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Abstract. A review is given of the results of investigations
of the channelling of high-energy charged particles in bent
single crystals carried out in the last fifteen years. These
investigations have given rise to new applications of
crystals in the control of high-energy particle beams in
modern accelerators: in beam lines, in systems for the
extraction of accelerated beams, and in certain experi-
ments.

1. Introduction

Interest in the passage of charged particles through crystals
first appeared at the beginning of the century following
experiments on x-ray diffraction in crystal lattices, which
provided the proof of an ordered distribution of atoms in a
crystal. Stark put forward the hypothesis [1] that certain
directions in a crystal should be relatively transparent to
charged particles. He proposed to check this hypothesis in
experiments on proton beams.

These first ideas on the channelling of charged particles
in crystals had been forgotten and became topical again in
the early sixties when the channelling effect was redis-
covered by computer simulation [2] and in experiments [3]
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which revealed anomalously long ion ranges in crystals. The
orientational effects during the passage of charged particles
through crystals have been found for a whole range of
processes characterised by small impact parameters of
collisions between particles and atoms: nuclear reactions,
large-angle scattering, energy losses. Lindhard explained the
channelling of charged particles in crystals [4]. The results of
numerous investigations of the channelling of low-energy
(amounting to several megaelectron-volts) charged particles
in crystalshave been summarised in several monographs and
reviews [5—8].

A new stage in the investigation of the channelling
of charged particles is the extension to high energies.
These investigations have been stimulated by the idea of
E N Tsyganov (1976) who demonstrated theoretically that
it should be possible to steer high-energy charged particles
by bent crystals. His idea was confirmed in pioneering
experiments carried out in 1979 in collaboration between
the Joint Institute of Nuclear Research (JINR) in Dubna
and the Fermi National Accelerator Laboratory (FNAL) in
Batavia, IL. In the first experiments on bent crystals the
efficiency of the particle beam deflection (i.e. the ratio of the
intensity of the deflected beam to that incident on a crystal)
was very low (a fraction of 1%), but in the subsequent
experiments it has been improved to 10% and has recently
reached a record value of ~50% in experiments on
deflection of a 450 GeV proton beam at CERN in Geneva.

Experiments carried out in 1990 on the accelerator at
our Institute of High-Energy Physics IHEP) in Protvino, in
collaboration with the Leningrad Institute of Nuclear
Physics (LINP) in Gatchina, demonstrated that it is
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possible not only to deflect charged particle beams in a bent
crystal but also to focus them in the bending plane. This can
be achieved if the exit face of a crystal is shaped to form a
cylindrical surface, so that all the planes tangential to the
atomic planes in the exit face of a crystal intersect at some
distance from the crystal. Bent crystals with their extremely
high interplanar electric fields (10° V em™' or higher) can
thus be used to control beams of charged particles with high
and very high energies. This possibility has been realised by
many leading research centres working on high-energy
physics. Studies are being made of the use of bent crystals
for the extraction of accelerated proton beams, in beam
lines, and in certain experiments. In all three cases some
interesting and very promising results have been obtained.
In particular, bent crystals have been used to extract
accelerated protons with energies up to 8 GeV at JINR
(1984), up to 70 GeV at IHEP (1989), and 120 GeV at
CERN (1993). In the JINR experiment the extraction
efficiency was 107, but it has been improved to
3x 107> at IHEP and to 10~ at CERN. The experiments
proceeding at CERN and planned at FNAL are designed to
achieve highly efficient extraction of a proton beam, so that
the results can then be used to develop an extraction system
for supercolliders of the large hadron collider (LHC) type,
because the use of crystals for this purpose seems to be the
only method which can ensure that experiments can be
carried out in the collider mode and with a fixed target.

In this review we shall confine ourselves to the
presentation of the results of the experiments carried out
in the last fifteen years and representing the development of
new applications of crystals in control of beams of high-
energy particles.

2. Channelling of charged particles in crystals

2.1 Equations of motion

Lindhard [4] demonstrated that for a low angle of incidence
of a charged particle, relative to a crystallographic axis or
plane, the successive collisions of the particle with the
lattice atoms are correlated with one another and it is
necessary to consider the interaction of a charged particle
with an atomic string or plane. In the low-angle
approximation the potentials of the individual atoms can
be replaced with an average continuous potential. If a
particle is not oriented exactly along an atomic string but
moves at a small angle relative to a crystallographic plane,
it is possible to use the continuous potential of an atomic
plane where the averaging is carried out over two
coordinates:

+00 p+o00
Upi(x) :Ndpj J V(x,y,2)dydz, )
—00 J—00
where V(x,y,z) is the potential of the interaction of the
particle with an atom; N is the number of atoms per unit
volume; d,, is the distance between the adjacent planes. The
motion of heavy particles (protons, ions) can be considered
in terms of classical mechanics and the precision of this
approximation improves as the energy of the particle
increases [4]. In the case of light particles (electrons,
positrons) the classical approximation becomes valid in the
megaelectron-volt range of energies. Since we shall consider
planar channelling, we shall give the potential of Eqn (1)
describing the interaction between a particle with a charge

Zie and an atomic plane of a crystal with an atomic
number Z on the basis of the Moliere approximation

3
Up(x) = 2nNd,Z Ze*arg Z%exp (f B "x) . )

= arg

Here o = 0.1, 0.55, and 0.35 and the corresponding values
of B are 6.0, 1.2, and 0.3; the Thomas—Fermi screening
parameter is app = 0.8853aBZ_]/3, where ag = 0.529 A.
Another frequently used approximation is due to Lindhard:

Uyi(x) = 2nNd,Z Ze* (\ [x? 4 3d3; —x> . 3)

The thermal vibrations of atoms alter the potential of
the static lattice of Eqn (1) near a plane at distances of the
order of the amplitude u of these vibrations; the modified
potential is discussed in Ref. [S]. A particle moving in a
crystal is in a potential which is the sum of the potentials of
the individual planes. Examples of the potentials of the
(110) and (111) planes of silicon are given in Fig. 1. The
depth of the potential well Uy in silicon is of the order of
20 eV.

U/ev
30 -
dh, =235 A di,
20 -
10 [
0
-2 -1 0 1 2 x/A

Figure 1. Calculated continuous potentials in the (110) and (111)
planes of silicon.

The transverse motion of a particle arriving at a small
angle (a typical range of these angles will be given below)
relative to any of the crystallographic axes or planes is
governed by the continuous potential of the crystal lattice.
It is clear from the above discussion that the fields of atomic
strings and planes form potential wells in which the motion
of particles can be stable. In this case one speaks of the
channelling of a particle: it is axial channelling if the particle
is coupled to atomic strings and planar channelling if the
particle is coupled to atomic planes.

The interaction of a channelled particle with a crystal-
line medium differs strongly from the interaction with an
amorphous body or a misoriented crystal. A channelling
proton does not in fact collide with nuclei. Moreover, it
moves in a medium that has a reduced electron density.
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Such a proton is very sensitive to crystal lattice defects and
this has provided a basis for an effective method for the
analysis of crystal quality [7]. In the case of light particles
the coherent effects are also demonstrated by an increase in
the probability of the emission of a photon or creation of a
pair, and by interesting spectra [9—13]. A channelling
particle may travel a distance of a few centimetres in a
crystal (when its energy is in the gigaelectron-volt range).

Let us now consider the equations of motion of a
particle with a high energy (p c + m2c4)]/2 in a transverse
potential U(x). If the transverse component p, of the
momentum p of this particle is much less than the
longitudinal component p. (i.e. if the angle 6 = p,/p. is
small), we can write down the equation of conservation of
the total energy E = (pic®+ p2c® + m*c?) 12 4 U(x) = const
in the form

P2

2E )+ E. = const . O]
where E, = (p? + m*c*)'>. The sum of the first two
terms in Eqn (4), which depends on the transverse
momentum and the transverse coordinate, is called the
transverse energy E,. The longitudinal component of the
momentum is conserved during motion in the potential
U(x), which implies conservation of E,:

5
* T 2E.

pc
2E,

+ U(x) =Z—0% + U(x) = const . (%)
If we assume that E, =~ E and p, = p, and if we apply the
familiar relationship pc® = vE, where v is the particle

velocity, Eqn (5) can be rewritten in the form
E, :%02 + U(x) = const .

Differentiation of Eqn (5) with respect to z and the
substitution of the same quantities as before gives
2,

V—s iz
for one-dimensional tranverse motion in the potential U(x).
It describes oscillations of a particle in the potential well of
a planar channel. In the harmonic potential U, (2x/d, )? the
period 4 of these oscillations is equal to md,(pv/2U,) 1/2

The period A is macroscopic: its value is up to O 5 mm for a

20 TeV proton in silicon. The condition for the capture of a
particle into the channelling mode is

Py U (x) = (6)

Peue)<u, . %)
Hence, if x =0, the limiting angle of capture (channelling
angle) is

1/2
pv

The angles 6p for planar and axial channelling were
introduced by Lindhard. For the (110) planes in silicon the
angle 8y is 20 prad if the particle energy is 100 GeV and is
7 prad for 1 TeV. The scattering by nuclei rapidly destroys
the channelled motion: a particle approaching an atomic
plane to a distance of the order of arr can be regarded as
dechannelled. For a channelled particle the critical
transverse coordinate is x, ~ (d, /2) —arr and the critical
channelling angle is 6, = (2Ec/pv) 12 where E, = =U(x,) is

the critical transverse energy. The definition of x. may

®)

include the dependence on the thermal vibrations of atoms.
The experiments at FNAL [14] have shown that an
accurate estimate of the ‘half-thickness’ of an atomic
plane or layer is 2.5u.

A phase diagram in the (x, 0) plane provides a
convenient illustration of the capture of a particle into
the channelling mode (Fig. 2). Fig. 2 shows the distribution
of 450 GeV protons in silicon with the (111) orientation,
obtained by computer simulation [54]. The elliptic patterns
represent the phase paths described by Eqn (5) and
correspond to different values of E,. The outer ellipse
corresponds to the critical transverse energy E.. The phase
region inside this ellipse is occupied by channelled particles.
The particles outside the ellipse are not channelled.
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Figure 2. Distribution of 450 GeV protons in (111) silicon, plotted in
the (x, ) plane on the basis of a computer simulation [54]: (a) straight
crystal; (b) bent crystal (pv/R = 1.5 GeV em™h).

At the entry to a crystal the particles are distributed
uniformly along x between —d, /2 and d,,/2. If their angular
distribution between —6, and 6, is also uniform, which is
typical of gigaelectron-volt beams, the probability of the
capture of a particle into the channelling mode is the ratio
of the area of the phase ellipse E, = E. (i.e. the planar
channel acceptance) to the area of the whole phase region
occupied by the incident beam (its emittance). In the case of
the harmonic interplanar potential and a straight crystal
this probability is

A‘yzzxcfi
d, 4 @

®
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if the beam divergence is 2. If a particle is incident exactly
parallel to the crystallographic planes, the probability of its
capture into the channelling mode is simply 2x./d,. When
it is incident at a fixed angle 6, then in the harmonic
approximation this probability decreases by the factor

[1— (6°/62))'.

2.2 Channelling in a bent crystal

One can expect particles travelling in a slightly bent single
crystal to follow the directions of the bent planes or axes
and thus become deflected from the initial direction by the
bending angle of the crystal. The possibility of this effect
was pointed out and the suggestion to use it in the control
of high-energy particle beams was made by Tsyganov in
1976 [15] and realised experimentally [16] at JINR in 1979.
Let us consider the channelling of a charged particle in a
planar channel with a constant bending radius R. If the
particle is described by the local coordinates x and 0
relative to the atomic planes at a point z, we can use Eqn
(6) and supplement it by the centrifugal force pv/R:

d’x

’ pv
pvd—ZQ—i—U(x)-l-F:O .

