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Abstract— It is discussed whether it is possible to discover the diffracted radiation of channeled electrons 
experimentally. A new method for orienting a crystal in average-energy electron accelerators with short times 
of the acceleration cycle and the electron spill to the target (microtrons and linear accelerators) is proposed. 
It uses the integral characteristics of the yield of soft radiation from thin metal targets and provides a consid
erable decrease in the time required for the crystal orientation. An experimental setup is created, a complex 
of programs for equipment operation is developed and debugged, and test measurements are conducted at the 
microtron operating at the Institute of Nuclear Physics of Moscow State University, which makes it possible 
to carry out proposed experimental studies in the nearest future.

INTRODUCTION
Diffracted radiation of channeled electrons (dif

fracted channeling radiation, or DCR), or, as it is 
sometimes referred to, diffracted (diffraction) radia
tion of a relativistic oscillator (DRO) [1—3], is one of 
the interesting physical phenomena occurring during 
the propagation of fast charged particles through 
ordered media and was predicted by Baryshevskii and 
colleagues in the 1970s and 1980s. Some of them— for 
example, parametric X-ray radiation (PXR) of fast 
charged particles in crystals and PXR at small angles 
with respect to the direction of the particle velocity— 
were recorded experimentally [4, 5].

DRO is a result of the coherent summation of two 
processes, namely, photon radiation and diffraction in 
crystals [1—3, 6], and has not been studied by experi
menters until now, because the size of the effect was 
insufficiently clear and it was difficult to separate this 
effect from competing processes, namely, PXR and 
diffracted bremsstrahlung (DBS). Additional difficul
ties in studies made to discover this effect include a 
limited range of particle energies where it is possible to 
observe this effect clearly ( 10—40 MeV) and a very nar
row range of observation angles and photon energies 
where this effect can manifest itself distinctly, which 
imposes rigid requirements on the choice of observa
tion angles and radiation collimation [7].

Recently, after a series of papers were published [7— 
10], it became clear how to estimate the size of the 
effect. According to the results of the cited papers, the 
yield of diffracted radiation of channeled particles can 
exceed that of PXR by several orders of magnitude in a

narrow angular range. If this estimate is valid, we can 
hope that a new intense X-ray radiation source with 
readjustable energies can be created, because the radi
ation source based on the PXR mechanism in perfect 
crystals was not applicable in practice [11]. The state
ment of the authors of [6] that the mechanisms of 
channeling radiation and PXR can interfere is also 
interesting. In this case, if the diffraction conditions 
for photons emitted during the transition of electrons 
from one coupled state to another are satisfied, it is 
possible to expect a change in the ratio of peaks in the 
channeling radiation spectrum. Because the interfer
ence of coherent bremsstrahlung and channeling radi
ation was observed experimentally [12, 13], the regis
tration of the effect of the interference of the channel
ing radiation and PXR mechanisms is an interesting 
physical problem. It is clear from the preceding that 
experimental studies conducted to verify theoretical 
predictions of the DRO size and characteristics are 
undoubtedly important.

STATEMENT OF THE PROBLEM
According to theoretical predictions [7—10], the 

effect under discussion can manifests itself almost for 
any observation angles and, accordingly, for any pho
ton energies under the condition coB < coch, where 
c.och is the channeling radiation photon energy and 
eoB is the Bragg energy for the same observation angle. 
However, the character and the degree of manifesta
tion of this effect depend cardinally on the ratio of 
these energies. If the Bragg energy is close to the
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energy of any peak in the channeling radiation spec
trum, then a maximum with an amplitude several 
times greater than the PXR yield must be observed 
instead of a minimum at the center of the PXR angular 
distribution [10].

If this condition is not satisfied, then narrow ring
like structures consisting of two closely located peaks 
with amplitudes noticeably exceeding the PXR yield 
appear in the PXR angular distribution. The center of 
these rings coincides with that of the PXR angular dis
tribution, and their number is determined by the num
ber of peaks in the channeling radiation spectrum 
[7, 10]. In this case, for the energy E0 > 20—30 MeV of 
electrons the channeling radiation spectrum of which 
contains several peaks, an increase in the intensity for 
all points in the angular distribution or the orientation 
dependence of the PXR yield can be expected in mea
surements of the angular distribution or the orienta
tion dependence of the radiation yield using a detector 
with a finite angular aperture.

As was mentioned in the Introduction, the radia
tion mechanism was not examined purposefully. The 
experiment in [14] for an electron energy of 900 MeV 
and an observation angle of 90°(eoB ~ 7—20 keV), in 
which the presence of the regime of planar and axial 
channeling was controlled, showed that there is no 
channeling effect on the spectrum and the PXR angu
lar distribution. Probably, this is due to a large differ
ence between the typical channeling radiation energy 
(c.och ~ 3—5 MeV) and the Bragg energy [7]. PXR 
experimenters do not usually control whether the 
channeling regime is fulfilled; moreover, they often 
use crystals with thicknesses that are much larger than 
the dechanneling length (-2 —10 |im for electron ener
gies less than 100 MeV) required for the effect to be 
noticeable [7].

