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[. Deseription of Radiation in Thick Crystals
According to the performed analysis [1, 2] dealing wita the kineties of the distribu-
tion, which is due to multiple seattering, the DF for large depths (1) is of the form

dx (lavj_
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where x, y(@) are the transverse coordinates: ] < dyf2 for the planar case and ol = ry
for the axial case: S = arg is the area of a cell in the transverse plane which contains
the projection of one atomic chain, and ny = 1/8 is the density of the chains of atoms
(axes). The quantity g(l) has the form

!
q(l) = 4% -- [ O3() d¢, (2)

0
where 2 is the rate of variation of the squared angle of multiple scattering in an approp-
riate amorphous medinm, The time (depth) dependence of 93 is connected with the
variation of the particle energy beeause of radiation losses. The first terming(l) reflects
the character of the angular (velocity) distribution established at the initial stage of
cleetron motion in a ervstal which depends on the angular (over ) distribution in an
incident beam. Bven with the angle of incidence @ = 0, the angular spread of particles
in the ervstal proves to be roughly equal to the Lindhard angle: i, = 2U,le (U, ix Lhe
depth of the potential welland s the energy of a particle); therelore, assuning the in-
cident heam (o hedallier narrow, 8, < 1, we can put g2 = ('Ic'):’f,\\'lwrv ¢ isacoeflicient

of the order of unity. The magnitude of ¢; can he influenced also by the imperfectness
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and modifications of incoherent contributions are small,
distinctions in the soft cascade developmient in crystal
and amorphous media are mainly due to the coherent
contribution to the radiation. This contribution changes
the shape of photon spectra, enriching their soft part
and noticeably diminishing the effective radiation length
L. determined by the relation

(L} = Lk + Lt
So, for the < 111 > axis of tungsten, we find Ley =~
0.13cm at € = 2GeV and L. ~ 0.08cm at ¢
5GeV . which are several times less than the amorphous
value Lyog ~ 0.35cm. Thus in a crystal the ini-
tial electron is converted into photons along apprecia-
bly shorter length than in a corresponding amorphous
medium, while further development of the soft shower in
both media is more or less the same. Hence the most
pronounced distinctions of shower characteristics in the
amorphous and crystal case appear for small thicknesses.
It is clear that for the valuable use of crystal properties

in the case of suggested target composed of crystal and
amorphous layers, the former must be of atew L. thick.
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tained within the approximation mentioned . We have
compared the shape of the spectrum (2) with available
experimental data, but this procedure is somewhat 1n-
direct for several reasons. Sometimes very thin sam-
ples were used where the distribution of electrons over
transverse coordinates was far from being uniform, some-
times energy loss spectra were measured which are no-
ticeably different from true intensity spectra, sometimes
emitted photons were collimated that also results in a
change of the observed shape of spectra. Nevertheless,
a qualitative agreement of the spectrum (2) with known

experimental data holds for all energies beginning with
900 MeV .

The contribution to any process , going on In a Crys-
talis asum Y = Y., + Yine where, generally speak-
ing, the incoherent contribution Yin. differs from the
amorphous value Yy, . The scale of this modification
depends on the process under consideration. For the to-
tal intensity of the incoherent radiation and the quantity
Lmd = /Iy connected to it, the typical scale of dimin-
1shing of Iy, as compared to Iy, at room temperature
is depending on media 9 to 13 per cent. The diminishing
of the total probability of pair-production is of the same
order of magnitude. In particular, we obtain for tung-
sten in the case of a full screening Lrgg = 1.1 Lyaq. As
far as the coherent contribution to the pair-production
probability is negligible in the considered energy region
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given by eq.(2) with a corresponding expression obtained
in CFA BKS(1987) for the uniform distribution over
transverse coordinates. So eq.(2) reproduces the en-
ergy dependence of coherent contribution to the radi-
ation length Le, = €/In(e) inherent to CFA which as
mentioned above is valid in a wide energy range. For
the sake of possible use, we have fitted our results for
the function 7(¢) in the energy interval ¢ < 5GeV by

a polynomial
9
r(e) = ¥ ang",
n=0

where ¢ is measured in GeV and coefficients ay, for <
110 > -axis of Si and Ge crystals and for < 111 > -axis
 of W crystal are calculated. The fitting provides the
accuracy better than 1 percent for Si and Ge and better
than 3 percent for W.

