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MOTION OF CHANNELING PARTICLES
IN A BENT CRYSTAL

The motion of hiqh-enerqy charged particles in a bent
rystal is investigated in the approximation of the model of
ontinuous potential of crystallographic planes and with
.ccount of incoherent scattering on the atoms of media. Angular
istribution of charged particle beams is investigated at the
xit of the bent region of the crystal in dependence with the
iaximum deflection angle and energy of particles. The

dependence of the fraction of channeling particles on crystal
thickness, crystal curvature and particle energy is found in a
simple model approximation. The influence of crystal curvature
on incoherent scattering of particles in the cryst;l is
analyzed. The concept of an optimal thickness for the ﬁaximum
number qf particles deflected at a given angle is consi&ered.
The results are compared with recent experimental data [1],
where an improved method of obtaining a constant radius of
curvature has been used. Practical applications of the

channeling effect in bent crystals are discussed.
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A.P.ABAKAH, A.C.APYTOHAH, A.T'.OTAHMCSH, C.M.HArMHAH, AH b
JMHAMMKA YACTHL IPH KAHAZMPOBAHMM B M30THYTOM KPUCTANJE

B NpUGIHKEHMM HEMPEPHEHOrO MOTEHUHANA KPUCTANIOTPAPHUECKHX
MIOCKOCTEA NMPOBEAEHO HCClejoBarMe AHHAMHKH 3apsAXeHHHX YacTHL
BHCOKHX SHEPrHAM B H30THYTOM KPUCTaNNe ¢ YYeTOM HEKOTepeHTHUro
paccesiHusi Ha aroMax cpefun. MccnegoBaHo YrioBsoe pacnpeaenéume
3apAXeHHHX 4YacTHI Ha BHX0Ae M3  H30THYTOTO  KpUCTalna B
3aBHCHMOCTH OT MAKCHMAJbHOTO "yria OTKJIOHOHHS M SHEpruH HacTHL.
B npocTom MoZenum yueTa HEKOTEPEeHTHOrO paCcCesiHUA nonyueHa
3aBHCHMOCTb AOJNM KaHANMPOBAHHHX YaCTHL OT TOJNMHH KpHCTalla,
KPHBHU3HH KPHUCTallia M 3Heprud dacTuy. [lpoBeJeH aHanM3 BIUAHHA
KPUBU3HH KDHCTallla Ha HeKOrepeHTHOe  DpacCesHHe dYacTHi B
KpHCTanne. PacCcMOTPeHO MOHATHE ONTHMANbHOM TONUNMHH KPHCTanna
ANSIOTKNIOHEHHUS MaKCHMANbHO 60Jbliero  KONMYeCTB& 4HacTHL  Ha
3ajaHHe® yrol. [losydyeHHHe pe3ynbTaTH CPaBHMBANTCS C  JAaHHHMHK
HejgaBHero akcnepuMeHta (1], rae wucrnonb3oBanach  ylyumeHHas
MeToAHKA ANsi MOJYYeHHs KpHCTanna C  MOCTOSHHHM  PaAHYCOM
KPHBH3HH. B pasoTe 06CYXAalNTCs TaKXe BO3MOXHOCTK MPaKTHYeCKOTO
NPHMEHEHHS 3¢PeKTa KaHANMPOBAHMA B H3OTHYTHX KPHCTalnax.

EpeBaHCKHUA PHU3HUECKHA HHCTHTYT
EpeBan 1990



Recently experimental investigation. sf vhérqwd part:iuvle
beam chann=ling in bent crystaits er~ carried cut [1-4]. This
problem was theoreticvally con idered 75-4% .n a contznuous
potential approximation of crystallographic planes.

In the coatinuouz patential apprczimation the particle
motion is cons:dered in the field of ar effective potential
Uc(x) which iz cbtained by zadding a centrifugal term to the
continuous rpoiential.

- In this case the minimum 3¢ the potential energy for
rositively charged particles is dicplaced from the centre
between the planes (Fig.l).

