
Physics-Uspekhi 3 7 ( 1 0 ) 9 3 7 - 9 6 1 ( 1 9 9 4 ) © 1 9 9 4 J o i n t l y U s p e k h i F i z i c h e s k i k h N a u k a n d T u r p i o n L t d 

REVIEWS OF TOPICAL PROBLEMS P A C S n u m b e r s : 2 9 . 2 7 . A c ; 2 9 . 2 7 . E g ; 6 1 . 8 0 . M k 

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

V M Biryukov, V I Kotov, Yu A Chesnokov 

Contents 

1. Introduction 937 
2. Channelling of charged particles in crystals 938 

2.1 E q u a t i o n s o f m o t i o n ; 2 .2 C h a n n e l l i n g in a b e n t c r y s t a l ; 2 .3 D e c h a n n e l l i n g in a s t r a i g h t c r y s t a l ; 

2 .4 D e c h a n n e l l i n g in a b e n t c r y s t a l ; 2 .5 V o l u m e c a p t u r e ; 2 .6 C o m p u t e r s i m u l a t i o n o f c h a n n e l l i n g 

3. Deflection and focusing of beams by crystals 946 
3.1 R e q u i r e m e n t s i m p o s e d o n t h e q u a l i t y o f s i n g l e - c r y s t a l s l a b s a n d b e n d i n g d e v i c e s ; 

3.2 I n v e s t i g a t i o n s o f m a i n p o t e n t i a l a p p l i c a t i o n s o f c r y s t a l s in b e a m h a n d l i n g ; 3.3 B e a m f o c u s i n g b y a c r y s t a l 

4. Applications of crystals to beams extracted from large accelerators 951 
4.1 B e a m a t t e n u a t o r ; 4 .2 B e a m s p l i t t i n g ; 4 .3 B e a m d i a g n o s t i c s 

5. Applications of bent crystals in beam extraction from an accelerator 954 
5.1 S y s t e m o f a c c e l e r a t e d - b e a m e x t r a c t i o n a n d t h e first r e s u l t s ; 5.2 B e a m e x t r a c t i o n f r o m t h e S u p e r P r o t o n S y n c h r o t r o n 

a t C E R N ; 5.3 P l a n s o f b e a m e x t r a c t i o n f r o m m u l t i - T e V a c c e l e r a t o r s 

6. Applications of bent single crystals in measurements of magnetic moments of short-lived 958 
particles 

7. Summary 959 
References 959 

Abstract. A review is given of the results of invest igations 
of the channell ing of high-energy charged part icles in bent 
single crystals carried out in the last fifteen years . These 
invest igations have given rise to new appl icat ions of 
crystals in the cont ro l of high-energy part icle b e a m s in 
m o d e r n accelerators: in b e a m lines, in systems for the 
extract ion of accelerated beams , and in certain experi­
ments . 

1. Introduction 
Interest in the passage of charged part icles t h rough crystals 
first appeared at the beginning of the century following 
experiments on x-ray diffraction in crystal lattices, which 
provided the p r o o f of an ordered dis t r ibut ion of a t o m s in a 
crystal. Stark pu t forward the hypothes is [1] tha t certain 
direct ions in a crystal should be relatively t r ansparen t to 
charged part icles. H e p roposed to check this hypothesis in 
experiments on p r o t o n beams . 

These first ideas on the channell ing of charged part icles 
in crystals had been forgotten and became topical again in 
the early sixties when the channell ing effect was redis­
covered by computer s imulat ion [2] and in experiments [3] 
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which revealed anomalous ly long ion ranges in crystals. The 
or ienta t ional effects dur ing the passage of charged part icles 
t h rough crystals have been found for a whole range of 
processes characterised by small impact pa rame te r s of 
collisions between part icles and a toms: nuclear react ions, 
large-angle scattering, energy losses. L indha rd explained the 
channell ing of charged particles in crystals [4]. The results of 
n u m e r o u s invest igations of the channell ing of low-energy 
( amoun t ing to several megaelectron-vol ts) charged part icles 
in crystals have been summarised in several m o n o g r a p h s and 
reviews [ 5 - 8 ] . 

A new stage in the investigation of the channell ing 
of charged part icles is the extension to high energies. 
These investigations have been st imulated by the idea of 
E N Tsyganov (1976) who demons t ra ted theoretical ly tha t 
it should be possible to steer high-energy charged part icles 
by bent crystals. His idea was confirmed in pioneer ing 
experiments carried out in 1979 in col labora t ion between 
the Joint Ins t i tu te of Nuc lea r Research ( J I N R ) in D u b n a 
and the F e r m i N a t i o n a l Accelerator L a b o r a t o r y ( F N A L ) in 
Batavia , IL . In the first experiments on bent crystals the 
efficiency of the part icle beam deflection (i.e. the rat io of the 
intensity of the deflected beam to tha t incident on a crystal) 
was very low (a fraction of 1%), bu t in the subsequent 
experiments it has been improved to 10% and has recently 
reached a record value of ~ 5 0 % in experiments on 
deflection of a 450 G e V p r o t o n beam at C E R N in Geneva . 

Exper iments carried out in 1990 on the accelerator at 
our Ins t i tu te of High-Energy Physics ( I H E P ) in Pro tv ino , in 
col labora t ion with the Leningrad Inst i tu te of Nuc lea r 
Physics ( L I N P ) in Ga tch ina , demons t ra ted tha t it is 
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possible no t only to deflect charged part icle b e a m s in a bent 
crystal bu t also to focus them in the bend ing p lane . This can 
be achieved if the exit face of a crystal is shaped to form a 
cylindrical surface, so tha t all the p lanes tangent ia l to the 
a tomic planes in the exit face of a crystal intersect at some 
distance from the crystal. Bent crystals with their extremely 
high in terplanar electric fields (10 9 V c m - 1 or higher) can 
thus be used to contro l b e a m s of charged part icles with high 
and very high energies. This possibili ty has been realised by 
m a n y leading research centres work ing on high-energy 
physics. Studies are being m a d e of the use of bent crystals 
for the extract ion of accelerated p r o t o n beams , in beam 
lines, and in certain experiments . In all three cases some 
interest ing and very promis ing results have been obta ined. 
In par t icular , bent crystals have been used to extract 
accelerated p r o t o n s with energies up to 8 GeV at J I N R 
(1984), up to 70 GeV at I H E P (1989), and 120 G e V at 
C E R N (1993). In the J I N R experiment the extract ion 
efficiency was 10~ 4 , bu t it has been improved to 
3 x 1 0 " 3 at I H E P and to 1 0 " 1 at C E R N . The experiments 
proceeding at C E R N and p lanned at F N A L are designed to 
achieve highly efficient extract ion of a p r o t o n beam, so tha t 
the results can then be used to develop an extract ion system 
for supercolliders of the large h a d r o n collider ( L H C ) type, 
because the use of crystals for this pu rpose seems to be the 
only me thod which can ensure tha t experiments can be 
carried out in the collider m o d e and with a fixed target . 

In this review we shall confine ourselves to the 
presenta t ion of the results of the experiments carried out 
in the last fifteen years and represent ing the development of 
new appl icat ions of crystals in contro l of b e a m s of h igh-
energy particles. 

2 . Channelling of charged particles in crystals 
2.1 Equations of motion 
Lindha rd [4] demons t ra ted tha t for a low angle of incidence 
of a charged particle, relative to a crystal lographic axis or 
plane, the successive collisions of the part icle with the 
lattice a toms are correlated with one ano ther and it is 
necessary to consider the interact ion of a charged part icle 
with an a tomic string or p lane. In the low-angle 
approx ima t ion the potent ia ls of the individual a t o m s can 
be replaced with an average con t inuous potent ia l . If a 
part icle is no t oriented exactly a long an a tomic string bu t 
moves at a small angle relative to a crystal lographic plane, 
it is possible to use the con t inuous poten t ia l of an a tomic 
p lane where the averaging is carried out over two 
coordinates : 

Upl(x)=Nd] a V(x,y,z) dy dz . (1) 

where V(x,y,z) is the po ten t ia l of the interact ion of the 
part icle with an a tom; N is the number of a toms per uni t 
volume; dv is the distance between the adjacent planes . The 
mot ion of heavy part icles (pro tons , ions) can be considered 
in te rms of classical mechanics and the precision of this 
approx ima t ion improves as the energy of the part icle 
increases [4]. In the case of light part icles (electrons, 
pos i t rons) the classical approx ima t ion becomes valid in the 
megaelectron-vol t range of energies. Since we shall consider 
p lanar channell ing, we shall give the potent ia l of Eqn (1) 
describing the interact ion between a part icle with a charge 

Zte and an a tomic p lane of a crystal with an a tomic 
number Z on the basis of the Mol iere approx ima t ion 

Upl(x) = 27iAWpZ;Ze VF E ? e x P ( - — ) • (2> 
Pi V ATF/ 

H e r e a = 0.1 , 0.55, and 0.35 and the cor responding values 
of ft are 6.0, 1.2, and 0.3; the T h o m a s - F e r m i screening 
pa ramete r is aTF = 0 . 8 8 5 3 a B Z - 1 / 3 , where aB = 0.529 A. 
Ano the r frequently used approx ima t ion is due to L indha rd : 

Upi(x) =2nNdvZiZe2(^Jx2+ 3a^F - x^j (3) 

The the rmal v ibra t ions of a toms alter the poten t ia l of 
the static lattice of Eqn (1) near a p lane at distances of the 
order of the ampl i tude u of these v ibra t ions ; the modified 
poten t ia l is discussed in Ref. [5]. A part icle moving in a 
crystal is in a po ten t ia l which is the sum of the potent ia ls of 
the individual p lanes . Examples of the potent ia ls of the 
(110) and (111) p lanes of silicon are given in Fig. 1. The 
depth of the poten t ia l well U0 in silicon is of the order of 
20 eV. 

U/eV 

2 x/A 

Figure 1. C a l c u l a t e d c o n t i n u o u s p o t e n t i a l s in t h e (110) a n d (111) 
p l a n e s o f s i l i con . 

The t ransverse mo t ion of a part icle arr iving at a small 
angle (a typical range of these angles will be given below) 
relative to any of the crystal lographic axes or planes is 
governed by the con t inuous poten t ia l of the crystal lattice. 
It is clear from the above discussion tha t the fields of a tomic 
strings and planes form potent ia l wells in which the mot ion 
of part icles can be stable. In this case one speaks of the 
channelling of a part icle: it is axial channell ing if the part icle 
is coupled to a tomic strings and p lanar channell ing if the 
part icle is coupled to a tomic planes . 

The interact ion of a channelled part icle with a crystal­
line med ium differs s trongly from the interact ion with an 
a m o r p h o u s b o d y or a misoriented crystal. A channell ing 
p r o t o n does no t in fact collide with nuclei. Moreover , it 
moves in a med ium tha t has a reduced electron density. 
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Such a p r o t o n is very sensitive to crystal lattice defects and 
this has provided a basis for an effective me thod for the 
analysis of crystal qual i ty [7]. In the case of light part icles 
the coherent effects are also demons t ra ted by an increase in 
the probabi l i ty of the emission of a p h o t o n or creat ion of a 
pair , and by interest ing spectra [ 9 - 1 3 ] . A channel l ing 
part icle m a y travel a distance of a few centimetres in a 
crystal (when its energy is in the gigaelectron-volt range) . 

Let us n o w consider the equa t ions of mo t ion of a 
part icle with a high energy (p2c2 -\-m2c4)1^2 in a t ransverse 
poten t ia l U(x). If the t ransverse componen t px of the 
m o m e n t u m p of this part icle is much less t han the 
longi tudinal componen t pz (i.e. if the angle 6=px/pz is 
small), we can wri te down the equat ion of conservat ion of 
the to ta l energy E = (p2

xc2+ p\c2 + m V ) 1 / 2 + U(x) = const 
in the form 

2 2 
PxC 

2E7 

+ U(x) + Ez = const . (4) 

where Ez = {p2

zc2-\-m2cA)1^2. The sum of the first two 
te rms in Eqn (4), which depends on the t ransverse 
m o m e n t u m and the t ransverse coordina te , is called the 
t ransverse energy Ex. The longi tudinal componen t of the 
m o m e n t u m is conserved dur ing mot ion in the poten t ia l 
U(x), which implies conservat ion of Ex: 

2 2 2 2 
Ex = P^-+U(x) = ^ - 6 2 + U(x) = const 

2E7

 K ' 2E7

 w (5) 

If we assume tha t Ez w E and pz w p, and if we apply the 
familiar relat ionship pc2 = vE, where v is the part icle 
velocity, E q n (5) can be rewri t ten in the form 

Ex 

PV a2 r + U(x) = const . 

Differentiat ion of E q n (5) with respect to z and 
subst i tut ion of the same quant i t ies as before gives 

p v — + u > { x ) 0 

the 

(6) 

for one-dimensional t ranverse mo t ion in the poten t ia l U(x). 
It describes oscillations of a part icle in the poten t ia l well of 
a p lanar channel . In the ha rmon ic poten t ia l U0(2x/dv)2 the 
per iod X of these oscillations is equal to Kdv(pv/2U())1^2. 
The per iod X is macroscopic : its value is up to 0.5 m m for a 
20 TeV p r o t o n in silicon. The condi t ion for the cap ture of a 
part icle into the channell ing m o d e is 

^ 0 2 + U(x)<U0 

Hence , if x = 0, the limiting angle of cap ture (channell ing 
angle) is 

2Uo 
pv 

1/2 

(8) 

The angles 0 L for p lanar and axial channel l ing were 
in t roduced by L indha rd . F o r the (110) planes in silicon the 
angle # l is 20 urad if the part icle energy is 100 GeV and is 
7 urad for 1 TeV. The scattering by nuclei rapidly destroys 
the channelled mot ion : a part icle app roach ing an a tomic 
p lane to a distance of the order of CITF can be regarded as 
dechannel led. F o r a channelled part icle the critical 
t ransverse coord ina te is xc w (dv/2) — aT¥ and the critical 
channell ing angle is 9C = {^Ejpvy2, where Ec = U(xc) is 
the critical t ransverse energy. The definition of xc m a y 

include the dependence on the the rma l v ibra t ions of a toms . 
The experiments at F N A L [14] have shown tha t an 
accura te est imate of the 'half- thickness ' of an a tomic 
p lane or layer is 2.5u. 

A phase d iagram in the (x, 9) p lane provides a 
convenient i l lustration of the capture of a part icle into 
the channell ing m o d e (Fig. 2). Fig. 2 shows the dis t r ibut ion 
of 450 GeV p r o t o n s in silicon with the (111) or ienta t ion, 
obta ined by compute r s imulat ion [54]. The elliptic pa t t e rns 
represent the phase pa th s described by E q n (5) and 
cor respond to different values of Ex. The outer ellipse 
cor responds to the critical t ransverse energy Ec. The phase 
region inside this ellipse is occupied by channelled particles. 
The part icles outs ide the ellipse are no t channelled. 
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Figure 2 . D i s t r i b u t i o n o f 450 G e V p r o t o n s in (111) s i l i con , p l o t t e d in 
t h e (x, 6) p l a n e o n t h e b a s i s o f a c o m p u t e r s i m u l a t i o n [54]: (a) s t r a i g h t 
111 V ^ l_/ y 1U11 V V7 11 111 V L/ U O 1 U 1 1 1 1 U I V 

(7) c r y s t a l ; (b ) b e n t c r y s t a l (pv/R = 1.5 G e V 
c m - 1 ) . 