(10)
The particle then moves as if it were in an effective
interplanar potential
Uan(r) = U(x) + 2.

Examples of the potentials U(x) and Ugy(x) are shown in
Fig. 3 for the (110) planes in silicon. It is obvious that an
increase in the curvature pv/R reduces the depth of the
effective potential well and at some critical value (pwR ).
this well disappears and the channelling becomes impos-
sible. The critical bending angle is governed by the
maximum interplanar field (pv/R), = Uy, . This quantity
is about 6, 12, and 48 GeV cm™' for the (110) planes in
silicon, germanium, and tungsten, respectively. Usually, the
maximum of U’(x) is reached near an atomic plane where
the nuclear scattering is strong so that the critical radius R,
is determined more by the derivative of the potential at the
boundary of a channel: R, =pv/U’(x.). For silicon, we
have U’(x;) =5 GeV cm ™.

UleV

Figure 3. Examples of the potentials U(x) (continuous curve) and
Uesi(x) (dashed curve) for the (110) plane of silicon.

The phase region where the particle channelling occurs
in a bent silicon crystal with the (111) orientation is
identified in Fig. 2b. On increase in the crystal bending
pv/R the size of this region decreases and it shifts closer to
an atomic plane. This is accompanied by a corresponding
reduction in the acceptance A of a planar channel [31-33].
In the harmonic approximation for U(x) this dependence is
of elementary nature. The effective potential remains
harmonic, so that the particles still execute sinusoidal
oscillations (with a period independent of R) but there
is a new equilibrium position xy = x.R./R. The depth of the
well E. decreases by the factor [1 —(R./R)]*. For the
particles incident parallel to atomic planes only the
reduction in the range of x available for channelling is
important: this range is —x.+2xy <x <x.. The accep-
tance is then [33]

A:2xC ]_& ’
d, R

where 2x/d,, is the acceptance of a straight channel. For a
beam with a uniform angular distribution and a half-width
@ > 0, the acceptance A is represented by the ratio of the
area of the phase region available for channelling to the
beam emittance, i.e.

AZZxCE& 1_&2
d, 4 @ R)

an

(12)

The acceptance decreases by the following factor, com-
pared with that applicable to a straight crystal (9):

2
R

Ay~ |1 -=2) .

~(1-%)

Fig. 4 shows the function 1-Ay(pv/R), calculated in the
Moliere approximation for the (110) channel in silicon at
two temperatures of 293 K and 128 K (on the assumption
that x, =d, — 2.5u). This figure includes also the exper-
imental results obtained at FN AL [14]. It is evident from
the figure that the acceptance decreases strongly well before
the critical bending is reached. In the case of a silicon

1—Ay
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0.4
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| | |
0 1 2 3

p—U/GcV cm™!
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Figure 4. Functions 1 —A,(pv/R) for Si(110) at two temperatures:
(1)293 K; (2) 128 K [14]. The experimental points were obtained at
the Fermi National Accelerator Laboratory and the calculations were
made in the Moliere approximation (x, = dj, — 2.5u).
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deflector the threshold value is approximately 1 GeV em™!

and for germanium it is about 2 GeV em™'.

Experiments on proton beam deflection in silicon and
germanium single crytals have been carried out in the
energy range from 1 to 800 GeV at LINP [19], JINR
[16, 17], IHEP [18, 24, 39, 47, 48, 84], CERN [20, 25, 55, 56,
59], and FNAL [14, 21, 45]. Also beams of electrons [22]
and heavy nuclei [23] have been deflected. The maximum
angle of proton deflection has reached 130 mrad [84] and
the maximum intensity attained is 100 protons per cycle
[24]. The bending efficiency has reached 50% of the whole
beam incident on a crystal [25]. Experiments have revealed
that channelling occurs in a silicon crystal with a curvature
pv/R up to 3—4 GeV em™, i.e. close to the critical value.

2.3 Dechannelling in a straight crystal

The scattering of a channelled particle on electrons and
nuclei (and on the lattice defects) results in nonconserva-
tion of E,. The scattering alters the state of the particle
which may leave the channelling mode (dechannelling
process). The reverse transitions are also possible: from
the unchannelled fraction of the beam to the channelling
mode (rechannelling or volume capture). These processes
can be described by transport equations [8, 34] or by
computer simulation [54, 58]. The following one-dimen-
sional diffusion equation for the particle distribution
function f(E,,z) is used most frequently in the description
of dechannelling:

where D(E,) is the diffusion coefficient. The use of Eqn
(13) makes it possible to provide a simple analytic
interpretation of the dechannelling process. The linear
approximation D = DyE, describes well the channelled
particles [8]. In this case the distribution function is [36, 37]

& . |E; Dyjg iz
f= chjo <./0,k E—> exp (——’ ) ,
=1 c

4E,
where C is governed by the initial particle distribution f:

C = — JEf ENolioer /B ) dE
k_EcJ%(.iO,k) o Jo\Ex)JolJo,k E, x

Here, jo is the kth zero of the Bessel function J,. We can
see from the distribution function (14) that the rate at
which the k> 1 terms of the series decrease is in
accordance with jOQ,k o k?. After an initial section the
terms with k£ >1 become smaller and the particle
distribution is then described by the first term of the
expansion of the function (14):

. . E)c EOi()ZIZ
=C,J [=x _ O
f 1 0(/0,1 Ec) exp( 4Ec

Therefore, in the interior of a crystal the fraction of
the channelled particles falls exponentially, proportionally
to exp(—z/Lp),and the process is characterised by the

dechannelling length

4E
=5, an
. h OleO o e . . . .
which no longer depends on the initial particle distribution.

¥_1o
0z 20E,

(13)

(14)

(15)

(16)

Lp

The relaxation length L.q for the distribution function
(16) is governed primarily by the rate of fall of the second
term in the function (14) and this length is of the order of

Ly~ ("”)LD ~02Lp .
Jo,2

If the length of a crystal is less than this characteristic
quantity, then the experimentally determined dechannelling
length depends on the initial parameters of a particle beam
incident on a crystal: for example, it may depend on the
nature of capture (end face or volume) or on the beam
divergence (small, of the order of 6., or much greater).

The quantity D, (friction coefficient) is governed by the
mean-square value of the angle of scattering on electrons
and nuclei:

36,)°
o~ (82F)

In view of the discrete nature of the crystal lattice, the
contribution of fluctuations of the potential to the pure
planar channelling is much less than the contribution of
multiple scattering on nuclei [8]. If we set the limits by
x; <(dy/2) —arr, we need to consider only the scattering
on electrons. According to Lindhard [4],

(36,)* SE\ no(x)
< SZ > 2p <8‘ >dm Nam .
Here, n.(x) is the electron density considered as a function
of the coordinate; nam is the average (amorphous) electron
density; m. is the rest mass of an electron. Averaging of
ne(x) over the range |x| < x. gives the dechannelling length

(17):

(18)

(19)

(20)

_16  pv Ulxe)xe @
j(i] Z L oremoc? (aU/ax) '

D
X=X,

Here, r. is the classical radius of an electron and L. is the
Coulomb logarithm [38]; for details see the derivation in
Ref. [39]. The second factor in the expression (21) contains
the energy dependence and the third factor represents the
dependence on the properties of matter. Substituting

Jjoj = 3m/4 and applying the Lindhard potential (3) we

can rewrite expression (21) in its final form (for y > 1):

@ pv aTde
972 In (2moc*y/I) — 1 Zrymc?

b= (22)

where [ is the ionisation potential (172 eV for silicon). It is
evident from expression (22) that the dechannelling length
is proportional to dp. The temperature dependence is
ignored here and the substitution x, ~ d,/2 is made. If the
dependence x.(u) is introduced, then Lp decreases with
rising temperature [40]. A silicon crystal with the (110)
orientation represents a regular structure with the same
distance d, = 1.92 A between the planes. In a crystal with
the (111) orlentatlon a large interplanar distance dL =235
A alternates perlodlcally with a smaller distance d (Fig.
1), where dSNd p/3. In the case of long (111) s1llcon
crystals we can ignore the particles that move inside the
small interplanar gap ds.

The dependences (22) calculated for the (110) and (111)
channels in silicon are plotted in Fig. 5 together with the
experimental data obtained at JINR, CERN, THEP, and
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Figure 5. Calculated dependences Lp(pv) plotted for the Si(110) and
Si(111) channels alongside the experimental data: (/) JINR [16];
(2) CERN [20]; (3) FNAL [21]; (4) IHEP [39].

FNAL. For E =70 GeV a calculation based on expression
(22? gives L]()m) =54 cm for (111) silicon crystals and
L]()] = 4.4 cm for (110) silicon, in satisfactory agreement
with the experiments. A logarithmic correction to the linear
extrapolation Lp o pv amounts to tens of percent in the
experimentally investigated range of energies. The depend-
ence on the properties of matter reduces to the factor
arrpd,; this leads to the dependence Lp xZ'"? for
isomorphous (d, :const2 lattices (for example, Si and
Ge). The ratio L]()]”)/LD”O), estimated on the basis of
expression  (22), should be of the order of
d,ﬁ”)/dg”o = 1.23 for silicon. The experimental ratio is
1.44+0.2.

We have considered so far the dechannelling in crystals
with an ideal lattice. Real crystals contain defects. Of all the
possible lattice defects—point (interstitial atoms and
vacancies), linear (dislocations), two-dimensional (stack-
ing  faults), and  three-dimensional (amorphous
clusters)— those of the greatest interest are dislocations
because the dechannelling due to other defects becomes
weaker or remains constant when energy is increased [7].
Dislocations induce local lattice distortions. Therefore, a
channelled particle may reach a region with a strong
curvature of the channel; alternatively it may be scattered
by nuclei or perturbations of the lattice potential. Thus, the
lattice perturbation in the vicinity of a linear dislocation
alters the local channel curvature 1/Rjoc by an amount of
the order of b/r?, where r is the distance to the dislocation
and b is the Burgers vector. This curvature exceeds the
critical value 1/R. at distances up to rp &~ (bR.)'/? from a
dislocation [61]. We can arbitrarily asume that a particle
becomes dechannelled if it enters a cylinder with a diameter
op = 2rp around a dislocation. The dechannelling length
Ly = 1/npop depends on the dislocation density np and
decreases as (pv)fl/2 when the particle energy is increased.
At currently attainable energies (hundreds of gigaelectron-
volts) and for the high-quality silicon crystals now avail-
able, the defects do not influence the beam deflection
efficiency. The contribution of different types of disloca-
tion defects to the dechannelling in the teraelectron-volt

energy range is discussed in Ref. [60]. Experimental
estimates can be found in Section 3.2.1 below.

2.4 Dechannelling in a bent crystal

Bending of a crystal displaces the channelled particles
closer to an atomic plane so that the diffusion coefficient of
the particles differs from the value for a straight crystal.
The valence electrons in silicon and germanium are
distributed approximately uniformly in a channel so that
the diffusion coefficient D(E,) is insensitive to weak
bending [41, 42]. The E, diffusion increases in a strongly
bent crystal.

Channelling is influenced mainly by a bending-induced
reduction of the phase volume in which the channelling
takes place. Relationship (17) links the dechannelling length
Lp to the critical transverse energy E., which depends
strongly on the channel curvature: Ly o« E.(pv/R) [42].
Since for the harmonic potential the value of Ec(pv/R) is
E.(0)[1 — (R./R)]?, it follows that the dechannelling length
can be written as:

R 2
LDU%R):“WV<1*75>-

where spv is the dechannelling length in a straight crystal
given by expression (22). In the harmonic approximation
the dependence of Lp on p is, for a given radius R,

(1)

(9

(23)

(24)

The quantity Lp vanishes at pv=(pv)c.=RU '(x.). The
maximum of Lp corresponds to p=p./3.