For irnvestigation of the motion of charced psarticles
chanrnieling in a real (oys%t3al it is  important to take into
account the influence of incocherent multiple scattering of
particles at nuclei and electrons of media. ’

Dynamical description of motion can be carried out by

solving the differential stochastic equati »» of particles
motion {7] -
dUc(x)
de = - _nTa—x-— dt + ax(x)dwl(t)
= (t , )
dvy oy(x)dwz\ ) (1)
dx = v dt, dy = v dt,
X Y

where dwl and dW2 are Winner's random gquantities, and -

re bl

depend on the mean square changes of transverse components

particle velocity

v 2
2 X,y 1. j 2
o = e lo oz | (dv Yo, {
X.,Y At At At X,y
where the averaging interval At is as large as the ti:e: o
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for a particle £o travel a path considerably greater than
atomic distances. but is considerably oumcaliler than distances at'
which the potential energy of particles changes essentially.
The quantities <crx>c and <ay>c averaged over the particle
oscillating period, determine the mean square angle of particle
multiple scattering in crystal.

In case of a clight curvature of crystal a parabolic

potential may be used

_ 2 12 2
U_(x.R) = 0.0[3;] (x-x)7, (3)
where U0 is the poteniial well depth, dx is the intefplanar
distance, Xy = E(dx/Z)“/ZUOR is the minimum displacement due to

the centrifugal forre, R is the radius of curvature.
Particles with a transverse energy less than the critical
are trapped in the channel [6] and their trajectories follow
Lhe crystal bending.
In the parabolic potential approximation the fraction of
channeled positive particles moving at an anglé ¢ to the

crystallographic »lanes is given by

*’l
Vgge; -o* dpléi p2<209i
N(g)dp = (4)
2 2
75>
0 © ZCBL
where zc=ec/U0 is dimensionless critical energy and QL is the

Lindhard angle. If the particle angular distribution in a large

penetration depth 1 is considered as Gaussian

E(p,1)=

2 2
exp(-¢ /29R)
VZHQR

where 9: is the mean sgquare of angular distribution in crystal,

we have

7z 6
o )=[n . F(p, 1 —I; c L 5
ny R)-{ te)te. 1)dp=dg 55— (5) .



for the fraction of channeled particles in this simple model at
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The mean square of particles angular . distribution
increases gradually with the depth of penetrati n in crystal.

"
At the depth ! the magnitude of Gé may be determined

approximately as

~ -

B0y = m; + (1)

. . . .2 .
where ”0 is the incident distribution parameter, ¢ (1) is the

mean  gquare  of maltiple scattering distribution angle
approximately described by [8]
. E52;~1 .
o ()=~ e g (6)
E 1R

whe: e Es=l4.l MeV, lR is the radiation length.

For the rat'c q=<ux>c/<aa>c of the mean square angles in
crystals and amorphour media for positive particles we have

- 1 X m ermxo .
n(E)=14 oy {(-1* cos[» 3 ]Jo(nmfzc)(ZL’uﬁ+L"ym , (7)
x

ZL'+L“m_1
Here v and ko are coefficients of Fourier series of number
densities of nuclei -and electrons, L' and L” are the
corresponding radiation logarithms {8].

The magnitude of 1 depends on the particles transverse
enetgy ¢ (Fig.2). For positive channeled particles'which do not
apprbach the planes, »n~L' /(ZL' +L"). For approximate estimations
one can use a (Fig.3) which is the value of n averaged over the
particle distribution function in a channel.

In an unbent crystal the increase in the particles energy
leads to a decrease in dechanneling caused by incoherent
scattering. In a bent crystal the energy increase under a fi:zed

maximum deflection angle leads to a decrease of incoheren



scattering, on the one hand, and to an increase of the fraction
of particles dechanneled at the entrance of the bent region on
the other hand. The potential well minimum is shifted from the
center of planes and the effective depth of well decreases.
This leads to an increase of scattering.

The fraction of particles dechanneled due to bending is
l-Nl(Go) (see Eq.(5)), which is in a good agreement (Fig.4)
with the experiment [1] and with the theoretical data of a more
complicated model [6].

The length of dechanneling may be defined as that on which
the fraction* of channeled particles decreases e times as
compared to the same magnitude at incidence. The results of
calculations are in a good agreement with the experiment [1]
(Fig.5).

