for the OD peak of total radi­
ation energy (A(9 «  1.8-2.0 mrad) and than the 
doubled value of the critical angle of the (110) 
axial channeling ij/c. It is well known (see, for ex­
ample [5,6]) that the radiation intensity of particles 
captured in the axial channeling regime sharply 
decreases for photons with energy much less than 
the characteristic one (for our conditions, com ~  5 
MeV). Therefore, it seems likely that the radiation 
not axially channeled but above barrier electrons 
was observed in the experiment. According to [5] 
this radiation intensity in thick crystals is as high 
as the channeling radiation intensity and the 
spectrum shape in the soft energy region should be 
close to that of the bremsstrahlung spectrum.

Fig. 5(a) shows the spectral dependence of the 
angular density of radiation intensity Y =  ATV(co)/ 
AQ/P(co) as measured by the crystal-diffraction

spectrometer for electrons incident along the 
(110) crystallographic axis of the silicon crystal 
(Fig. 5(a)). Here AN(co), AQ and P(co) are the 
number of photons in the diffraction spectrum 
with energy co, solid angle, and efficiency of the 
diffractometer, respectively. The ratio of the an­
gular densities of the radiation intensity for the 
oriented and disoriented crystals is shown in Fig. 
5(b). The observation angle is 60 =  0, that is the 
graphite crystals are placed along the direction of 
incident electron beam.

The measurements were carried out for two 
positions of each diffractometer covering the fol­
lowing energy ranges (a>i-a>5): 19-85 keV (o), 30- 
150 keV (•), 39-195 keV (o) and 72-360 keV (A). 
As can be seen from Fig. 5(a), for the simi­
lar photon energies, as for example, 72 keV (A),



76 keV (O ) and 78 keV (o), the values of the an­
gular density of radiation intensity measured at 
different diffraction angles agree within the exper­
imental error. The smooth increase of the angular 
density of radiation intensity in the spectral range 
19-150 keV is well reproduced in all measure­
ments. This confirms the validity of the emission 
spectrum measurement technique we employed.

From Fig. 5(b) it can be seen that the radiation 
intensity generated by electrons moving along the 
(110) axis is much greater than that generated by 
electrons over the disoriented crystal over the en­
tire range of examined energies. The emission 
spectra shapes do not coincide for oriented and 
disoriented crystals. The ratio of the radiation in­
tensities increases smoothly from for photons 
with energy from 19 up to ~10 for co =  360 keV. 
We believe that this fact testifies the suppression 
presence for both incoherent radiation (the Ter- 
Mikaelian effect) and coherent one.

For the disoriented crystal the intensity spec­
trum in the first approximation can be considered 
as the bremsstrahlung spectrum in an amorphous 
matter. The measured spectrum from the disori­
ented silicon crystal is shown in Fig. 6. For photon 
energy co =  30 keV ~  yojp (cop «  32 eV) the radi­
ation intensity decreases approximately by a factor 
four in a comparison with larger photon energies. 
Presented also here are two calculated curves. In 
calculation, the change of the angular distribution 
of electrons passing through the crystal and the 
photon absorption inside the target were taken

Fig. 6. Spectrum of the angular density of the radiation intensity 
for the disoriented crystal: O -  experiment, the curves -  calcu­
lation: 1 -  without angular dependence of the bremsstrahlung 
suppression, 2 -  angular dependence of the bremsstrahlung 
suppression is taken into account.

into account. The curve 1 was calculated with­
out taking into account the dependence of the 
bremsstrahlung suppression because of the density 
effect on photon emission angle. The similar de­
pendence was examined in recent experiments at 
SLAC at electron energies 8 and 25 GeV [10]. The 
curve 2 was calculated taking into account the in­
fluence of the photon emission angle on the brems­
strahlung suppression, according to [23].