Forster et al. [14] measured Lp of protons in the range
of p from 60 to 200 GeV/c for a (110) silicon crystal bent to
a radius of about 80 cm; this was done at two temperatures:
room and 128 K. Solid-state detectors selected particles
with low dE/dz losses in the part of a crystal near the entry
(this is a widely used criterion in selection of the channelled
particles). The angular distribution of these particles behind
the crystal was nearly exponential. The dependence Lp(p)

LD/mm
30 [~
* ¥ «
N A
% e 9 o)
20 |- ° o * A
o *
[ J
(o]
0F e—1, °
o—2
*—3,
A—4
| | | |
50 100 150 200 p/GeV

L,—I

Figure 6. Dechannelling length, plotted as a function of the momentum
for a bent Si(110) crystal at two temperatures: (7, 2) 293 K; (3, 4) 128
K. (1, 3) Experimental results from Ref. [14]; (2, 4) CATCH
computer simulation.
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Figure 7. Ratio of the dechannelling length for bent and straight
silicon crystals. The curves represent a computer simulation of the
dependence  Lp/spv=E.(pv/R)/E.(0). The points are the
experimental results taken from Ref. [14]; the best value of s is found
by fitting [43]. The continuous line and the open circles (/) correspond
to room temperature and s = 0.54 mm GeV™'. The dashed curve and
the black dots (2) correspond to 128 K and s = 0.65 mm GeV™l.

obeyed expression (24) (Fig. 6). The experimental results
are compared in Fig. 7 with the model described by the
expression

E.(pv/R) .
E0) ~°

the value of s was selected by fitting to the Moliere
potential. It is evident from Fig. 7 that the model describes
well the dependence of Lp on pv/R. The values
s =0.54 mm GeV~! at room temperature and
s=0.65 mm GeV~' at 128 K obtained by fitting are
also in excellent agreement with the calculations based on
the expression (22), which yields s = 0.62 mm GeV~', as
well as with the experimental data on straight crystals
(s =0.59 mm GeV™! at room temperature [39]) obtained
in this energy range. The influence of temperature, which is
weak for a straight crystal, becomes greater for a bent
crystal as pv/R increases, which is to be expected on the
basis of the diffusion model [40].

Ly = spv

2.4.1 Efficiency of beam deflection by a crystal

The number of particles A captured into the channelling
mode on the face of a crystal is governed primarily by
the divergence of the incident beam, as described by

expression (9). It follows from general equations (10) and
(14) that the fraction of the particles deflected by a crystal
through the bending angle @, i.e. the efficiency F of a
crystal, depends only on two variables pv/R and @ (and on
the properties of the crystal). This means that for any
bending angle ® we can select the optimal curvature
(pv/R )opt for which F(pv/R, ©) is maximal. The efficiency
ofa perfect crystal thus depends only on the angle ® and
on the properties of this crystal, but not on the particle
energy.

We shall illustrate this explicitly in the harmonic
approximation. If a crystal is sufficiently long (when the
length L is of the order of Lp), the dechannelling losses can
be taken into account by the exponential factor
exp(—L/Lp). We can then estimate F if we combine

Eqns (12) and (23) [42, 44]:
} . (25

Rc2 R (0]

We have introduced above a constant @p = spv/R,, which
represents the ratio of the dechannelling length spv in a
straight crystal to the critical radius R¢; @p depends only
on the properties of a crystal and amounts to ~0.3 rad for
Si(110). The expression for the efficiency (25) is universal.
The properties of a crystal affect only @p and A,. Fig. 8

p—U/GcV cm™!
R

3T

80 100 @/mrad

Figure 8. Results of optimisation of the deflection efficiency on the
basis of the Moliere potential [43]. The continuous curves represent the
optimal curvature pv/R and the dashed curves give the corresponding
limiting efficiecy F/A as a function of @ for Si(110), Ge(110), and
W(110) deflectors.
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Figure 9. Measured efficiency of deflection of a 450 GeV proton beam
by bent crystals: (7) Si(111) [53]; (2) Si(110) [59]. The curves are
calculated for uniform bending of a crystal (3) and three-point
bending (4) [53].
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Figure 10. Probability of volume capture of 70 GeV protons plotted as
a function of the radius of curvature of an Si(111) crystal [48] in the
case of rising (/) and falling (2) curvatures. The dashed lines are the
values corrected for the gradient [expression (28)].

shows the results of optimisation carried out using the
Moliere potential [43]: the optimal curvature pv/R and the
corresponding efficiency limit are plotted as a function of
@ for Si(110), Ge(110), and W(110) deflectors.

In the experiments the efficiency is limited usually by the
smallness of the ratio 6,/® < 1. This difficulty has been
avoided in the work carried out at CERN [53, 55, 56, 59] on
a beam of 450 GeV protons with a small (£3 prad)
divergence, which should be compared with 6, ~9 prad
for Si(111). When an Si(111) crystal was inserted in this
beam, the width of the orientational dependence of the
intensity of the deflected beam was only 17 prad ~ 26, [53].
The measured efficiency of proton deflection by silicon
crystals with the (111) [53] and (110) [59] orientations is
plotted in Fig. 9. The efficiency achieved was ~50% for
angles of ~2 mrad. The experimental results were in
excellent agreement with the calculations [53] based on
the model of Refs [32] and [44] (see Fig. 9).

2.5 Volume capture

The particles unchannelled at the front of a crystal may be
captured into the channelling mode in its interior (volume
capture or feeding-in) as a result of scattering or a change in
the curvature of a crystal. Such transitions to channelling
are interesting as a means of extending the capabilities of
crystal optics of charged beams. The dechannelling
reversibility follows from the Lindhard reversibility rule
[4], according to which the probability of the scattering of a
particle from a specific channelled state to a specific
unchannelled state is equal to the probability of the reverse
process.

This rule has been demonstrated in experiments on
gigaelectron-volt beams [19, 45] in which dE/dz (energy-
loss) solid-state detectors, distributed over the length of a
crystal, have been used to find the state of each particle. The
volume capture of particles, due to multiple scattering, has
been observed for the first time experimentally for beams of
ions of ~1 MeV energy [46]. Effective dechannelling of a

beam in a crystal also depends on the processes of particle
exchange between the channelled and unchannelled frac-
tions of the beam. In particular, a dynamic equilibrium may
be established between the fractions if there is no effective
dechannelling [47].

When a diverging beam is incident on a bent crystal the
path of any particle becomes a tangent to the bent
crystallographic planes in some region in the interior of
a crystal. Volume capture into the channelling mode is then
possible for particles incident within the limits of the whole
bending angle of the crystal. Volume capture of protons of
1 GeV energy within an angular range of several milli-
radians in a silicon crystal bent to R =46 cm was observed
experimentally at LINP in 1982 [19]. The relationships
governing this effect in bent crystals have been investigated
in detail at IHEP at the energy of 70 GeV [48]. It has been
established that the probability w of volumn capture is
directly proportional to the bending radius R (Fig. 10). A
comparison with the results of Ref. [19] has led to the
conclusion [48] that w varies with momentum as p_3/2. A
theoretical analysis of volume capture [35, 47, 49] carried
out on the basis of transport equations or computer
simulation (see also Section 2.6) has shown that the usual
multiple scattering mechanism is sufficient to account for
the experiments [19, 48]. Following Ref. [47], a simple
analytic estimate of the probability w can be obtained and it
explains the origin of the experimental dependence
w o R /p*?.

The characteristic length Lp governs the probability w
of a transition from the channelled fraction of a beam to the
unchannelled one, w = 8z/Lyp, in a distance 8z. It follows
from the rule of reversibility that the probability of a
reverse transition from an unchannelled fraction to a
channelled one is the same quantity w. In a bent crystal
an unchannelled particle rapidly loses its orientation
relative to the bent channel. Misorientation by an angle
of the order of the critical value 6. occurs in a distance of
the order R6.. Therefore, the probability of a transition to
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the channel during the whole interaction time is of the order
of

RO, R
~ X —= .
LD p3/2

w (26)
This formula follows in fact from the principle of
reversibility and is supported, to within a factor of ~2,
by the experimental results [19, 48]. It should be pointed
out that the reversibility rule, which provides good grounds
for understanding the experiments, leaves no hope of the
use of rechannelling for increasing the efficiency of a
crystal. The diffusive nature of the scattering processes can
only equalise the densities of states in a channel and
outside it, so that the efficiency of volume capture cannot
exceed the efficiency of end-face capture. The same
conclusion can be drawn from expression (26). The
intensity of a beam captured from the end face is
Ne = 0.1y (fy is the phase density or the ‘brightness’ of
the incident beam). In the case of volume capture the
quantity wf, has to be integrated over the whole range of
capture angles @ :

RO R R®
Npe = J T foexp (— %) dé = 0.1, [1 —exp (— E)] .27)

The existence of the exponential factor is of fundamental
importance and takes into account the dechannelling along
the length of a crystal. Hence, it is clear that volume
capture may compete with end-face capture only in the case
of a wide beam and large bending radii R® > Lp, but the
former can never exceed the latter in brightness because of
the onset of dynamic equilibrium (dechannelling and
rechannelling balance out). In the case of narrow beams
characterised by R® <Ly the ratio Ny./N,=R®/Lp
increases linearly with increase in the beam divergence,
which is also self-evident.

2.5.1 Gradient mechanism of volume capture

The possibility of capture of above-barrier particles in the
dechannelling mode, even in the absence of scattering, in a
crystal with a variable bending radius was first considered
in Ref. [50]. The equation of motion of a 100 GeV proton
was solved numerically for a silicon crystal in which the
curvature 1/R decreased abruptly to 0 at a depth of 10 or
20 pm (4 = 30 pum). It was concluded that volume capture
is possible where the curvature of a crystal decreases
abruptly.

The general case of the interaction of a charged beam
with the potential of a crystal of variable curvature was
considered in Ref. [51]. The existence of volume capture was
predicted for the potential of planar channels with a
continuously decreasing curvature in the beam direction.
This is known as the ‘gradient capture’ and it is the reverse
of the centrifugal dechannelling process (Section 2.2), just
as the volume capture by scattering is the reverse of
ordinary dechannelling (Section 2.3). In fact, the existence
of two feed-in mechanisms, which are the reverse to the two
well-known feed-out mechanisms, is a consequence of the
general rule of reversibility of particle paths in a crystal. The
following expression is derived in Ref. [51] for the gradient
capture efficiency:

R'2 (x)
Wgr_ E (1 — 2d—) N

p

(28)

where R’ = dR /dz is the gradient of the radius of curvature
and (x) is the transverse coordinate (relative to the channel
centre) averaged over a period. In the case of weakly bent
crystals the quantity in the parentheses differs little from
unity. In the harmonic approximation the expression (28)
becomes

R4 | _Re
Ve T o R)"

We can use the above expression to show [51] that the
integral efficiency of particle capture from a beam with a
wide angular distribution is equal to the efficiency of the
end-face capture of the same beam, irrespective of the
nature of the function R(z). This conclusion is valid also in
the general case of an arbitrary potential and this is a
consequence of the Liouville theorem. In the absence of
dissipation processes the phase density of the captured
beam is identical with the phase density of the incident
beam.

The first experimental evidence of the gradient effect in
the volume capture of protons of 70 GeV energy was
reported in Ref. [48] and the magnitude of the effect was
approximately twice that predicted by expression (28). An
increase in the momentum causes wg, to increase as 4 P2,
whereas the quantity given by expression (26) falls as l/p3/2.
In other words, the influence of the centrifugal effects on
the channelling increases and the influence of the scattering
falls as p is increased. For this reason the ratio of the
efficiencies of the two volume capture mechanisms changes
in favour of the gradient mechanism at high energies.