The position of a maximum in the spectrum given by
eq.(2) is always consistent with the estimate (1). For
relatively small energies when p, < 1 and correspond-
ingly uo < 1, we can neglect the first term in the right-
hand side of eq.(3) since p./xs = 2mas > 1. In this
~ case the spectrum (2) has a maximum at w = Wmey =
0.05euy =~ 2e,/pc/(mas) which evidently coincides in
this (dipole) approximation with eq.(1). When p. > 1
and CFA is valid the spectrum (2) reproduces not only
the position of a maximum but also the shape of spectral

distributions like those shown in Fig.2 of BKS(1987) ob-



where a; is the screening radius of a corresponding po-
tential and

p ~ (2Vy/mby)* for 6y > 0.

and
p pC:2V0€/m2 for 6y < 0.

The estimate BKS(1987) for the characteristic frequency
of emitted photons w at given frequency of motion wp

reads
W 2Nwye

e —w m2(1+ p/2) 1)
where N is the characteristic number of emitted har-
monics. Note that N =1for p < 1 and N « p3/? for
p > 1. Using also that wy ~ 0y/as , we suggest to de-
scribe the radiation from channeled and moving not very
~ high above the potential barrier particles the following

heuristic intensity spectrum:
dl ch T (8)8 1
dv  uo(e) (14 u)?

U =

13 o
1+ (—’58) In ("_‘Q) Hug — u),

(2)

where ¥(z) = 1 for z > 0 and 9(z) = 0 for z < 0,

2 1 P
= — 20 : 3
4o 6 Xs T mas (2 + Pc) ()

* The function r(g) in eq.(2) is determined by the condi-
tion of the coincidence of the total intensity

€ dl,
In(e) = | d Sy
h( ) 0/ W dw /_]
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Here we consider axial alignment when 6 with respect
to the chosen axis is not too large as compared to the
critical (Lindhard) angle 8, = (2Vo/e)!/? where V; is a
typical scale of the corresponding potential and ¢ is the
particle energy, since in this case the most pronounced
effects take place.

Let us start with the coherent contribution to the radi-

ation. As already mentioned, at sufficiently high energies
corresponding expressions valid at any angle of incidence
@ were obtained in BKS(1987). For §y < Vp/m they
Teproduce CFA-limit. But even if the initial electron
energy is high enough to apply mentioned description,
charged particles arising in the course of a shower devel-
opment may not satisfy this condition. In the case of a
soft cascade we have to describe the radiation from these
"soft” particles as well. Let us remind that within semi-
classical theory of the QED- processes in any external
field there are only two parameters: p and x. The pa-
rameter p is a measure of the particle velocity deviation
from a straight line in units of the natural emission an-
gle v1 = m/e, while the parameter x being the ratio
of the external field strength in the particle rest system
to the critical QED-value E. = 1.32-10'%eV/em is
responsible for the magnitude of quantum recoil effects.
In crystals

X~ Xs = Voe/m?’am
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esides the radiation under study, the bremsstrahlung (helow with the subserpt— [5/
) also contributes to the intensity. Generally speaking, the bremsstrahlung can
e in comparison with an amorphous medium, under channeling conditions, No
etical analysis of this problem is available. Nevertheless, to give an idea of the

Table 1
Parameters of the potential for the (111) axis and some characteristies of the radiation

al u, (10710m) 1, U, f} ag (1071 m) l,r.d R Oeh L

T == 293 K (eV) (eV) € 1,,,h (MeV)  (mmm)
(,/) 0.040 20 103 0.025  0.326 0.61 1.87 21.1 15.6
) 0.075 64 106G 0150 030 0.57 0.80  23.3 15.3
/ 0.082 135 280 0.135  0.306 (.49 LIG 37.0 4.8
r 0.061 165 368 0.122  0.272 0.48 1.6+ 47.0 3.6
€ 0.068 180 363 0.145  0.276 0.48 146 46.6 3.5
re 0.085 91 191 013 0.30 0.51 0.53  31.1 1.3
93 K) 0.050 17 937 0115 0.215 0.50 148 96.2 0635
Q) 0.030 348 1955 0.027 0,298 0.50 2.8 105.0 061

iplitude of thermal vibrations, 1. . ag parameters of the potential (6), U(,d(‘pth of the pnten-
ell, ¢ ratio of the radiation length to th(‘ effective length of photnn absor ph(m. alio