At the entry to a crystal the part icles are dis tr ibuted 
uniformly a long x between —dv/2 and dp/2. If their angular 
dis t r ibut ion between — 6C and 6C is also uniform, which is 
typical of gigaelectron-volt beams , the probabi l i ty of the 
capture of a part icle into the channell ing m o d e is the rat io 
of the area of the phase ellipse Ex = Ec (i.e. the p lanar 
channel acceptance) to the area of the whole phase region 
occupied by the incident beam (its emit tance) . In the case of 
the h a r m o n i c in terplanar po ten t ia l and a straight crystal 
this probabi l i ty is 

2xc 7i 9C 

(9) 
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if the beam divergence is 2<P. If a part icle is incident exactly 
paral lel to the crystal lographic planes, the probabi l i ty of its 
cap ture into the channell ing m o d e is simply 2xc/dv. W h e n 
it is incident at a fixed angle 0, then in the h a r m o n i c 
approx ima t ion this probabi l i ty decreases by the factor 

[ i - (e2/el)f2. 
2.2 Channelling in a bent crystal 
One can expect part icles travell ing in a slightly bent single 
crystal to follow the directions of the bent p lanes or axes 
and thus become deflected from the initial direction by the 
bend ing angle of the crystal. The possibili ty of this effect 
was poin ted out and the suggestion to use it in the cont ro l 
of high-energy part icle beams was m a d e by Tsyganov in 
1976 [15] and realised experimental ly [16] at J I N R in 1979. 
Let us consider the channell ing of a charged part icle in a 
p lanar channel with a cons tant bend ing rad ius R. If the 
part icle is described by the local coordina tes x and 9 
relative to the a tomic planes at a po in t z, we can use E q n 
(6) and supplement it by the centrifugal force pv/R: 

d2x 
pv^+Uf(x)+^ = 0 . 

R 
(10) 

The part icle then moves as if it were in an effective 
in terplanar potent ia l 

UeS(x) = U(x)+^x. 

Examples of the potent ia ls U(x) and £ / e f f ( x ) are shown in 
Fig. 3 for the (110) p lanes in silicon. It is obvious tha t an 
increase in the curva ture pv/R reduces the depth of the 
effective poten t ia l well and at some critical value (pv/R)c 

this well d isappears and the channell ing becomes impos ­
sible. The critical bend ing angle is governed by the 
m a x i m u m interplanar field (pv/R)c = Uf

max. This quan t i ty 
is abou t 6, 12, and 48 GeV c m - 1 for the (110) p lanes in 
silicon, ge rmanium, and tungsten , respectively. Usual ly , the 
m a x i m u m of Uf(x) is reached near an a tomic p lane where 
the nuclear scattering is s t rong so tha t the critical rad ius Rc 

is determined m o r e by the derivative of the poten t ia l at the 
b o u n d a r y of a channel : Rc = pv/Uf(xc). F o r silicon, we 
have U'{xc) « 5 G e V c m " 1 . 
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Figure 3 . E x a m p l e s o f t h e p o t e n t i a l s U(x) ( c o n t i n u o u s c u r v e ) a n d 
Uefrfx) ( d a s h e d c u r v e ) for t h e (110) p l a n e o f s i l i con . 

The phase region where the part icle channell ing occurs 
in a bent silicon crystal with the (111) or ienta t ion is 
identified in Fig. 2b. On increase in the crystal bend ing 
pv/R the size of this region decreases and it shifts closer to 
an a tomic p lane . This is accompanied by a cor responding 
reduct ion in the acceptance A of a p lanar channel [ 3 1 - 3 3 ] . 
In the ha rmon ic approx ima t ion for U(x) this dependence is 
of e lementary na tu re . The effective poten t ia l remains 
ha rmonic , so tha t the part icles still execute sinusoidal 
oscillations (with a per iod independent of R) bu t there 
is a new equil ibrium posi t ion x 0 = xcRc/R. The depth of the 
well Ec decreases by the factor [1 — (Rc/R)]2. F o r the 
part icles incident paral lel to a tomic planes only the 
reduct ion in the range of x available for channel l ing is 
impor tan t : this range is — xc + 2 x 0 < x < xc. The accep­
tance is then [33] 

2xr 

R (11) 

where 2xc/dv is the acceptance of a straight channel . F o r a 
beam with a uni form angular dis t r ibut ion and a half-width 
0 > 0 C , the acceptance A is represented by the rat io of the 
area of the phase region available for channell ing to the 
beam emit tance, i.e. 

2xc 7i 9C 

^ 4 $ R (12) 

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

R 

Fig. 4 shows the function \-Ah(pv/R), calculated in the 
Mol iere approx ima t ion for the (110) channel in silicon at 
two tempera tu res of 293 K and 128 K (on the assumpt ion 
tha t xc = dv — 2.5u). This figure includes also the exper­
imenta l results obta ined at F N A L [14]. It is evident from 
the figure tha t the acceptance decreases strongly well before 
the critical bend ing is reached. In the case of a silicon 
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Figure 4 . F u n c t i o n s 1 — Ah(pv/R) for S i (110) a t t w o t e m p e r a t u r e s : 
( 7 ) 293 K ; ( 2 ) 128 K [14]. T h e e x p e r i m e n t a l p o i n t s w e r e o b t a i n e d a t 
t h e F e r m i N a t i o n a l A c c e l e r a t o r L a b o r a t o r y a n d t h e c a l c u l a t i o n s w e r e 
m a d e in t h e M o l i e r e a p p r o x i m a t i o n (xc — dp — 2.5u). 
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deflector the threshold value is approximate ly 1 G e V c m -

and for ge rman ium it is abou t 2 G e V c m - 1 . 
Exper iments on p r o t o n beam deflection in silicon and 

ge rman ium single crytals have been carried out in the 
energy range from 1 to 800 GeV at L I N P [19], J I N R 
[16, 17], I H E P [18, 24, 39, 47, 48, 84], C E R N [20, 25, 55, 56, 
59], and F N A L [14, 21 , 45]. Also b e a m s of electrons [22] 
and heavy nuclei [23] have been deflected. The m a x i m u m 
angle of p r o t o n deflection has reached 130 m r a d [84] and 
the m a x i m u m intensity a t ta ined is 1 0 1 0 p r o t o n s per cycle 
[24]. The bend ing efficiency has reached 50% of the whole 
beam incident on a crystal [25]. Exper iments have revealed 
tha t channell ing occurs in a silicon crystal with a curva ture 
pv/R up to 3 - 4 G e V c m - 1 , i.e. close to the critical value. 

2.3 Dechannelling in a straight crystal 
The scattering of a channelled part icle on electrons and 
nuclei (and on the lattice defects) results in nonconse rva -
t ion of Ex. The scattering alters the state of the part icle 
which m a y leave the channell ing m o d e {dechannelling 
process). The reverse t rans i t ions are also possible: from 
the unchannel led fraction of the beam to the channel l ing 
m o d e (rechannelling or volume capture). These processes 
can be described by t r anspor t equa t ions [8, 34] or by 
compute r s imulat ion [54, 58]. The following one-d imen­
sional diffusion equat ion for the part icle dis t r ibut ion 
function f(Ex,z) is used mos t frequently in the descript ion 
of dechannell ing: 

6 / 
8z" 

1 8 

' 2dEr 

D(EX) 
_ 9 / (13) 

where D(EX) is the diffusion coefficient. The use of E q n 
(13) makes it possible to provide a simple analyt ic 
in terpre ta t ion of the dechannel l ing process . The linear 
approx ima t ion D w D0EX describes well the channelled 
part icles [8]. In this case the dis t r ibut ion function is [36, 37] 

f=j2ckJo o l Jo,* 
DoJo,kZ 

4Er 

(14) 

where Ck is governed by the initial part icle dis t r ibut ion / 0 : 

C , = — ^f0(Ex)J0^J0J^dEx. (15) 

Here , j 0 ^ k is the kth zero of the Bessel function J0. W e can 
see from the dis t r ibut ion function (14) tha t the ra te at 
which the k > 1 te rms of the series decrease is in 
accordance with j^kock2. After an initial section the 
te rms with k > 1 become smaller and the part icle 
dis t r ibut ion is then described by the first te rm of the 
expansion of the function (14): 

f=ClJ{ (16) 

Therefore, in the interior of a crystal the fraction of 
the channelled part icles falls exponential ly, p ropor t iona l ly 
to e x p ( — z / L D ) , a n d the process is characterised by the 
dechannelling length 

4F 

which no longer depends on the initial part icle dis t r ibut ion. 

The relaxat ion length L r e i for the dis t r ibut ion function 
(16) is governed pr imari ly by the ra te of fall of the second 
term in the function (14) and this length is of the order of 

£ r e l « ( j ^ ) L D « 0 . 2 L D . (18) 

If the length of a crystal is less than this characteris t ic 
quant i ty , then the experimental ly determined dechannel l ing 
length depends on the initial pa rame te r s of a part icle beam 
incident on a crystal: for example, it m a y depend on the 
na tu re of cap ture (end face or volume) or on the beam 
divergence (small, of the order of 0C, or much greater) . 

The quan t i ty D0 (friction coefficient) is governed by the 
mean-squa re value of the angle of scattering on electrons 
and nuclei: 

In view of the discrete na tu re of the crystal lattice, the 
cont r ibut ion of f luctuat ions of the poten t ia l to the p u r e 
p lanar channel l ing is much less t han the cont r ibut ion of 
mult iple scattering on nuclei [8]. If we set the limits by 
xc — ®TF j w e n e e d to consider only the scattering 
on electrons. Accord ing to L indha rd [4], 

(sesy 
5z 2p2 

8E ne(x) 
(20) 

Here , ne(x) is the electron density considered as a function 
of the coord ina te ; nam is the average ( amorphous ) electron 
density; m e is the rest mass of an electron. Averaging of 
ne(x) over the range |x| <xc gives the dechannel l ing length 
(17): 

16 pv U(xc)xc (21) 

Here , r e is the classical rad ius of an electron and L e is the 
C o u l o m b logar i thm [38]; for details see the derivat ion in 
Ref. [39]. The second factor in the expression (21) conta ins 
the energy dependence and the third factor represents the 
dependence on the proper t ies of mat te r . Subst i tut ing 
7o}i « 3 t c / 4 and applying the L indha rd poten t ia l (3) we 
can rewrite expression (21) in its final form (for y > 1): 

256 pv 
9n2 \n(2mec2y/I) — 1 Ztremec2 

(22) 

where / is the ionisat ion po ten t ia l (172 eV for silicon). It is 
evident from expression (22) tha t the dechannel l ing length 
is p ropo r t i ona l to dp. The t empera tu re dependence is 
ignored here and the subst i tut ion xc w dv/2 is made . If the 
dependence xc(u) is in t roduced, then L D decreases with 
rising t empera tu re [40]. A silicon crystal with the (110) 
or ienta t ion represents a regular s t ructure with the same 
distance dp = 1.92 A between the planes . In a crystal with 
the (111) or ienta t ion a large in terplanar distance d\ = 2.35 
A al ternates periodically with a smaller distance d^ (Fig. 
1), where d^^d^/3. In the case of long (111) silicon 
crystals we can ignore the part icles tha t move inside the 
small in terplanar gap dp. 

The dependences (22) calculated for the (110) and (111) 
channels in silicon are plot ted in Fig. 5 together with the 
exper imental da ta obta ined at J I N R , C E R N , I H E P , and 
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Figure 5. C a l c u l a t e d d e p e n d e n c e s L D ( / ? v ) p l o t t e d for t h e S i ( l l O ) a n d 
S i ( l l l ) c h a n n e l s a l o n g s i d e t h e e x p e r i m e n t a l d a t a : ( 7 ) J I N R [16]; 
( 2 ) C E R N [20]; (3) F N A L [21]; (4) I H E P [39]. 

F N A L . F o r E = 70 G e V a calculat ion based on expression 
(22^ gives L^ 1 1 1 ^ = 5.4 cm for (111) silicon crystals and 
Lq 1 1 0 ^ = 4 . 4 cm for (110) silicon, in satisfactory agreement 
with the experiments . A logar i thmic correct ion to the linear 
ex t rapola t ion L D oc pv a m o u n t s to tens of percent in the 
experimental ly investigated range of energies. The depend­
ence on the proper t ies of mat te r reduces to the factor 
aT¥dp; this leads to the dependence L D o c Z - 1 / 3 for 
i somorphous (dv = const) lattices (for example, Si and 
Ge) . The rat io L^n^ /L^l0\ est imated on the basis of 
expression (22), should be of the order of 
d p 1 1 ^ / J p 1 1 0 ^ = 1.23 for silicon. The exper imental rat io is 
1.4 ± 0 . 2 . 

W e have considered so far the dechannel l ing in crystals 
with an ideal lattice. Rea l crystals contain defects. Of all the 
possible lattice de fec t s—poin t (interstitial a toms and 
vacancies), linear (dislocations), two-dimens iona l (s tack­
ing faults), and three-dimensional ( a m o r p h o u s 
c lus te r s )— those of the greatest interest are dislocat ions 
because the dechannel l ing due to other defects becomes 
weaker or remains cons tant when energy is increased [7]. 
Dis locat ions induce local lattice dis tor t ions . Therefore, a 
channelled part icle m a y reach a region with a s t rong 
curva ture of the channel ; al ternatively it m a y be scattered 
by nuclei or pe r tu rba t ions of the lattice potent ia l . Thus , the 
lattice pe r tu rba t ion in the vicinity of a linear dislocation 
alters the local channel curva ture \/R\oc by an a m o u n t of 
the order of b/r2, where r is the distance to the dislocation 
and b is the Burgers vector. This curva ture exceeds the 
critical value l/Rc at distances up to r D « (bRc)1^2 from a 
dislocation [61]. W e can arbi t rar i ly asume tha t a part icle 
becomes dechannelled if it enters a cylinder with a diameter 
crD « 2 r D a r o u n d a dislocation. The dechannel l ing length 
L D = \/nD(TD depends on the dislocation density T Z d and 
decreases as ( p v ) - 1 / 2 when the part icle energy is increased. 
At current ly a t ta inable energies (hundreds of gigaelectron-
volts) and for the high-qual i ty silicon crystals n o w avail­
able, the defects do no t influence the beam deflection 
efficiency. The cont r ibut ion of different types of disloca­
t ion defects to the dechannel l ing in the teraelectron-volt 

energy range is discussed in Ref. [60]. Exper imenta l 
est imates can be found in Section 3.2.1 below. 