Because a scraper [16] was used in the experi­
ment to decrease the multitraversal of electrons 
through the thin target and the error in measuring 
the accelerator current was approximately 10- 
15%, the experimental and calculated spectra were 
normalized to the ratio between measured and 
calculated values of the bremsstrahlung total en­
ergy in the collimator with aperture $c =  0.6 mrad 
(A ^ S  =  0.156 MeV/electron and A E ^  =  0.217 
MeV/electron). With allowance for this correction, 
the absolute values of the experimental and cal­
culated intensities for photons with energies 
co ^  100 keV agree well.

From the Fig. 6 one can see that here we ob­
serve a very clear bremsstrahlung suppression. The 
curve 2 describes the experimental points better 
than curve 1. Nevertheless, for the photon energy 
less than 100 keV the experimental points are 
placed slightly lower than calculated curve. The 
most likely reason of the difference between the 
calculated bremsstrahlung yield and the measured 
one is an additional contribution of the brems­
strahlung suppression due to the Landau-Pomer- 
anchuk-M igdal effect [8]. However, in contrast to 
results of SLAC experiments [9,10] for electron 
energy 500 MeV and a silicon target, the brems­
strahlung suppression due to medium polarization 
effect is predominant.

4. Search for a more effective source of X-radiation

Search for the monochromatic X-ray radiation 
source with the photon energy co ^  33.1 keV (for 
medicine purposes such as digital subtractive an­
giography) is subject of many studies (see, for ex­
ample [20]). Therefore, it is interesting to compare 
the PXR intensity at this photon energy for a 
perfect crystal and a mosaic PG crystal.



For comparing a diamond crystal was taken as 
the photon absorption dependence on the radia­
tion frequency was identical for both crystals. The 
electron energy was 150 MeV, because the brems­
strahlung suppression due to medium polariza­
tion effect in the examined spectral range is 
disappeared and the characteristic radiation angle 
(y~l æ 3 mrad) is close to typical mosaicity value 
of the PG crystals (<rm ~  3 mrad). For the same 
reason the X-ray emission collimation angle was 
equal to 3 mrad. The PXR calculation results for 
the (111) reflection in the diamond and at the 
angle <9B =  5.22° (curve 1) and in the (0 02) re­
flection of the PG crystal and at the angle 
(9B =  3.2° (curve 2) are given in Fig. 7(a). Curve 3 
is the calculated PXR spectrum for the (0 0 2) re­
flection in the “perfect” PG crystal.

For comparing the (111) reflection in the dia­
mond was chosen as according to the PXR theory 
the photon yield for this reflection is the most in­
tensive. For the mosaic PG crystal the PXR dif­
fraction was taken into account. The crystal 
thickness along the electrons propagation direc­
tion (t =  1 mm and t =  0.64 mm, respectively 
for the graphite and the diamond) was chosen so 
that the number of atoms in both targets was 
identical.

It is evident from the figure, that the PXR 
spectral density for the diamond is almost twice 
lower than that for the mosaic PG crystal, which is 
approximately twice lower, than for the perfect 
graphite crystal. A small width of the PXR spec­
tral line for the diamond is caused by the large 
Bragg angle. According to well known dependence 
Aco/co ~  • cos((9B)/sin ((9B), for the same colli­
mation angle, the increase of the Bragg’s angle 
results in narrowing the PXR spectral line. In the 
collimator aperture the radiation yield was ap­
proximately 5 and 7 times less for the diamond, 
than for the mosaic and perfect graphite crystals. 
It is due to larger interplanar distance in the 
graphite crystal. According to the PXR theory the 
radiation intensity is proportional to a square of 
Fourier-component of the electron density distri­
bution in the crystal atom f 2(g) ~  \g\~2, where 
\g\ =  2n • \J ï \  + / |  + II/A .  The lattice parameters 
for the diamond and graphite are A& =  0.356 nm 
and Apg =  0.67 nm, respectively. Therefore, the