- 1 GeV, o frequencey caleulated by means of (16) at ¢, == 1 GeV, Ly optimal thic Kness of
rysl:ll atg, = 1 GeV.

nitude of the effeet, we shall make use of the model of a corresponding amorphous
im for a (l("\(ll])ll()ll of the bremsstrahlung, Assuming the condition (4) to be
fied, for the hremsstrahlung intensity at depth [ we fm(l

- ——

(l I|,r L I|,r . l & ) (“)
dQ  agl)  ag(l) L
V|1, 2] the energy variation will be taken into account in an adiabatic approxima-
with due regard for hoth mechanisms of radiation losses. Henee, for the energy
apth T we have
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FIG. 6: Positron production efficiency from crystal (a) and amorphous (b) targets depending on

thickness. Open symbols - our calculation, filled symbols - results from Fig.5 of [15]; A are for

”'p =20 Mev/c, O are for D =15 Mev/c, and O are for p = 10 Mev/c.
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FIG. 5: Angular distribution dN+)/dQ depending on outgoing positron angle at L = 2.2 mm (a)

and at L = 9.0 mm (b) for ;zie (8.5+11.5) Mev/c ( curves 1 and 3 ) and for ;le (17 +23) Mev/c (

" curves 2 and 4 ). Solid curves represent the yield from crystal and dotted from amorphous targets.
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In contrast to the magnitude of the positron yield, the enhance-
ment is not very sensitive to the acceptance conditions. The calcu-
lated values of the enhancement( theory ) are presented in Table 1
along with those taken from Table 1 of [15] ( experiment ). Purely
statistical errors are figured in Table 1 as theoretical ones. The rel-
ative error in PPE was estimated as N ,}1/ * where Ng; is the mean
number of events in the phasc space cbrresponding to the accep-
tance conditions used in calculations. The total statistics was cho-
sen so that approximately to equalize values of N,y for amorphous
and crystal targets of the same thickness. At given total statistics,
the quantity N, increases with growing positron momentum in
accord with a shape of the positron spectra at hard collimation
shown in Figs. 2,3. This fact leads to a better statistical accuracy -
for larger momentum. We emphasize that the differences of the
estimated and experimental enhancement values are smaller than
corresponding experimental errors for all momenta and samples

figured in Table 1.

3 Conclusion

Using the simple computer code suggested in [11] and [10], we
have compared the theoretical predictions for some characteristics
of the electromagnetic shower developing in axially aligned crys-
tals with experimental results reported in (12],[13] and [14],[15].
On the whole, theory and experiment are consistent within the
experimental accuracy. From this comparison we also conclude
that the accuracy provided by the existing simplified code 1s at
least better than 20%. This accuracy may be slightly improved if
we include into consideration some processes like annihilation of -
positrons or Compton scattering of photons \iifhich were ignored as

corresponding cross sections are small in the energy region of inter-
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lation of the magnitudes of positron production efficiency (PPE),
we simply put 974 to 20 mrad. The value of Ap/p was chosen
to reproduce at applied collimation the experimental magnitude of
PPE for the 9.0 - mm - thick amorphous target. Acting in this way,
we have got Ap/p = 3.2 %. We realize that our regard for the ac-
ceptance conditions is rather rough. An additional inaccuracy was
introduced when we determined the PPE numbers from Fig.5 of
[15]. Note that the experimental numbers ‘obtained in a such way,
which are presented by filled symbols in do not reproduce
exactly the whole set of,mean experimental values for the enhance-
ment given in Table 1 of [15]. Moreover, in Fig.5 of [15] there are
no experimental points for 2.2 and 5.3 - mm - thick amorphous
targets. For these two cases, we present in Fig.6 the values of PPE -
given by smooth - curve fits corresponding to simulation fitting in
Fig.5 of [15]. Bearing all this in mind, we, nevertheless, can assert
that a rather good agreement is seen in Fig.6 of the experimental
results and our estimations. Relative difference of them is better
than 13 % everywhere except the values of PPE at p = 10 and
15 Mev/c from both thinnest ( L = 2.2 mm ) targets, where the
experimental yield is underestimated by 19 % to 42 %. Note that
just for this thickness the largest inaccuracy was introduced while
determining the PPE numbers from Fig.5 of [15] at p = 10 and
15 Mev/c, as the magnitude of the yield is especially small in this
case.