2.4 Dechannelling in a bent crystal 
Bending of a crystal displaces the channelled part icles 
closer to an a tomic p lane so tha t the diffusion coefficient of 
the part icles differs from the value for a straight crystal. 
The valence electrons in silicon and ge rman ium are 
dis tr ibuted approximate ly uniformly in a channel so tha t 
the diffusion coefficient D(EX) is insensitive to weak 
bend ing [41, 42]. The Ex diffusion increases in a strongly 
bent crystal. 

Channel l ing is influenced mainly by a bending- induced 
reduct ion of the phase vo lume in which the channel l ing 
takes place. Rela t ionship (17) links the dechannel l ing length 
L D to the critical t ransverse energy Ec, which depends 
strongly on the channel curvature : L D oc Ec(pv/R) [42]. 
Since for the h a r m o n i c poten t ia l the value of Ec(pv/R) is 
£ c ( 0 ) [ l - (Rc/R)]2, it follows tha t the dechannel l ing length 
can be wri t ten as: 

LD(P,R) = S I » ( I - y ) ' 

where spv is the dechannel l ing length in a straight crystal 
given by expression (22). In the h a r m o n i c approx imat ion 
the dependence of L D on p is, for a given rad ius R, 

Lv{p)=spv(\-jSJ • (24) 

The quan t i ty L D vanishes at pv = (pv)c = RU f(xc). The 
m a x i m u m of L D cor responds to p=pc/3. 

Fors te r et al. [14] measured L D of p r o t o n s in the range 
of p from 60 to 200 G e V / c for a (110) silicon crystal bent to 
a rad ius of abou t 80 cm; this was done at two tempera tures : 
r o o m and 128 K. Solid-state detectors selected part icles 
with low dE/dz losses in the pa r t of a crystal near the entry 
(this is a widely used criterion in selection of the channelled 
particles). The angular dis t r ibut ion of these part icles behind 
the crystal was nearly exponent ia l . The dependence L-D(P) 

L D / n 
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Figure 6. D e c h a n n e l l i n g l e n g t h , p l o t t e d a s a f u n c t i o n o f t h e m o m e n t u m 
for a b e n t S i (110) c r y s t a l a t t w o t e m p e r a t u r e s : ( 7 , 2 ) 293 K ; (3, 4) 128 
K . ( 7 , 3) E x p e r i m e n t a l r e s u l t s f r o m Ref . [14]; ( 2 , 4) C A T C H 
c o m p u t e r s i m u l a t i o n . 
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G e V c m 

Figure 7. R a t i o o f t h e d e c h a n n e l l i n g l e n g t h for b e n t a n d s t r a i g h t 
s i l i con c r y s t a l s . T h e c u r v e s r e p r e s e n t a c o m p u t e r s i m u l a t i o n o f t h e 
d e p e n d e n c e LD/spv — Ec(pv/R)/Ec(0). T h e p o i n t s a r e t h e 
e x p e r i m e n t a l r e s u l t s t a k e n f r o m Ref . [14]; t h e b e s t v a l u e o f s is f o u n d 
b y f i t t ing [43]. T h e c o n t i n u o u s l ine a n d t h e o p e n c i rc les ( 7 ) c o r r e s p o n d 
t o r o o m t e m p e r a t u r e a n d s — 0 .54 m m G e V - 1 . T h e d a s h e d c u r v e a n d 
t h e b l a c k d o t s ( 2 ) c o r r e s p o n d t o 128 K a n d s — 0 .65 m m G e V - 1 . 

obeyed expression (24) (Fig. 6). The exper imental results 
are compared in Fig. 7 with the mode l described by the 
expression 

L D = spv Ec(pv/R) 
EM 

the value of s was selected by fitting to the Mol iere 
potent ia l . It is evident from Fig. 7 tha t the mode l describes 
well the dependence of L D on pv/R. The values 
.v = 0.54 m m G e V " at r o o m tempera tu re and 
s = 0.65 m m G e V - 1 at 128 K obta ined by fitting are 
also in excellent agreement with the calculat ions based on 
the expression (22), which yields s = 0.62 m m G e V - 1 , as 
well as with the exper imental da ta on straight crystals 
(s = 0.59 m m G e V - 1 at r o o m tempera tu re [39]) obta ined 
in this energy range. The influence of t empera tu re , 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 mode l [40]. 

2.4.1 Efficiency of beam deflection by a crystal 
The number of part icles A s captured into the channel l ing 
m o d e on the face of a crystal is governed pr imari ly by 
the divergence of the incident beam, as described by 

expression (9). It follows from general equa t ions (10) and 
(14) tha t the fraction of the part icles deflected by a crystal 
t h rough the bend ing angle 0 , i.e. the efficiency F of a 
crystal, depends only on two variables pv/R and 0 (and on 
the proper t ies of the crystal). This means tha t for any 
bend ing angle © we can select the op t imal curva ture 
(pv/R ) o p t for which F(pv/R, 0) is maximal . The efficiency 
of a perfect crystal thus depends only on the angle © and 
on the proper t ies of this crystal, bu t no t on the part icle 
energy. 

W e shall i l lustrate this explicitly in the h a r m o n i c 
approx imat ion . If a crystal is sufficiently long (when the 
length L is of the order of L D ) , the dechannel l ing losses can 
be taken into account by the exponent ia l factor 
e x p ( — L / L D ) . W e can then est imate F if we combine 
E q n s (12) and (23) [42, 44]: 

F = AA l exp 
R e 

Rc 0B[\-(Rc/R)Y 
(25) 

W e have in t roduced above a constant 0 D = spv/Rc, which 
represents the rat io of the dechannel l ing length spv in a 
straight crystal to the critical rad ius Rc; 6>D depends only 
on the proper t ies of a crystal and a m o u n t s to ~ 0 . 3 rad for 
Si(110). The expression for the efficiency (25) is universal . 
The proper t ies of a crystal affect only 6>D and As. F ig . 8 

2 0 40 60 80 100 0 / m r a d 

Figure 8. R e s u l t s o f o p t i m i s a t i o n o f t h e d e f l e c t i o n ef f ic iency o n t h e 
b a s i s o f t h e M o l i e r e p o t e n t i a l [43]. T h e c o n t i n u o u s c u r v e s r e p r e s e n t t h e 
o p t i m a l c u r v a t u r e pv/R a n d t h e d a s h e d c u r v e s g ive t h e c o r r e s p o n d i n g 
l i m i t i n g efficiecy F/As a s a f u n c t i o n o f 0 for S i (110) , G e ( 1 1 0 ) , a n d 
W ( 1 1 0 ) d e f l e c t o r s . 
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Figure 9. M e a s u r e d eff ic iency o f d e f l e c t i o n o f a 4 5 0 G e V p r o t o n b e a m 
b y b e n t c r y s t a l s : ( 7 ) S i ( l l l ) [53]; ( 2 ) S i (110) [59]. T h e c u r v e s a r e 
c a l c u l a t e d for u n i f o r m b e n d i n g o f a c r y s t a l (3) a n d t h r e e - p o i n t 
b e n d i n g (4) [53]. 
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Figure 10 . P r o b a b i l i t y o f v o l u m e c a p t u r e o f 70 G e V p r o t o n s p l o t t e d a s 
a f u n c t i o n o f t h e r a d i u s o f c u r v a t u r e o f a n S i ( l l l ) c r y s t a l [48] in t h e 
c a s e o f r i s i n g ( 7 ) a n d fa l l ing ( 2 ) c u r v a t u r e s . T h e d a s h e d l ines a r e t h e 
v a l u e s c o r r e c t e d for t h e g r a d i e n t [ exp re s s i on (28)] . 

shows the results of opt imisat ion carried out using the 
Mol iere potent ia l [43]: the op t imal curva ture pv/R and the 
cor responding efficiency limit are p lot ted as a function of 
Q for Si(110), Ge(110), and W(110) deflectors. 

In the experiments the efficiency is limited usually by the 
smallness of the rat io 9c/& <̂  1. This difficulty has been 
avoided in the work carried out at C E R N [53, 55, 56, 59] on 
a beam of 450 GeV p r o t o n s with a small ( + 3 urad) 
divergence, which should be compared with 6C w 9 urad 
for S i ( l l l ) . W h e n an S i ( l l l ) crystal was inserted in this 
beam, the width of the or ienta t ional dependence of the 
intensity of the deflected beam was only 17 urad &29c [53]. 
The measured efficiency of p r o t o n deflection by silicon 
crystals with the (111) [53] and (110) [59] or ienta t ions is 
p lo t ted in Fig. 9. The efficiency achieved was ?^50% for 
angles of ~ 2 m r a d . The exper imental results were in 
excellent agreement with the calculat ions [53] based on 
the mode l of Refs [32] and [44] (see Fig. 9). 

2.5 Volume capture 
The part icles unchannel led at the front of a crystal m a y be 
captured into the channell ing m o d e in its interior (volume 
capture or feeding-in) as a result of scat tering or a change in 
the curva ture of a crystal. Such t rans i t ions to channell ing 
are interest ing as a means of extending the capabili t ies of 
crystal optics of charged beams . The dechannel l ing 
reversibility follows from the L indha rd reversibility rule 
[4], according to which the probabi l i ty of the scattering of a 
part icle from a specific channelled state to a specific 
unchannel led state is equal to the probabi l i ty of the reverse 
process . 

This rule has been demons t ra ted in exper iments on 
gigaelectron-volt b e a m s [19, 45] in which dE/dz (energy-
loss) solid-state detectors , dis tr ibuted over the length of a 
crystal, have been used to find the state of each part icle. The 
vo lume cap ture of part icles, due to mult iple scattering, has 
been observed for the first t ime experimental ly for b e a m s of 
ions of ~ 1 M e V energy [46]. Effective dechannel l ing of a 

beam in a crystal also depends on the processes of part icle 
exchange between the channelled and unchannel led frac­
t ions of the beam. In par t icular , a dynamic equil ibrium m a y 
be established between the fractions if there is no effective 
dechannel l ing [47]. 

W h e n a diverging beam is incident on a bent crystal the 
p a t h of any part icle becomes a tangent to the bent 
crystal lographic p lanes in some region in the interior of 
a crystal. Vo lume capture into the channell ing m o d e is then 
possible for part icles incident within the limits of the whole 
bend ing angle of the crystal. Vo lume capture of p r o t o n s of 
1 G e V energy within an angular range of several milli-
r ad ians in a silicon crystal bent to R = 46 cm was observed 
experimental ly at L I N P in 1982 [19]. The relat ionships 
governing this effect in bent crystals have been investigated 
in detail at I H E P at the energy of 70 GeV [48]. It has been 
established tha t the probabi l i ty w of vo lumn cap ture is 
directly p ropo r t i ona l to the bend ing rad ius R (Fig. 10). A 
compar i son with the results of Ref. [19] has led to the 
conclusion [48] tha t w varies with m o m e n t u m as p~3^2. A 
theoret ical analysis of vo lume capture [35, 47, 49] carried 
out on the basis of t r anspor t equa t ions or compute r 
s imulat ion (see also Section 2.6) ha s shown tha t the usua l 
mult iple scat tering mechanism is sufficient to account for 
the experiments [19, 48]. Fo l lowing Ref. [47], a simple 
analytic est imate of the probabi l i ty w can be obta ined and it 
explains the origin of the exper imental dependence 
wocR/p3/2. 

The characterist ic length L D governs the probabi l i ty w 
of a t ransi t ion from the channelled fraction of a beam to the 
unchannel led one, w w 5 z / L D , in a distance 8z. It follows 
from the rule of reversibility tha t the probabi l i ty of a 
reverse t rans i t ion from an unchannel led fraction to a 
channelled one is the same quan t i ty w. In a bent crystal 
an unchannel led part icle rapidly loses its or ienta t ion 
relative to the bent channel . Misor ien ta t ion by an angle 
of the order of the critical value 6C occurs in a distance of 
the order R9C. Therefore, the probabi l i ty of a t ransi t ion to 
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the channel dur ing the whole interact ion t ime is of the order 
of 

R6C R 
— - oc ,3/2 (26) 

This formula follows in fact from the principle of 
reversibility and is suppor ted , to within a factor of ~ 2 , 
by the exper imental results [19, 48]. It should be po in ted 
out tha t the reversibility rule, which provides good g rounds 
for unde r s t and ing the experiments , leaves no h o p e of the 
use of rechannel l ing for increasing the efficiency of a 
crystal. The diffusive na tu re of the scattering processes can 
only equalise the densities of states in a channel and 
outs ide it, so tha t the efficiency of vo lume capture cannot 
exceed the efficiency of end-face capture . The same 
conclusion can be d rawn from expression (26). The 
intensity of a beam captured from the end face is 
^ e c ~ ^ c / o C/o is the phase density or the 'br ightness ' of 
the incident beam) . In the case of vo lume capture the 
quant i ty wf0 has to be integrated over the whole range of 
cap ture angles 0 : 

be J L D 

/ o e x p 
R(j) 

H = 0 c / o 1 — exp .(27) 

The existence of the exponent ia l factor is of fundamenta l 
impor tance and takes into account the dechannel l ing a long 
the length of a crystal. Hence , it is clear tha t vo lume 
capture m a y compete with end-face cap ture only in the case 
of a wide beam and large bend ing radi i R<P ^ L D , bu t the 
former can never exceed the latter in br ightness because of 
the onset of dynamic equil ibrium (dechannell ing and 
rechannel l ing ba lance out ) . In the case of n a r r o w beams 
characterised by R<P<^LD the rat io Nhc/Nec = R<P/LD 

increases linearly with increase in the beam divergence, 
which is also self-evident. 

2.5.1 Gradient mechanism of volume capture 
The possibili ty of cap ture of above-barr ier part icles in the 
dechannel l ing mode , even in the absence of scattering, in a 
crystal with a var iable bend ing rad ius was first considered 
in Ref. [50]. The equat ion of mo t ion of a 100 G e V p r o t o n 
was solved numerical ly for a silicon crystal in which the 
curva ture \/R decreased abrup t ly to 0 at a depth of 10 or 
20 um (X w 30 um) . It was concluded tha t vo lume cap ture 
is possible where the curva ture of a crystal decreases 
abrupt ly . 