(29)

2.6 Computer simulation of channelling

The channelling in bent crystals was simulated
by A M Taratin et al. [52]. Their model is still based on
the diffusion approximation. A particle makes a small step
8z in accordance with Eqn (10). The average energy loss
(8E), in close collisions with electrons is calculated for this
step. The expression (20) relates (3E), to the mean-square
angle of the scattering of a particle in these events. The
scattering is simulated in accordance with the Gaussian
distribution. Multiple scattering on nuclei is simulated
similarly.

Although the diffusion approximation is in reasonable
agreement with the experiments, computer simulation does
not in principle need the approximations involving averag-
ing or the assumption that the scattering is weak. The
energy transferred in close collisions with electrons fluc-
tuates strongly and may be sufficient to scatter a particle in
one event through an angle comparable with 6.. Close
collisions not only influence the scattering processes but
also determine the spectra of the particle energy losses
dE/dz. These spectra have interesting features in the case of
aligned crystals (see, for example, Ref. [53]): the average
value and the scatter of the losses dE/z experienced by
channelled particles are considerably less than the corre-
sponding values for misoriented crystals. This feature is
used widely in experiments to select the channelled particles
in accordance with dE/z in solid-state detectors built into a
crystal; it has been used recently to align the H8 beam
channel at CERN [25] in order to ensure the minimum
divergence of ~ +£3 prad of a beam on a crystal. The
sensitivity of the method is ~ 1 prad, which is considerably
better than any of the standard techniques. Finally,
fluctuations of the energy losses may be important in
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Figure 11. Spectrum of the energy losses experienced by protons in
an oriented crystal, obtained by CATCH simulation under the
experi-mental conditions of Ref. [56].

the dynamics of particles in an accelerator (in the task of
particle extraction by a crystal) since the stability of particle
motion in a ring is very sensitive to the losses. An example
of a program which satisfies these conditions is CATCH
[54] in which an account is taken of the probability of the
scattering by electrons with a large energy transfer 7 in one
event. The scattering is simulated in accordance with the
distribution function

d’N _ 2N Arimoc*Z3Z p ng(x)
dzdT A ﬁzTQ Nam -

(30)

Fig. 11 shows an example of the dE/z spectrum simulated
bytheCATCHprogramfortheexperimentalconditionsgivenin
Ref. [56]. Such splitting of the spectrum into the
‘channelled’ (with anomalously low values of dE/dz) and
‘unchannelled’ (high values of dE/dz) fractions has been
used in the experiments [14] to separate the channelled
particles from the background. Simulation [57] of this
experiment repeats exactly this procedure. Protons are
selected on the basis of low losses AE in the straight front
part of a crystal and their angular distribution behind the
crystal is fitted to an exponential function. The results
obtained for Lp are plotted in Fig. 6. The simulation
results agree with the measurements to within ~ 10%;
moreover, the dependence on the temperature of a crystal
is reproduced correctly. This experiment has been
simulated earlier [58], but without selection on the basis
of dE/dz.

Simulation of the volume capture process can be
illustrated by considering Ref. [39]. Volume capture of
70 GeV protons and their subsequent dechannelling in bent
(110) and (111) silicon crystals was observed experimen-
tally. In the interior of a crystal, corresponding to exit
angles of 6—18 mrad, the dechannelling was exponential in
the experiments and in the simulation. The following
lengths Lp were obtained:

L0 5540 mm,

LS =37+5mm, LY

D,exp

LU — 4044 mm .

D, sim

L8 — 3943 mm ,

D, sim

[t is also interesting to compare the probabilities of
volume capture by ‘stable states’ which decay exponentially.

Table 1 lists the probabilities found experimentally, by
simulation, and on the basis of the w = Rf,/L model. The
beam deflection efficiency has been investigated by simula-
tion and experiment [59]. A beam of 450 GeV/c protons
was deflected in an Si(110) crystal by angles from 3 to
8.5 mrad. The low beam divergence, ¢ = 15 prad, was the
reason for the high efficiencies listed in Table 2. Simulation
of the extraction of a proton beam from an accelerator will
be discussed in Section 5.

Table 1. Probability (%) of bulk capture into ‘stable states’ deduced
from experimental results [48], from computer simulation [39], and
from a model [47].

Crystal Mode#’ Simulation® Experiment*8
111 0.13 0.17 £0.02 0.23
110 0.18 0.23 £0.02 -

Table 2. Efficiency of deflection of 450 GeV/c protons by an Si(110)
crystal found experimentally and by simulation (all results taken from
Ref. [59]). The upper row of values applies to the whole beam and the
lower row applies to the particles incident within the angular interval
+0.. Only the statistical errors are shown.

Deflection by angle/mrad

3.0 5.7 8.5
Efficiency (%) Experiment 20.2+2 10+1 7.7+0.3
Simulation 209+08 152+0.5 88+£0.5
(o=15 prad)
Efficiency (%) Experiment 54+2 33£5 16£3
in interval +60, Simulation 56 + 4 39 +2 26 + 2
+0. Simulation S6+4 39+2 26+2

3. Deflection and focusing of beams by crystals

The following questions must be answered before attempt-
ing practical use of single crystals in accelerators. What is
the maximum intensity of a beam and what are the angles
by which a beam can be deflected in a crystal? What are the
margins of the mechanical and radiation strengths which
are required? Does the crystal unbend as a function of
temperature and radiation? What should be the length of a
perfect crystal? How does the quality of crystal bending
and of its surface treatment affect the characteristics of the
deflected beams?...

Much work has been done at IHEP with the aim of
answering these questions. In the course of this work tens
if not hundreds of crystals have been bent and tested in
beams.

3.1 Requirements imposed on the quality of single-crystal

slabs and bending devices

Effective bending of high-energy particle beams requires a
high quality of the orientation and treatment of the faces of
single-crystal slabs. In the reported experiments on 70 GeV
proton beams a crystal with a length of about 100 mm and
~ 1 mm thick should have an effectively deflecting layer
which is close in dimensions to the total cross section of the
crystal. This can be achieved if the orientations of the slabs
are accurate to within ~ 1" and if the side faces are parallel
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and plane to within 10 pm over the whole length of the
crystal. The depth of the crystal layer disturbed by
polishing the side faces should be of the same order of
magnitude. In principle, these requirements can be satisfied
by the use of existing technologies.

In the planned use of crystals in teraelectron-volt
accelerators, especially in the case of a beam extraction
from super-conducting colliders, the requirements in respect
of the quality of orientation and surface treatments are even
more stringent. For example, the impact parameter of a
beam incident on a crystal used to extract the beam from
the LHC collider must be a fraction of a micron [77], which
requires new techniques for the monitoring and treatment
of crystal surfaces. When the energy of the deflected
particles increases to the teraelectron-volt range, the
requirements in respect of the quality of single-crystal
slabs also become more stringent. The mosaic regions on
crystals should not be larger than ~ 1 prad and this value is
governed by the critical channelling angle.

According to the familiar empirical rule a silicon slab of
thickness H can be bent elastically to form a cylinder of
radius R if R > 1000H. However, efficient bending of
beams requires that the bending radius should have the
optimal value R, which in the case of large bending angles
is equal to several critical radii R [40]: R,y ~ (3—5)R.. In
the case of silicon we have R./m = 0.0018E/GeV. There-
fore this mechanical strength criterion limits the thickness
of the slabs used: H/mm < 0.007E/GeV. For example, if
the energy of the particles being deflected is E =70 GeV,
the optimal deflection is produced by a slab which is
H < 0.5 mm thick. However, for teraelectron-volt acceler-
ators currently under construction the slab thickness may
be just tens of millimetres, which is as a rule much greater
than the characteristic dimensions of a beam.

Bending a crystal to form a given surface is in general
a difficult task. Bent crystals have been used in the past
for the focusing of x-rays and gamma rays in crystalline
diffraction devices employed in nuclear spectroscopy. Two
general approaches have been used to deal with this
problem [81]: (1) bending by cylindrical mirrors; (2) the
method of moments.

Elastic bending of a single-crystal slab is considered in
Ref. [82] for two ideal cases: the method of moments and
cylindrical mirrors. This is done on the basis of the theory
of elasticity of anisotropic bodies. It is shown that a slab is
bent not only in the longitudinal direction, but experiences
torsion in a transverse direction, so that it assumes the
shape of a saddle or of a barrel, or (as a special case) a
cylindrical shape. This depends on the actual anisotropy of
a crystal. Additional moments may be induced by a real
crystal holder so that the bending may be more complex
and this is particularly true at the slab edges.

The specific nature of the requirements which bent
crystals must satisfy in order to be useful in the deflection
of beams of high-energy particles, which distinguish this
case from the use of such crystals in the focusing of gamma
rays, are related to the different directions of the particle
paths: gamma rays enter the slabs normally to the large
faces and charged particles move along cut slabs. Therefore,
the requirements in respect of the constancy of the bending
radius along the longitudinal coordinate are as a rule not
very stringent (it is sufficient to ensure that the error does
not exceed AR/R ~ 1%). However, there are specific
requirements that have to be satisfied at the edges of the

Figure 12. Device for bending and clamping a crystal.

bent slabs. It is necessary to maintain the total bending
angle ® within the angular acceptance of the existing
magnet-optical particle transportation channels to which
beams have to be deflected. Usually, the limits are
A® = 0.1 mrad. This precision may be monitored by
reflecting a laser beam from a crystal moving linearly on
a micrometer stage.

Experiments show that a major problem is the avoid-
ance of bending nonuniformity along a transverse
coordinate. In undemanding cases, when crystals are
used to split an extracted beam, it is sufficient to ensure
that the error does not exceed A@, = 0.1 mrad, which is
usually considerably less than the divergence of the incident
beam (~1 mrad). In the case of beam extraction from large
accelerator colliders or in the study of the efficiency of
particle capture into the channelling mode such an error is
unacceptable and it is governed by the critical channelling
angle. In this case the edges of a crystal should be left flat.
Alternatively, the quality of bending can be checked by
laser interferometry and the surfaces of the bending mirrors
may be corrected.

These or other methods for the bending of a crystal are
used in experiments on the deflection of high-energy particle
beams. Fig. 12 shows a widely used bending device [18]: it is
based on a metal mirror and it is known in the literature as
the ‘bridge’ (see, for example, Ref. [90]). The central part of
the bridge is free of matter in order to minimise the particle
losses. The crystal is clamped to the bent metal surface by
elastic discs which act as sprung supports that relieve the
mechanical stresses generated as a result of the interaction
of a high-intensity beam with a crystal.

3.1.1 Requirements which have to be satisfied by goniometric
devices

The minimal angular displacement step, comparable with
the critical channelling angle (~25 prad at 70 GeV) is
required in the alignment of crystals. This can be achieved
with the aid of a familiar compact structure which includes
a lever set in motion by a micrometer screw attached to the
axle of a step motor. Depending on the size of the lever and
the micrometer screw gauge, such structures can ensure
that the angular displacement step is 8—30 prad.
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A similar structure with an angular step of 4 prad has
been used at CERN [29, 30]. Specialists are of the opinion
that it should be possible to reduce this step to less than
1 prad, which will be necessary in the teraelectron-volt
energy range.

3.2 Investigations of main potential applications of
crystals in beam handling

3.2.1 Observations of beam deflection in crystals made of
different materials

Expression (22) for the dechannelling length leads to the
following dependence on the properties of a crystal:
Lp x arpd, which in the case of isomorphous crystals
leads to Lp o< Z 13 (slow fall on increase in Z ). However,
since the critical bending radius obeys R, o< Z ! (which is a
quantity reciprocal to the critical field), the ‘strength’ of
a deflector @p x Lp/R, x Z*? increases strongly with
increase in Z. Moreover, the critical capture (channelling)
angle 6, « \/FCO( Z'* also increases. Therefore, in
principle, heavy-atom materials are preferable for beam
bending.