Table 1: Enhancement of the positron yield from crystal targets

Momentum Enhancement | Enhancement Enhancement
(MeV/c) ( 2.2-mm-thick) |  { 5.3-mm-thick) ( 9.0-mm-thick)
theory | experiment | theory | experiment | theory | experiment
10 6.0+£05| 6506 [3.2+£03| 34£07 [21£02] 23£04
15 554£03| 62+£08 (32+02| 324+05 20£01] 2.0+£0.2
20 544+02| 51405 [29+01]| 3005 [18+01] 1.8+0.2
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at I = 9.0 mm. These factors turn out to be practically ( within
an accuracy of a few percent ) independent of the total positron
momentum p. This fact can be easily understood if we assume that
the width of the angular distribution of positrons is completely due
to multiple scattering being, thereby, propOrtional to p~!. Such as:
sumption is confirmed by results of the calculation shown in 55\
for two groups of positrons. One of them contains positrons having
momentum in the interval p € (8.5 + 11.5) Mev/c , for another
group p € (17 + 23) Mev/c.

For the given target, the width of the angular distribution of
positrons with p ~ 10 Mev/c is approximately twice as much that
for p =~ 20 Mev/c as expected. The width of every distribution ev-
idently increases when we go on to the thicker target of the same -
kind. Comparing angular distributions from crystal and amor-
phous targets of the same thickness, we find that at L = 9.0 mm
the distributions are somewhat ( about 1.5° ) wider in the crystal
case for both groups. In units of FWHM of the distribution from
the crystal target these differences are about 6.5 % at p = 10 Mev/c
and 14 % at p ~ 20 Mev/c. At L = 2.2 mm the distribution from
the crystal target is wider by 15.5 % at p &~ 20 Mev/c whereas this
is narrower by 10 % at p ~ 10 Mev/c.

Going on to the comparison of our results with those obtained in
[15], let us remind that to perform an accurate comparison of such
kind, exact information is needed concerning the acceptance con-
ditions and registration efficiency of detectors in the experiment.
As noted in [15], at p = 20 Mev/c, the momentum acceptance
(Ap/p) was 3 % (FWHM) and the polar angle acceptance was less
than 20 mrad (FWHM). Since the shape of the acceptance curves
was unavailable to us, we have tried to simiulate experimental con-
ditions using the same angular collimation o, < ¥7¢" and the
" same value of Ap/p for all momenta and targets. So, at the calcu-
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the yield is increased by 6 -+ 7 times for a crystal and by 17 <+ 20
times for amorphous samples. As a result, the enhancement at
L = 9.0 mm is almost 3 times less than at L = 2.2 mm in this
energy range. At L = 9.0 mm the enhancement is peaked in the
first bin (¢ € (5 + 15) MeV) for every collimation. Its maximum
values are fmaz(Vowr < 180°) = 2.25, thmar(Fou < 24°) ~ 2.15,
Prnar(Pour < 12°) >~ 2.08, and pmar(Voue < 1°) =~ 2.06. The
enhancement monotonically decreases with growing positron en-
ergy and approximately halves at € =~ 250 MeV. Thus, positron
spectra from the crystal target are softer at L = 9.0 mm as well,
and this property is much more pronounced in comparison with
L = 2.2 mm.