The general case of the interact ion of a charged beam 
with the poten t ia l of a crystal of variable curva ture was 
considered in Ref. [51]. The existence of vo lume cap ture was 
predicted for the poten t ia l of p lanar channels with a 
cont inuously decreasing curva ture in the beam direction. 
This is k n o w n as the 'gradient cap tu re ' and it is the reverse 
of the centrifugal dechannel l ing process (Section 2.2), jus t 
as the vo lume cap ture by scattering is the reverse of 
o rd inary dechannel l ing (Section 2.3). In fact, the existence 
of two feed-in mechanisms , which are the reverse to the two 
wel l -known feed-out mechanisms , is a consequence of the 
general rule of reversibility of part icle pa th s in a crystal. The 
following expression is derived in Ref. [51] for the gradient 
cap ture efficiency: 

R^X 
2R 

(28) 

where Rf = dR/dz is the gradient of the rad ius of curva ture 
and (x) is the t ransverse coord ina te (relative to the channel 
centre) averaged over a per iod. In the case of weakly bent 
crystals the quan t i ty in the parentheses differs little from 
unity. In the h a r m o n i c approx ima t ion the expression (28) 
becomes 

R'X 
2R R 

(29) 

W e can use the above expression to show [51] tha t the 
integral efficiency of part icle cap ture from a beam with a 
wide angular dis t r ibut ion is equal to the efficiency of the 
end-face capture of the same beam, irrespective of the 
na tu re of the function R(z). This conclusion is valid also in 
the general case of an a rb i t ra ry poten t ia l 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 exper imental evidence of the gradient effect in 
the vo lume capture of p r o t o n s of 70 G e V energy was 
repor ted in Ref. [48] and the magn i tude of the effect was 
approximate ly twice tha t predicted by expression (28). A n 
increase in the m o m e n t u m causes w g r to increase as X oc p1^2, 
whereas the quant i ty given by expression (26) falls as 1 /p3^2. 
In other words , the influence of the centrifugal effects on 
the channell ing increases and the influence of the scattering 
falls as p is increased. F o r this reason the rat io of the 
efficiencies of the two vo lume capture mechanisms changes 
in favour of the gradient mechanism at high energies. 

2.6 Computer simulation of channelling 
The channel l ing in bent crystals was simulated 
by A M Tara t in et al. [52]. Their mode l is still based on 
the diffusion approx imat ion . A part icle makes a small step 
8z in accordance with E q n (10). The average energy loss 
( 8 £ ) s in close collisions with electrons is calculated for this 
step. The expression (20) relates ( 8 £ ) s to the mean- squa re 
angle of the scattering of a part icle in these events. The 
scattering is s imulated in accordance with the Gauss ian 
dis t r ibut ion. Mul t ip le scattering on nuclei is s imulated 
similarly. 

A l though the diffusion approx imat ion is in reasonable 
agreement with the experiments , compute r s imulat ion does 
no t in principle need the approx ima t ions involving averag­
ing or the assumpt ion tha t the scat tering is weak. The 
energy transferred in close collisions with electrons fluc­
tua tes s trongly and m a y be sufficient to scatter a part icle in 
one event t h rough an angle comparab le with 9C. Close 
collisions no t only influence the scattering processes bu t 
also determine the spectra of the part icle energy losses 
dE/dz. These spectra have interest ing 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 part icles are considerably less t h a n the cor re ­
sponding values for misoriented crystals. This feature is 
used widely in experiments to select the channelled part icles 
in accordance with dE/z in solid-state detectors built into a 
crystal; it has been used recently to align the H 8 beam 
channel at C E R N [25] in order to ensure the min imum 
divergence of ~ ± 3 urad of a beam on a crystal. The 
sensitivity of the me thod is ~ 1 urad, which is considerably 
bet ter t han any of the s t andard techniques. Finally, 
f luctuat ions of the energy losses m a y be impor t an t in 
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AE ( rel . u n i t s ) 

Figure 11 . S p e c t r u m o f t h e e n e r g y lo s ses e x p e r i e n c e d b y p r o t o n s in 
a n o r i e n t e d c r y s t a l , o b t a i n e d b y C A T C H s i m u l a t i o n u n d e r t h e 
e x p e r i - m e n t a l c o n d i t i o n s o f Ref . [56]. 

Table 1 lists the probabi l i t ies found experimentally, by 
s imulat ion, and on the basis of the w w R6C/LD model . The 
beam deflection efficiency has been investigated by s imula­
t ion and experiment [59]. A beam of 450 G e V / c p r o t o n s 
was deflected in an Si(110) crystal by angles from 3 to 
8.5 m r a d . The low beam divergence, a w 15 urad, was the 
reason for the high efficiencies listed in Table 2. Simulat ion 
of the extract ion of a p r o t o n b e a m from an accelerator will 
be discussed in Section 5. 

Table 1. P r o b a b i l i t y ( % ) o f b u l k c a p t u r e i n t o ' s t a b l e s t a t e s ' d e d u c e d 
f r o m e x p e r i m e n t a l r e s u l t s [48], f r o m c o m p u t e r s i m u l a t i o n [39], a n d 
f r o m a m o d e l [47]. 

C r y s t a l M o d e 4 7 S i m u l a t i o n 3 9 E x p e r i m e n t 4 8 

111 0.13 0 .17 ± 0 . 0 2 0.23 

110 0.18 0 .23 ± 0.02 -

the dynamics of part icles in an accelerator (in the task of 
part icle extraction by a crystal) since the stability of part icle 
mo t ion in a r ing is very sensitive to the losses. A n example 
of a p r o g r a m which satisfies these condi t ions is C A T C H 
[54] in which an account is t aken of the probabi l i ty of the 
scattering by electrons with a large energy transfer T in one 
event. The scattering is s imulated in accordance with the 
dis t r ibut ion function 

d2N 2nNAr2

emec2Z2Zp ne(x) 
dzdT A/3 T aT2 (30) 

Fig. 11 shows an example of the dE/z spectrum simulated 
by theCATCHprogramfor theexpe r imen ta l cond i t ionsg iven in 
Ref. [56]. Such splitting of the spectrum into the 
'channel led ' (with anomalous ly low values of dE/dz) and 
'unchannel led ' (high values of dE/dz) fractions has been 
used in the experiments [14] to separate the channelled 
part icles from the backg round . Simulat ion [57] of this 
experiment repeats exactly this p rocedure . P r o t o n s are 
selected on the basis of low losses AE in the straight front 
pa r t of a crystal and their angular dis t r ibut ion behind the 
crystal is fitted to an exponent ia l function. The results 
obta ined for L D are p lo t ted in Fig. 6. The simulat ion 
results agree with the measurements to within w 1 0 % ; 
moreover , the dependence on the t empera tu re of a crystal 
is r eproduced correctly. This experiment has been 
simulated earlier [58], bu t wi thout selection on the basis 
of dE/dz. 

Simulat ion of the vo lume cap ture process can be 
i l lustrated by considering Ref. [39]. Vo lume cap ture of 
70 GeV p r o t o n s and their subsequent dechannel l ing in bent 
(110) and (111) silicon crystals was observed exper imen­
tally. In the interior of a crystal, cor responding to exit 
angles of 6 - 1 8 mrad , the dechannel l ing was exponent ia l in 
the experiments and in the s imulat ion. The following 
lengths L D were obta ined: 

4^ = 37 ± 5 m m , 

42, = 39 ± 3 mm 

4^ = 52 ± 2 mm 

41 = 40 ± 4 mm 
It is also interest ing to compare the probabi l i t ies of 

vo lume capture by 'stable s ta tes ' which decay exponential ly. 

Table 2 . E f f i c i ency o f d e f l e c t i o n o f 4 5 0 G e V / c p r o t o n s b y a n S i (110) 
c r y s t a l f o u n d e x p e r i m e n t a l l y a n d b y s i m u l a t i o n (a l l r e s u l t s t a k e n f r o m 
Ref . [59] ) . T h e u p p e r r o w o f v a l u e s a p p l i e s t o t h e w h o l e b e a m a n d t h e 
l o w e r r o w a p p l i e s t o t h e p a r t i c l e s i n c i d e n t w i t h i n t h e a n g u l a r i n t e r v a l 
±6C. O n l y t h e s t a t i s t i c a l e r r o r s a r e s h o w n . 

D e f l e c t i o n b y a n g l e / m r a d 

3.0 5.7 8.5 

Ef f i c i ency ( % ) 

Ef f i c i ency ( % ) 

in i n t e r v a l + 9C 

±ec 

E x p e r i m e n t 

S i m u l a t i o n 

(o-=15 u r a d ) 

E x p e r i m e n t 

S i m u l a t i o n 

S i m u l a t i o n 

2 0 . 2 ± 2 

2 0 . 9 ± 0 . 8 

54 ± 2 

56 ± 4 

56 ± 4 

10 ± 1 

15.2 ± 0 . 5 

33 ± 5 

39 ± 2 

39 ± 2 

7.7 ± 0 . 3 

8.8 ± 0 . 5 

16 ± 3 

26 ± 2 

26 ± 2 

3. Deflection and focusing of beams by crystals 
The following quest ions mus t be answered before a t t empt ­
ing pract ical use of single crystals in accelerators . W h a t is 
the m a x i m u m intensity of a beam and what are the angles 
by which a b e a m can be deflected in a crystal? W h a t are the 
marg ins of the mechanica l and rad ia t ion s t rengths which 
are required? D o e s the crystal u n b e n d as a function of 
t empera tu re and rad ia t ion? W h a t should be the length of a 
perfect crystal? H o w does the qual i ty of crystal bend ing 
and of its surface t rea tment affect the characterist ics of the 
deflected beams? . . . 

M u c h work has been done at I H E P with the aim of 
answering these quest ions . In the course of this work tens 
if not h u n d r e d s of crystals have been bent and tested in 
beams . 

3.1 Requirements imposed on the quality of single-crystal 
slabs and bending devices 
Effective bend ing of high-energy part icle b e a m s requires a 
high qual i ty of the or ienta t ion and t rea tment of the faces of 
single-crystal slabs. In the repor ted exper iments on 70 G e V 
p r o t o n b e a m s a crystal with a length of abou t 100 m m and 
w 1 m m thick should have an effectively deflecting layer 
which is close in dimensions to the to ta l cross section of the 
crystal. This can be achieved if the or ienta t ions of the slabs 
are accurate to within ~ V and if the side faces are paral lel 
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and p lane to within 10 um over the whole length of the 
crystal. The depth of the crystal layer dis turbed by 
pol ishing the side faces should be of the same order of 
magni tude . In principle, these requi rements can be satisfied 
by the use of existing technologies. 

In the p lanned use of crystals in teraelectron-volt 
accelerators , especially in the case of a beam extract ion 
from super-conduct ing colliders, the requi rements in respect 
of the qual i ty of or ienta t ion and surface t r ea tments are even 
m o r e str ingent. F o r example, the impact pa ramete r of a 
beam incident on a crystal used to extract the beam from 
the L H C collider must be a fraction of a micron [77], which 
requires new techniques for the mon i to r ing and t rea tment 
of crystal surfaces. W h e n the energy of the deflected 
part icles increases to the teraelectron-volt range, the 
requi rements in respect of the qual i ty of single-crystal 
slabs also become m o r e str ingent. The mosaic regions on 
crystals should no t be larger than ~ 1 urad and this value is 
governed by the critical channell ing angle. 

Accord ing to the familiar empirical rule a silicon slab of 
thickness H can be bent elastically to form a cylinder of 
rad ius R if R > 1000/ / . However , efficient bend ing of 
b e a m s requires tha t the bend ing rad ius should have the 
op t imal value Ropt which in the case of large bend ing angles 
is equal to several critical radi i Rc [40]: Ropt ~ (3 — 5)Rc. In 
the case of silicon we have Rc/m = 0 . 0 0 1 8 £ / G e V . There ­
fore this mechanica l s trength criterion limits the thickness 
of the slabs used: / / / m m ^ 0 . 0 0 7 £ / G e V . F o r example, if 
the energy of the part icles being deflected is E = 70 GeV, 
the op t imal deflection is p roduced by a slab which is 
H^0.5 m m thick. However , for teraelectron-volt acceler­
a tors currently under const ruct ion the slab thickness m a y 
be just tens of millimetres, which is as a rule much greater 
t han the characterist ic d imensions of a beam. 

Bending a crystal to form a given surface is in general 
a difficult task. Bent crystals have been used in the pas t 
for the focusing of x-rays and g a m m a rays in crystalline 
diffraction devices employed in nuclear spectroscopy. Two 
general approaches have been used to deal with this 
p rob lem [81]: (1) bend ing by cylindrical mi r rors ; (2) the 
me thod of mom en t s . 

Elastic bend ing of a single-crystal slab is considered in 
Ref. [82] for two ideal cases: the me thod of m o m e n t s and 
cylindrical mir rors . This is done on the basis of the theory 
of elasticity of anisot ropic bodies . It is shown tha t a slab is 
bent not only in the longi tudinal direction, bu t experiences 
tors ion in a t ransverse direction, so tha t it assumes the 
shape of a saddle or of a barre l , or (as a special case) a 
cylindrical shape. This depends on the ac tual an i so t ropy of 
a crystal. Add i t iona l m o m e n t s m a y be induced by a real 
crystal holder so tha t the bend ing m a y be m o r e complex 
and this is par t icular ly t rue at the slab edges. 

The specific na tu re of the requi rements which bent 
crystals must satisfy in order to be useful in the deflection 
of b e a m s of high-energy particles, which distinguish this 
case from the use of such crystals in the focusing of g a m m a 
rays, are related to the different direct ions of the part icle 
pa ths : g a m m a rays enter the slabs normal ly to the large 
faces and charged part icles move a long cut slabs. Therefore, 
the requi rements in respect of the cons tancy of the bend ing 
rad ius a long the longi tudinal coord ina te are as a rule no t 
very str ingent (it is sufficient to ensure tha t the error does 
no t exceed AR/R ~ 1%). However , there are specific 
requi rements tha t have to be satisfied at the edges of the 

Figure 12 . D e v i c e for b e n d i n g a n d c l a m p i n g a c r y s t a l . 

bent slabs. It is necessary to main ta in the to ta l bend ing 
angle © within the angular acceptance of the existing 
magnet -opt ica l part icle t r anspor t a t ion channels to which 
b e a m s have to be deflected. Usual ly , the limits are 
AG = 0.1 m r a d . This precision m a y be moni to red by 
reflecting a laser beam from a crystal moving linearly on 
a micrometer stage. 

Exper iments show tha t a major p rob lem is the avoid­
ance of bend ing nonuni formi ty a long a t ransverse 
coordina te . In u n d e m a n d i n g cases, when crystals are 
used to split an extracted beam, it is sufficient to ensure 
tha t the error does not exceed A0± w 0.1 mrad , which is 
usual ly considerably less t han the divergence of the incident 
beam ( M mrad) . In the case of beam extract ion from large 
accelerator colliders or in the s tudy of the efficiency of 
part icle cap ture into the channell ing m o d e such an error is 
unacceptab le and it is governed by the critical channell ing 
angle. In this case the edges of a crystal should be left flat. 
Alternatively, the qual i ty of bend ing can be checked by 
laser interferometry and the surfaces of the bend ing mi r rors 
m a y be corrected. 

These or other m e t h o d s for the bend ing of a crystal are 
used in experiments on the deflection of high-energy part icle 
beams . Fig. 12 shows a widely used bend ing device [18]: it is 
based on a meta l mir ror and it is k n o w n in the l i terature as 
the 'b r idge ' (see, for example, Ref. [90]). The central pa r t of 
the br idge is free of mat te r in order to minimise the part icle 
losses. The crystal is c lamped to the bent meta l surface by 
elastic discs which act as sprung suppor t s tha t relieve the 
mechanica l stresses generated as a result of the interact ion 
of a high-intensi ty beam with a crystal. 

