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The motion of high-energy 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

taximum 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 crystal is

analyzed. The concept of an optimal thickness for the maximum

number of particles deflected at a given angle is considered.

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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ЛИНАМИКА ЧАСТИЦ ПРИ КАНАЛИРОВАНИИ В ИЗОГНУТОМ КРИСТАЛЛЕ

В приближении непрерывного потенциала кристаллографических

плоскостей проведено исследование динамики заряженных частиц

высоких энергий в изогнутом кристалле- с учетом некогерентного

рассеяния на атомах среды. Исследовано угловое распределение

заряженных частиц на выходе из изогнутого кристалла в

зависимости от максимального угла отклонения, и энергии частиц.

В простой модели учета некогерентного рассеяния получена

зависимость доли каналированных частиц от толщины кристалла,

кривизны кристалла и энергии частиц. Проведен анализ влияния

кривизны кристалла на некогерентное рассеяние частиц в

кристалле. Рассмотрено понятие оптимальной толщины кристалла

дляотклонения максимально большего количества частиц на

заданный угол. Полученные результаты сравниваются с данными

недавнего эксперимента [1], где использовалась улучшенная

методика для получения кристалла с постоянным радиусом

кривизны. В работе обсуждаются также возможности практического

применения эффекта каналирования в изогнутых кристаллах.

Ереванский физический институт

Ереван 1990



Recently experimental investigation,-- of i.Ldtgi.-d particle

beam channeling in bent crystals et>- tarried cut [1-4]. This

problem was theoretically con ii'eroK- ' 5 •••':• ] :.n a continuous

potential approximation of crystal 2ographic planes.

In the cc.iti/iuous potential apprcximation the particle

motion is cons-dered in the field of ar. effective potential

U (x) which is obtained by adding a centrifugal term to the
с

continuous potential.

• In this case the minimum of the potential energy for

positively charged particles is displaced from the centre

between the planes (Fig.l).

For investigation of the motion of charged pa! tides

channeling in a real с
-
у-*э1 it is important to take into

account the influence of incoherent multiple scattering of

particles at nuclei and electrons of media.

Dynamical description of motion can be carried out by

solving the differential stochastic eguat: •* ;• of particles

motion [7]

dU (x)

dv = - — з dt + a (x)dW,(t)

x mdx x 1

dv = a (x)dW (t) , U)

dx = v dt, dy
 :
 v dt,

x у

where dW and dW are Winner's random quantities, and

Л 2 v. . у

depend on the mean square changes of transverse components .:£

particle velocity

J - Zljil = ±- Rdv Г
x,y At At

 д
| ".У '

where the averaging interval At is as large as the t !:



for a particle to travel a path considerably greater than

atomic distances, but is considerably -•„-,£.; ler than distances at

which the potential energy of particles changes essentially.

The quantities <a > and <a > averaged over the particle
x с у с

oscillating period, determine the mean square angle of particle

multiple scattering in crystal.

In case of а с light curvature of crystal a parabolic

potential may be used

where U is the potential well depth, d is the interplanar

distance, x = E(d /2)'/2O R is the minimum displacement due to

the centrifugal foi.-e, 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

the crystal bending.

In the parabolic potential approximation the fraction of

channeled positive particles moving at an angle p to the

crystallographic planes is given by

iz 0? -v
2
 d>/0

2
 *

2

С L (4)

О <р >г 9
г

с L

where z =e /U. is dimensionless critical energy and 6
r
 is the

C C Q L

Lindhard angle. If the particle angular distribution in a large

penetration depth 1 is considered as Gaussian

2
where 9 is the mean square of angular distribution in crystal,

К

we have

(5)



for the fraction of channeled particles in this simple model at

о 2

с R' I.

The mean square of particles angular • distribution

increases gradually with the depth of penetrati :<r\ in crystal.

At the depth !

approximately as

At the depth 1 the magnitude of 6* may be determined

R

where *' is the incident distribution parameter, в. (1) is the

те.лп square of multiple scattering distribution angle

approximately described by [8]

- • - H
2
 j "

t l
- ( l )

=
 _ ^ 1 Л _

 Г/
 (6)

whsie E =14.1 MeV, 1 is the radiation length.

For the tit'с ri-<r/ > /<<;/ > of the mean square angles in

crystals and amcu'phou' media for positive particles we have

Негь v and p are coefficients of Fourier series of number

m m

densities of nuclei and electrons, I/ and L" are the

corresponding radiation logarithms [8].

The magnitude of 7) depends on the particles transverse

energy e (Fig.2). For positive channeled particles which do not

approach the planes, 7)2=1/ /(ZI/ +L"). For approximate estimations

one can use <\ (Fig.3) which is the value of Г) 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 f; y.ec'

maximum deflection angle leads to a decrease of incoheiren



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

1-N (6 ) (see Eq.(5)), which is in a good agreement (Pig.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»
1
 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

в (Fig.6). It is not difficult to define the optimal thickness

с

at a given energy:

opt" 8

U I I U _ .

X S С

In the simplified model considered the magnitude for

particles escaping at angles from 9 to в+dS is defined as:

where

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



the length l=L&/9 . The angular distribution of particles (9)
с

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 beams of a given energy.
 T

n this

paper the property of bent crystals to deflect particles at

large angles is suggested for calibration of large de»tei
 k
.ors.

Consider an experimental set up where one end of the

crystal is fixed and the other end vibrates with frequency Q.

The coordinate of the free end of the crystal will oscillate in

time as

x(t) = x sinOt (10)

m

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 9 =x/L , is

с

1 d(x/x )

Q(x)dx = - (11)Vl-(x/x )
m

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

is obtained by averaging the Eg.(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 dispersing 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.(l) by means

of numerical simulation with account of the return capture of

dechanneled particles may be a more accure*-e consideration of

this problem.
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FIGURE CAPTIONS

Fig.l Potential energy U(x)/U of positive charged particlesin

the averaged field of (110)rplane of a silicon crystal.

Numbers 1,2,3, refer to £=2xQ/dx=0, 0.2, 0.4.

Fig.2 Dependence of 77 on the transverse energy z-e/U

at different values of the parameter £. The numbers

1,2,3,4,5 refer to ?=0, 0.1, 0.2, 0.3, 0.4.

Fig.3 Dependence of n averaged over the transverse energies

or. the parameter .':' .

Fig.4 The fraction F of unchanneled particles at the en* rarici

of a bent crystal. The solid curve • corresponds to the

calculation by nit-ans of Eq.(5), the crosses с01 respond

to the experiment [1], for the crystal length L=2.6cm

and the deflection angle (5 =32.5 mrad.

Fig.5 The dechanneling length 1, calculated accoiding to

a

Eq.(5) (the solid curve) and the experimental data[l]

(the crosses).

Fig. 6 The fraction of particles escaping from a bent, crystal

N (L) as a function of L/E (L is the length of crystal

in cm, E is the particle energy in GeV). Numbers I,?', 3,4

refer to deflection angles в =5,10,25,50 mrad.

с

Fig.7 Angular distribution P(6) of particles with energy

500deV escaping from the bent crystal of 8cnr length at a'

deflection angle В =25 mrad.

Fig.8 Angular distribution Q(0) of channeled particles with

energy SOOGeV at the exit" of a 8cm-long oscillating

crystal. Numbers 1, 2, 3 refer to the maximum shift
angle в =х /L=50, 37.5, 25 mrad.

m m
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