Experience shows however that at high energies the
main factor governing the use of crystals is still the quality
of the crystal structure. In this respect silicon is the best
material. The high quality of this material is supported by
the measured dechannelling lengths (Section 1) and by some
of the experimental results on the deflection of beams in
long crystals.

For example, tests have been recently carried out on a
(110) silicon crystal, 150 mm long, bent to an angle of
20 mrad. The fraction of the particles deflected by this
crystal agrees with calculations confirming its high quality.

In these tests a comparison has been made of the
deflecting properties of long (up to 100 mm) silicon crystals
obtained from different sources. It has been found that the
results are reproducible to within 5% from crystal to crystal
and this value is equal to the measurement error.

Even silicon slabs produced on a large scale, cut from a
large-diameter ingot for the fabrication of microcircuits,
have good bending properties. In one of the experiments a
slab 100 mm in diameter had the (111) orientation, n-type
conduction, and a dislocation density not exceeding
100 cm™2. Made into a deflector 30 mm long, this crystal
deflected 90% =+ 5% of the particles that were deflected by
a dislocation-free ‘standard’.

As pointed out above, dislocations are the greatest
hazard at high energies because the dechannelling cross
section of defects of the other types either falls or remains
constant when the particle energy is increased [7]. Fig. 13
gives the theoretical curves showing the reduction in the
dechannelling length of 70 GeV particles on increase in the
dislocation density in a crystal. The upper curve is the
approximation based on single scattering [61] and the lower
curve is based on the transport approach [83]. There is also
an experimental point in this figure, which represents a
reduction in the dechannelling length in an imperfect silicon
crystal on the assumption that the number of defects in this
crystal agrees with the value given by the supplier.

Other materials are much inferior to silicon. Several
germanium crystals up to 45 mm long have been tested. The
nominal dislocation density in the best samples has been
below 1000 cm 2. The fraction of deflected particles and a
comparison with silicon crystals under identical conditions

~ -~
L iim=~
0 10 10 10°

Dislocation dcnsity/cm72

Figure 13. Dependence of the dechannelling length Lp at 70 GeV
on the dislocation density in a crystal. The curves represent
theoretical models and the points are experimental values.

have yielded estimates of L ~ 5 mm (this point is plotted
in Fig. 13).

It is obvious that in the search for new materials suitable
for the channelling of high-energy particles it is necessary to
determine the crystal quality by nonchannelling methods
before experiments are started with a beam. It is probably
preferable to synthesise new crystals with a ‘perfect’
structure rather than search among the existing materials.

3.2.2 Formation of a high-intensity beam

In the first (1979) experimental tests of the idea of particle
deflection by a bent single crystal [16], the deflected beam
intensity was barely several particles per second. The low
efficiency of particle deflection by crystals (mainly because
the beam emittance did not match the crystal acceptance)
and radiation damage to semiconductor crystals have led to
the opinion that this beam handling method is of limited
use.

Special experiments have therefore been carried out to
test the feasibility of formation, by a single crystal, of an
intense proton beam sufficient in principle for the genera-
tion of secondary-particle beams [84].

In these experiments a silicon crystal bent by 13 mrad
was placed in a 70 GeV proton beam extracted from an
accelerator. Part of the beam was captured into the
channelling mode and deflected to a magnet-optical
channel where detectors were located. The silicon crystal
had the (111) orientation and its dimensions HVL
(horizontal width, vertical height, and length along the
beam) were 0.5 mm, 40 mm, and 30 mm, respectively. The
length of the bent part was 20 mm and the average bending
radius was 1.5 m. The beam aimed at the crystal had the
intensity 1.3 x 10" per cycle; it was rapidly extracted (in 5
ps) and the cycle repetition period was 9 s. The
beam dimensions were o, = g, = 1.4 mm and the angular
divergence in the x plane (beam bending plane) was
oy = 0.8 mrad. In one cycle about 1.8 x 10" particles
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directly reached the end face of a crystal and the time-
average value of the released power was ~1 W. The crystal
was heated by the beam to ~150 °C. Moreover, it was
subject to a dynamic mechanical stress at the moment of
passage of the beam. The first attempts to deflect a rapidly
extracted intense beam in this single crystal were unsuc-
cessful. The crystal bent by bonding to a metal cylinder over
the whole of its surface fractured under dynamic stresses.
However, success was achieved when the crystal was pressed
against a metal base by sprung supports (Fig. 12).

The crystal bent a maximum of 9.5 X 10° particles per
cycle. The particle losses from the main beam were of the
order of 1%, which was approximately 10 times the
intensity of the deflected beam, i.e. the efficiency of
beam splitting by the crystal was ~10%. For the para-
meters of the incident beam given above, when the angular
divergence was ~40 times greater than the critical channel-
ling angle, this efficiency was in agreement with the
calculations.

Fig. 14 gives the time dependence of the intensity of the
deflected beam from the beginning of the operation of the
crystal (at its optimal position). The intensity fluctuations
from one cycle to the next were within the acceptable limit
of 12% . At this fluctuation level no changes were found in
the average intensity, confirming the optimistic theoretical
predictions [40, 58] of a weak temperature dependence of
the deflecting properties in the case of planar channelling.

The spatial stability of the deflected beam was mon-
itored by a remote ionisation chamber. The change in the
bending angle of the crystal was A@/@ < 1072,

The irradiation of the crystal by the rapidly extracted
intense beam was continued during one run of the
accelerator. The crystal not only withstood a flux of
~ 10" cm™ particles under thermal and mechanical
stresses (it did not fracture), but it also retained the
channelling properties without any significant deteriora-
tion.

These results were unexpectedly very promising. They
demonstrated that crystals may be used for years in the
usual magnet-optical channels.

3.2.3 Beam deflection by large angles

It should be pointed out that bent single crystals are also
suitable for the experimental work on teraelectron-volt
accelerators, because they can deflect beams through much
larger angles than conventional electromagnets. As pointed
out in the preceding sections, the ‘strength’ of a crystal
deflector is ®p = Lp/R.. Since both Lp and R increase
almost identically (linearly) when E 1is increased, the
maximum possible angle of deflection of a beam by a
crystal is independent of the particle energy. This is an
important advance of crystal optics. The results of
measurements of Lp, given in Section 2, indicate that in
the case of Si(111) and Si(110) the values of the deflector
‘strength’ are @p = 0.47 and 0.34 rad, respectively.

The ability to deflect a beam through a large angle has
also been confirmed on an extracted beam of 70 GeV
protons. This experiment had been carried out analogously
to that described above, but the silicon crystal was bent by
® = 130 mrad (a record value so far). Its width, height, and
length along the beam were 0.5 mm, 15 mm, and 100 mm,
respectively. In the optimal orientation the crystal deflected
~10% protons per cycle.

13/109 particles per cycle

t/min

Figure 14. Time dependence of the intensity of a beam deflected by a
crystal which is at the optimal position. The continuous curve fits the
experimental points and each of these points represents one
acceleration cycle. The dashed curve is calculated taking into account
the temperature dependence of the channelling properties.

In the deflection of particles of teraelectron-volt energies
through such angles it is necessary to have perfect crystals
several tens of centimetres long. There are also grounds for
optimism in respect of the solution of this problem: crystals
15 cm long have already been tested in a beam (see Section
3.2.1).

3.3 Beam focusing by a crystal

3.3.1. Focusing method

Bent crystals not only can deflect a beam, but also focus it.
In principle, there are several ways of doing this. One of
them is the focusing of a beam by a thin bent crystal
oriented normally to the crystallographic planes [85].

Another possible approach is based on the deformation
of planes in a thick crystal when it is compressed. A
shortcoming of these two methods is the presence of a
background of the unchannelled fraction of the beam.

In the middle eighties A I Smirnov (LINP) put forward a
promising method for focusing a parallel beam into a line and
simultaneously deflecting the beam through a considerable
angle, so as to form ‘clean’ focused beams.

In this method the surface of the exit face of a bent
crystal is shaped so that the tangents to the crystallo-
graphic planes on this surface pass through the same
line and, consequently, the particles in the deflection
plane are collected in a line focus because of the
difference between the deflection angles [86]. When
the crystallographic planes are bent to form a cylinder
of radius R (Fig. 15), it is essential to ensure that the
line formed by the centres of curvature OO’ is located
on the surface of a cylinder of radius r representing the
shape of the exit face of the crystal. The focal length f
is then f= (4 —R%)'2.

In the case of ideal bending and shaping of a crystal the
size of the beam Ax at the focal point is Ax = 278, and it is
governed by its angular divergence within the limits of the
critical channelling angle 0.

Since this critical angle is quite small (6, = 0.02—
0.002 mrad for particles of energies from 100 GeV to
10 TeV in the case of planar channelling in silicon) and
the technology used to bend and shape a crystal makes it
possible to achieve a focal length of the order of several
centimetres, the attainable dimensions of the beam are ~ 10



V M Biryukov, V I Kotov, Yu A Chesnokov

950
.\\~\
% T\\ N\
o) o,
\ ! P
\ i
. -~ \
R0 \,\\P\. \
..... IR Y
o" 0
\ 1
A

Figure 15. Principle of focusing of a beam by a crystal. OO’ is a line of
centres of curvature of the crystallographic planes; 0,0 is the axis of
a cylinder of radius r representing the shape which is imposed on the
face of a crystal; [ and I’ are the focal lines where tangents to the bent
planes converge, deduced on the basis of the well-known geometry
theorem.

pm for the gigaelectron-volt energies and ~1 um for the
teraelectron-volt range. The linear magnification in the
course of focusing is ¢ = 2f0./H, where H is the character-
istic thickness of a crystal (~1 mm), and it can reach
a fraction amounting to, respectively, hundredths and
thousandths in the two energy ranges.

3.3.2 Focusing of a parallel beam to form a point in the
particle deflection plane

The focusing method described above was implemented in
a collaboration experiment involving IHEP and LINP: it
was carried out on a 70 GeV proton beam [86, 87].

The specialists at the LINP developed a technology for
bending a focusing crystal and made several focusing
devices. Three silicon crystals were used: their width,
height, and length along the beam were 2 mm, 15 mm,
and 70 mm, respectively; the orientation was (111). The
crystals were bent to form a cylinder of radius R =2.7 m
over a length of ~65 mm. Different focal lengths were
obtained by shaping the exit ends of the crystals to form
cylinders with radii listed in Table 3 and the angles of cut of
the focusing edge were varied in accordance with
o = arccos(R/2r) in the geometry of Fig. 15.

A proton beam of ¢, =2 mm size with a small angular
divergence g, = 0.1 mrad was incident on a crystal placed
on a goniometer stage. The orientational dependence of the
signal produced by remote detectors was used to set the
crystal in the channelling mode. The intensities of the
incident and deflected (by an angle ~24 mrad) beams
were measured with scintillation counters. In the optimal
orientation the crystal deflected 3% of the particles in the

Table 3. Characteristics of focusing crystals and beam dimensions at
the focus.

Crystal R/m r/m o/deg  f/m Focus size
No. 20, /pm
calc. meas.
1 2.7 2.21 58.2 3.5 175 200
2.7 1.52 30.4 1.4 70 80
3 2.7 1.374 11.9 0.5 25 43

incident beam (which agreed with the calculations in which
the beam and crystal parameters were taken into account).

The focusing effect was detected by nuclear photo-
graphic emulsions. Several emulsion layers were placed
at different dis-tances from the exit face of a crystal.
The exposed emulsions obtained for crystal No. 1 were
analysed with a microphotometer and in the case of crystals
Nos 2 and 3 a direct count was made of the distribution
density of tracks over the cross section of the beam under a
microscope. The size of the developed grains in a track
(‘track width’) was about 1 pum.