3.1.1 Requirements which have to be satisfied by goniometric 
devices 
The min imal angular displacement step, comparab le with 
the critical channell ing angle (~25 urad at 70 GeV) is 
required in the al ignment of crystals. This can be achieved 
with the aid of a familiar compact s t ructure which includes 
a lever set in mot ion by a micrometer screw a t tached to the 
axle of a step mo to r . Depend ing on the size of the lever and 
the micrometer screw gauge, such s tructures can ensure 
tha t the angular displacement step is 8 - 3 0 urad. 



948 V M B i r y u k o v , V I K o t o v , Y u A C h e s n o k o v 

A similar s t ructure with an angular step of 4 urad has 
been used at C E R N [29, 30]. Specialists are of the opinion 
tha t it should be possible to reduce this step to less t han 
1 urad, 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 dechannel l ing length leads to the 
following dependence on the proper t ies of a crystal: 
LD oc aT¥d, which in the case of i somorphous crystals 
leads to L D oc Z _ 1 / 3 (slow fall on increase in Z ). However , 
since the critical bend ing rad ius obeys Rc oc Z _ 1 (which is a 
quan t i ty reciprocal to the critical field), the ' s t rength ' of 
a deflector © D oc LD/RC oc Z 2 / 3 increases strongly with 
increase in Z . Moreover , the critical cap ture (channell ing) 
ang le 0 c o c V ^ o c Z 1 / 3 also increases. Therefore, in 
principle, heavy-a tom mater ia ls are preferable for beam 
bending . 

Experience shows however tha t at high energies the 
main factor governing the use of crystals is still the qual i ty 
of the crystal s t ructure. In this respect silicon is the best 
mater ia l . The high qual i ty of this mater ia l is suppor ted by 
the measured dechannel l ing lengths (Section 1) and by some 
of the exper imental results on the deflection of b e a m s in 
long crystals. 

F o r example, tests have been recently carried out on a 
(110) silicon crystal, 150 m m long, bent to an angle of 
20 m r a d . The fraction of the part icles deflected by this 
crystal agrees with calculat ions confirming its high quali ty. 

In these tests a compar i son has been m a d e of the 
deflecting proper t ies of long (up to 100 m m ) silicon crystals 
obta ined from different sources. It has been found tha t the 
results are reproducible to within 5% from crystal to crystal 
and this value is equal to the measurement error . 

Even silicon slabs p roduced on a large scale, cut from a 
large-diameter ingot for the fabricat ion of microcircuits , 
have good bend ing proper t ies . In one of the exper iments a 
slab 100 m m in diameter had the (111) or ienta t ion, n- type 
conduct ion , and a dislocation density not exceeding 
100 c m - 2 . M a d e into a deflector 30 m m long, this crystal 
deflected 90% + 5% of the part icles tha t were deflected by 
a dislocation-free ' s t andard ' . 

As poin ted out above, dislocat ions are the greatest 
haza rd at high energies because the dechannel l ing cross 
section of defects of the other types either falls or remains 
cons tant when the part icle energy is increased [7]. Fig. 13 
gives the theoret ical curves showing the reduct ion in the 
dechannel l ing length of 70 G e V part icles on increase in the 
dislocation density in a crystal. The upper curve is the 
approx ima t ion based on single scattering [61] and the lower 
curve is based on the t r anspor t app roach [83]. There is also 
an exper imental poin t in this figure, which represents a 
reduct ion in the dechannel l ing length in an imperfect silicon 
crystal on the assumpt ion tha t the number of defects in this 
crystal agrees with the value given by the supplier. 

Other mater ia ls are much inferior to silicon. Several 
ge rman ium crystals up to 45 m m long have been tested. The 
nomina l dislocation density in the best samples has been 
be low 1000 c m - 2 . The fraction of deflected part icles and a 
compar i son with silicon crystals under identical condi t ions 

0.6 -

0.2 -

I I i i M Pi rrl — — 

10 1 0 2 

D i s l o c a t i o n d e n s i t y / c m - 2 

10" 

Figure 13 . D e p e n d e n c e o f t h e d e c h a n n e l l i n g l e n g t h L D a t 70 G e V 
o n t h e d i s l o c a t i o n d e n s i t y in a c r y s t a l . T h e c u r v e s r e p r e s e n t 
t h e o r e t i c a l m o d e l s a n d t h e p o i n t s a r e e x p e r i m e n t a l v a l u e s . 

have yielded est imates of L D ~ 5 m m (this poin t is p lo t ted 
in Fig. 13). 

It is obvious tha t in the search for new mater ia ls suitable 
for the channell ing of high-energy part icles it is necessary to 
determine the crystal qual i ty by nonchannel l ing m e t h o d s 
before exper iments are started with a beam. It is p robab ly 
preferable to synthesise new crystals with a 'perfect ' 
s t ructure ra ther than search a m o n g the existing mater ia ls . 

3.2.2 Formation of a high-intensity beam 
In the first (1979) exper imental tests of the idea of part icle 
deflection by a bent single crystal [16], the deflected beam 
intensity was barely several part icles per second. The low 
efficiency of part icle deflection by crystals (mainly because 
the beam emit tance did not ma tch the crystal acceptance) 
and rad ia t ion damage to semiconductor crystals have led to 
the opinion tha t this beam handl ing m e t h o d is of limited 
use. 

Special experiments have therefore been carried out to 
test the feasibility of format ion, by a single crystal, of an 
intense p r o t o n b e a m sufficient in principle for the genera­
t ion of secondary-part ic le b e a m s [84]. 

In these experiments a silicon crystal bent by 13 m r a d 
was placed in a 70 G e V p r o t o n beam extracted from an 
accelerator. Par t of the beam was captured into the 
channel l ing m o d e and deflected to a magnet -opt ica l 
channel where detectors were located. The silicon crystal 
had the (111) or ienta t ion and its d imensions HVL 
(hor izonta l width , vertical height, and length a long the 
beam) were 0.5 m m , 40 m m , and 30 m m , respectively. The 
length of the bent pa r t was 20 m m and the average bend ing 
rad ius was 1.5 m. The beam aimed at the crystal had the 
intensity 1.3 x 1 0 1 3 per cycle; it was rapidly extracted (in 5 
us) and the cycle repet i t ion per iod was 9 s. The 
beam dimensions were ax = ay = 1.4 m m and the angular 
divergence in the x p lane (beam bending plane) was 
cr0 = 0.8 m r a d . In one cycle abou t 1.8 x 1 0 1 2 part icles 
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directly reached the end face of a crystal and the t ime-
average value of the released power was ~ 1 W. The crystal 
was heated by the b e a m to ~ 1 5 0 °C. Moreover , it was 
subject to a dynamic mechanica l stress at the m o m e n t of 
passage of the beam. The first a t t empts to deflect a rapidly 
extracted intense beam in this single crystal were unsuc ­
cessful. The crystal bent by b o n d i n g to a meta l cylinder over 
the whole of its surface fractured under dynamic stresses. 
However , success was achieved when the crystal was pressed 
against a meta l base by sprung suppor t s (Fig. 12). 

The crystal bent a m a x i m u m of 9.5 x 10 9 part icles per 
cycle. The part icle losses from the main beam were of the 
order of 1%, which was approx imate ly 10 t imes the 
intensity of the deflected beam, i.e. the efficiency of 
beam splitting by the crystal was ~ 1 0 % . F o r the p a r a ­
meters of the incident beam given above, when the angular 
divergence was ~ 4 0 t imes greater t h a n the critical channel ­
ling angle, this efficiency was in agreement with the 
calculat ions. 

Fig. 14 gives the t ime dependence of the intensity of the 
deflected b e a m from the beginning of the opera t ion of the 
crystal (at its op t imal posi t ion) . The intensity f luctuat ions 
from one cycle to the next were within the acceptable limit 
of 1 2 % . At this f luctuation level no changes were found in 
the average intensity, confirming the optimist ic theoret ical 
predic t ions [40, 58] of a weak t empera tu re dependence of 
the deflecting proper t ies in the case of p lanar channell ing. 

The spatial stability of the deflected beam was m o n ­
itored by a remote ionisat ion chamber . The change in the 
bend ing angle of the crystal was A0/0 < 10~ 2 . 

The i r radia t ion of the crystal by the rapidly extracted 
intense beam was cont inued dur ing one run of the 
accelerator. The crystal no t only wi ths tood a flux of 
~ 1 0 1 9 c m - 2 part icles under the rmal and mechanica l 
stresses (it did not fracture), bu t it also retained the 
channell ing proper t ies wi thout any significant de ter iora­
t ion. 

These results were unexpectedly very promis ing . They 
demons t ra ted tha t crystals m a y be used for years in the 
usua l magnet -opt ica l channels . 

3.2.3 Beam deflection by large angles 
It should be po in ted out tha t bent single crystals are also 
suitable for the exper imental work on teraelectron-volt 
accelerators , because they can deflect b e a m s th rough much 
larger angles than convent ional e lectromagnets . As po in ted 
out in the preceding sections, the ' s t rength ' of a crystal 
deflector is 0 D =LD/RC. Since bo th L D and Rc increase 
almost identically (linearly) when E is increased, the 
m a x i m u m possible angle of deflection of a beam by a 
crystal is independent of the part icle energy. This is an 
impor t an t advance of crystal optics. The results of 
measurements of L D , given in Section 2, indicate tha t in 
the case of S i ( l l l ) and Si(110) the values of the deflector 
' s t rength ' are 0 D = 0.47 and 0.34 rad , respectively. 

The ability to deflect a beam th rough a large angle has 
also been confirmed on an extracted beam of 70 G e V 
p ro tons . This experiment had been carried out analogously 
to tha t described above, bu t the silicon crystal was bent by 
0 = 130 m r a d (a record value so far). I ts width , height, and 
length a long the b e a m were 0.5 m m , 15 m m , and 100 m m , 
respectively. In the op t imal or ienta t ion the crystal deflected 
~ 1 0 8 p r o t o n s per cycle. 

/ 3 / I O 9 p a r t i c l e s p e r cycle 

r / m i n 

Figure 14. T i m e d e p e n d e n c e o f t h e i n t e n s i t y o f a b e a m de f l ec t ed b y a 
c r y s t a l w h i c h is a t t h e o p t i m a l p o s i t i o n . T h e c o n t i n u o u s c u r v e fits t h e 
e x p e r i m e n t a l p o i n t s a n d e a c h o f t h e s e p o i n t s r e p r e s e n t s o n e 
a c c e l e r a t i o n cyc le . T h e d a s h e d c u r v e is c a l c u l a t e d t a k i n g i n t o a c c o u n t 
t h e t e m p e r a t u r e d e p e n d e n c e o f t h e c h a n n e l l i n g p r o p e r t i e s . 

In the deflection of part icles of teraelectron-volt energies 
t h rough such angles it is necessary to have perfect crystals 
several tens of centimetres long. There are also g rounds for 
opt imism in respect of the solut ion of this p rob lem: crystals 
15 cm long have al ready been tested in a b e a m (see Section 
3.2.1). 

3.3 B e a m focusing by a crystal 
3.3.1. Focusing method 
Bent crystals no t only can deflect a beam, bu t 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 normal ly to the crystal lographic planes [85]. 

Ano the r possible app roach is based on the deformat ion 
of p lanes in a thick crystal when it is compressed. A 
shor tcoming of these two m e t h o d s is the presence of a 
b a c k g r o u n d of the unchannel led fraction of the beam. 

In the middle eighties A I Smirnov ( L I N P ) pu t forward a 
p romis ing me thod for focusing a paral lel beam into a line and 
s imultaneously deflecting the beam th rough a considerable 
angle, so as to form 'clean' focused beams . 

In this me thod the surface of the exit face of a bent 
crystal is shaped so tha t the tangents to the crystal lo­
graphic p lanes on this surface pass t h rough the same 
line and , consequently, the part icles in the deflection 
p lane are collected in a line focus because of the 
difference between the deflection angles [86]. W h e n 
the crystal lographic p lanes are bent to form a cylinder 
of rad ius R (Fig. 15), it is essential to ensure tha t the 
line formed by the centres of curva ture O O ' is located 
on the surface of a cylinder of rad ius r represent ing the 
shape of the exit face of the crystal. The focal length / 
is then / = (4r 2 - R2)l/2. 

In the case of ideal bend ing and shaping of a crystal the 
size of the beam Ax at the focal poin t is Ax = 2f6c and it is 
governed by its angular divergence within the limits of the 
critical channell ing angle 0 C . 

Since this critical angle is quite small (0 C = 0.02— 
0.002 m r a d for part icles of energies from 100 G e V to 
10 TeV in the case of p lanar channell ing 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 a t ta inable d imensions of the beam are ~ 10 
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Figure 15 . P r i n c i p l e o f f o c u s i n g o f a b e a m b y a c r y s t a l . O O ' is a l i ne o f 

c e n t r e s o f c u r v a t u r e o f t h e c r y s t a l l o g r a p h i c p l a n e s ; O j O j is t h e a x i s o f 

a c y l i n d e r o f r a d i u s r r e p r e s e n t i n g t h e s h a p e w h i c h is i m p o s e d o n t h e 

face o f a c r y s t a l ; I a n d V a r e t h e f o c a l l ines w h e r e t a n g e n t s t o t h e b e n t 

p l a n e s c o n v e r g e , d e d u c e d o n t h e b a s i s o f t h e w e l l - k n o w n g e o m e t r y 

t h e o r e m . 

um for the gigaelectron-volt energies and ~ 1 um for the 
teraelectron-volt range . The linear magnif icat ion in the 
course of focusing is q = 2fOc/H, where H is the charac ter ­
istic thickness of a crystal ( ~ 1 mm) , and it can reach 
a fraction a m o u n t i n g to , respectively, h u n d r e d t h s and 
t h o u s a n d t h s in the two energy ranges . 

3.3.2 Focusing of a parallel beam to form a point in the 
particle deflection plane 
The focusing me thod described above was implemented in 
a col labora t ion experiment involving I H E P and L I N P : it 
was carried out on a 70 GeV p r o t o n beam [86, 87]. 

The specialists at the L I N P developed a technology for 
bend ing a focusing crystal and m a d e several focusing 
devices. Three silicon crystals were used: their width , 
height, and length a long the beam were 2 m m , 15 m m , 
and 70 m m , respectively; the or ienta t ion was (111). The 
crystals were bent to form a cylinder of rad ius R = 2.7 m 
over a length of ~ 6 5 m m . Different focal lengths were 
obta ined by shaping the exit ends of the crystals to form 
cylinders with radi i listed in Table 3 and the angles of cut of 
the focusing edge were varied in accordance with 
a = arccos( /? /2r) in the geometry of Fig. 15. 

A p r o t o n b e a m of ox = 2 m m size with a small angular 
divergence GX> = 0 . 1 m r a d was incident on a crystal placed 
on a goniometer stage. The or ien ta t ional dependence of the 
signal p roduced by remote detectors was used to set the 
crystal in the channell ing mode . The intensities of the 
incident and deflected (by an angle ~ 2 4 m r a d ) b e a m s 
were measured with scintillation counters . In the op t imal 
or ienta t ion the crystal deflected 3 % of the part icles in the 

Table 3 . C h a r a c t e r i s t i c s o f f o c u s i n g c r y s t a l s a n d b e a m d i m e n s i o n s a t 
t h e f o c u s . 