28 30 32 34 36 38 co, keV

Fig. 7. Calculated radiation spectra for £0 =  150 MeV and 
$c =  3 mrad: (a) diamond and pyrolytic graphite crystals: 1 -  
PXR, diamond, (1 11), t = 0.64 mm, <9B =  5.22°; 2 -  PXR, 
graphite, (0 02) t=  1 mm, am =  3 mrad, 0 B =  3.2°; 3 -  PXR, 
perfect graphite, (0 02) t = 1 mm, 0 B =  3.2°; O -  DB, •  -  
DB + PXR, graphite, (002) t=  1 mm, am =  3 mrad, 0 B = 
3.2°. (b) Silicon and pyrolytic graphite crystals: 1 -  DB + PXR, 
graphite, (002) t=  1 mm, am =  3 mrad, 0 B =  3.2°; 2 -  
DB + PXR, compound Si +  PG target; O -  diffracted brems­
strahlung from the silicon target.

PXR intensity from the graphite is much higher 
than that from the diamond.

Comparing the spectra for the mosaic and 
perfect graphite crystals one can see that the 
crystal mosaicity leads to decrease of the radiation 
intensity, if the radiation collimator is used, and to 
increase of the spectral line width of the radiation 
observed. The PXR spectral density is more than 
twice lower due to the mosaicity presence. The 
radiation yield decreases from 4.57 x 10-6 photon/ 
electron down to 3.36 x 10-6 photon/electron, that 
is about 1.5 times.



As was shown in Section 3 (see also [4,13]), the 
mosaicity causes to an additional contribution of 
diffraction of the transition radiation and brems­
strahlung real photons. The DB yield (O) for this 
crystal thickness (FDB =  4.69 x 10~6 photon/elec­
tron) is comparable with the PXR yield from the 
perfect graphite crystal. Thus the total radiation 
intensity (PXR +  DB) from the mosaic graphite 
crystal is approximately 1.5 times greater than the 
radiation intensity from the perfect graphite crys­
tal and 6-7 times higher than the PXR intensity 
from the diamond. As the crystal thickness in­
creases up to the photon absorption length (if 
secondary extinction is taken into account, it is 
about 10-12 mm), the contribution of DB con­
tinues to build up. This growth is due to increase 
of the reflectivity and bremsstrahlung yield with 
increasing the PG crystal thickness. Therefore the 
total radiation yield from a thick PG crystal for 
electron energy 100-150 MeV is about order of 
magnitude greater than that from a diamond, or 
another perfect crystal of the same thickness.

In recent years the PXR generation in the so- 
called X-ray mirror is intensively examined. The 
X-ray mirror consisted of 300 layer pairs (W /B 4C) 
was used in the experiment [24]. The electron en­
ergy was equal to 500 MeV. With the mirror of 
total thickness of 0.37 (im, the angular density of 
the radiation yield about 0.22 photon/electron/sr 
was obtained at m =  15 keV and the detector po­
sition angle @D 4°. For the 1 mm thick PG 
crystal, the detector position angle 6>D ~  18.2°, 
and the electron energy E0 =  900 MeV the angular 
density of the radiation yield d /V /dO ^ =  (0.46 ±
0.07) photon/electron/sr was obtained in experi­
ment [25]. In the experiment cited above the elec­
tron beam hits near the edge of the target, hence 
the “true” electron path in the crystal is unknown. 
For the whole crystal thickness along the electron 
beam direction (—0.03 rad. length) our calculation 
has given the value AN/AQvĉ lc =  1.94 photon/elec­
tron/sr, i.e., almost an order of magnitude higher 
than in the experiment [24].

