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1. Introduction

Investigations of particle channeling and deflection effect in a bent crystal
demand the measurements of angular distributions of particles behind the crystal. The
co-ordinate detectors are necessary for these measurements. However, the application
of the co-ordinate detectors is only possible at the beams with a low intensity.

The fact itself of particle deflection by a bent crystal can be registered without
any co-ordinate detectors. For this purpose, the telescope of counters is installed at the
bending angle of the crystal « relative to the beam direction. The observation of a
sharp maximum for the count dependence of the telescope on the crystal orientation
angle will speak about the particle deflection by the bent crystal. This was widely
used in the experiments with bent crystals. The particles passed the whole crystal
length in channeling states are registered.

The dependence on the crystal orientation was used not only for the deflection
effect registration but also for the investigation of volume capture of particles into the
channeling regime [1]. In the experiment [1], the registered particles were also in
channeling states up to the exit from the crystal.

The application of the telescope when the bending angle of the crystal is big
allows to install the telescope counters at a large distance from the beam what gives
possibility to use high intensity beams. Therefore, there is possibility for fast search
and observation of particle deflection in the experiment when the crystal pre-
alignment is fulfilled before the work with the beam.

The dechanneling length of particles is small for the crystal of heavy metals,
which possess high dislocation density. Therefore, it is difficult to hope that many
particles can be registered at the bending angle even when the crystal is not so long.
On the other hand, bent crystals also deflect dechanneled particles although their
deflection angles are smaller than the bending angle a. If the telescope is installed at
the angle 6, < a it will register dechanneled particles. Their number will be also
changed with changing the crystal orientation.

This article describes the experimental results on the investigation of the
deflection dependencies on the crystal orientation for the case when the telescope
angle 6; < a and analysis of the dependencies by simulation. The external beam of

5 GeV protons of the Nuclotron, JINR was used in the experiment.



2. Experimental results, 6,= a

Fig.1 shows the experiment layout. Here G is the goniometer device with a bent
crystal. The main telescope of scintillation counters S-S, was installed along a
deflected beam path the angle of which relative to the incident beam direction equals
the bending angle of the crystal a. The background telescope S3—S4 was installed
symmetrically. The plastic scintillators with dimension 30x30x5 mm® were used for
the telescope counters. The picture generated by deflected particles at the scintillation
screen TV can be observed with a distant monitor. The ionization profilometers M,
and M, were used for the beam monitoring.

The goniometer can move a crystal in a transverse direction to a beam and can
change the crystal angle relative to a beam direction. The accuracy of the coordinate
and angle motions of a crystal are better than 0.1 mm and 0.1 mrad, correspondingly.
The preliminary crystal alignment is realized with using a laser beam.

The (111) silicon plate 18x9.5x0.3 mm” was bent and glued on the cylindrical
surface of a duralumin holder. The holder radius was 277 mm. The bending angle of
the crystal equals 56.2 mrad that is smaller than the calculated angle because of a glue
layer thickness. Besides, the crystal surface directions near the entrance and exit faces
of the crystal are different at different positions along the crystal height. A typical
value of this angular spread was about 1 mrad in our case.

The particle number per the acceleration cycle was about 4x10° in the external
beam. The angular beam width has to be about 1 mrad according to the profilometer
data. This is considerably bigger than a critical channeling angle 6. = 72 prad. The
crystal orientation angle 6, was changed every acceleration cycle. The counter
coincidence numbers for the main and background telescopes, Ny and N,, were
registered every cycle, and their ratio Ni/N» was calculated.

Fig.2 shows the received deflection dependence on the crystal orientation. This is
the dependence of the ratio of the event numbers registered by the main and
background telescopes on the crystal angle 8,,.

The maximum observed is stipulated by the particles deflected at the bending
angle when the crystal plane direction is perfectly aligned with the beam direction.
The full width of the deflection dependence at its half height is 1.15 mrad. It is

determined by the angular width of the incident beam. The opening of the” telescope



angle is about 3 mrad, therefore it does not influence on the dependence. The
dependence is well fitted by a Gaussian with ¢ = 0.49 mrad. However, there is a small
asymmetry of the deflection dependence, which can be stipulated by a volume capture
of particles at §,< 0 and by the spread of the plane directions at the crystal entrance.
The telescope count ratio increases about 7 times at the dependence maximum.
The deflected fraction of the beam is about 1.9x10° at the perfect alignment of the

crystal. This value is mainly stipulated by a small beam part crossed the crystal.