C r y s t a l 

N o . 

R/m r/m a / d e g / / m F o c u s size 

2(7x/\xm 

ca lc . m e a s . 

1 2 .7 2 .21 58.2 3.5 175 2 0 0 

2 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 calculat ions in which 
the b e a m and crystal pa rame te r s were taken into account) . 

The focusing effect was detected by nuclear p h o t o ­
graphic emulsions. Several emulsion layers were placed 
at different dis-tances from the exit face of a crystal. 
The exposed emulsions obta ined for crystal N o . 1 were 
analysed with a mic ropho tomete r and in the case of crystals 
N o s 2 and 3 a direct count was m a d e of the dis t r ibut ion 
density of t racks over the cross section of the beam under a 
microscope. The size of the developed grains in a t rack 
( ' t rack wid th ' ) was abou t 1 um. 

Fig. 16 il lustrates the focusing effect p roduced when the 
beam was bent in crystal N o . 1. Fig. 17 shows the image of 
a beam focused by crystal N o . 3 at a distance of 0.5 m 
(strongest focusing). Images of the b e a m s focused in 
crystals N o s 2 and 3, magnified under a microscope, are 

Figure 16. I m a g e o f t h e b e a m de f l ec t ed b y c r y s t a l N o . 1, r e c o r d e d in 

t h r e e e m u l s i o n s a t d i s t a n c e s o f ( a ) 0 .7 m , (b) 2 m , a n d (c) 3.5 m f r o m 

t h e c r y s t a l . T h e u n d e f l e c t e d b e a m w i t h a h a l o o f s e c o n d a r y p a r t i c l e s 

a n d a t a i l o f p a r t i c l e s d e c h a n n e l l e d in t h e b e n t p a r t o f t h e c r y s t a l a r e 

s h o w n o n t h e r i g h t . 
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F i g u r e 17. I m a g e o f t h e b e a m f o c u s e d b y c r y s t a l N o . 3 . T h e p r o f i l e o f 
t h e de f l ec ted a n d f o c u s e d b e a m c a n b e seen o n t h e left. T h e d a s h e d 
r e c t a n g l e o n t h e r i g h t is t h e c r o s s s ec t i on o f t h e c r y s t a l . 

given in Fig. 18. The beam dimensions 2ax at the crossover 
(calculated and measured) are listed in Table 3. It is evident 
from this table tha t for crystals N o s 1 and 2 the dimensions 
agreed to within 15% . In the case of crystal N o . 3 the beam 
size at the crossover was considerably greater t han the 
calculated value, which was due to an increase in the 
cont r ibut ion of aber ra t ions when the focal length was 
reduced. 

This focusing me thod can be used to form part icle 
b e a m s of micron dimensions in the teraelectron-volt r ange 
when a new generat ion of accelerators is used. In this 
me thod the image of a beam deflected by a crystal can be 
simply transferred to an exper imental setup by optics with 
the magnif icat ion of uni ty . 

Ano the r impor t an t appl icat ion of crystal focusing 
devices involves the reverse direction of mo t ion of part icles 
(focusing from a poin t into a paral lel line). A n 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 par t ( ~ 5 0 % ) of the 
secondary part icles generated by this target . Es t imates 
indicate tha t this me thod can be used to form b e a m s of 
part icles of M O 8 s - 1 intensity in large collider accelerators. 

4. Applications of crystals to beams extracted 
from large accelerators 
4.1 B e a m attenuator 
One of the first appl icat ions of crystals in accelerators 
has been their use as the deflecting componen t s in magne t -
optical beam lines. F o r example, the work done at the 

Figure 18. I m a g e s , m a g n i f i e d b y a m i c r o s c o p e , o f a f o c u s e d b e a m 
f o r m e d b y : (a) c r y s t a l N o . 2 ( f o c u s i n g a t 1.4 m ) ; (b ) c r y s t a l N o . 3 
( f o c u s i n g a t 0.5 m ) . 

F N A L repor ted in 1986 [21] involved the use of a crystal to 
form a low-intensity p r o t o n b e a m which reached an 
emulsion spectrometer . These experiments demons t ra ted 
for the first t ime tha t 800 G e V b e a m s can be deflected. 

A silicon crystal 26 m m long, placed in a beam line, 
replaced a pair of dipoles with an angle of ro ta t ion 
© = 3.7 m r a d and deflected pa r t of the incident beam 
with 10 8 — 10 9 c y c l e - 1 in the direction of an emulsion 
spectrometer : the intensity of the deflected beam was 
10 4 — 10 5 c y c l e - 1 . The undeflected beam was quenched 
in an absorber . 

The repor t s of this experiment stressed several posit ive 
features of the use of crystals as beam a t t enua to rs , 
compared with col l imators . The convent ional col l imators 
can reduce the intensity by a factor of 1 0 - 1 0 0 . Such 
col l imators are heavy and therefore difficult to control . 
Moreover , they become sources of secondary part icles and 
create a ha lo . 
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Figure 19. L a y o u t o f t h e s t a t i o n for s p l i t t i n g a n e x t r a c t e d p r o t o n b e a m q u a d r u p o l e l e n s e s ; D 1 - D 4 a r e m u l t i c h a n n e l b e a m p r o f i l o m e t e r s ; 
in t h e b e a m l ines o f t h e a c c e l e r a t o r a t t h e I n s t i t u t e o f H i g h - E n e r g y S 1 - S 2 a r e s c i n t i l l a t i o n c o u n t e r s . 
P h y s i c s . H e r e , M 1 - M 9 a r e b e n d i n g e l e c t r o m a g n e t s ; Q 1 - Q 6 a r e 

The real efficiency of the deflection of a beam by a 
crystal was found to be rj = 0.54 x 1 0 - 3 . A theoret ical 
est imate, which took into account the dechannel l ing 
factors ( « 0.27) and the rat io of the crystal acceptance 
to the beam emit tance (w 1.2 x 1 0 - 2 ) , was rjm = 3.2 x 1 0 - 3 . 

The au tho r s a t t r ibuted the lower efficiency to the n o n -
opt imal posi t ion of the crystal a long a coordina te , a 
possible underes t imate of the dechannel l ing effects, and 
a possible loss of part icles t h rough side faces (because of 
inaccura te cut t ing of a slab). In spite of this, the experi­
men t s showed tha t bent crystals in accelerators are no t 
exotic devices, bu t an impor t an t too l in high-energy physics. 

Bent single crystals of similar qual i ty have been used 
later in the U-70 accelerator at I H E P [18] and in the Super 
P r o t o n Synchro t ron (SPS) at C E R N [88]. 

4.2 B e a m splitting 
The improvements in the technology of bend ing of crystals 
have subsequent ly m a d e it possible to split an extracted 
p r o t o n beam, so tha t several physical exper iments could be 
carried out s imultaneously. 

Usual ly a b e a m is split by an electrostatic or a magnet ic 
splitter [89]. This is a technically fairly complex app roach 
requir ing considerable space, since the angles of deflection 
of a beam by a convent ional splitter are very limited. The 
use of crystals provides a simple means for beam splitting, 
which is una t t a inab le by convent ional techniques. 

The task of beam splitting has become par t icular ly 
topical in the case of the 70 G e V accelerator at I H E P , 
where several magnet -opt ica l part icle channels were con­
structed in the eighties. This followed the commiss ioning of 
an accelerator boos ter and an increase in the accelerated 
beam intensity to m o r e t han 1 0 1 3 p r o t o n s per cycle. 

The first crystal beam-spl i t t ing s tat ion [18] began to 
opera te at the end of 1988; it is shown schematically in Fig. 
19. In the first tests a p r o t o n beam of 5 x 1 0 1 1 c y c l e - 1 

intensity, extracted slowly from the accelerator, was 
t r anspor ted to a target in a setup intended for the s tudy 

of processes in a tagged-neutr ino beam. A silicon single 
crystal bent to an angle of 60 m r a d deflected pa r t of a 
modera te- in tens i ty beam to a magnet -opt ica l channel a imed 
at a target in a setup designed for h a d r o n studies. The pa th 
of the channelled beam was aligned a long the axis of the 
existing magnet -opt ica l channel by placing the crystal 
deflector inside a 6 m bender magne t M 4 . 

The process of a iming the beam on the crystal was aided 
by secondary-part ic le mon i to r s and a television observat ion 
system. The p r imary p r o t o n beam was moni to red by 
mul t ichannel secondary-emission prof i lometers D l and 
D4 . The pa rame te r s of the deflected beam were measured 
with p ropo r t i ona l chambers D 2 and D 3 , opera t ing in the 
charge integrat ion mode , and by scintillation counters SI 
and S2 connected in coincidence. This combina t ion of 
ana logue and count ing m e t h o d s for the detect ion of 
part icles m a d e it possible to determine the beam intensity 
over a wide dynamic range of 1 - 1 0 8 part icles per cycle. 

Several different crystals were used as the deflectors: 
they included two silicon crystals, cut a long the (111) 
crystal lographic plane, and one ge rman ium crystal cut 
a long the (110) plane. The dimensions of the crystals 
were as follows: 0.5 m m , 15 m m , 60 m m for Si-1; 0.55 
m m , 15 m m , 60 m m for Si-2; 0.6 m m , 15 m m , 45 m m for 
Ge . The considerable length of the crystals was due to the 
requi rement of a fairly large bend ing angle (as po in ted out in 
Section 2.5.1, for each bend ing angle there was an op t imal 
bend ing rad ius and length: if the crystal were too short , the 
part icles would become dechannel led because of the cen­
trifugal effect, bu t if it were too long, a s t rong scattering 
would occur on electrons and nuclei, i.e. the convent ional 
dechannel l ing would prevail) . 

Crystals were bent in the device shown in Fig. 12. The 
first tests established tha t a crystal could be used to split a 
beam of p r o t o n s under work ing condi t ions in the magne t -
optical channels 7 2 3 — 1 0 1 3 c y c l e - 1 , I2\ = 10 7 c y c l e - 1 ; this 
was achieved when a crystal was placed in the halo region of 
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Figure 20 . S y s t e m for m e a s u r i n g t h e b e a m c h a r a c t e r i s t i c s . H e r e , Si is a 
b e n t s ing le c r y s t a l , D is a n a n a l o g u e i o n i s a t i o n c h a m b e r ; S I a n d S2 a r e 
s c i n t i l l a t i o n c o u n t e r s ; Q l a n d Q 2 a r e q u a d r u p o l e l ens d o u b l e t s ; M is a 
b e n d e r m a g n e t . T h e c o n t i n u o u s l ines a r e t h e p a t h s o f t h e r a y s in t h e 
h o r i z o n t a l p l a n e a n d t h e d a s h e d l ine is t h e d i s p e r s i o n . 

U n d e r these condi t ions the number of part icles recorded 
by the counters is 

I(x,xr) 
cH/2 nOc 

p(x,x')dxdx' 
i-H/2 J-0C 

ID (L,R,p) 

where p(x ,x ' ) is the phase density of the beam in 
c o o r d i n a t e - a n g l e space and nD(L,R,p) is the dechannel ­
ling factor which depends on the length of the crystal, on 
the bend ing radius , and on the m o m e n t u m of the deflected 
part icles. In view of the smallness of the crystal acceptance, 
we can write down 

I(x,x) = p(x,x) x 20cHrjD , 

which leads to 

p(x,x') 
1 

I(x,xr) 
20cHr,B 

i.e. the phase density of the beam at the poin t is 
p r o p o r t i o n a l to the number of part icles deflected by the 
crystal provided only the increase in the t empera tu re of the 
crystal caused by the beam hea t ing does not significantly 
alter the channel l ing proper t ies . 

the beam so tha t the part icle losses did no t exceed a 
permissible limit of ~ 1 0 1 0 c y c l e - 1 ( 0 . 1 % / 2 3 ) . 

Subsequent experience demons t ra ted a high reliability of 
the crystal beam-spl i t t ing s tat ion. The Si-1 silicon crystal 
worked wi thout replacement for five years: it wi ths tood a 
part icle flux in excess of 1 0 1 8 c m - 2 and retained its 
deflecting proper t ies wi thout significant deter iora t ion. 

Several addi t iona l crystals were placed subsequent ly in 
the channels and these m a d e it possible to opera te 
s imultaneously several exper imental setups. 

4.3 B e a m diagnostics 
The early work had al ready revealed tha t the ability of a 
bent crystal to modify a b e a m within a small phase vo lume 
8 = 20 CH (0C is the critical channell ing angle and H is the 
thickness of a crystal) can be used for part icle beam 
diagnostics. F o r example, it is repor ted in Ref. [21] tha t it is 
possible to measure the beam emit tance by recording the 
part icles deflected by a crystal when this crystal is ro ta ted 
and displaced transversely relative to the beam. 

It is demons t ra ted in Ref. [91] tha t a bent single crystal 
can provide full informat ion on the b e a m characterist ics 
(emit tance, profiles, ha lo , m o m e n t u m spread). 

4.3.1 Measurement method 
The setup used in measurements is shown in Fig. 20. A 
bent silicon single crystal is in t roduced into a high-intensity 
beam of high-energy particles: the coord ina te of this crystal 
is x and its or ienta t ion is x'. The pa r t of the beam deflected 
by the crystal is directed a long the axis of a long magne t -
optical system (lenses Q l and Q2; magne t M ) and it is 
recorded at the end of this system by an ana logue 
ionisat ion chamber D and scintillation counters SI and 
S2, used in coincidence. The acceptance of the magne t -
optical system makes it possible to record all the deflected 
and channelled part icles and to remove completely the 
b a c k g r o u n d of secondary part icles formed on interact ion of 
the unchannel led fraction of the p r imary b e a m with the 
crystal matr ix . 

4.3.2 Determination of the spatial - angular characteristics 
of a beam 
The me thod for measur ing the beam characterist ics 
described above was applied to one of the beam lines of 
the accelerator at I H E P . Par t of a 70 GeV p r o t o n beam, 
t r apped into the channell ing mode , was bent by an angle of 
13 m r a d and directed into a b e a m 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 b e a m of 3 x 1 0 1 2 c y c l e - 1 intensity. In Fig. 21a 
the results of measurements of p(x,x') are p lot ted in the 
form of equi-potent ia l lines in the ( x , x r ) p lane and these 
lines link the exper imental po in ts . These po in t s are the 
results of angular scanning with the beam at each step of the 
displacement of the crystal a long the hor izonta l . F ive 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 m a x i m u m density. The values of the beam 
emit tance cor responding to these levels are (n m m mrad) : 
0.26, 0.68, 1.2, 1.6, 4.2, respectively. 

Displacement of a crystal oriented opt imal ly in respect 
of the angle m a d e 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 de te rminat ion of the profile 
N(x) extending down to 1 0 - 7 of the m a x i m u m are presented 
in Fig. 21b. It was possible to measure the halo of the h igh-
intensity beam to such a very low level ( 1 0 - 7 ) because of a 
clear or ienta t ional dependence of the useful signal gener­
ated by the detectors . W h e n the crystal was misoriented by 
an angle exceeding the acceptance of the magnet -opt ica l 
system, the channelled beam disappeared and it was 
therefore easy to distinguish this beam from the b a c k ­
g round signal. 