However, analysis of the published experimental 
data shows that this effect could be recorded in some 
experiments. The authors of [15] reported that the 
recorded radiation yield from thin silicon and dia
mond crystals for an observation angle of 180° was 
twice that predicted by PXR kinematics theory. 
Because this observation angle for the strictly Bragg 
orientation corresponds to the normal incidence of 
electrons on the crystal plane and the crystal targets 
are usually cut and located so that their faces are par
allel to crystallographic planes, it is not excluded that 
the orientation dependences of the PXR yield 
obtained in the case where crystals were rotated about 
the vertical axis were measured under channeling con
ditions in the horizontal plane.

The condition coth ~ 20—100 keV »  coB ~ 2—5 keV 
is satisfied for the electron energy ranging from 30 to 
87 MeV and this observation angle; therefore, the dis
cussed effect could manifest itself in an increase in the 
intensity of the recorded radiation, which was 
observed in the cited paper, the authors of which 
explained this increase by the contribution of dynamic

effects characteristic to the reflection of X-ray radia
tion in the Bragg geometry; this explanation seems to 
us to be wrong, because a significant increase in the 
PXR intensity (compared to the theoretical predic
tions) was not observed in other experiments also con
ducted in the Bragg geometry [14, 16].

The authors of [17] measured the orientation depen
dence of the PXR yield for the (111) reflection in the Si 
crystal with a thickness of 17 |_im. The measurement 
geometry was chosen such that the orientation depen
dences were measured for the electron motion at small 
angles to the (112) plane. The results of these experi
ments are interesting, because there was no discrepancy 
from the predictions of PXR kinematics theory for E0 = 
15.7 MeV. In the case of E0 =  25.7 MeV where the 
(112)-plane channeling radiation energy is greater than 
the photon energy for first-order reflection under the 
conditions of the cited paper (10—15 keV), the recorded 
radiation yield at all points of the measured orientation 
dependence turned out to be larger by 30% than that 
predicted by PXR theory.

It follows from our analysis that the discussed effect 
probably exists; however, to identify it with confidence, 
the measurements must be made for thin crystals and 
under experimental conditions (electron energies and 
observation angles) such that the Bragg energy be close 
to the energy of at least one peak in the channeling radi
ation spectrum. The photon energy range of 20 to 
40 keV seems to be most attractive from the method
ological point of view. Because the absorption of pho
tons with these energies in the air is low, experiments 
can be carried out without evacuating the photon prop
agation path and detectors must be located at large dis
tances from the accelerator in order to decrease the 
background. This energy range is also interesting from 
the standpoint of possible practical applications, for 
example, in medicine, where sources of monochro
matic X-ray radiation with photon energies on the order 
of 20 keV and ranging from 30 to 40 keV are required for 
mammography and angiography at the edge of the 
iodine and xenon photoabsorption band [18].

This photon energy range corresponds to channel - 
ing of electrons with E0 =  20—30 MeV in diamond and 
silicon crystals most often used in the experiments 
conducted to study radiation generation during the 
fast-particle—crystal interaction. To single out the 
effect with confidence, it is necessary to satisfy the 
condition ue <§ v|/7 , where ue and \|/L are the respective 
spread of the electron beam at the crystal input and 
critical angle of planar channeling (\|/£ -2 —3 mrad 
depends on the electron energy and the crystal used), 
and to provide conditions for operations with thin 
crystals [7]. Using a microtron to conduct such an 
experiment seems to be most preferable from the 
standpoint of these requirements. The electron beam 
of a linear accelerator has an overly large spread and 
variations in the electron energies AE/E. For example, 
ue -  1 mrad and A -  0.5— 1 % at the LUE-40 accel
erator [17] in the energy range of 15—25 MeV. It is very
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difficult to provide single propagation of electrons 
through a thin target ifabetatron is used [19]. The out
put of the beam from the betatron and the parallel 
transport of the electron beam of the linear accelerator 
[20] require a significant complication of the experi
mental setup.

Therefore, it was assumed that the experiment 
must be conducted using a split microtron (operating 
in the Institute of Nuclear Physics of the Moscow 
State University [21]) with a current of ~3 mA 
(~1012 particles per acceleration cycle), a frequency of 
10 Hz, the duration of the radiation cycle x ~ 8—10 |as, 
and AE/E ~ 0.2%. For a beam size of 5 x 5 mm, an 
emittance of ~ 1 mm • mrad provides the spread of the 
electron beam ue ~ 0.2 mrad. The presence of the led- 
out electron beam, the required energy range (14.6— 
67.4 MeV), and the possibility of changing the particle 
energy make it possible to hope that this type of radia
tion can be separated from PXR and DBS successfully.

It follows from the experiment simplicity condi
tions that the channeling plane must coincide with the 
horizontal one and the plane on which the diffraction 
of channeling radiation occurs is rotated through a 
required angle about the vertical axis. To record the 
desired radiation, it was decided to use X-ray Nal 
detectors (the practice showed that, for photon ener
gies larger than 20 keV, their resolution is quite suffi
cient to separate PXR from a continuous background) 
or a Si pin detector.