3. Experimental results, 6,< a

Many particles captured into channeling at the crystal entrance are dechanneled
further in the crystal. The deflection angles of these particles are smaller than the
bending angle of the crystal. Therefore, the particles fill in completely the angular
region between the straight beam direction and the bending angle one. The angular
unfolding of the dechanneling process occurs in the bent crystal.

What we receive if the telescope will be installed at the angle, which is smaller
than a? The preliminary simulation study [2] showed the character of the dependence
on the crystal orientation angle, which can be observed. The dependence has to be
with two maximums.

Fig.3 shows the deflection dependence received in our experiment when the
telescope angle was 0.75 a. The dependence has two maximums in fact. It is different
from all dependencies received in the experiments before. The maximum 1 at 8, =0
looks like for the traditional scheme of registration. The deflected part of the beam in
the maximum is P; = 1.8x10°®. The width of the maximum equals the beam width.

The second maximum is realized at 8, = 6, - a. Its width equals the telescope
width, that is 3 mrad. There are also deflected particles in the intermediate area of the
crystal angles. However, the deflected beam part P;; is much smaller for these
intermediate angles.

Fig.4 shows the deflection dependence received for the telescope angle 0.5q,
when the telescope was more close to the beam direction. There are the same two
maximum in this case too. The deflected part of the beam in the first maximum
P; =2.8x10° is higher than for 8, = 0.75a. On the other hand, the background level,

which is registered by the telescope S3-S4, becomes higher too.



The schematic picture in fig.5 shows three cases, which are realized for different
crystal angles 6, when the telescope angle 6, < a (here 8, = a/2). At 8, = 0 when the
maximum 1 is formed (fig.5a) the telescope registers the particles, which were
captured at the crystal entrance and dechanneled further at the crystal depth near
S:=8,'R. At 8, = 6,- a when the maximum 2 is formed (fig.5b) the telescope registers
the particles, which were captured in the crystal volume and remained in channeling
states up to the exit face. For the intermediate angles of the crystal, ;- a < 0, < 0, the
registered particles were captured in the crystal volume and then dechanneled.

The same telescope angle determines the same crystal length, which is passed by
the registered particles in the channeling states, S; = 6,'R. The cases (a) and (c) are
only different by the capture process. Therefore, the ratio P;»/P; contains the
information about the ratio of the volume capture and surface capture probabilities.
However, the channeled fraction evolution is different in these cases because the
initial distributions of channeled particles in the transverse energy are different.
Therefore, one can estimate the volume capture probability from these experimental

data only comparing with simulation data.

4. Simulation results

The simulation was performed for analysis of the deflection dependence on the
crystal orientation and the role of volume capture of particles into the channeling
regime for the cases when the telescope orientation angle 6, < a. Our simulation
model was used [3]. The trajectories of particles are calculated in the continuum
potential of atomic planes, which is modified by a centrifugal force. Multiple
scattering by the crystal electrons and nuclei is calculated after the particles travel a
distance, which is much smaller than the period of particle oscillations in the channel.
It was accepted that the angular distribution of the beam is a Gaussian with
o =0.5 mrad.

Fig.6 shows the dependencies of the channeled fraction on the beam penetration
depth into the crystal. The particles were considered as channeled if they do not
approach to the channel walls at the distance smaller than 2.5 u,, where u; = 0.075 A
is the amplitude of thermal vibrations of the crystal atoms. The particles with bigger

amplitudes of oscillations in the channels are dechanneled fast.



When the crystal angle 8, = 0 (fig.6a) the conditions for particle capture into the
channeling regime at the crystal entrance (so-called surface capture) are fulfilled for
the biggest part of incident particles, about 5.65%. The channeled fraction is reduced
with the crystal depth due to multiple scattering by the crystal electrons mainly. The
reduction of channeled particles is stronger at small depth then the dependence
becomes close to the exponential one. The dechanneling length L; is about 5 mm.
Multiple scattering evokes also a reverse process of particle capture into the
channeling states in the crystal volume (volume capture).