Fig. 16 illustrates the focusing effect produced when the
beam was bent in crystal No. 1. Fig. 17 shows the image of
a beam focused by crystal No. 3 at a distance of 0.5 m
(strongest focusing). Images of the beams focused in
crystals Nos 2 and 3, magnified under a microscope, are

Figure 16. Image of the beam deflected by crystal No. 1, recorded in
three emulsions at distances of (a) 0.7 m , (b) 2 m , and (¢) 3.5 m from
the crystal. The undeflected beam with a halo of secondary particles
and a tail of particles dechannelled in the bent part of the crystal are
shown on the right.
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Figure 17. Image of the beam focused by crystal No. 3. The profile of
the deflected and focused beam can be seen on the left. The dashed
rectangle on the right is the cross section of the crystal.

given in Fig. 18. The beam dimensions 20, at the crossover
(calculated and measured) are listed in Table 3. It is evident
from this table that for crystals Nos 1 and 2 the dimensions
agreed to within 15%. In the case of crystal No. 3 the beam
size at the crossover was considerably greater than the
calculated value, which was due to an increase in the
contribution of aberrations when the focal length was
reduced.

This focusing method can be used to form particle
beams of micron dimensions in the teraclectron-volt range
when a new generation of accelerators is used. In this
method the image of a beam deflected by a crystal can be
simply transferred to an experimental setup by optics with
the magnification of unity.

Another important application of crystal focusing
devices involves the reverse direction of motion of particles
(focusing from a point into a parallel line). An internal
target in an accelerator, in the form of a filament located at
the focus of a crystal, can in principle be used to collect and
extract from a vacuum chamber a major part (~50% ) of the
secondary particles generated by this target. Estimates
indicate that this method can be used to form beams of
particles of ~10® s™" intensity in large collider accelerators.

4. Applications of crystals to beams extracted
from large accelerators

4.1 Beam attenuator

One of the first applications of crystals in accelerators
has been their use as the deflecting components in magnet-
optical beam lines. For example, the work done at the

0.1 mm

Figure 18. Images, magnified by a microscope, of a focused beam
formed by: (a) crystal No. 2 (focusing at 1.4 m); (b) crystal No. 3
(focusing at 0.5 m).

FNAL reported in 1986 [21] involved the use of a crystal to
form a low-intensity proton beam which reached an
emulsion spectrometer. These experiments demonstrated
for the first time that 800 GeV beams can be deflected.

A silicon crystal 26 mm long, placed in a beam line,
replaced a pair of dipoles with an angle of rotation
® =3.7 mrad and deflected part of the incident beam
with 10® — 10° cycle™ in the direction of an emulsion
spectrometer: the intensity of the deflected beam was
10 —10° cycle™'. The undeflected beam was quenched
in an absorber.

The reports of this experiment stressed several positive
features of the use of crystals as beam attenuators,
compared with collimators. The conventional collimators
can reduce the intensity by a factor of 10—100. Such
collimators are heavy and therefore difficult to control.
Moreover, they become sources of secondary particles and
create a halo.
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Figure 19. Layout of the station for splitting an extracted proton beam
in the beam lines of the accelerator at the Institute of High-Energy
Physics. Here, M1-M9 are bending electromagnets; QI1-Q6 are
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quadrupolelenses; D1-D4 are multichannel beam profilometers;

S1-—S82 are scintillation counters.

The real efficiency of the deflection of a beam by a
crystal was found to be n=0.54 x 107>, A theoretical
estimate, which took into account the dechannelling
factors (= 0.27) and the ratio of the crystal acceptance
to the beam emittance (= 1.2 x 1072), was f,, = 3.2 x 107,

The authors attributed the lower efficiency to the non-
optimal position of the crystal along a coordinate, a
possible underestimate of the dechannelling effects, and
a possible loss of particles through side faces (because of
inaccurate cutting of a slab). In spite of this, the experi-
ments showed that bent crystals in accelerators are not
exotic devices, but an important tool in high-energy physics.

Bent single crystals of similar quality have been used
later in the U-70 accelerator at IHEP [18] and in the Super
Proton Synchrotron (SPS) at CERN [88].

4.2 Beam splitting

The improvements in the technology of bending of crystals
have subsequently made it possible to split an extracted
proton beam, so that several physical experiments could be
carried out simultaneously.

Usually a beam is split by an electrostatic or a magnetic
splitter [89]. This is a technically fairly complex approach
requiring considerable space, since the angles of deflection
of a beam by a conventional splitter are very limited. The
use of crystals provides a simple means for beam splitting,
which is unattainable by conventional techniques.

The task of beam splitting has become particularly
topical in the case of the 70 GeV accelerator at IHEP,
where several magnet-optical particle channels were con-
structed in the eighties. This followed the commissioning of
an accelerator booster and an increase in the accelerated
beam intensity to more than 10" protons per cycle.

The first crystal beam-splitting station [18] began to
operate at the end of 1988; it is shown schematically in Fig.
19. In the first tests a proton beam of 5 x 10'! cycle™
intensity, extracted slowly from the accelerator, was
transported to a target in a setup intended for the study

of processes in a tagged-neutrino beam. A silicon single
crystal bent to an angle of 60 mrad deflected part of a
moderate-intensity beam to a magnet-optical channel aimed
at a target in a setup designed for hadron studies. The path
of the channelled beam was aligned along the axis of the
existing magnet-optical channel by placing the crystal
deflector inside a 6 m bender magnet M4.

The process of aiming the beam on the crystal was aided
by secondary-particle monitors and a television observation
system. The primary proton beam was monitored by
multichannel secondary-emission profilometers D1 and
D4. The parameters of the deflected beam were measured
with proportional chambers D, and Dj, operating in the
charge integration mode, and by scintillation counters Sl
and S2 connected in coincidence. This combination of
analogue and counting methods for the detection of
particles made it possible to determine the beam intensity
over a wide dynamic range of 1-10® particles per cycle.

Several different crystals were used as the deflectors:
they included two silicon crystals, cut along the (111)
crystallographic plane, and one germanium crystal cut
along the (110) plane. The dimensions of the crystals
were as follows: 0.5 mm, 15 mm, 60 mm for Si-1; 0.55
mm, 15 mm, 60 mm for Si-2; 0.6 mm, 15 mm, 45 mm for
Ge. The considerable length of the crystals was due to the
requirement of a fairly large bending angle (as pointed out in
Section 2.5.1, for each bending angle there was an optimal
bending radius and length: if the crystal were too short, the
particles would become dechannelled because of the cen-
trifugal effect, but if it were too long, a strong scattering
would occur on electrons and nuclei, i.e. the conventional
dechannelling would prevail).

Crystals were bent in the device shown in Fig. 12. The
first tests established that a crystal could be used to split a
beam of protons under working conditions in the magnet-
optical channels 1,3 = 10" cycle_'7 L =10’ cycle_'; this
was achieved when a crystal was placed in the halo region of



Steering of high-energy charged-particle beams by bent single crystals

953

&

p

Figure 20. System for measuring the beam characteristics. Here, Si is a
bent single crystal, D is an analogue ionisation chamber; S1 and S2 are
scintillation counters; Q1 and Q2 are quadrupole lens doublets; M is a
bender magnet. The continuous lines are the paths of the rays in the
horizontal plane and the dashed line is the dispersion.

the beam so that the particle losses did not exceed a
permissible limit of ~10'% cycle™ (0.1% I»3).

Subsequent experience demonstrated a high reliability of
the crystal beam-splitting station. The Si-1 silicon crystal
worked without replacement for five years: it withstood a
particle flux in excess of 10" cm™ and retained its
deflecting properties without significant deterioration.

Several additional crystals were placed subsequently in
the channels and these made it possible to operate
simultaneously several experimental setups.

4.3 Beam diagnostics
The early work had already revealed that the ability of a
bent crystal to modify a beam within a small phase volume
& =20.H (0. is the critical channelling angle and H is the
thickness of a crystal) can be used for particle beam
diagnostics. For example, it is reported in Ref. [21] that it is
possible to measure the beam emittance by recording the
particles deflected by a crystal when this crystal is rotated
and displaced transversely relative to the beam.

It is demonstrated in Ref. [91] that a bent single crystal
can provide full information on the beam characteristics
(emittance, profiles, halo, momentum spread).

4.3.1 Measurement method

The setup used in measurements is shown in Fig. 20. A
bent silicon single crystal is introduced into a high-intensity
beam of high-energy particles: the coordinate of this crystal
is x and its orientation is x’. The part of the beam deflected
by the crystal is directed along the axis of a long magnet-
optical system (lenses Q1 and Q2; magnet M) and it is
recorded at the end of this system by an analogue
ionisation chamber D and scintillation counters S1 and
S2, used in coincidence. The acceptance of the magnet-
optical system makes it possible to record all the deflected
and channelled particles and to remove completely the
background of secondary particles formed on interaction of
the unchannelled fraction of the primary beam with the
crystal matrix.

Under these conditions the number of particles recorded
by the counters is

HJ2 (.
I(x,x") = “ H/ZJ , p(x,x") dx dx':| (L, R,p) ,

where p(x,x’) is the phase density of the beam in
coordinate—angle space and #np(L,R,p) is the dechannel-
ling factor which depends on the length of the crystal, on
the bending radius, and on the momentum of the deflected
particles. In view of the smallness of the crystal acceptance,
we can write down

I(x,x") = p(x,x") x 20.Hyyy ,

which leads to

1

s ! =—1 ’ ! ’
plx.x’) 0. (x,x7)
i.e. the phase density of the beam at the point (x,x’) is
proportional to the number of particles deflected by the
crystal provided only the increase in the temperature of the
crystal caused by the beam heating does not significantly

alter the channelling properties.

4.3.2 Determination of the spatial —angular characteristics
of a beam

The method for measuring the beam characteristics
described above was applied to one of the beam lines of
the accelerator at IHEP. Part of a 70 GeV proton beam,
trapped into the channelling mode, was bent by an angle of
13 mrad and directed into a beam line where the front
optics is provided by the system shown in Fig. 20.

The phase density p(x,x’) was measured for an
extracted beam of 3 x 10" cycle™ intensity. In Fig. 2la
the results of measurements of p(x,x’) are plotted in the
form of equi-potential lines in the (x,x’) plane and these
lines link the experimental points. These points are the
results of angular scanning with the beam at each step of the
displacement of the crystal along the horizontal. Five closed
lines in this figure, counted beginning from the centre,
enclose the beam volume at the levels of 0.75, 0.5, 0.25, 0.1,
and 0.01 of the maximum density. The values of the beam
emittance corresponding to these levels are (1 mm mrad):
0.26, 0.68, 1.2, 1.6, 4.2, respectively.

Displacement of a crystal oriented optimally in respect
of the angle made it possible to measure the value of
p(x,0), i.e. to determine the beam profile N(x) in a wide
dynamic range. The results of determination of the profile
N(x) extending down to 107 of the maximum are presented
in Fig. 21b. It was possible to measure the halo of the high-
intensity beam to such a very low level (1077 because of a
clear orientational dependence of the useful signal gener-
ated by the detectors. When the crystal was misoriented by
an angle exceeding the acceptance of the magnet-optical
system, the channelled beam disappeared and it was
therefore easy to distinguish this beam from the back-
ground signal.

4.3.3 Determination of the distribution of the particle
momentum

The ability of a crystal to form a small-emittance beam in
combination with spectrometric capabilities of the magnet-
optical channel can also be used in precision measurements
of the distribution of the particle momenta.
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Figure 21. (a) Family of closed curves corresponding to the following
phase densities of the particles (all relative to the maximum value): (1)
0.75; (2)0.5; (3)0.25; (4)0.1; (5)0.01. (b) Relative distribution of
the particle momenta in a beam. (c) Beam profile p(x,0) =N (x),
measured by horizontal displacement of a crystal.