To single out the desired effect, it was planned to mea
sure the angle distributions of the X-ray yield for several 
orders of reflection. If the condition coth ~ ®B is satisfied 
for some order of reflection and a peak in the channeling 
radiation spectrum, a narrow maximum with a large 
amplitude must appear at the center of the PXR angular 
distribution for this order of reflection. Because the prob
ability that this condition is satisfied for other orders of 
reflection is low, only a slight change in the radiation yield 
can be observed and the shape of the angular distribution 
coincides with that predicted by PXR theory in the case 
of other orders of reflection.

Conducting the same measurements for another 
electron energy is a control test. All conditions for 
PXR and DBS generation change sufficiently insignif
icantly, while there is no coincidence of energies of 
channeling radiation and diffracted electrons that is 
required for the desired effect to manifest itself. There
fore, the shape of the angular distribution must coin
cide with that predicted by PXR kinematics theory. 
The measurement of spectra for several orders of 
reflection can yield the same information. The ratio of 
the radiation yields for different orders of reflection 
must change in the presence of the desired effect.

To observe the effect, it is necessary to orient the 
crystal plane along the direction of the electron beam, 
i.e., to operate in the planar channeling regime. Meth
ods for orienting crystals along the channeling radia
tion direction by means of a ionization chamber [22]

or a N al (Tl) detector in the Compton geometry [23] 
that are usually used in higher energy accelerators for 
electrons with energies of several ten megaelectron- 
volts are appropriate, because the typical radiation 
energy for the channeling of such particles does not 
exceed 50—100 keV.

It is ineffective to use the counting regime of the 
detector operation that is usually applied to low- and 
middle-energy accelerators [24] with short times of the 
acceleration cycle, because the typical pulse duration of 
the radiation detector (~1—6 |is is comparable with the 
duration of the acceleration cycle (6—10 |is). Therefore, 
to exclude superposition, the accelerator current must 
be maintained so that at most 0.2—0.4 pulses can be 
recorded during one acceleration cycle [17].

To obtain statistical error on a level of 5% for an 
accelerator frequency of 10 Hz, at least 100—200 s are 
required for each crystal orientation. Several orienta
tion dependences with a number of points ranging from 
100 to 200 are usually measured during the process of 
crystal orientation. In other words, the crystal orienta
tion requires 10—20 h of continuous accelerator opera
tion. The orientation using radiation spectra requires a 
severalfold increase in the operation time and cannot 
therefore be used in the stage of the initial crystal orien
tation too. It should be mentioned that it is necessary to 
measure currents on a level of 103—105 particles per 
acceleration cycle during the orientation process using 
the counting regime of the detector operation, which is 
a separate technical problem.

The traditional method for orienting crystals by 
means of thin- and thick-wall ionization chambers 
[22] (the integral regime of the detector operation is 
used in this case) is inappropriate for middle-energy 
electrons because of the low energy of channeling 
radiation photons. Therefore, to orient crystals, we 
propose to use an X-ray N al detector with a thickness 
of 1 mm located at an angle of 90° and recording a 
change in the yield of characteristic X-ray radiation 
(CXR) from a thin metal target inserted in the y-beam 
path as a function of the crystal orientation. Such an 
orientation method in the counting regime was used 
under the conditions of the acceleration hall of the 
Tomsk synchrotron for the 500-Mev energy of elec
trons and demonstrated a good sensitivity [25]. The 
optimal signal—background ratio can be reached and a 
change in the intensities of various lines in the spec
trum of the radiation under study can be singled out by 
changing a scatterer. It is decided to conduct measure
ments in the current regime of the detector operation. 
This makes it possible to operate in the regime typical 
of accelerators and decrease the time required to ori
ent crystals.

SIMULATION
To verify the applicability of the proposed method 

for orienting crystals for smaller electron energies and 
of a method for obtaining information different from
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D osim eter

Fig. 1. Scheme of experimental equipment arrangement.

that used in the experiment in [25], we simulate the 
dependence of the integral response of the detector, 
i.e., the energy absorbed in the detector, on the spec
trum of the analyzed radiation and the target material 
and the thickness.

We present the main steps and approximations used 
in the simulation process. A thin parallel beam of y 
radiation with the spectrum Moo) obtained during the 
interaction of electrons with the energy E0 and the 
crystal is incident on a thin target rotated through an 
angle of 45° (Fig.l). The target is divided into layers 
with the thickness At < /abs, where /abs, is the absorption 
length for photons with the energy comm = 10  keV. The 
chosen threshold energy is due to strong absorption of 
lower-energy photons in the air and material of a 
bremsstrahlung target. The spectrum of photons after 
the rth layer is determined by the spectrum of radiation 
incident on it and by the absorption of photons in it:

jV'(co) = JVM((d) [1 -  CTtot(co)«Af], (1)
where n is the concentration of atoms in the target and 
Gtot(G>) is the cross section for the interaction of pho
tons with the energy co and target atoms;

<?tot ( ® )  =  t f p h (® )  +

where a ph(co), a comp(a)), a coh(a)), and a pair((o) are the 
respective cross sections of the processes of photoef
fect, Compton and coherent scattering, and creation 
of electron—positron pairs. The values of the cross sec
tions given in [26] were used in the calculation.