Channeled particles appear in the crystal only due to the volume capture when the
crystal angle is big enough and 8, < 0 (fig.6b). The captured beam fraction that is the
volume capture probability is about 1% in our case. It is not much smaller than the
surface capture probability. The estimation of the volume capture probability can be
done according to the relation P,.=2R6/L,, where 2R, is the length of the volume
capture region. It gives a close value to the simulation result. The volume capture
probability does not depend on the crystal angle. However, the capture area is shifted
deep into the crystal with increasing 6, (fig.6b). The capture area location is near the
depth Rbo. Here also a fast decrease of channeled fraction occurs after the capture and
then the exponential reduction with approximately the same dechanneling length as
for the surface captured fraction.

Fig.7 shows the angular distributions of particles behind the crystal for different
crystal angles 6,. For the case of the perfect crystal alignment 8, = 0 (fig.7a) the
maximum at a presents particles which are registered in the traditional scheme of the
experiment when the telescope is installed at the angle a. The distribution tail
stretched to the bending side excepting the maximum at o is stipulated by the
particles, which followed by bent channels during only some part of the crystal length.
A rare hatching shows the distribution of the beam crossed the crystal when its
orientation is random.

The areas shown by arrows and dense hatching present the particles which will be
registered by the telescope when its angle §, = 0.5a. They are dechanneled particles
for the cases shown in fig.7a,b. However, when 8, is close to 6;-a (fig.7c) they left the

crystal in channeling states.
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Fig.1. The schematic Iayoutnof the experimental setup. Here G is the goniometer with a bent

profilometers, a is the crystal bending angle.

crystal, $1-S> and S3-S4 are the telescopes of scintillation counters (main and background),

TV is the scintillation screen observed with a distant monitor, M, and M, are the ionization
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Fig.2. The dependence of the ratio of the event numbers registered by the main and background
telescopes on the crystal orientation angle 8,. For 5 GeV protons incident on the 18 mm
length (111) Si crystal with the bending angle a = 56.2 mrad. The telescope angle equals

a. The dotted line is the Gaussian fit with o = 0.49 mrad.
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Fig.3. The same as in fig.2 for the case when the telescope angle is 0.75a. Here B is the

background level of the count and P;; is the count level for the intermediate angles.
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Fig.4. The same as in fig.2 for the case when the telescope angle is 0.5a.



Fig.5. The schematic picture of particle registration by the telescope T shows three cases, which
are realized for incident beam particles for different crystal angles 6, when the telescope
angle 6, < a (here 8; = a/2). The sinusoidal curves show the part of particle trajectories in a

bent crystal, which they pass in channeling states.
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Fig.6. The dependencies of the channeled fraction on the beam penetration depth into the crystal
received by simulation. (a) for the crystal orientation angle 6o = 0, (b) for Bo = -14 mrad

(1) and -28 mrad (2).
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Fig.7. The angular distributions of particles behind the crystal received by simulation for
different crystal orientation angles 8,: 0 (a), -14 mrad (b), -28 mrad (c). The rare hatched
histogram is the distribution for the random case. The areas shown by arrows and dense

hatching present the particles which will hit the telescope installed at the angle 6r = 0.5 a.
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Fig.8. The beam deflection dependencies on the crystal orientation angle 6, received by

simulation when the telescope is placed at the angles 8, = 0.5a (a), 0.75 a (b).
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Fig.8 shows the beam deflection dependencies on the crystal angle 6, received in
our simulation when the telescope was placed at the angles §; < a. The deflection
efficiency increases with decreasing 8,. The dependencies are in good agreement with
the experiment. The ratio of the deflection probability for the intermediate angles and
6,= 0 is the same as in the experiment, P;»/P;=0.084. That is our model describes well
the process of the particle passage through the crystal (capture and dechanneling).
Therefore, the simulation result concerning the value of volume capture probability

can be accepted.

5. Conclusion

The deflection dependence on the crystal orientation has two maximums when the
angle of the telescope of counters relative to a beam direction is smaller than the
bending angle of the crystal, 6, < a. The registered particles pass in channeling states
only some part of the crystal length. The first maximum at 8,= 0 is formed by the
particles captured into channeling states at the crystal entrance. The second maximum
at 6, = 6, -a is produced by the particles captured in the crystal volume. Thus, there is
possibility to receive information about the volume capture of particles too.