4.3.3 Determination of the distribution of the particle 
momentum 
The ability of a crystal to form a small-emit tance beam in 
combina t ion with spectrometr ic capabilit ies of the magne t -
optical channel can also be used in precision measurements 
of the dis t r ibut ion of the part icle m o m e n t a . 
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x / m r a d 

50 25 0 25 \0~4Ap/p 
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Figure 2 1 . (a) F a m i l y o f c l o s e d c u r v e s c o r r e s p o n d i n g t o t h e f o l l o w i n g 
p h a s e d e n s i t i e s o f t h e p a r t i c l e s (a l l r e l a t i v e t o t h e m a x i m u m v a l u e ) : ( 7 ) 
0 .75 ; ( 2 ) 0 . 5 ; ( 3 ) 0 . 2 5 ; (4) OA; ( 5 ) 0 . 0 1 . (b ) R e l a t i v e d i s t r i b u t i o n o f 
t h e p a r t i c l e m o m e n t a in a b e a m , (c) B e a m p r o f i l e p(x, 0) = N(x), 
m e a s u r e d b y h o r i z o n t a l d i s p l a c e m e n t o f a c r y s t a l . 

The coord ina te x of any part icle (considered ignoring 
the chromat ic aberra t ions) at a detector D located at the 
posi t ion of the image of a crystal-deflected beam (Fig. 20) is 

Ap 
X = qnX0+q13— 

P 
(31) 

where qn is the linear magnif icat ion coefficient; q u is the 
linear dispersion; X0^H/2 is the initial coord ina te of a 
part icle emerging from the crystal; Ap/p is the relative 
spread of the part icle m o m e n t a . 

If the first te rm in expression (31) is much less t h a n 
the second, the size of the b e a m image is governed entirely 

by the spread of the part icle m o m e n t a and its profile 
cor responds to the dis t r ibut ion of these m o m e n t a . In the 
specific case under considerat ion (qn = 1/2 and 
qu = 25 m m per 1% of Ap/p, H = 0.5 m m ) this condi t ion 
is satisfied for Ap/p > 5 x 1 0 - 5 . The image dis tor t ions 
cont r ibuted by the chromat ic aber ra t ions of a pair of 
quad rupo le lenses a m o u n t to 8 x / x < 2 x l 0 - in the 
' th in- lens ' approx imat ion [89], so tha t these dis tor t ions 
can be ignored. 

The beam profile in the image was measured with the 
aid of an ana logue ionisat ion chamber D in steps of 1.25 
m m . The dis t r ibut ion of the part icle m o m e n t a in the beam 
deduced from this profile is shown in Fig. 21b. The 
m o m e n t u m spread in the beam in the course of extract ion 
was GApiP = 6.4 x 1 0 - 4 . 

This me thod of de terminat ion of the beam charac ter ­
istics can be used to determine the pa rame te r s of h igh-
intensity accelerator b e a m s when part icle counters cannot 
be employed. 

Par t icular ly promis ing is the feasibility of measur ing in 
this way the halo of a circulating beam in large h a d r o n 
colliders when the p rob lem of part icle losses is very severe. 

5. Applications of bent crystals in beam 
extraction from an accelerator 
5.1 Sys tem of accelerated-beam extraction and the first 
results 
The ability to deflect part icles t h rough large angles in a 
bent crystal suggests tha t this me thod 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 compac t septum with a s t rong electric field of 
~ 1 0 9 V c m - 1 (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 m e t h o d s tha t are used in the 
case of internal targets , such as the me thod of a local 
dis tor t ion of a closed orbit . Of the beam incident on the 
crystal only the pa r t of it with angular divergence less t h a n 
±6C is captured into the channell ing m o d e and is deflected 
by an angle necessary for extract ion from the accelerator 
vacuum chamber . The part icles which are no t t r apped into 
the chanell ing m o d e are lost par t ly at the nuclei in a crystal 
or by scattering th rough exceptionally large angles. 
However , a considerable fraction of the part icles cont inues 
their mo t ion in the accelerator r ing and can cross the 
crystal repeatedly. Every t ime this happens , some of these 
part icles are t r apped into the channell ing m o d e and are 
extracted from the accelerator, which na tura l ly improves 
the extract ion efficiency. 

The simplest est imate of the overall (mul t i turn) ext rac­
t ion efficiency / e x can be obta ined on the basis of two 
assumpt ions : (a) the probabi l i ty A of the t r app ing of a 
part icle in the channell ing m o d e in successive passages 
t h rough a crystal is the same as in the first passage, 
Ak =Ai for ki > 1 (in reality, this probabi l i ty decreases 
with increase in the beam divergence caused by the 
scattering in the crystal); (b) the probabi l i ty q of part icle 
loss either in the crystal or at the walls of the vacuum 
chamber dur ing the successive passages t h rough the crystal 
is the same as in the first passage, qk = qx for k > 1 (it can 
increase slightly because the part icles reach the vacuum 
chamber walls as they are scattered). The value of q is 
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~ L / L N , i.e. it is equal to the rat io of the length of the 
crystal to the nuclear length (this rat io is of the order of 
0.1). It follows from these assumpt ions tha t the formula for 
the overall extract ion efficiency is [63] 

A(\-q) + q exp 
L 

(32) 

The exponent ia l factor takes into account the dechannel ­
ling of the t r apped part icles. Since b o t h assumpt ions , (a) 
and (b), overest imate the efficiency, formula (32) represents 
the upper realistic limit. This formula describes well, for 
example, the results of compute r s imulat ion [66] of the 
extract ion of a beam from the Superconduct ing Super 
Collider (SSC) (see Ref. [67]). The repeated passage also 
increases the angular acceptance of the crystal. The 
part icles misoriented in the crystal for the first t ime 
experience a change in their angle because of their 
scattering and m a y re turn to the angular interval ±6C in 
one of the subsequent passages. It is obvious tha t the 
acceptance is governed by the m a x i m u m scattering angle of 
a part icle unt i l it is lost in the crystal or on the walls of the 
vacuum chamber . It can be est imated in te rms of the angle 
of mult iple scattering occurr ing in the nuclear length L N 

[63]: 

(33) 
1 4 M e V / L N 

pv 

where L R is the rad ia t ion length. The quant i ty 0 N is 
independent of the length of the crystal and can be much 
greater t han 6C. R igo rous analysis of the extract ion process 
should t ake into account m a n y effects tha t pe r tu rb a beam: 
the t r app ing in the channel l ing m o d e and the dechannel l ing 
of the part icles, mult iple scat tering in a crystal, scattering 
by the poten t ia l of bent a tomic planes [64], the loss of 
part icles in collisions with nuclei, the energy losses in a 
crystal, and the dynamics of mot ion of part icles in a r ing 
(be ta t ron oscillations), noise, losses in the vacuum chamber 
walls, etc. [65]. These effects are mutua l ly related and 
should be considered s imultaneously [63]. 

The extract ion of a p r o t o n accelerator beam by a crystal 
was first achieved in D u b n a in 1984 [26] in the energy range 
4 . 2 - 7 . 5 GeV. Ext rac t ion of a p r o t o n beam from the 
J I N R s y n c h r o p h a s o t r o n was performed by a silicon crystal 
with d imensions 11 m m , 10 m m , 0.4 m m , oriented a long the 
(111) plane, and bent by an angle of 35 m r a d . This crystal 
deflector was placed on a goniometer table, which m a d e it 
possible to ro ta t e it in steps of 40 urad. The deflector was 
placed at fixed pos i t ions bu t at different distances from the 
centre of the accelerator vacuum chamber . The accelerated 
p r o t o n s were targeted on the crystal by reducing the rad ius 
of the equil ibrium orbit . The extract ion was achieved at 
three values of the p r o t o n energy: 4.2, 6.0, and 7.5 GeV. 
The measured efficiency was ~ 1 0 - 4 , which was due to the 
low geometr ic efficiency g w 0.4 x 10 m m 2 / 1 5 7 0 m m 2 w 
2.6 x 10~ , as well as due to the s t rong divergence of 
the incident beam ( ~ 2 mrad) , compared with 6C w 70 urad. 

In 1989 a p r o t o n beam of 70 G e V energy was extracted 
from the I H E P accelerator [27]. Once again, silicon crystals 
with the (111) or ienta t ion were used and their d imensions 
were 65 m m , 15 m m , and 0.6 m m . The crystal deflector [69] 
had a wide angular acceptance <P = ± 5 mrad , which m a d e it 
easier to orient it, bu t this reduced the geometr ic efficiency 
by a factor of ^cr^/cp, where G§ W 0.3 m r a d is the beam 
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Figure 2 2 . D e p e n d e n c e s o f t h e i n t e n s i t y o f a p r o t o n b e a m e x t r a c t e d 
f r o m t h e a c c e l e r a t o r a t t h e I n s t i t u t e o f H i g h - E n e r g y P h y s i c s o n t h e 
r a d i a l p o s i t i o n o f a n i n t e r n a l s c a t t e r i n g t a r g e t . B e a m e n e r g y ( 7 ) 70 
G e V ; ( 2 ) 50 G e V [28]. 

divergence. The crystal was bent by 85 m r a d : its curva ture 
was 1.8 m r a d m m - 1 over a distance of 30 m m and 0.8 m r a d 
m m - 1 over a distance of 35 m m . The crystal was placed at a 
dis tance of ~ 50 m m from the equil ibr ium orbit . The beam 
was guided to the crystal by local dis tor t ion of the orbit . 
The efficiency achieved in this experiment was 
(0.4 — 1.5) x 1 0 - 4 . The intensity of the extracted beam 
reached 4.6 x 10 6 p r o t o n s c y c l e - 1 when the intensity of 
the beam reaching the crystal was ~ 10 1 1 p r o t o n s c y c l e - 1 . In 
subsequent invest igations [28] a different me thod for 
guiding the beam to the crystal was used: it involved 
pre l iminary scattering of the beam by a thin 
( ~ 5 0 m g c m - 2 ) in ternal carbon target . The intensity of 
the beam reaching the target was ~ 3 x 1 0 1 1 p r o t o n s 
c y c l e - 1 . Some of the scattered part icles reached the 
crystal. The intensity of the b e a m extracted by this m e t h o d 
increased to 9 x 10 6 p r o t o n s c y c l e - 1 . Calcula t ions [28] 
indicated tha t the crystal should receive only ~ 1/100 of 
the flux reaching the ca rbon target , so tha t the crystal 
efficiency was est imated to be 0 . 3 % . Fig. 22 gives the 
dependences of the intensity of the extracted beam on 
the target posi t ion. In the last few years this crystal-
extracted beam has been used in two experiments: P R O Z A 
and S I G M A . 

5.2 B e a m extraction from the Super Proton Synchrotron 
at C E R N 
The mos t interest ing results have recently been obta ined in 
an experiment on beam extract ion by a crystal from the 
Super P r o t o n Synchro t ron (SPS) at C E R N [29]. This 
experiment was designed as a comprehensive investigation 
of the process of extract ion and, on the basis of the results 
obta ined, for the assessment of the feasibility of beam 
extract ion from supercoll iders [74]. The exper imental setup 
(Fig. 23) included two silicon crystals of d imensions 
30 m m x 18 m m x 1.5 m m . These crystals were bent by 
an angle 8.5 m r a d and could be used al ternately for beam 
extract ion. The beam could intersect the central (10 m m ) 
pa r t of a crystal avoiding a bend ing device of the same kind 
as tha t described in Ref. [69]. Crystals were cut paral lel to a 
(110) p lane and this or ienta t ion was accurate to within 
< 200 urad. They were then polished and etched to ob ta in 
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a flat surface. A goniometer was used to orient a crystal in 
steps of 4 urad and to displace it perpendicular to the 
beam. The p r o t o n s deflected by the crystal t h rough the 
angle of 8.5 m r a d in the hor izonta l p lane , t owards the 
centre of the SPS, were detected at a distance of 20 m 
downs t ream (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 hor izon ta l and 32 vertical 
strips which were 1 m m wide. Two sets of hor izon ta l 
microstr ip gas chambers ( M S G C ) , separated from one 
ano ther by 1 m, were used in de terminat ion of the 
divergence and profile of the extracted beam. Three 
scintillation counters S I - S 3 were used in coincidence to 
trigger the detectors . 

Measu remen t s were carried out on a beam of 120 GeV 
p r o t o n s of ~ 5 x 1 0 1 1 p r o t o n s s - 1 intensity. At this SPS 
energy the nonl inear effects and the na tu ra l diffusion were 
practical ly undetec table , so tha t the beam lifetime was 
> 100 hours . A crystal was placed at ^ 10 m m , cor respond­
ing to (6-10)cr (where o is the rms t ransverse beam size) 
from the beam axis where the halo the unpe r tu rbed beam 
conta ined practical ly no particles. The b e a m was per tu rbed 
in the hor izon ta l p lane by the electric field of a pair of 
capaci tor plates . The capaci tor field represented a white 
noise over a wide range and deflected part icles by the rms 
value of ~ 0.001 urad for every pass alongside the capaci tor 
plates . A simulat ion repor ted in Ref. [70] indicated tha t 
p r o t o n s should reach the crystal with the impact pa rame te r s 
(depth of pene t ra t ion) of the order of 1 um and with an 
angular divergence of < 5 urad (9C = 14 urad) . Similar 
impact pa rame te r s are expected in future accelerators (see 
Section 5.3). The s t ructure at the edge of the crystal should 
therefore be of high quali ty. 

The efficiency of the extract ion process, defined as the 
rat io of the number of the extracted p r o t o n s to the number 
lost in the SPS dur ing the same t ime interval , was M 0 % . 
The angular width of the intensity dis t r ibut ion in the 
extracted beam, 200 urad ( F W H M ) , was considerably 
greater t han 9C 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 misor ienta t ion of a 
crystal, dependence of the op t imal crystal angle and of the 
angular width of the extracted beam on the vertical 
coord ina te of the incident beam) , were a t t r ibuted to 
unwan ted angular d is tor t ions of the end faces of the 
crystal result ing from the adop ted bend ing technique 
(Fig. 23). All these effects were confirmed quali tat ively 
by a s imulat ion carried out with the aid of the C A T C H 
p r o g r a m [65] which took account of the geometry of a 
crystal with d is tor t ions and of the effects of repeated 
passage of part icles t h rough a crystal. The extract ion 
efficiency repor ted in Ref. [65] had a peak value rang ing 
from 12% to 18% in the angular range 1 4 0 - 2 6 0 urad 
( F W H M ) , depending on the vertical coord ina te of the beam 
incident on the crystal and on the vertical emit tance of the 
beam. Simulat ion showed tha t the exper imental results were 
reproduced satisfactorily only when it was assumed tha t the 
crystal was imperfect near the surface (to a depth of ~ 1 
um), so tha t the first passage of the part icles t h rough the 
crystal was ineffective. The channel l ing and extract ion of 
part icles were possible only because of the repeated passage 
when the depth of pene t ra t ion of the scattered part icles was 
large. This example is also a good i l lustrat ion of the main 
p rob lem, which is the requi rement of a high qual i ty of the 
surface layer of a crystal, and of the main advan tage of the 
use of a crystal in extract ion, i.e. the feasibility of mul t ipass 
t ransmiss ion of part icles. 

The bend ing device was then refined to avoid the 
dependence of the or ienta t ion of the end face of a crystal 
on the vertical coord ina te [30]. The angular scan width then 
decreased to ~ 7 0 urad (Fig. 24), bu t the extract ion 
efficiency remained as before, exactly as predicted by 
compute r s imulat ion [65] of beam extract ion by this 
me thod . It is evident from Fig. 24 tha t the s imulat ion 
results were in satisfactory agreement with experiments . 
Indirect evidence of the mul t ipass na tu re of the extract ion 
was also obta ined: for example, the vertical divergence of 
the extracted beam was s t rong (this was the beam scattered 
dur ing the ineffective passes t h rough the crystal). A further 
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Figure 2 4 . D e p e n d e n c e o f t h e i n t e n s i t y o f a p r o t o n b e a m e x t r a c t e d 
f r o m t h e S u p e r P r o t o n S y n c h r o t r o n o n t h e a n g l e o f o r i e n t a t i o n o f t h e 
c r y s t a l : ( 7 ) c o m p u t e r s i m u l a t i o n [65]; ( 2 ) e x p e r i m e n t a l r e s u l t s [30]. 

improvement of this extract ion me thod will require an 
improvement in the crystal s t ructure at the deflector 
edge. Ano the r possibili ty predicted by simulat ion is 
opt imisat ion of the cont r ibut ion of repeated passages of 
part icles by reduct ion of the crystal length to M cm; in this 
case the extract ion efficiency can reach ~ 4 0 % even in the 
case of an imperfect crystal deflector [65]. 

5.3 Plans of beam extraction from multi-TeV 
accelerators 
The progress in the channell ing appl icat ions has s t imulated 
interest in the possibili ty of beam extract ion by crystals 
from future mult i teraelectron-vol t accelerators [73, 74]. In 
the case of the collider machines , such as the large h a d r o n 
collider ( L H C ) under const ruct ion at C E R N , a crystal 
provides practical ly the only means of extract ing a beam 
wi thout major losses and wi thout significant modif icat ion 
of the machine . The extracted beam would be of 
considerable interest for the s tudy of the beau ty (B) 
physics experiments on a fixed target [75, 76]. 

The intensity of the extracted beam needed in such 
experiments [76] is low, ~ 1 0 8 s - 1 , so tha t a crystal m a y be 
located in the halo of a circulating beam ( ~ 1 0 1 4 p r o t o n s in 
the L H C ) . Such a crystal can then utilise only a small pa r t 
of the beam wi thout interfering with the main experiments 
in the collider. The halo is formed because of the scattering 
of p r o t o n s in the circulating beam, mainly at the beam cross 
poin ts , dur ing the opera t ion of the collider (in the L H C the 
halo is ~ 4 x 10 9 s - 1 ) . The halo supplies a sufficient number 

of part icles for the opera t ion of the extract ion crystal. 
'Act ive ' m e t h o d s of halo format ion, i.e. injection of noise 
into the beam, are also being studied. In view of the 
nonl inear i ty of the fields in the accelerator the halo p r o t o n s 
diffuse slowly to the per iphery and reach the crystal. The 
diffusion velocity is low so tha t the impact pa ramete r of the 
first interact ion of p r o t o n s with the crystal is very small, 
b ^ \ um or even less [77]. The angular divergence of the 
p r o t o n s incident on a crystal is also small, of the order of 
± 1 . 5 urad w 9C for the L H C [77], which favours the use of 
crystals. The min imum angle of p r o t o n deflection by a 
crystal needed for the extract ion from the L H C is only 0.7 
m r a d [74], so tha t a very high deflection efficiency should be 
a t ta ined. 

A m o n g the poten t ia l difficulties one can identify the 
following: the requi rement of a high qual i ty of the surface 
of a single crystal; m o r e stringent requi rements in respect of 
the uniformity of the or ienta t ion of the crystal face, and 
par t icular ly of its edge (angular d is tor t ions a m o u n t i n g to 
^ 1 urad are sufficient to influence significantly the 
efficiency of a crystal); the requi rement of a high degree 
of perfection of a crystal lattice (absence of dislocations). 
Separate p rob lems are format ion of the halo and its 
diffusion to the beam per iphery. Both processes depend 
strongly on, for example, the intensity of the circulating 
beam, which changes dur ing the collider opera t ion . The use 
of crystals in the L H C requires tackl ing not only of the 
extract ion p rob lems themselves, bu t also ma tch ing of the 
extract ion system to the b e a m coll imation system (in order 
to protect the superconduct ing components ) . 

The pa rame te r s of the beam incident on a crystal are 
similar to those in the SPS experiments . However , there is 
no simple way of ex t rapola t ing the SPS results to higher 
energies, since the mul t ipass extract ion 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 . ( 7 ) E f f i c i ency o f e x t r a c t i o n o f a p r o t o n b e a m f r o m t h e l a r g e 
h a d r o n co l l i de r ( L H C ) b y a (110) s i l i con c r y s t a l , p l o t t e d a s a f u n c t i o n 
o f t h e c r y s t a l l e n g t h . ( 2 ) C o n t r i b u t i o n m a d e t o t h e eff ic iency b y t h e 
first p a s s a g e o f t h e p a r t i c l e s t h r o u g h a p e r f e c t c r y s t a l . I n e a c h c a s e t h e 
r e s u l t s a r e t h o s e o f a c o m p u t e r s i m u l a t i o n [78]. 
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the SPS experiments and their compute r s imulat ion suggests 
tha t such s imulat ion could also be applied to the L H C . 
Fig. 25 gives the dependence of the efficiency of beam 
extract ion from the L H C on the length of a silicon crystal 
considered in the s imulat ion repor ted in Ref. [78]. The 
a t ta inable efficiency is 60% - 7 0 % for a crystal ^ 5 cm long. 
The s imulat ion also shows tha t the efficiency of beam 
extract ion by a crystal with an imperfect ' a m o r p h o u s ' 
surface (when the extract ion is entirely due to repeated 
incidence of the part icles on the crystal) differs very little 
from the efficiency of an ideal crystal. This result is 
obta ined because the part icle scat tering angle in a crystal 
is very small, of the order of the L indha rd angle, when the 
energy in the L H C is ~ 7 TeV. Invest igat ions of beam 
extract ion by crystals have also been carried out on the 
Teva t ron accelerator at F N A L [72]. C o m p u t e r s imulat ions 
of crystal extract ion of b e a m s from other accelerators are 
repor ted 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 hand l ing accelerator 
beams , bu t they also provide new oppor tuni t ies for 
experiments in high-energy physics. 

A n example of such an appl icat ion of a single crystal is 
an experiment in which the magnet ic m o m e n t of the E + 

hyperon was measured with the aid of the F N A L accel­
erator [92] (the feasibility of such an experiment had been 
demons t ra ted by V M Samsonov and A V K h a n z a d e e v 
[93]). 

V G Baryshevskii [94] and L P o n d r o m [95] have shown 
tha t the magnet ic m o m e n t of a part icle should precess if the 
part icle is channelled in a single bent crystal. V L 
Lyuboshi t s [96] and I J K i m [97] have developed a detailed 
theory of the spin precession. 

The electrostatic field of the a tomic planes is t r a n s ­
formed in a bent crystal into the magnet ic field in the 
reference frame in which the part icle is at rest. The 
precession angle cp is therefore given by [96] 

1 
cp -y©(g — 2) for y 1, 

where y is the Loren tz factor; g is the gyromagnet ic ra t io ; 
© is the angle of deflection of a channelled part icle. 
The measurements of cp and © of the channelled part icle 
can be used to find g and, consequent ly, its magnet ic 
m o m e n t 

2mc 

where e, m, and S are the charge, mass , and spin of the 
part icle. 

The presence of extremely s t rong fields in a crystal 
means tha t the magnet ic m o m e n t can be determined for 
part icles with a decay length of just a few centimetres, which 
is no t possible to do by classical techniques in which 
o rd inary magne t s are used. 

The precession of the spin of the E + hyperons was first 
repor ted in Ref. [92] and this experiment was a demons t r a ­
t ion of the p romis ing n a t u r e of the new me thod for deter­
mina t ion of the magnet ic m o m e n t of part icles with heavy c-
and b -qua rks . 

The a p p a r a t u s used in this experiment included a 
hyperon spectrometer consisting of a dipole magne t and 
three ar rays of strip silicon detectors , as well as a ba ryon 
spectrometer , compris ing two dipole magne t s and four 
a r rays of mult iwire p r o p o r t i o n a l chambers . 

Two bent silicon crystals (Fig. 26a) were placed behind 
the hyperon spectrometer at the head of the decay zone. 
These crystals were oriented a long the (111) p lanes and their 
d imensions were xyz = 25 m m x 0.4 m m x 45 m m . They 
were bent in accordance with a three-point scheme. 

The upper crystal deflected the beam d o w n w a r d and the 
lower crystal deflected it upward . The angle of the 
deflection was the same in bo th cases. Therefore, the 
spin precession in the crystals was in the opposi te direc­
t ions (black a r rows in Fig. 26a). 

Ionisat ion- loss detectors were implanted in the crystals 
in order to distinguish the channelled part icles. 

The average m o m e n t u m of the E + hyperons , governed 
by the geometry of the hyperon channel and by the 
magnet ic field, a m o u n t e d to 375 G e V / c and the m o m e n ­
t u m scatter was Ap/p = 7 % . The measured polar isa t ion of 
the E + b e a m was 12% ± 1 % . At 10 m from the target the 
beam conta ined ~ 1% of the E + hyperons ; the other 
part icles were p ions and p ro tons . 

The vertical dimension of the beam at the posi t ions of 
the crystals was 1.8 cm and the angular divergence of the 
beam was 1.4 m r a d . Only a small fraction of the beam, 
~ 2.5 x 1 0 - 4 , was t r apped into the channell ing m o d e (this 
value agreed with the calculations). 

The channelled part icles were identified by the angle of 
deflection 6 and by the relatively low ionisat ion losses AE in 
the crystals. 

The angle of deflection of the part icles in the upper 
and lower crystals was 6 = —1.649 ± 0.030 m r a d and 
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Figure 26 . (a) S c h e m a t i c d i a g r a m e x p l a i n i n g t h e sp in p r e c e s s i o n effect 
in a c r y s t a l , (b) M e a s u r e d p o l a r i s a t i o n s a f te r t h e sp in r o t a t i o n in 
c r y s t a l s ( s t a t i s t i c a l e r r o r s a r e s h o w n a t t h e level o f o). T h e d a s h e d 
a r r o w s c o r r e s p o n d t o t h e o r e t i c a l p r e d i c t i o n s . 
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1.649 ± 0.043 mrad , respectively (the magnet ic m o m e n t 
should precess by cp w 1 rad) . 

The E + hyperons with the E + —> p 7 i ° decay ( ~ 5 2 % of 
the to ta l n u m b e r of decays) were selected for the polar i sa­
t ion measurements . The decay vertex was measured in a 10 
m decay zone to within 50 cm. The n u m b e r of events which 
were selected a m o u n t e d to 2167 ± 47 when the event 
selection criterion was based on const ra in ts imposed on 
the k inemat ic variables. 

The E + —> p 7 i ° decay m o d e has a large asymmetry 
param-e te r a = —0.98 and is therefore a sensitive criterion 
of the polar isa t ion state of E + . The componen t s of the 
polar isa t ion vector of the E + hyperons were determined for 
each of the crystals. They are p lot ted alongside the 
calculated da ta in Fig . 26b. The measured spin precession 
angles were + 5 1 ° ± 2 3 ° and - 7 2 ° ± 2 6 ° 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 polar isa t ion vector for the two crystals was 
P = 11.8% ± 3 . 6 % , which should be compared with the 
polar isa t ion 12% ± 1 % measured wi thout deflection in 
the crystals. Hence there was no depolar isa t ion in the 
course of the channell ing. 

The measured magnet ic m o m e n t of the E + hyperons was 
(2.15 ± 0 . 6 1 ) / % and (2.74 ± 0.71 )/xN for the upper and 
lower crystals, respectively (/% = eh/mv is the nuclear 
magne ton) . The average m o m e n t \i = (2.40 ± 0.46)/% 
was in agreement with the publ ished fundamenta l cons tant 
(2.42 ± 0.05)/%. The systematic error in these measu re ­
ment s did no t exceed 0.40/%. 

The experiment demons t ra ted the spin precession of the 
channelled part icles in a bent single crystal. It is p roposed to 
use this me thod to measure the magnet ic m o m e n t of A+, 
which is a short-lived part icle created with a s t rong 
polar isa t ion because of the large asymmetry pa ramete r . 

7. Summary 
Two impor t an t poin ts , which follow from an analysis of 
the results of invest igations of the channell ing of h igh-
energy charged part icles in crystals, should be stressed. 
Firs t , the main assumpt ions m a d e in the theory of 
channell ing are in satisfactory agreement with exper imen­
tal results. C o m p u t e r p r o g r a m s of the C A T C H type can be 
used to analyse results of experiments t ak ing into account 
the condi t ions dur ing these experiments . Second, investiga­
t ions and developments in the appl icat ion of bent crystals 
in accelerators give hope tha t in the near future such 
crystals will supplement the arsenal of means for the 
steering of high-energy part icle beams and thus m a k e it 
possible to realise certain projects which have hi ther to 
seemed doubtful or impossible. Bent crystals are a l ready in 
use in part icle channels and in systems for the extract ion of 
accelerated beams . They are opening new avenues in the 
design of experiments and are increasing the efficiency of 
the uti l isation of accelerators. 

This review does no t deal with p roposa l s and ideas tha t 
have no t been fully developed: they are concerned mainly 
with the var ious aspects of the use of crystals in the 
experiments p roposed for beams of part icles of u l t rahigh 
energies and are discussed in detail in Ref. [98]. 

Nei ther does this review deal with the wide range of 
topics related to the investigation of e lectromagnet ic 

processes tha t occur dur ing the passage of electrons, 
pos i t rons , and high-energy y rays t h rough an oriented 
crystal. Invest igat ions of these topics, which are opening 
new oppor tun i t ies for the appl icat ions of oriented single 
crystals (in par t icular , the generat ion of polar ised h igh-
energy e ± and y b e a m s in p r o t o n accelerators) , have been 
dealt with fully dur ing the Al l -Union Conference on 
Prob lems in Appl ica t ion of Part icle Channel l ing Effects 
in Crystals to High-Energy Physics, which was held in 1991 
at I H E P in Pro tv ino , as well as in reviews [9, 10] and 
m o n o g r a p h s [ 1 1 - 1 3 ] . 
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