We assumed that CXR photons after the process of 
photoabsorption by the A"shell and photons subjected to 
coherent and incoherent scattering in the target enter the 
detector located in the air at a distance of lm  from the 
target at an angle of 90° with respect to the direction of 
photon beam incidence on the target. For the materials 
of interest to us, photons of the L  series cannot reach the 
detector because of absorption in the air and target mate
rial. Bremsstrahlung of secondary charged particles and 
scattering of secondary photons were not taken into 
account because of the small target thicknesses used.

The number A/V:(o/) of photons outgoing from the 
/th layer in the detector direction and their energy o '

were determined by the spectrum of photons reaching 
this depth, by the processes causing the creation of 
these photons, by the angular distributions of scattered 
radiation for each included process, and by the angles 
of detector location and radiation collimation. The
number A/Vj, (o') of photons reaching the detector 
depends on the absorption in the target material and 
the air along the path from the creation point to the 
detector:

AJVd(co') = A/V'(co,)exp [-|i1(a),)/1 + |i2(w % ], (3)
where Hi (to') and |a2(o/) are the respective linear 
absorption coefficients of photons with the energy o ' 
in the target material and the air and /, and t2 are the 
respective path lengths in the target and the air.

It was assumed that the distribution 1 of thedu,
ejection angles of the CXR photons is isotropic and the 
cross section sph of the photoabsorption by the K  shell
is CTph(co) ~ 0.8ct'p|'(co) [27], where a'p|'(o)) is the cross 
section of the photoabsorption of the quanta with the 
same energy [26]. The probabilities of the Auger effect 
and radiation of photons of the Ku and lines after 
the photoeffect in the K  shell for each material of 
interest to us were taken into account according to the 
data given in [28]:

a = <4)
1 tin

AO

where W is the probability of the radiation of the CXR 
quantum after the photoeffect in the K  shell, Af> is the 
solid angle overlapped by the collimator with a radiation 
collimation angle of 2°, and AN' (to) = N'((x>) —/VJ 1 (co) 
is the number of primary-beam photons subjected to 
interaction in the /th layer.

For photons with the energy co subjected to coher
ent scattering in the target and outgoing with the same 
energy in the target direction, we can write

AN'coh((0) = /A N  ((l))acill||((l)) (5)
t f t o t ( f f l ) t f c o h  A O  d QAO
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Here, and a^h are the respective differential and 
total cross sections of coherent scattering by a free 
electron (the Thomson cross section) and Z  is the 
atomic number of the target material,

^  = t ( l  + cos20), (6)
dQ. 2

where re is the classical electron radius and 0 is the 
photon scattering angle.

For photons with the energy co subjected to Comp
ton scattering in the target and outgoing with the 
energy o ' in the detector direction, we can write

ZA 7V '(co) g  (co)
&N' (ffl’.ffl) = : J comp1

CTtot(ffl)CTcomp( )̂

^Ocomp(to)

dQ
<JQ.{ 7)

AO

Here, ,(H>) and a^'lil|‘;:(co) are the respective differen-dQ. cohv
tial and total cross sections of the Compton scattering 
by a free electron (the Klein—Nishina—Tamm cross 
section):

= ^ ) ^  + ^ _ sin20))
dQ. L co co' co 

where o ' is the energy of the scattered photon:

co co

(8)

(9)
1 + co(l -  cos0) /  mec 

Because the collimation angle of the scattered radi
ation is small, the dependence of the scattered radiation 
energy on the ejection angle was not taken into account. 
With the introduced notation and our assumption taken 
into account, the integral signal of the Nal(Tl) detector 
for the target with the thickness T  is

Y = J  a' ^dt J  (AjVcoh d((ö',/,(ö)
( 10 )

+ANph D((£>',t,(£>) + ANcomp ,t,(ti))d(£>.
Here, .//{(o') is the energetic efficiency of the detector,

/ £(co') = f(($')E /  ©',
where /(co') is the detector efficiency and E  is the 
average energy left by the photon with the energy co' in 
the detector. The dependence of these quantities for 
the X-ray Nal(Tl) detector with a diameter of 40 mm 
and a thickness of 1 mm on the photon energy was cal
culated using the Monte Carlo method according to 
the procedure given in [29].

To determine the sensitivity of the proposed crystal 
orientation procedure to the spectrum of the radiation 
incident on the target, we used the result of the exper
iment [20] on the (110)-plane 30-MeV electron chan
neling radiation in the Si crystal with a thickness of 
15 |am. Figure 2 shows the initial portions of the radi
ation spectra used in the simulation. The model chan
neling radiation spectrum (curve 1) reproduces the 
experimental spectrum [20] with an error of at most 
30%. The bremsstrahlung spectrum (curve 2) is calcu
lated using the spectral angular Schiff distribution [30]

» ,  keV

Fig. 2. Radiation spectra of electrons with Eq = 30 MeV in 
the Si crystal under the experimental conditions [20]: 
(1) ( 110)-plane channeling radiation and (2) bremsstrahlung.

with the initial spread of the electron beam, multiple 
particle scattering in the crystal, and the radiation col- 
limation angle (0.5 mrad) taken into account. The 
total number of photons in the channeling radiation 
spectrum is larger by 25—30% than that in the spec
trum of bremsstrahling from the disoriented crystal.