Matching systems can be characterized also by the maximum -
transverse momentum pT* of accepted positrons. In this con-
nection, spectra of positrons having p; < pT% are of undoubted
interest. Such spectra at L = 2.2 min (a) and at L = 9.0 mm
(b) from crystal and amorphous targets are shown in Fig.4. In
contrast to the case of the pure angular selection ( cf. Figs.2,3
the position of spectral maxima at limited p, values is always in
the first bin ( e € (7.5 = 12.5) MeV). Corresponding maximum
values are fmq (5 MeV/c) ~ 5.82) tma:(2.5 MeV/c) ~ 5.62 at
L = 2.2 mm and (5 MeV/c) ~ 2.17 | pimar(2.5 MeV/c) ~
2.11 at L = 9.0 mm. The enhancement monotonically decreases
with growing positron energy. Its variation over the whole en-
ergy interval presented in éis about 15 % at L = 2.2 mm
and 40 % at L = 9.0 mm. So, for this selection too, positron
spectra from crystal targets are softer than those from amorphous
targets of the same thickness. The interesting feature of spectral
curves in Fig.4 is the similarity of those obtained for two different
values of pT* from the same target. The scaling factors n are
CNer 2 2.6, Do = 2.5 at L = 2.2 mm and 1 =~ 3.1, Nam =~ 3.0
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“Thé speeific Téatures of the radiation under consideration, which occursTor elecirons
moving in a continuous potential of the axes (planes), are dictated by the particles
which are in the channel and are not too high above the barrier. The contribution of
Lhese particles can he enhanced by a photon collimator. For this purpose, the collima-
tion angle J., (we count it from the axis oriented to the centre of the collimator)
should he chosen approximately equal to the Lindhard angle J. =~ .. On the other
hand, if deq < mfe = 1]y, we shall omit a {raction of the radiation of interest. For
‘nergies from several hundreds of MeV to several GeV o considered, we have 0,7 1y
md g 3>, at a erystal thickness L = L. Thus, the condition

1
max (;’—, D)< << Uy (+)

assumed to be satisfied and then the factor exp (- o Jg(1)) can he substituted for
nity?) for particles whose radiation reaches the collimator, and the distribution proves
o he uniform in a transverse phase space. As a consequence, for the intensity of the
cudiation under consideration (labelled by “ch™) at the depth I we have

Al 1 )
dQ 7 ag(l)’ —_— ®)

where 1 = [ I(x) da/d,y for the plane amlL]} [ I(p) d?p[S for the axis) It is worth
noting that 7 coincides with 7,4, the asymiptotic value achieved by the intensity at the
incident angles 8, = 0. and 94> I, for the axial and planar cases, respectively. lim-
phasize that (5) incorporates the radiation from all the particles rather than from the
above-harrier ones only. The appearance of 1, in (5) is due to the uniformity of the dis-
tribution in transverse phase space under the indicated assumptions, see (+), while
the uniformity of the distribution with respect to v | resulted, in (5), in a uniform distri-
ct_to the solid angle of emitted photons for the angles Dpn <t

The values of I = 1, pre readily caleulated for any potential of the axes, or planes,
For the potentials usedan explicit expression for Ty is given by formulae (29) in [1, 2],
Thus, the axial potential has been taken in the form (see [5, 6])

hution with respe

1 1
Ux) = V, In(l-{-—-—-—-—-— ——ln(l +————7),' . (6)
( ) (] T __{_ ﬂ .l_" _}_
Forit, _
I =l = Ty, - (7)
where
Sxe Vet , l . .
1, == —;-;":; "y, eB) = (1 4 28) In (l + lé) — 2. (S)

In ((i),/;z:/.: L)Q/(zﬁ?\\'ll(rl'(' a, is the sereening radius and the parameter g is proportional
to the Fitired amplitude of thermal vibrations. In [G, 1] we took 1y = Ze*[d where
d is the average distance between the atoms in the chain, and the parameters fi and
1, were determined by means of the {itting procedure deseribed in [6]. Their values
for the ¢100Y axis of some substances are listed in the tabies of [6, 1]. For the (T
axis, we iave made a three-parametrie fitting: tne quantity Iy is regarded to be a
as well, The results of this procedure are illustrated in Table 1.