Our estimations show that for a thin X-ray 
mirror [24] the angular density of the radiation 
yield per unit radiation length is almost twice as 
that for a thick PG crystal [25]. However, the in­
crease of the X-ray mirror thickness is a compli­

cated technological problem. Moreover, the X-ray 
m irror thickness increase results in broadening the 
electron beam in the target so the PXR yield in­
creases slower than the X-ray m irror thickness. At 
last, generation of hard photons m — 30 keV with 
X-ray mirror requires a very small PXR emission 
angle (6>D ~  2°). For thick targets and moderate 
electron energies (—several hundreds MeV) the 
increase in m irror thickness leads to overlapping of 
the PXR photon beam and bremsstrahlung one 
(see e.g. [26]). In other words, for these conditions 
(an electron and photon energies) a PG crystal is a 
better emitter of monochromatic X-ray than a 
thick X-mirror.

Another way to increase a total yield of 
monochromatic X-rays is to use a compound ta r­
get. It means that the target consists of layers of 
different materials. One layer is for the photon 
beam generation and the second layer is for the 
photon diffraction. A similar method was used for 
X-ray generation in the experiment [20]. The au­
thors of that paper used a stack of silicon plates 
for generation of transition radiation and pyrolytic 
graphite for diffraction of the resulting radiation. 
The transition radiation intensity is known to fall 
down sharply when the photon energy a> becomes 
greater than a> = ya>v. Therefore for the electron 
energy less than 1 GeV and photon energy about 
30 keV the efficiency of this X-ray generation 
mechanism decreases drastically [27].

The bremsstrahlung and channeling radiation 
(see Section 3.3) are more intensive in the above 
mentioned experimental conditions. In our calcu­
lation the compound target consists of two layers: 
the 0.5 mm thick silicon target (as in our experi­
ment) and, as in previous calculations, the PG 
crystal with mosaicity <rm =  3 mrad. The other 
conditions are the same as in previous calculations.

The results of calculations of the X-ray spectra 
for such a compound target are given in Fig. 7(b). 
One can see that the radiation yield from the 
compound target Si +  PG (curve 2) is more than
1.5 times greater, than from single PG  crystal 
(curve 1): 13.4 x 10~6 photon/electron and 8.36 x 
10 6 photon/electron, respectively. The brems­
strahlung radiation yield generated by relativistic 
electron beam in the silicon target and diffracted in 
the PG crystal (O) is comparable with the total



(PXR +  DB) yield from the single graphite crystal. 
In calculating the PXR and DB yield in the com­
pound target (curve 2) we have taken into account 
the divergence increase of the electron beam hit­
ting the graphite.

If  the first layer is an axially aligned crystal, the 
photon beam is generated by bremsstrahlung and 
axial channeling radiation mechanisms. The 
channeling radiation is far more intensive in this 
spectral range and has more narrow angular dis­
tribution than the bremsstrahlung, therefore, the 
total yield of the diffracted radiation from such a 
compound target will be considerably greater. In 
the experiment [28] for the electron energy 300 
MeV and the 0.5 mm thick diamond crystal, an 
intensity of the (100) channeling radiation was 
about 25 times higher than bremsstrahlung one. 
Therefore for this electron energy, the X-ray en­
hancement is supposed to be about fivefold in 
comparison with using an amorphous target as the 
radiation emitter. In any case for the electron en­
ergy about several hundreds MeV the diffracted 
photons yield for this compound target will be 
much higher than the PXR yield for any crystal of 
similar thickness.

5. Conclusion

1. The contribution of real photon diffraction 
being taken into account, the PXR theory in 
kinematic approximation describes well the ex­
perimental results with mosaic pyrolytic crys­
tals.

2. For the spectral region co ^  yoov, the emission 
from the axial channeled electrons is far more 
intensive than the bremsstrahlung and transi­
tion radiation.

3. Comparison between the calculated photon 
yield in the mosaic PG crystal and in the perfect 
diamond crystal has shown that the mosaic PG 
crystal provides far more intensive quasimono- 
chromatic photon beam.

4. More intensive X-radiation yield may be ob­
tained using compound target; the first target 
is for the photon generation, the second one 
(PG crystal) is for the photon diffraction. Using 
an axially aligned crystal as the first target may

provide more intensive and monochromatic 
hard X-ray beam than ordinary amorphous ta r­
get.
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