According to the calculated results, the process of 
photoabsorption of primary-beam quanta in the target 
makes the main contribution to the recorded radiation 
yield. The contribution of photons subjected to coher
ent and incoherent scattering in the target does not 
exceed fractions of percent for all targets, which is due 
to both the small cross section and target thicknesses 
and a low detector efficiency with such a thickness for 
photon energies co > 100 keV.

The calculation was carried out for targets made of 
lead, tin, silver, molybdenum, niobium, and copper,
i.e., widely used materials that can be used to prepare 
foils. Figure 3 shows the dependence of the integral 
signal from the Nal(Tl) detector on the target thick
ness for several materials and different radiation spec
tra. The odd curves correspond to the registration of 
channeling radiation, and the even curves to that of 
bremsstrahlung. As can be seen from this figure, mate
rials with larger Zprovide a larger response because of 
a larger energy of CXR photons and a lower probabil
ity of the Auger electron emission. At the same time, 
the distinction between the responses for the spectra of 
channeling radiation and bremsstrahlung (which is 
very important from the standpoint of the efficiency of 
the developed method for orienting crystals) is maxi
mum for materials with an average Z  (tin and silver, 
Fig. 5). It should be mentioned that the recorded radi
ation has a saturation region for the target thicknesses 
ranging from 40 to 80 |_im, which is due to a large pho
toabsorption cross section in the energy range of 15— 
50 keV and due to the absorption of the CXR photons 
in the target material.
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t, (j.m

Flg. 3. Dependence of the response of the scattered radia
tion detector on the spectrum of radiation hitting the target 
and on the target material and thickness: (1) and (2) tin,
(3) and (4) silver, (5) and (6) niobium, and (7) and 
(<?) copper.

Figure 4 shows the dependence of the ratio of the 
recorded radiation yields for the spectra of channeling 
radiation and bremsstrahlung and the lead, tin, silver, 
niobium, and copper targets (Figs. 1—5). It can be 
seen from this figure that silver and tin targets are best 
for implementing the proposed crystal orientation 
method using the integral yields. Materials with a 
small Z  are worse because of a small response and a 
small increase in it (Fig. 3), which leads to an increase 
in the background fraction. Materials with a large Z  
(lead) are not suitable despite the large response. 
Because of a large energy threshold of photoabsorp
tion by the K  shell (-88 keV) exceeding the spectral 
channeling radiation region (Fig. 2), the escape of 
CXR photons from the K  shell is independent of the

t, (j.m

Fig. 4. Dependence of the ratio of the detector response to 
the radiation with different spectral compositions on the 
material and thickness of the metal target: (i)lead , (2) tin, 
(3) silver, (4) niobium, and (5) copper.

crystal orientation. The difference between the yields 
of the scattered radiation for this target and the coher
ent and incoherent radiation spectra is due to the pho- 
toabsorption by the L  shell. For targets with optimal 
thicknesses, the ratio of the recorded yields of scat
tered radiation for the analyzed spectra is ~2.2, which 
is considerably higher than the ratio of the numbers of 
photons in these spectra (~1.3).

A sufficiently high sensitivity of the proposed 
method and the threshold character of the depen
dence of the photoabsorption cross section on the 
photon energy make it possible to verify without spec
tral measurements whether there interference of the 
PXR and channeling radiation mechanisms exists if 
the diffraction conditions are satisfied for photons of 
various peaks in the radiation spectrum. For definite
ness, we take a Si crystal with the (111) orientation and 
30-MeV electrons. The (110) plane coincides with the 
horizontal plane, and the (112) plane with the vertical 
one. According to [20] (Fig. 2), four pronounced 
peaks with energies of 45, 29.2, 19.7, and 13.6 keV are 
observed in the (llO)-plane channeling radiation 
spectrum under these conditions.

For the (111) orientation and the chosen geometry 
of the crystal plane arrangement, the most strong 
reflection must be observed in the (112) plane 
(224 reflection) and two planes of the {110} type 
(220 reflection) rotated through angles of ±30° about the 
vertical plane [5]. If the desired effect exists, then some 
special features in the (llO)-plane channeling radiation 
spectra must be observed for the angles of crystal axis dis
orientation along the (110) plane: 0  = 82.9 and 
124.6 mrad (® = 45 keV), 0  = 127.9 and 192.2 mrad 
(co = 29.2 keV), 0  = 192 and 287.8 mrad (co = 19.7 keV), 
and 0  = 277 and 424.6 mrad (® = 13.6 keV). The first 
value of the disorientation angle corresponds to the 
fulfillment of the Bragg condition for photons in the

(0, keV

Fig. 5. Radiation spectra for the Nb target: (1) the spec
trum for the experiment with target, (2) the spectrum for 
the experiment without target, and (3) the scattering radi
ation path blocked by lead with a thickness of 1 mm.
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(110) planes, and the second, in the (112) plane. In 
other words, in the case of the interference of these 
radiation mechanisms during the measurement of the 
orientation dependence of the scattered radiation 
yield along the (110) plane for these angles of axis dis
orientation, the yield of the recorded radiation must 
change.