Hitimg parameter
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Y, < 24° are overlapping within precision better than 1 % start-
ing from [5( ) ~ 55 MeV. In turn, from 5((,,) ~ 110 MeV the same
happens with curves correspond 0 ﬁouf < 24° and 190ut < 12°
Such behavior is also seen in ﬁj (b) for the amorphous tar-
get where ell) ~ 50 MeV and €{2) ~ 105 MeV. In other words,
positrons with energies € > €1 ere practlcally concentrated W1th1n
the cone ¥,,; < 24° and those with € > £ have z?out < 12°. In
accordance with this picture, the spectral maximum is shifted to

the rlght Whlle the Wldth of the distribution” 1ncreases when the

collimation angle decreagﬁs The enhancement Ly p_e_m_g_ bin-by-bin
ratlo of the positron yield from the crystal target to that from the
amorphous one at the same collimation, 1s almost constant for € <
45 MeV and monotonlcallmth growmg positron energy. -
This means that positron spectra from the crystal target are softer.

Somewhat lower values of ¢® £@ in the amorphous case point at
the same feature. For given co]hmatlon, the variation of the en-
hancement is about 20 % over the whole energy interval presented
in Fig.2. The maximum values of the enhancement at different col-
limation are pmaz(Four < 180°) = 6.09, fhmae(Pour < 24°) = 5.92,
omaz(Toue < 12°) =~ 5.67, and pmaz(Fonr < 1°) =~ 5.29. Ap-
parently, they diminish as the collimation angle does so. Shown
in w is the same as in Fig.2 but for the target thickness L =
9.0 mm. The yield at ¥y, < 1° (open circles ) is multiplied now by
30. The qualitative behavior of spectra depending on the collima-
tion angle at L = 9.0 mm is the same as at L = 2.2 mm. However,
all the spectra become softer for the larger target thickness. This is
indicated already by the increase in e () values which are now
) ~ 85 MeV, el ~ 185 MeV, ell) ~ 75 MeV, e, ~ 165 MeV.

It is clear that the magnitude of the yield from the thicker target
is essentially larger but this increase is different in the crystal and

" amorphous cases. For example, in the energy range e < 45 MeV



(€Gep) In the amorphous one. Such interrelation of eg;, and ege;

should take place in the case of [14], where the crystal thickness is

about 1.8 L,; ( see discussion in the Introduction ). This is con-

firmed by our calculations which give e, ~ 11 MeV and Edep

277 MeV per one incident electron.

o

2.3 Qualitative features of positron distributions and experi-
ment (KEK) at g = 8 GeV

In [15] the positron production efficiency from 2.2 - mm, 5.3 - mm
and 9.0 - mm - thick tungsten crystals was measured using an 8 -
GeV electron beam. Positrons produced in the forward direction
with momenta 10, 15 and 20 MeV/c were detected by the magnetic
spectrometer. Thus, only several points in the energy distribution
were determined under hard collimation conditions. Therefore, be-
fore going on to the comparison of the expefimenta.l results with
our, let us remind some important qualitative features of spectral -
angular distributions using 8 GeV electrons and the < 111 > - axis
of the tungsten crystals as an example. For the sake of compar-
ison, the corresponding distributions for amorphous tungsten will
be presented as well. Below all the quantities characterizing the
positron yield are normalized per one incident electron.

The use of matching systems implies some collimation ( typically
Vour < 25° ) of outgoing positrons. Shown in !Eig.g is the energy
dependence ( energy step is equal to 10 MeV ) of the positron yield
from crystal (a) and amorphous (b) targets of the same thickness
L = 2.2 mm. In the case of the hard collimation, when ¥,,; < 1°
( open circles ), the yield is multiplied by 10 to make it visible.
The larger the positron energy, the smaller is the typical value of
Your Since both production and multiple scattering processes are

- characterized by smaller angles for higher energies. This is seen in

Fig.2 (a) where the spectral curves for ¥,,; < 180° and that for



positrons having energies in the 545 MeV range. We emphasize
that the relative difference between measured and simulated results
typically does not exceed 20 % in both spectral and angular dis-
tributions as seen in@ We are aware that preliminary results
for another settings used in the same experiment do not contradict
with the estimated scale of the difference between the data and
theoretical predictions. We hope that this interrelation will not
become worse after performing the complete analysis of the data
which now is underway. This analysis will al?’o give more detailed
information concerning spectral - angular distributions of positrons
depending on initial electron energies and target thicknesses.