The coordinate x of any particle (considered ignoring
the chromatic aberrations) at a detector D located at the
position of the image of a crystal-deflected beam (Fig. 20) is

X:finxo+(1|3Ap > €1y
p

where ¢;; is the linear magnification coefficient; g3 is the
linear dispersion; Xo<H/2 is the initial coordinate of a
particle emerging from the crystal; Ap/p is the relative
spread of the particle momenta.

If the first term in expression (31) is much less than
the second, the size of the beam image is governed entirely

by the spread of the particle momenta and its profile
corresponds to the distribution of these momenta. In the
specific case under consideration (q;; =1/2 and
g13 =25 mm per 1% of Ap/p, H = 0.5 mm) this condition
is satisfied for Ap/p > 5 x 107°. The image distortions
contributed by the chromatic aberrations of a pair of
quadrupole lenses amount to &x/x <2 X 107 in the
‘thin-lens’ approximation [89], so that these distortions
can be ignored.

The beam profile in the image was measured with the
aid of an analogue ionisation chamber D in steps of 1.25
mm. The distribution of the particle momenta in the beam
deduced from this profile is shown in Fig. 21b. The
momentum spread in the beam in the course of extraction
was op,/, = 6.4 X 1074,

This method of determination of the beam character-
istics can be used to determine the parameters of high-
intensity accelerator beams when particle counters cannot
be employed.

Particularly promising is the feasibility of measuring in
this way the halo of a circulating beam in large hadron
colliders when the problem of particle losses is very severe.

5. Applications of bent crystals in beam
extraction from an accelerator

5.1 System of accelerated-beam extraction and the first
results

The ability to deflect particles through large angles in a
bent crystal suggests that this method might be used to
extract an accelerated beam from a vacuum chamber of an
accelerator [62]. A bent crystal can be essentially regarded
as a compact septum with a strong electric field of
~10° Vem™ (or higher) which is localised inside the
crystal and decays at a distance of ~1 A from its surface.
A circulating beam can be targeted on a crystal in a
vacuum chamber by the same methods that are used in the
case of internal targets, such as the method of a local
distortion of a closed orbit. Of the beam incident on the
crystal only the part of it with angular divergence less than
40, is captured into the channelling mode and is deflected
by an angle necessary for extraction from the accelerator
vacuum chamber. The particles which are not trapped into
the chanelling mode are lost partly at the nuclei in a crystal
or by scattering through exceptionally large angles.
However, a considerable fraction of the particles continues
their motion in the accelerator ring and can cross the
crystal repeatedly. Every time this happens, some of these
particles are trapped into the channelling mode and are
extracted from the accelerator, which naturally improves
the extraction efficiency.

The simplest estimate of the overall (multiturn) extrac-
tion efficiency fex can be obtained on the basis of two
assumptions: (a) the probability A of the trapping of a
particle in the channelling mode in successive passages
through a crystal is the same as in the first passage,
Ay =A; for k; > 1 (in reality, this probability decreases
with increase in the beam divergence caused by the
scattering in the crystal); (b) the probability ¢ of particle
loss either in the crystal or at the walls of the vacuum
chamber during the successive passages through the crystal
is the same as in the first passage, ¢, = ¢; for kK > 1 (it can
increase slightly because the particles reach the vacuum
chamber walls as they are scattered). The value of ¢ is
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~L /Ly, ie. it is equal to the ratio of the length of the
crystal to the nuclear length (this ratio is of the order of
0.1). It follows from these assumptions that the formula for
the overall extraction efficiency is [63]

—;
A —q)+gq P Lp)

The exponential factor takes into account the dechannel-
ling of the trapped particles. Since both assumptions, (a)
and (b), overestimate the efficiency, formula (32) represents
the upper realistic limit. This formula describes well, for
example, the results of computer simulation [66] of the
extraction of a beam from the Superconducting Super
Collider (SSC) (see Ref. [67]). The repeated passage also
increases the angular acceptance of the crystal. The
particles misoriented in the crystal for the first time
experience a change in their angle because of their
scattering and may return to the angular interval %0, in
one of the subsequent passages. It is obvious that the
acceptance is governed by the maximum scattering angle of
a particle until it is lost in the crystal or on the walls of the
vacuum chamber. It can be estimated in terms of the angle
of multiple scattering occurring in the nuclear length Ly
[63]:

1/2
14 MeV<LN>
BN ~ e )

(32)

v In (33)
where Ly is the radiation length. The quantity 6y is
independent of the length of the crystal and can be much
greater than .. Rigorous analysis of the extraction process
should take into account many effects that perturb a beam:
the trapping in the channelling mode and the dechannelling
of the particles, multiple scattering in a crystal, scattering
by the potential of bent atomic planes [64], the loss of
particles in collisions with nuclei, the energy losses in a
crystal, and the dynamics of motion of particles in a ring
(betatron oscillations), noise, losses in the vacuum chamber
walls, etc. [65]. These effects are mutually related and
should be considered simultaneously [63].

The extraction of a proton accelerator beam by a crystal
was first achieved in Dubna in 1984 [26] in the energy range
4.2-7.5 GeV. Extraction of a proton beam from the
JINRsynchrophasotron was performed by a silicon crystal
with dimensions 11 mm, 10 mm, 0.4 mm, oriented along the
(111) plane, and bent by an angle of 35 mrad. This crystal
deflector was placed on a goniometer table, which made it
possible to rotate it in steps of 40 prad. The deflector was
placed at fixed positions but at different distances from the
centre of the accelerator vacuum chamber. The accelerated
protons were targeted on the crystal by reducing the radius
of the equilibrium orbit. The extraction was achieved at
three values of the proton energy: 4.2, 6.0, and 7.5 GeV.
The measured efficiency was ~ 107*, which was due to the
low geometric efficiency g~ 0.4 x 10 mm2/1570 mm? ~
2.6 x 107>, as well as due to the strong divergence of
the incident beam (~2 mrad), compared with 8, = 70 prad.

In 1989 a proton beam of 70 GeV energy was extracted
from the IHEP accelerator [27]. Once again, silicon crystals
with the (111) orientation were used and their dimensions
were 65 mm, 15 mm, and 0.6 mm. The crystal deflector [69]
had a wide angular acceptance @ = +5 mrad, which made it
easier to orient it, but this reduced the geometric efficiency
by a factor of ~a4/®, where o4 ~ 0.3 mrad is the beam
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Figure 22. Dependences of the intensity of a proton beam extracted
from the accelerator at the Institute of High-Energy Physics on the
radial position of an internal scattering target. Beam energy (/) 70
GeV; (2) 50 GeV [28].

divergence. The crystal was bent by 85 mrad: its curvature
was 1.8 mrad mm™~' over a distance of 30 mm and 0.8 mrad
mm~' over a distance of 35 mm. The crystal was placed at a
distance of ~ 50 mm from the equilibrium orbit. The beam
was guided to the crystal by local distortion of the orbit.
The efficiency achieved in this experiment was
(0.4 —1.5) x 107", The intensity of the extracted beam
reached 4.6 x 10° protons cycle™' when the intensity of
the beam reaching the crystal was ~10'" protons cycle™. In
subsequent investigations [28] a different method for
guiding the beam to the crystal was used: it involved
preliminary scattering of the beam by a thin
(~50 mg cm™?) internal carbon target. The intensity of
the beam reaching the target was ~3 x 10" protons
cyclefl. Some of the scattered particles reached the
crystal. The intensity of the beam extracted by this method
increased to 9 x 10° protons cyclefl. Calculations [28]
indicated that the crystal should receive only ~1/100 of
the flux reaching the carbon target, so that the crystal
efficiency was estimated to be 0.3%. Fig. 22 gives the
dependences of the intensity of the extracted beam on
the target position. In the last few years this crystal-
extracted beam has been used in two experiments: PROZA
and SIGMA.

5.2 Beam extraction from the Super Proton Synchrotron
at CERN

The most interesting results have recently been obtained in
an experiment on beam extraction by a crystal from the
Super Proton Synchrotron (SPS) at CERN [29]. This
experiment was designed as a comprehensive investigation
of the process of extraction and, on the basis of the results
obtained, for the assessment of the feasibility of beam
extraction from supercolliders [74]. The experimental setup
(Fig. 23) included two silicon crystals of dimensions
30 mm x 18 mm x 1.5 mm. These crystals were bent by
an angle 8.5 mrad and could be used alternately for beam
extraction. The beam could intersect the central (10 mm)
part of a crystal avoiding a bending device of the same kind
as that described in Ref. [69]. Crystals were cut parallel to a
(110) plane and this orientation was accurate to within
< 200 prad. They were then polished and etched to obtain
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Figure 23. Crystal extraction of a beam from the Super Proton
Synchrotron at CERN [29]. The bending device is shown on the left. On
the right are the dependence of the crystal bending radius on the crystal

length and thedependence of the orientation of the (110) planes on the
vertical coordinate on the end face of a crystal.

a flat surface. A goniometer was used to orient a crystal in
steps of 4 prad and to displace it perpendicular to the
beam. The protons deflected by the crystal through the
angle of 8.5 mrad in the horizontal plane, towards the
centre of the SPS, were detected at a distance of 20 m
downstream (behind the crystal). The extracted beam was
observed visually with the aid of a Csl scintillation screen
(TV). The beam profiles were measured with a scintillation
hodoscope (H) consisting of 32 horizontal and 32 vertical
strips which were 1 mm wide. Two sets of horizontal
microstrip gas chambers (MSGC), separated from one
another by 1 m, were used in determination of the
divergence and profile of the extracted beam. Three
scintillation counters S1—S3 were used in coincidence to
trigger the detectors.

Measurements were carried out on a beam of 120 GeV
protons of ~5 x 10'" protons s~' intensity. At this SPS
energy the nonlinear effects and the natural diffusion were
practically undetectable, so that the beam lifetime was
> 100 hours. A crystal was placed at =10 mm, correspond-
ing to (6—10)0 (where o is the rms transverse beam size)
from the beam axis where the halo the unperturbed beam
contained practically no particles. The beam was perturbed
in the horizontal plane by the electric field of a pair of
capacitor plates. The capacitor field represented a white
noise over a wide range and deflected particles by the rms
value of ~ 0.001 prad for every pass alongside the capacitor
plates. A simulation reported in Ref. [70] indicated that
protons should reach the crystal with the impact parameters
(depth of penetration) of the order of 1 pm and with an
angular divergence of <5 prad (0, = 14 prad). Similar
impact parameters are expected in future accelerators (see
Section 5.3). The structure at the edge of the crystal should
therefore be of high quality.

The efficiency of the extraction process, defined as the
ratio of the number of the extracted protons to the number
lost in the SPS during the same time interval, was ~10%.
The angular width of the intensity distribution in the
extracted beam, 200 prad (FWHM), was considerably
greater than 6. or the divergence of the incident beam.

This width, as well as other observed effects (changes in the
profile of the extracted beam with the misorientation of a
crystal, dependence of the optimal crystal angle and of the
angular width of the extracted beam on the vertical
coordinate of the incident beam), were attributed to
unwanted angular distortions of the end faces of the
crystal resulting from the adopted bending technique
(Fig. 23). All these effects were confirmed qualitatively
by a simulation carried out with the aid of the CATCH
program [65] which took account of the geometry of a
crystal with distortions and of the effects of repeated
passage of particles through a crystal. The extraction
efficiency reported in Ref. [65] had a peak value ranging
from 12% to 18% in the angular range 140-260 prad
(FWHM), depending on the vertical coordinate of the beam
incident on the crystal and on the vertical emittance of the
beam. Simulation showed that the experimental results were
reproduced satisfactorily only when it was assumed that the
crystal was imperfect near the surface (to a depth of ~1
pm), so that the first passage of the particles through the
crystal was ineffective. The channelling and extraction of
particles were possible only because of the repeated passage
when the depth of penetration of the scattered particles was
large. This example is also a good illustration of the main
problem, which is the requirement of a high quality of the
surface layer of a crystal, and of the main advantage of the
use of a crystal in extraction, i.e. the feasibility of multipass
transmission of particles.