The threshold of photoabsorption by the K  shell is 
29.2 keVfor tin, 25.51 keVfor silver, 18.99 keVfor nio
bium, and 8.98 keV for copper; therefore, changes in 
the spectra due to the fulfillment of the diffraction 
conditions manifest themselves differently in the mea
surement of the orientation dependences using thin 
foils made of these materials. For example, a thin nio
bium target must be most sensitive to a change in the 
intensity of the peak with co = 19.7 keV, while a change 
in the intensity of this peak does not affect the 
recorded radiation yield for tin and silver targets.

As the crystal thickness and the radiation collima- 
tion angle increase, the ratio of the intensities of the 
channeling radiation and bremsstrahlung components 
decreases. Nevertheless, the ratio of the recorded radi
ation yields for the spectra of channeling radiation and 
bremsstrahlung remains ~ 1.1 for a crystal thickness of 
0.2 mm and the same collimation angle (0.5 mrad) 
under the condition that channeling occurs only in a 
near-surface crystal layer with a thickness less than
0.015 mm. If the effect of the volume capture of elec
trons in the planar channeling regime at the crystal 
depth is taken into account [31], this ratio must be 
slightly better, which makes it possible to hope that the 
discussed effect can be recorded successfully as the 
crystal thickness or the radiation collimation angle 
increase.

EXPERIMENTAL PROCEDIRE
AND PRELIMINARY RESULTS

The scheme of our experiment is given in Fig. 1. 
Electrons led out from the fifth or sixth microtron 
orbits (E0 =  25.2 or 30 MeV) are inserted into a scat
tering chamber, where a triple-axis goniometer with a 
crystal installed in it is located and there are several 
windows for the radiation output. The operating 
ranges of the angles 0,, and 0 h of crystal rotation about 
the vertical and horizontal axes are ±45° and ±8°, 
respectively. The rotation step is 0.01°. The range of 
the angles cp of rotation of the electron beam about the 
axis is ±5° with a step of 0.04°. To rotate the goniome
ter, we used a scheme controlling step motors by 
means of an LTP computer port; this scheme was pro
posed in [32] and makes it possible for the motor to 
operate automatically in the holding current regime in 
the absence of rotation, which is worthwhile from the 
standpoint of the goniometer operation in a vacuum, 
where the heating of motors due to a vacuum deterio
ration is inadmissible.

The led-out electron beam is measured by either a 
magneto-inductive sensor in the large current regime

or a secondary-emission monitor in the regime of 
spectral measurements. Electrons passed through the 
crystal are directed by a cleaning magnet to a “burial.” 
A Faraday cup used to calibrate the secondary-emis- 
sion sensor can be located there. The main problem to 
be solved is that, until recently, the accelerator was 
used to study nuclear reaction cross sections; in this 
case, it is not necessary to measure currents precisely 
in each acceleration cycle and there are no sensors 
measuring small currents. This part of the equipment 
is now developed and partially adjusted.

The main problem of the first step of measurements 
was to verify the developed method for orienting crys
tals in the middle-energy accelerators with short 
acceleration cycles using the integral scattered radia
tion yield from a target located in the beam path of the 
y radiation beam from the crystal. Because there was 
no scattering chamber, the experiment was conducted 
in the air without rotating electrons passed through the 
crystal. The 30-MeV electron beam from the 
microtron passed through a titanium foil of an output 
microtron flange with a thickness of 0.05 mm, 
impinged on the Si crystal located in the goniometer at 
a distance o f -10—15 cm from the output flange, and 
was scattered in the air. The presence of the foil and 
the air layer in front of the crystal increased the spread 
ue of the beam from -0.2 to -20 mrad.

Bremsstrahlung produced in the Ti foil and the 
crystal passed through the metal foil and was recorded 
by a dosimeter (D). A Si crystal with a diameter of 
40 mm and a thickness of 0.23 mm was used in the 
experiment. The (111) axis coincided with the normal 
to the target surface to an accuracy of at least several 
fractions of a degree. The crystal was initially located 
perpendicularly to the electron-beam direction with 
an error of at most 5°—7°; in this case, the (110) plane 
was located horizontally with an error of 4°—6°. The 
radiation scattered in the target (a metal plate) was 
recorded by an X-ray Nal(Tl) spectrometer with a 
diameter of 40 mm and a thickness of 1 mm located at 
an angle of 90° with respect to the direction of the 
photon beam. To suppress the background, we used a 
lead spectrometer shielding with a wall thickness of 
15 cm. The distance from the target to the operating 
detector volume was -80 cm.