2.2 Experiment (KEK) at gg =3 GeV

The main goal of the experiment [14] was an attempt to apply the
crystal target to the working electron/posiﬁron linac, the injector
for the electron - positron collider B - Factory at KEK. Thus, the
acceptance conditions for created positrons were determined by the
momentum acceptance of the positron linac with the matching sec-
tion which is 8.2 MeV/c < p < 11.6 MeV/c and p; < 2.4 MeV/c.
The hybrid tarkget used consists of 1.7 - mm - thitk tungsten crys-
tal followed by 7 - mm - thick amorphous tungsten. The observed
positron yield was enhanced by the factor 1.40 when the <111 >
crystal axis was aligned with 3 GeV incident electron beam as com-
pared to the case of the disoriented crystal. Our number for this
enhancement is 1.47 being only 5 % larger than the experimental
one. Note that in the experiment [14] the crystal and amorphous
parts of the hybrid target were separated by the distance of 70 mm.
This circumstance, which, in principle, may slightly change the en-
hancement value, was not takcn into account in our calculation.
- Recollect that the amount of the energy deposited in the crystal
part (sfl’(;p ) of the hybrid target may be much smaller than that




simplified description of the shower development takes into account

coherent ( induced by the regular motion of particles in the field of
crystal axes ) and incoherent ( like that in an amorphous medium )

mechanisms of photon emission and pair production processes. The

multiple scattering and the ionization energy loss of electrons and

positrons are taken into account neglecting crystal effects. The co-

herent radiation from channelling and moving not very high above

the axis potential barrier particles is described using the semi -

phenomenological spectrum suggested in [11]. The corresponding

computer code was developed. This allows one to calculate energy,

angular, and coordinate distributions of positrons emergent from

the crystal or hybrid target and to find an amount of the energy

deposition. We think that the investigation of such distributions -
should be the main object of the experiments having the creation

of the crystal assisted positron source as their ultimate aim.

2.1 Experiment (CERN) at g = 10 GeV

Among experiments cited above, spectral - angular distributions
of created positrons were measured only in WA103 experiment at
CERN ( see [12], [13]) where our code was used in simulations as
the event generator. This simulation allowed for the acceptance
conditions and the efficiency of the detectors used. Shown in Fig.1
taken from [13] is one example of the measured and simulated
distributions of positrons from 10 - GeV clectrons aligned with the
< 111 >- axis of the 8 - mm - thick crystal tungsten.

The angular acceptance conditions in WA103 experiment were
approximately |9¢*| < 1.5° for the vertical and 0 < 99 < 25° for
the horizontal angle of outgoing positron with respect to the ini-
tial electron beam direction. We shell see below that the shape of
~ the positron spectrum depends on the degree of collimation. The
one-dimensional ( over 9%) angular distribution is presented for




present the scale, let us list some values wyy,, where this spectrum
IS Maximum: Wpe(1GeV) ~31 MeV, wma,r:‘(élGeV) ~170 MeV,
and Wne, (8GeV) ~490 MeV. Note that'the width of the spec-
trum 1s typically several times larger than wmge. The increase in
the number of relatively soft photons turns out to be much more
pronounced than that in the total radiation intensity. In the end,
just this fact leads to the substantial enhancement of the positron
yield from crystal targets.

Recently the positron production in axially aligned single crys-
tals was studied in two series of experiments performed at CERN
[12], [13] and KEK [14], [15]. The initial energy of electrons was
3 GeV [14], 6 and 10 GeV [13], 8 GeV [15], and 10 GeV [12]. In all
cases the initial electron beam was aligned with the < 111 > - axis’
of the tungsten crystal that sometimes served"és the crystal part of
the hybrid target which contained an additional amorphous tung-
sten target. A noticeable enhancement of the low-energy positron
yield was observed in all experiments cited above when the yield
from the crystal target was compared with that from the amor-
phous target of the same thickness. The experimental results and
our theoretical estimations presented in the next Section display a
rather good agreement with each other.