The proposed method can be useful for the investigation of a particle deflection
by the crystals, in which the particle channeling length is small because of some
lattice defects. For example, for the crystals of heavy metals, which possess a
relatively high density of dislocations.

The other possible application is a fast alignment of usual silicon crystal
deflectors at the particle beams with a small divergence. The width of the second
maximum of the deflection dependence equals the angular width of the telescope and
can be large enough. This allows using a large goniometer step.

This work was partly supported by grant No.2140 from International Science and

Technology Center.
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Adpanacees C. B. u ap. E1-2003-204
MonudHuMpOBaHHBIH METOA I PETHCTPALMH OTKIIOHEHHS YaCTHL
H30THYTBIM KPHUCTa/LIOM

IIpem1oxeH 1 U3ydeH MOAUGHLUHPOBAKHbI METOR VTS PETUCTPALIMH OTKJIOHEHHS YaCTHLL
H3OTHYTBIM KPHCTA/UIOM Ha BbIBEJEHHOM NPOTOHHOM ITydKE HYKJIOTpoHa. Teneckon CLMH-
THUILMOHHBIX CYETYMKOB Pa3Mellancs I0] YIJIOM, KOTOPbIi GbUT MEHBIIE YIiTa H3rn6a Kpu-
cranna. Usyyanach 3aBHCHMOCTB CYETa TEECKONOM YaCTHIl, KOTOPHIE IIPOXOMHIN B PeXHUMeE
KaHAITMPOBaHUs TOJIBKO YACTh JUTHHBI KPHCTA/LIA, OT OPHEHTALMH KpUCTAIA. B nonyyeHHoi
3aBHCHMOCTH HaONIONATHCh IBA MAKCHMyMa, CBA3aHHBIX ¢ YAaCTHLAMH, 3aXBA4YCHHBIMH B Ka-
HaIMpPOBAHHBIE COCTOSAHHUS Ha BXOJE B KPHCTAILT U B ero ofbeme.

Hcnonp3ys Telneckom H NMyYKH BBHICOKOH HHTEHCHBHOCTH, MOXHO TIOy4YaTh [10JI€3HBIE
IaHHbIe O KaHAJIMPOBAHHH YacTHULl H O KPHCTaIe, YTo 06b4HO TpebyeT fosee CIOXHOH pe-
TMCTPALHM C KCIIONB30BAHHEM KOODAMHATHBIX RETEKTOPOB. [IpeVIOXEHHBIN METOA MOXET
6bITh [TOJIE3EH JUIA UCCAEAOBAHHS OTKJIOHEHHS YaCTHU KPHCTa/IaMH, I/IMHBI KaHATHPOBAHHS
YacTHIl B KOTOPHIX MaTbl H3-32 Ae(DEKTOB PEILETKH.

Pa6orta BrinonHena B JlaGoparopun BbICOKHX 3Hepruit uMm. B. M. Bexcnepa u A. M. ban-
auHa OHSIH.

Tpenpuut O6beIMHEHHOrO HHCTHTYTA NepHBIX Mccnenosanui. [ly6ua, 2003

Afanasiev S. V. et al. E1-2003-204
Modified Method for Registration of Particle Deflection
by Bent Crystal

The modified method for registration of particle deflection by a bent crystal was pro-
posed and studied at the external proton beam of the Nuclotron. The telescope of scintillation
counters was placed at the angle that was smaller than a crystal bending angle. The count de-
pendence of the telescope on the crystal orientation was formed by the particles, which
passed in channeling states only some part of the crystal length. Two maximums were ob-
served in the dependencies due to particles captured into the channeling states on the crystal
surface and in the crystal volume. This allows one to obtain, using the telescope and high-in-
tensity beams, useful data about the particle channeling and the crystal, which usually de-
mands more complicated registration by means of the coordinate detectors. The proposed
method can be useful for the investigation of particle deflection by the crystals in which
the particle channeling length is small because of some lattice defects.

The investigation has been performed at the Veksler and Baldin Laboratory of High En-
ergies, JINR.
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