In our experiment, we studied the dependence of 
the readings of the X-ray Nal(Tl) detector recording 
scattered y radiation from the thin metal target on the 
target material and the crystal orientation. Figure 5 
shows the smoothed radiation spectra for the Nb target 
with dimensions of 80 x 150 mm and a thickness of
0.4 mm; they were measured by the detector during 
the same time (5 min). To operate in the regime of 
spectral measurements, we decrease the accelerator 
current from 5 mA (a dose power of -20 Sv/s) to 
-0.5 |iA (a dose power of - 2 —3 |iSv/h), which pro
vided a detector loading of -1  Hz at an accelerator fre
quency of 10 Hz.
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Fig. 6. Model spectrum of radiation entering the detector
for bremsstrahlung scattering in the air.

It can be seen from the figure that, along with the 
Nb CXR peak (co ~ 16.6 keV), there is radiation with 
the energy co -70—100 keV and the yield of this radia
tion in the experiments with and without the target 
turns out to be approximately the same. The presence 
of “false” peaks in the spectra is due to the low statistics 
(the total number of events is -300—400). Blocking the 
scattered radiation path with a Pb plate with a thickness 
of 1 mm added Pb CXR photons with co -  70 keV 
(dependence 3) and cut this radiation off almost com
pletely; i.e., this is radiation of the bremsstrahlung 
beam recorded by the detector.

It is most probable that the appearance of such 
amplitudes in the recorded radiation spectrum is due to 
coherent and incoherent scattering of photons of the y 
radiation beam from the crystal and Ti foil by the air 
layer traced by the detector. For a distance of 2 m from 
the crystal to the target and our Ti and Si targets located 
in the path of the microtron electron beam, the trans
verse size of the y radiation beam is on the order of 
40 cm at the target location place. The longitudinal size 
of the region from which scattered radiation can enter 
the detector is also of several tens of centimeters, i.e., 
considerably greater than the operating part of the 
metal target. Therefore, the contribution of scattered 
Compton photons is sufficiently large.

To verify this assumption, we simulated the radia
tion spectrum recorded by the scattered radiation 
detector in the case in which the y radiation beam from 
the Si crystal propagates in the air under the condi
tions of our experiment. The angle of bremsstrahlung 
beam collimation was 100 mrad. The same procedure 
and simulation conditions, as in the preceding section, 
were used. The smoothed spectrum obtained as a 
result of simulation is shown in Fig. 6.

It can be seen from this figure that the shape of the 
scattered radiation spectrum obtained as a result of 
simulation is sufficiently close to that of the experi
mental spectrum; i.e., this is a peak with a maximum 
in the range of 50—60 keV. The decrease in the low-

energy region is due to radiation absorption in the 
bremsstrahlung targets and the air, and that in the 
hard-photon region is related to a decrease in the effi
ciency of the thin Nal(Tl) detector as the photon 
energy increases.

There is no total coincidence. Because we were 
only interested in the physical nature of the recorded 
radiation, in our simulation, we did not take the scat
ter of bremsstrahlung-beam photons into account and 
assumed that the photon beam having no linear 
dimensions scatters in the air. The inclusion of these 
factors must lead to an increase in the effective detec
tor thickness and, consequently, to an increase in the 
efficiency of hard-photon recording, i.e., to a shift of 
the maximum of the model spectrum to the large 
energy range. In addition, it should be mentioned that, 
because of the small statistics, the shape of the experi
mental spectrum is determined insufficiently precisely. 
We can hope that using sufficiently simple measures— 
for example, a wide-spacing collimator— decreases the 
air portion controlled by the detector and increases the 
fraction of CXR photons.

As was mentioned above, the spectrometric and 
counting operation regimes of the detecting equip
ment cannot be used to orient the crystal, first of all, 
because of large time consumption. As the current 
increases, the number of photons entering the detector 
increases sharply and a wide pulse produced by the 
overlap of signals from different photons and by the 
integration of these signals at the output resistance is 
observed. To provide the integral regime used to obtain 
information from the detector, a device synchronized 
with the acceleration cycle and integrating this signal 
was designed [33]. After the acceleration cycle was 
over, the signal from the integrator was measured by an 
analog-to-digital converter made in the CAMAC 
standard.

The measurements showed that the microtron cur
rent changes within the limits of 20—30% in an uncon
trollable way. Because the expected change in the radia
tion yield as a function of the crystal orientation is of the 
same order, it is necessary to measure the current during 
each acceleration cycle with an error of at most 1 %. For 
this purpose, we used a Nal(Tl) detector with a larger 
size also operating in the integral regime and recording 
backscattered radiation from the burial, to which brem- 
strahlung produced in the crystal was directed. It is well 
known that the soft component of the primary beam is 
absorbed in the burial because of the photoeffect and 
backscattered radiation forms mainly because of 
Compton scattering of photons with energies larger 
than several megaelectronvolts and bremsstrahlung of 
scattered electrons and positrons formed in the burial as 
a result of the pair creation process [34]. Therefore, for 
the electron energy /:0 = 30 MeV, the total energy of this 
radiation must not depend strongly on the crystal orien
tation.
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Fig. 7. Dependence of the amplitudes of the X-ray and 
background detector signals on the time and the ratio of 
these signals: (7) the readings of the scattering radiation 
detector, (2) the readings of the background radiation 
detector, and (3) the ratio of the detector readings.