The bending device was then refined to avoid the
dependence of the orientation of the end face of a crystal
on the vertical coordinate [30]. The angular scan width then
decreased to ~70 prad (Fig. 24), but the extraction
efficiency remained as before, exactly as predicted by
computer simulation [65] of beam extraction by this
method. It is evident from Fig. 24 that the simulation
results were in satisfactory agreement with experiments.
Indirect evidence of the multipass nature of the extraction
was also obtained: for example, the vertical divergence of
the extracted beam was strong (this was the beam scattered
during the ineffective passes through the crystal). A further
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Figure 24. Dependence of the intensity of a proton beam extracted
from the Super Proton Synchrotron on the angle of orientation of the
crystal: (1) computer simulation [65]; (2) experimental results [30].

improvement of this extraction method will require an
improvement in the crystal structure at the deflector
edge. Another possibility predicted by simulation is
optimisation of the contribution of repeated passages of
particles by reduction of the crystal length to ~1 cm; in this
case the extraction efficiency can reach ~40% even in the
case of an imperfect crystal deflector [65].

5.3 Plans of beam extraction from multi-TeV
accelerators

The progress in the channelling applications has stimulated
interest in the possibility of beam extraction by crystals
from future multiteraelectron-volt accelerators [73, 74]. In
the case of the collider machines, such as the large hadron
collider (LHC) under construction at CERN, a crystal
provides practically the only means of extracting a beam
without major losses and without significant modification
of the machine. The extracted beam would be of
considerable interest for the study of the beauty (B)
physics experiments on a fixed target [75, 76].

The intensity of the extracted beam needed in such
experiments [76] is low, ~10% s7!, so that a crystal may be
located in the halo of a circulating beam (~10' protons in
the LHC). Such a crystal can then utilise only a small part
of the beam without interfering with the main experiments
in the collider. The halo is formed because of the scattering
of protons in the circulating beam, mainly at the beam cross
points, during the operation of the collider (in the LHC the
halo is ~4 x 10° sfl). The halo supplies a sufficient number

of particles for the operation of the extraction crystal.
‘Active’ methods of halo formation, i.e. injection of noise
into the beam, are also being studied. In view of the
nonlinearity of the fields in the accelerator the halo protons
diffuse slowly to the periphery and reach the crystal. The
diffusion velocity is low so that the impact parameter of the
first interaction of protons with the crystal is very small,
b =1 pum or even less [77]. The angular divergence of the
protons incident on a crystal is also small, of the order of
+1.5 prad = 6, for the LHC [77], which favours the use of
crystals. The minimum angle of proton deflection by a
crystal needed for the extraction from the LHC is only 0.7
mrad [74], so that a very high deflection efficiency should be
attained.

Among the potential difficulties one can identify the
following: the requirement of a high quality of the surface
of a single crystal; more stringent requirements in respect of
the uniformity of the orientation of the crystal face, and
particularly of its edge (angular distortions amounting to
=1 prad are sufficient to influence significantly the
efficiency of a crystal); the requirement of a high degree
of perfection of a crystal lattice (absence of dislocations).
Separate problems are formation of the halo and its
diffusion to the beam periphery. Both processes depend
strongly on, for example, the intensity of the circulating
beam, which changes during the collider operation. The use
of crystals in the LHC requires tackling not only of the
extraction problems themselves, but also matching of the
extraction system to the beam collimation system (in order
to protect the superconducting components).

The parameters of the beam incident on a crystal are
similar to those in the SPS experiments. However, there is
no simple way of extrapolating the SPS results to higher
energies, since the multipass extraction depends on a large
number of factors and these factors vary differently with
increasing energy. The good agreement achieved between
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Figure 25. (1) Efficiency of extraction of a proton beam from the large
hadron collider (LHC) by a (110) silicon crystal, plotted as a function
of the crystal length. (2) Contribution made to the efficiency by the
first passage of the particles through a perfect crystal. In each case the
results are those of a computer simulation [78].
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the SPS experiments and their computer simulation suggests
that such simulation could also be applied to the LHC.
Fig. 25 gives the dependence of the efficiency of beam
extraction from the LHC on the length of a silicon crystal
considered in the simulation reported in Ref. [78]. The
attainable efficiency is 60% —70% for a crystal ~5 cm long.
The simulation also shows that the efficiency of beam
extraction by a crystal with an imperfect ‘amorphous’
surface (when the extraction is entirely due to repeated
incidence of the particles on the crystal) differs very little
from the efficiency of an ideal crystal. This result is
obtained because the particle scattering angle in a crystal
is very small, of the order of the Lindhard angle, when the
energy in the LHC is ~7 TeV. Investigations of beam
extraction by crystals have also been carried out on the
Tevatron accelerator at FNAL [72]. Computer simulations
of crystal extraction of beams from other accelerators are
reported in Refs [66, 79, 80].

6. Applications of bent single crystals in
measurements of magnetic moments of
short-lived particles

Bent crystals can be used not only in handling accelerator
beams, but they also provide new opportunities for
experiments in high-energy physics.

An example of such an application of a single crystal is
an experiment in which the magnetic moment of the T*
hyperon was measured with the aid of the FNAL accel-
erator [92] (the feasibility of such an experiment had been
demonstrated by V M Samsonov and A V Khanzadeev
[93D).

V G Baryshevskii [94] and L Pondrom [95] have shown
that the magnetic moment of a particle should precess if the
particle is channelled in a single bent crystal. V L
Lyuboshits [96] and I J Kim [97] have developed a detailed
theory of the spin precession.

The electrostatic field of the atomic planes is trans-
formed in a bent crystal into the magnetic field in the
reference frame in which the particle is at rest. The
precession angle ¢ is therefore given by [96]

1
<p=§v@(g—2) fory > 1,

where y is the Lorentz factor; g is the gyromagnetic ratio;
® is the angle of deflection of a channelled particle.
The measurements of ¢ and @ of the channelled particle
can be used to find g and, consequently, its magnetic
moment

_ 8¢
" 2me
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where ¢, m, and S are the charge, mass, and spin of the
particle.

The presence of extremely strong fields in a crystal
means that the magnetic moment can be determined for
particles with a decay length of just a few centimetres, which
is not possible to do by classical techniques in which
ordinary magnets are used.

The precession of the spin of the =" hyperons was first
reported in Ref. [92] and this experiment was a demonstra-
tion of the promising nature of the new method for deter-
mination of the magnetic moment of particles with heavy c-
and b-quarks.

The apparatus used in this experiment included a
hyperon spectrometer consisting of a dipole magnet and
three arrays of strip silicon detectors, as well as a baryon
spectrometer, comprising two dipole magnets and four
arrays of multiwire proportional chambers.

Two bent silicon crystals (Fig. 26a) were placed behind
the hyperon spectrometer at the head of the decay zone.
These crystals were oriented along the (111) planes and their
dimensions were xyz =25 mm X 0.4 mm x 45 mm. They
were bent in accordance with a three-point scheme.

The upper crystal deflected the beam downward and the
lower crystal deflected it upward. The angle of the
deflection was the same in both cases. Therefore, the
spin precession in the crystals was in the opposite direc-
tions (black arrows in Fig. 26a).

lonisation-loss detectors were implanted in the crystals
in order to distinguish the channelled particles.

The average momentum of the T+ hyperons, governed
by the geometry of the hyperon channel and by the
magnetic field, amounted to 375 GeV/c and the momen-
tum scatter was Ap/p = 7%. The measured polarisation of
the 1 beam was 12% £1%. At 10 m from the target the
beam contained ~ 1% of the Tt hyperons; the other
particles were pions and protons.

The vertical dimension of the beam at the positions of
the crystals was 1.8 cm and the angular divergence of the
beam was 1.4 mrad. Only a small fraction of the beam,
~2.5x 107* was trapped into the channelling mode (this
value agreed with the calculations).

The channelled particles were identified by the angle of
deflection 8 and by the relatively low ionisation losses AE in
the crystals.

The angle of deflection of the particles in the upper
and lower crystals was 6= —1.649+0.030 mrad and
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Figure 26. (a) Schematic diagram explaining the spin precession effect
in a crystal. (b) Measured polarisations after the spin rotation in
crystals (statistical errors are shown at the level of o). The dashed
arrows correspond to theoretical predictions.
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1.649 £0.043 mrad, respectively (the magnetic moment
should precess by ¢ =1 rad).

The =* hyperons with the £+ — pn’ decay (~52% of
the total number of decays) were selected for the polarisa-
tion measurements. The decay vertex was measured in a 10
m decay zone to within 50 cm. The number of events which
were selected amounted to 2167 47 when the event
selection criterion was based on constraints imposed on
the kinematic variables.

The Z+—>pn0 decay mode has a large asymmetry
param-eter o« = —0.98 and is therefore a sensitive criterion
of the polarisation state of 7. The components of the
polarisation vector of the Z* hyperons were determined for
each of the crystals. They are plotted alongside the
calculated data in Fig. 26b. The measured spin precession
angles were +51° £ 23° and —72° +26° for the upper and
lower crystals, respectively. The average spin precession for
the two crystals, 60°+17°, was in agreement with the
predicted value 62° + 2°.

The average polarisation vector for the two crystals was
P =11.8% +3.6%, which should be compared with the
polarisation 12% %1% measured without deflection in
the crystals. Hence there was no depolarisation in the
course of the channelling.

The measured magnetic moment of the = hyperons was
(2.15+£0.61)uy and (2.74 £0.71)py for the upper and
lower crystals, respectively (uy = eh/mID is the nuclear
magneton). The average moment u = (2.40 %+ 0.46)uy
was in agreement with the published fundamental constant
(2.42£0.05)py. The systematic error in these measure-
ments did not exceed 0.40uy.

The experiment demonstrated the spin precession of the
channelled particles in a bent single crystal. It is proposed to
use this method to measure the magnetic moment of AJ,
which is a short-lived particle created with a strong
polarisation because of the large asymmetry parameter.

7. Summary

Two important points, which follow from an analysis of
the results of investigations of the channelling of high-
energy charged particles in crystals, should be stressed.
First, the main assumptions made in the theory of
channelling are in satisfactory agreement with experimen-
tal results. Computer programs of the CATCH type can be
used to analyse results of experiments taking into account
the conditions during these experiments. Second, investiga-
tions and developments in the application of bent crystals
in accelerators give hope that in the near future such
crystals will supplement the arsenal of means for the
steering of high-energy particle beams and thus make it
possible to realise certain projects which have hitherto
seemed doubtful or impossible. Bent crystals are already in
use in particle channels and in systems for the extraction of
accelerated beams. They are opening new avenues in the
design of experiments and are increasing the efficiency of
the utilisation of accelerators.

This review does not deal with proposals and ideas that
have not been fully developed: they are concerned mainly
with the various aspects of the use of crystals in the
experiments proposed for beams of particles of ultrahigh
energies and are discussed in detail in Ref. [98].

Neither does this review deal with the wide range of
topics related to the investigation of electromagnetic

processes that occur during the passage of electrons,
positrons, and high-energy y rays through an oriented
crystal. Investigations of these topics, which are opening
new opportunities for the applications of oriented single
crystals (in particular, the generation of polarised high-
energy ¢* and y beams in proton accelerators), have been
dealt with fully during the All-Union Conference on
Problems in Application of Particle Channelling Effects
in Crystals to High-Energy Physics, which was held in 1991
at IHEP in Protvino, as well as in reviews [9, 10] and
monographs [11-13].
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