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A mini-workshop on “Channeling Radiation Phenomena and Positron Production”
has been held at KEK on 17 January 2003. Six talks (theory 2, design 2, experiment 2)
were presented.

The channeling radiation in crystal material is well known from old days. The
application to positron-production source of high-energy electron accelerators was
proposed in 1989 by R. