





I. Introduction v

The experiments performed. for the first time at the 10 GeV
Dubna syﬁchrophasotron [1] and‘then at the 70. GeV proton synchrotron
at Protvino (USSR)[2] have shown. that bent crystals can be success-
fully used at high energy accelerators for proton beam extraction.
The proposals of using crystal deflectors for particle gxtraction.h
from beam halo at the'largest proton colliders SSC (USA) [3] and
LHC(CERN) [4] have been formulated, and apbropriate systeﬁs-
are ‘under investigation now. In this connection test runs
at Tevatron and SPS beams are scheduled [5,6]. The most important
feature of such an extraction system is that the colliding‘mode'of‘
machine operation is not disturbed,and an additional opportunitj-b
to carry out some fixed target experiments ‘simultaneously can be
realized.

The ekpeéted efficiency of such an extraction system for SSC
(the energy of accelerated protons is about 20 TeV) can reach appro-
ximately 97%[7]. Only a few percent of particles incident on a de-
flectorare lost due to nuclear interactions or large angle scattering.
Such a high efficiency is determined by a small angular beam di-
vergency at the point of extraction: §x<<9C (QC is a critical
angle for particle capture in the planar channeling regime) and
by the possibility of multiple passages of particlesvfhrough the
deflector. » n

The experiments with carbon nuclei at an energy of 3.5 GeV/u
performed at the Dubna Synchrophasotron have shown that relativis-

tic nuclei can be also deflected by bent crystals[8].
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It would be interesting to realize in a similar way nuclear
beam extraction for fixed target experiments at the biggest nuclear
colliders RHIC and LHC which are under construction now. This addi-
tignal opportunity to extend an experimental program is also impor-
tant for the’other high energy colliders which are under design at
GSI(Darmstadt) [9] and LHE(Dubna) [10].

Our calculations of the efficiency of ion beam extraction
by bent crystais and main questions concerning ‘the above-mentioned

problem are’ presented below.

Z. Efficiéncy éf-Ion Beam Deflecfion

Let ﬁs.consider the variation of main parameters of paf;icle
channeling in crystals in going from protons (Z=1; E=E1) toxmulti—
charged ions (Z=Z, E=AE1, A-atomic number). Charge and energetic
dépéndencies of channeliné parameters were discussed in [11].
Assume -that the ion energy per nucleon ﬁ1_is just the same for the
proton case (i.e. the velocity B8 and the Lotentz-factor of ion §
remain the. same as for the proton), but the charge and the toFal
energy of channeling particle are different. )

High energy charged particles can be deflected by bént'crys—
tals if the radius of their curvature R will be larger than some '
critical quantity Rc,which value depends on a maximum internal

electric field averaged over the crystal atomic planes, Smaxl12],
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As w = 1 forvprotons and w » 2 for ions,the critical radiﬁs
for ion channeling should be twice as largerthan for protons. It
will be convenient to use a new variable r = R/RC (felative crys-
tal curvature). The effective potential which affects the particle
in a bent planar channel is similar (at the same r).to .the poten-

- 1,
t1a1‘for protons U _.:
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Uef(x,r; Z, AE1) = ZUef(x,r; E1) s
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where U1(x) is the planar potential for protons in a stfaight-‘
crystal.
So, just the same dependence of the main channeling parame-
ters on w takes place for bent crystals as for unbent ones.
Critical transverse energy for stable trajectories of channe-

ling particles is proportional to the charge of nuclei:

. = 781 .
Exc(r, Z, AE1)‘— ZExc(r’ El) ,

1 1 )
Eo(rs Ep) = Uef(xc, r; E)) ’

vhere X is the critical distance for closest approach to a
channel wall for channeling particles.

The value of X depends on a crystal temperature. We assume
X, = uy o, where uy is rms amplitude of thermal vibrations of
atoms.

The corresponding critical angle of particles relative fo
the atomic planes in the crystal is the following: )
0. (rs 7, AE) =m-:/2- oltrs B | s
ZEXC(r; E]) /2

1
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Let the beam enters the crystal parallel to the bent atomic
planes and its angular distribution is Gaussian. Suppose also that

the standard angular deviation of particles in the beam §x

measures in the critical angles @, = KO and it does not

x
change at the considered transition. Then for the particle capture

probability into the channeling states we have
b

ch 1 .
U_-(Xos51) 1
P_(r,k; z,AB,) = P_(r,k; E)) = S Erf[——(1- — )/z]dxo
¢ ¢ d V2 k E. (1) ’
1 xe (5)
Ccr

where dp is the channel width, X p is determined by the equa-

1

c® It is a universal function for all sorts

. 1 .
tion Ueff(xch) = E

of particles. The initial distribution of captured particles in the

transverse energy e, = Exo/Exc is determined as
% ey 1
e U ~(Xo3T)
- 1 ef*"°?
P (e, ) =A S expl- (e~ ——)dx,
c X0 [ k2 XO E1 () ] . 6)
x1( €x0) XC )

Here Xy, X, are calculated from the equation Ulff(x,r) = Eip
and4AC is a constant determined by the normalization condition
§P( €x0?9€ x0T 1f
Multiple scattering'of channeled particles by electrons

and nuclei in the crystal is the process, which decreases the
efficiency of a crystal deflector. The mean square of the deflec-
tion angle of the particle per unit path 1en§th due to multiple
scattering averaged over the trajectories and the ensemble of
channeled pérticles'with the same assumption about the beam di-
vergence (neglecting a weak logarithmic dependence for the electron

term) can be written as:

2 2 ‘ . ,
a8 -2 /a8 \ 1 o
<AS> (%, AE) = w <AS > CED . ,

Finally the dechanneling length increases for nuclei as

. - 1
S, (r; 2, AE1) = S1é(r, El)r
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- The deflection efficiency of relativistic nuclei beam-at a
required angle o/ can be estimated as follows [13]. This eétimate
is good enough for the crystal length smaller than the dechanneling
leng;h A - i
arRC(Z, AE1)

Pd( a; T,k) = Pc(r,k) . expl-

Sy, (r;2,AE)
= P (r,k) - exp[-oLrR;/ S1,0rs B L

At the same r and k the probability for particles to be in the
channeling regime (exponential factor) does not depend on w and
the deflection efficiency ié a universal fuﬁéfion for protons and
nuclei.

Figure 1 shows the capture probability‘into the channeling
regime by a silicon crystal which is bent along (110) planeé
and the beam deflection efficiency at the angle « = 1 mrad
as'a function of the relative crystal curvature r (a) and the

relative beam divergence k (b).
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Fig.1. The capture probability into the channeling regime P,
and the deflection efficiency Py at the angle o = 1 mrad
for ultrarelativistic ion beam by a Si crystal bent along .
(110) planes as a function of the relative crystal curvature |
r(a) and the relative beam divergence k (b).
(a) k =0.5; () r = 16, optimal bend radius.
The dependences are universal in the relation of a particle
energy and charge for the short crystals with length $<<8y-
0.3
20
m 3y
) )
Fig.2. The deflection efficiency by a Si crystal bent along (110) o

74 ions with ‘energy of 100 GeV/u at the angle

planes for AY
versus the bend radius R.

ﬁx = 400 m«

oL = 1 mrad

(1) at B, =100m , (2)

‘gencies which correspond to the two values of the B

3. Efficiency of Ion Beam Extraction

A natural growth of beam halo in ion colliders due to stréng
intrabeam scattering can provide a flow of particles through a thin
crystal deflector installed at some distance from the ../ design
particle orbit. To evaluate a possible intensity of an extracted
beam, we suppose a Gaussian distribution of particles in the
circulating beam. The standard spatial and angular deviations of

particles in this case are written as:

Be 1 ‘ -
T-( X'z = =
)

where.px_isa betatron function, € is a1 invariant emittance,

(10)

For RHIC parameters [14] (€ =
= 22 mm-mrad, Au ions) one can get X = 4.52 mm, x' = 45.2 prad
and x = 9.04>mm, x' = 22.6 urad if the values of the B4 -function
are equal to 100 m and 400 m, respectively.

The calculated dependence of the deflection efficiency for Au
ions (Z = 74) with an energy 100 GeV/u at the angle a = 1 mra&
upon the bend radius of a Si crystal bent along (110) plane are
shown at Fig.2. The calculations were made for the beam’dever-
x -function.
The critical angle of channeling in the unbent crystal for this
case is 9C= 13.5 prad, and about 15% and 30% of incident parti-
cles will be captured in fhe channeling regime. The maximum deflec-
tion efficiency exceeds 10% at the crystal bend radius of 6 m. The
appfopriate optimum length of the crystal S = aR is gbout 1 cm.
Increasing the crystal length under the same curvature leads-to a

rapid growth of dechanneléd - particles number because the dechan-

neling length is 4 cm for this case.



Due to the A-dependence of inelastic.nuclear cross-section
oin~'A0'71, a significant decrease of unchanneled frgction will
take place in the case of ion beam‘passage”through the deflector.

For this reason the efficiency increase of the beam extraction due

to ?ultiple'passagéSOf‘particles through the crystal deflector, which
can be obtained for high energy protons beam will be substantially
suppressed in the case of heavy ion ones. In the case of mhltiple B

passages the efficiency of particle extraction can be estimated as

. . N
- n.p 1
Pex™ Pa Z a Py 1-q . .
n=0 an

q= (1= Pd)-( 1 - Pn) s

where Py is the probability of decreasing the unchanneled beam
fraction in the deflector. For the deflection of Au ions by a si-
licon crystal at an angle of 1 mrad, the parameters in‘(ﬂ) are:

P =10.6, Py = 0.12, q = 0.36 (for By = 100m), and so the extrac-

d
tion éfficiéncy increases up to 20%. ‘

This estimate is somewhat iérger than the real one because
equation (11) does not take into account a broadening of the un-
channeled beam fraction dﬁe to ﬁultiple scattering at the deflector
which willﬂléad to additional loss of particles at the walls of the
beam pipe. This can be corfeéted by adding one more similar multi-
plier.to the expfession for g in (11).

To estimate the fraction of particles'passing through the

crystal deflector placed at the distance Xhe from the equilibrium

orbit, the following expression may be used:

X + A X
b
> ‘ 1 Xpct A Xy
PenC Xpe) = P(x)dx = + [ Erf( RS bey _ (12)
: 2 X
Xpe

£ (be
- Brf ( —-bS
V7% ’

where Xpe is the deflector thickness.

8

Intrabeam scattering leads to increasing the ion beam dimen- ..
sions. The emittance of the Au ion beam at the final energy ( T= 100) -

becomes three times larger than at the beginning after ten hours: of
particle storage regime in the RHIC [15]. This effect manifests ‘it-

self especially at the Beginning stage. The fraction of pérticles ‘
entering the deflector during the time interval at due to emittance "
growth can be expressed as:

APen( At) = Pen( e(t +At))- pen( ei(t) ). e (13)

The average intensity of the beam entering the deflector can be
written as

n o= N0 APen/ At

and the extracted beam intensity:
Tex = Ten Pex

where N0 is the total number of stored ions. So, our calculations

show that it is possible to provide an extracted beam of gold ions

with intensity Ny ™ 1025-1 by means of a bent cryétal Axbc= 1 mm

thickness installed inside the RHIC vacuum chamber (7.29 cm in
inner diam) at the distance Xpc= 15 mm from the equilibrium orbit

and at the azimuth with By =100 m ( so that x > 3X ). -The

bC
extracted beam intensity can be several times larger if we increase

the deflector thickness and remove it to the azimuth where

B x = Bpax = 400 m.

The level of external beam intensity (nex = 10z + 10

is already enough for experiments with nuclear plastic track’
detectors and photoemulsions. The typical value of particle track

density for plastic is n=10° em %, and the stack dimension
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is 10 ¥ 10 cm® {16]. Taking into account that the cross section of

the-deflector is about 0.1 cm2

and the extracted beam divergence
is also small. ( GC); one can use the corresponding step by step
movement of a detector unit or beam scanning to provide quasi-uni-
fo}m irradiafioﬂ of the detector areé under ébove mentioned particle
denéity: o ‘

. Experimental conditions for an exposure of emulsion stacks are
4 -2

similar, but the particle track density can be increased up to 2.107cm °.

The extracted beam intensity can increase substantially (up

to 10%-10°

5_1) using a special mechanism of beam halo particles
shifting ‘at the deflector.

External low intensity ion beams provided as a "by-product"
at unique high energy ion colliders can be also used for the cali-
bration of experimental instrumentation and even for some applied
investigations (local radiation damage of different materials or,
e.g.,electronics components). :

B So the addition of crystal deflectors to the lattice of re-
lativistic ion colliders with energies of tens GeV and higher
will open up new possibilities for experiments and involve more

users in their scientific programs.
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