There is a maximum in the dependence of the penetration
depth on the fraction of particles deflected at a given angle

Gc(Fig.G). It is not difficult to define the optimal thickness

] (®

In the simplified model considered the magnitude for

at a given energy:

: 2

B8, 64 2 2 8%
Lopt™ 8 9% o 11| 3 %0 T3

P 0 d E‘6 7

xsec

1/2

(8]

particles escaping at angles from @ to 8+d@ is defined as:

P(§)de= — ﬁg 77 (1-ﬁec)2da : (9)
y3Z e '[1+a5 ] .
c .
where
' EZnL d

s X
@= f= 2
2E01.6, 218,

L is the length.of the crystal. Particles escaping at & travel

»



the length 1=L9/GC. The angular distribution of particles (9)
is shown in Fig.7.

Particle channeling in bent crystals will find a wide
application in physical experiment in the nearest future.
Calibration of experimental installation and high-energy
particle detectors may be possible examples of such
application. The transverse size of detectors for such energies
is too large, and huge mechanical devices are needed to scan
the detectors by particle bgams of a given energy. Tn this
paper the property of bent crystals to deflect particles at
large angles is suggested for calibration of large dete« “ors.

Consider an experimental set up where one end of the
crystal is fixed and the other end vibrates with frequency (1.
The coordinate of the free end of the crystal will osciilate in

time as
x(t) = xmsith (10)

The crystal curvature will not change during one particle's
passing through "the crystal. At the same time, different
particles traverse the crystal at different values of x. If
considered that particles enter the crystal at a random moment,
the probability of having given x, hence that of having the

given deflection angle'9c=x/L , is

} d(x/xm)

Jl-(i/xm)z

The angular distribution of particles at the exit (Fig.8)

Q(x)dx = (11)

A

is obtained by averaging the Eq.{9) with account of crystal’'s
oscillation. ‘
A silicon crystal with a bent part length of 8cm, the

curvature of which will be periodically changed by a vibrator



with an oscillation amplitude of the exit end of 2-3cm and with
50m far from the calibrating device, provides sufficiently
uniform disp;}éing of particles with momentum 500GeV/c along
the axial direction of a 3m high detector. The particle
spectrometer magnet necessary for all experiments may be used
for horizontal shift of beams. The solution of Eq.(1) by means
of numerical simulation with account of the réfurn capturé of
dechanneled particles may be a more accurz‘e consideration of

this problem.
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FIGURE CAPTICNS

Potential energy U(x)/Uo of positive charged particlesin

~the averaged field of (110):plane of a silicon crystal.

Numbers 1,2,3, refer to E=2xo/dk=0, 0.2, 0.4.

Dependence of 7n on the transverse energy z=£/Uo
at different values of the parameter ¢. The numbers
1,2,3,4,5 refer to =0, 0.1, 0.2, 0.3, 0.4.

Dependence ofln averaged over the transverse energies
on the paramete=r .

The fraction F of unchanneled particles at the entrauce

of a bent crystal. The solid curve ' corresponds tu the

calculation by nmeans of Eg.(5), the c¢rosses colrespond

to the experiment [1], for the c¢rystal 1length L=2.6cm
and the deflection angle Gc=32.5 mrad.

The dechanneling length 1d calculated accotding to
Eq.(5) (the solid culve) and the experimental Jata[l]
(the crosses).

The fraction of particles escaping from a bent crystal
Nl(L) as a function of L/E (L is the length <c¢f crystal
in em, E is the particle energy in GeV). Numbers 1,2,3,4
refer to deflection angles 9c=5,10,25,50 mrad.

Angular distribution P(8) of particles with energy
5003eV escaping from the bent crystal of 8cm'length a* a’
deflection aﬂqle 9c=25 mrad.

Angular distribution Q(6) of channeled crarticles with
energy 500GeV at the exit~ of a 8cm-long oscillating
crystal. Numbers 1, 2, 3 refer to the maximum shift

angle 8 =x /L=50, 37.5, 25 mrad.
: m m
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