2 Comparison of theory with experiment

Theoretical results for the conditions of the experiments cited above
were obtained using the approach developed in [11] and [10] where
various positron and photon distributions as well as deposited en-
ergies in different crystals were calculated for the energy range of
initial electrons from 2 to 300 GeV. In these papers, all the formu-
las used in Monte-Carlo simulations of the specific e"e*+y - shower
~ characteristics are given in the explicit form. Remember that our



ergy region. The substantial advance in the description of shower
formation at axial alignment was caused by the invention of the
semi - phenomenological radiation spectrum [11] . This allows one
to consider the relatively low (of a few GeV) energy range of the
initial electrons which is presumed for the efficient positron source.
The radiation intensity increases with the initial electron energy.
As a result, at some energy the effective radiation length L.; in
the crystal becomes smaller than the conventional radiation length
L..q and continues its decrease at further increase of the energy.
All numerical examples will be given below for the electron beam
aligned with the < 111 > - axis of the tungsten crystals. Then we
have for the quantity Ly defined as in Sec.3 of [11]: L¢s(1 Gev)
~ 0.166 cm, L.;(4 Gev) ~ 0.084 cm, and L.¢(8 Gev) ~ 0.061 cm. -
In the hybrid target which consists of the crystal part followed
by the amorphous one, the thickness of the crystal constituent
of several L. is obviously quite enough. Indeed, at the depth
Lo =~ (3 + 4)L.; most of the particles, including the initial elec-
trons, are sufficiently soft to reduce the coherent contribution to
the radiation to the level of the incoherent one. Thereby, the fur-
ther development of the shower proceeds more or less in the same
way for the crystal or amorphous type of the remaining part of the
target. We emphasize that the crystal part L < Lg of the target
serves as the radiator, and secondary charged particles are still not
so numerous at this stage of the shower development. Therefore
only a small portion of the total energy loss is deposited in the
crystal part of the target which considerably reduces a danger of
its overheating. The softness of photon spectra is another impor-
tant feature of the crystal radiator giving additional advantages for
the positron production in comparison with the entirely amorphous
target. To get more definite idea concerning the shape of the power
" spectrum one can use its explicit form given by Eq.(2) in [11]. To



[1],the radiation intensity in a crystal exceeds that of the conven-
tional bremsstrahlung starting with electron energies € ~ 1 GeV.
Simple estimations of the width of the power spectrum performed
indicate a soft character of this spectrum. So ...a source of hard
and directed radiation concentrated within a comparatively narrow
frequency range..." was proposed in [1]. Basing on these proper-
ties of the photon emission process, the use of this phenomenon
in positron source for future accelerators was proposed [2]. The
pair production rate which is due to the coherent (crystal) effects
exceeds that of the standard (Bethe-Heitler) mechanism starting
with photon energies w =~ wy,. The value of wy, is about 22 GeV
for the < 111 > - axis of tungsten being several times larger for an-
other crystals. (See review [3] and recent book [4] for further details -
concerning QED - processes in crystals.) For energies well above
wyy, the crystal effects become really strong and may be used to
create effective and compact electromagnetic calorimeters [5]. For
very high energies (€ 3> wj) of initial and created particles, kinetic
equations describing the shower development were solved analyt-
ically [6]. Though the initial electron energies were high enough
in the first experimental investigation [7] of shower formation in
crystals, energies of detected particles were too low to allow us the
direct comparison with [6]. To explain the results of [7], Monte-
Carlo simulations were performed in [8]. The probabilities of basic
processes used in [8] were obtained within so-called constant field
approximation. A good agreement was demonstrated in [8] with
the results of [7] for Ge crystals.

When the initial electron energy is below wy;,, photons are mainly
emitted with energies w < wy, and so, up to minor modifica-
tions (see [9], [10]), the pair production process proceeds in a. crys-
tal as in an amorphous medium. The enhancement of radiation
* from initial electrons is thereby the main crystal effect in this en-



Comparison of theory with experiment for positron
production from high-energy electrons moving along
crystal axes

8 s
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1 Introduction

An efficient positron source is one of the important components
of future electron - positron colliders. Positrons are generated
from electrons in the course of the e~e*y - shower developing n
a medium. In high-energy region, the basic processes involved
in the shower development are typically considerably enhanced in
oriented crystals as compared with corresponding amorphous me-
dia . The most pronounced effects take place at axial alignment
when initial electrons are moving along the main axes of a crys-
tal. This aligninent alone will be considered below. According to
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