Fig. 8. Orientation dependence of the radiation yield for 
an electron energy of 30 MeV and Si crystal: (7) the read
ings of the scattering radiation detector, (2) the readings of 
the background radiation detector, and (3) the ratio of the 
detector readings.

Figure 7 shows the dependence of the signal ampli
tudes recorded by each detector and their ratio for the 
same crystal orientation. It can be seen from this figure 
that spontaneous current oscillations of the accelera
tor lead to a change in the recorded signal amplitudes 
by 30—40%, while a change in the ratio of amplitudes 
does not exceed ±1%. Because the expected PXRyield 
is ~10—8—10—7 photon/electron, the same method for 
measuring the microtron current can be used in the 
measurements of the angular distributions and orien
tation dependences of the PXR yield. The sensitivity 
of this method is insufficient in the measurements of 
the channeling radiation spectra.

The developed complex of experimental equip
ment makes it possible to measure dependences of the 
scattered radiation yield on the crystal orientation. 
Figure 8 shows the orientation dependence measured 
with a step of 0.02°. A Pb target with dimensions of 
80 x 15 mm and a thickness of 60 jam was located in the 
radiation path. Each point of the orientation depen
dence corresponds to 20 acceleration cycles (2 s). The 
total number of points is 1000, and the measurement 
time is 37 min. It would take 100 h to obtain the same 
number of points and to register photon counts or 
radiation spectra with a statistical error of 5%.

It can be seen from the figure that, as the crystal 
rotation angle changes, the scattered radiation yield 
increases gradually, reaching a maximum, and then 
begins to decrease rapidly. We can see that a second 
peak for a disorientation angle of -4° appears. As was 
shown above (Fig. 7), the measurement error of the 
ratio of the soft and hard photon yields does not 
exceed 1—2%; therefore, this maximum is statistically 
reliable. However, there are no expected narrow peaks 
attributed to planar channeling radiation of electrons 
in silicon. The absence of these peaks is more probably 
due to two reasons. First, the spread of the electron

beam v e ~ 20 mrad is considerably larger than the pla
nar channeling angle v c ~ 1, because there is foil at the 
output flange and air in front of the crystal. The second 
reason is the large contribution of photons scattered in 
the air. As was mentioned in the discussion of the result 
of measuring the scattered radiation spectra, the 
dimensions of the radiation beam registered by the 
detector are much larger than those of the metal tar
get; therefore, the contribution of the CXR photons to 
which the expected registration of channeling radia
tion is related is small.

The recorded dependence of the detector readings 
on the crystal orientation is due to an increase in the 
yield of coherent bremsstrahlung photons [35] as the 
angle between the directions of the crystallographic 
axis and the electron beam decreases. For the electron 
energy E0 = 30 MeV, the energy of coherent 
bremsstrahlung photons can change from several hun
dreds of kiloelectronvolts to several megaelectronvolts 
as a function of the angle between the electron 
momentum and the crystallographic planes; i.e., it 
may belong to the energy range for which the Comp
ton scattering cross section is sufficiently large. To 
confirm the preceding, we present the model depen
dence on the crystal orientation for scattering of the 
beam of coherent bremsstrahlung photons in the air 
(Fig. 9). It was calculated according to the procedure 
that was used to simulate the dependence of the detec
tor response on the thickness of the metal target. The 
coherent bremsstrahlung spectra were calculated using 
the procedure given in [36] for the angle of <11 l)-axis 
disorientation ©h = 6.5° and for the azimuthal angle of 
(110)-plane rotation cp = 5°.

It can be seen from the figure that model orienta
tion dependence has approximately the same shape as 
the experimental one. We can single out two broad 
peaks, one of which is higher than the other. As in the



BAKLANOV et al.

©, deg

Fig. 9. Model orientation dependence of the detector 
readings due to the mechanism for coherent bremstrahl- 
ung electron scattering in the air.

case of the simulation of scattered radiation spectra, 
there is no complete agreement between the experi
mental and calculated dependences. Nevertheless, as 
was mentioned above, the contribution of the air to the 
detector readings can be decreased, as a minimum, by 
one order of magnitude if sufficiently simple measures 
are used. In this case, peaks attributed to channeling 
radiation can be recorded with confidence.

CONCLUSIONS

An indispensable minimum of the required equip
ment, our estimates, and test measurements make it 
possible to hope that our proposed studies will be 
accomplished successfully after a scattering chamber 
connected to the vacuum system of the accelerator is 
fabricated and installed. In the first stage, we will def
initely verify the proposed method for the crystal ori
entation using the scattered radiation yield, determine 
whether the fulfillment of the diffraction conditions 
affects the channeling radiation yield, and measure 
the angular and orientation dependences of the PXR 
yield under channeling conditions.
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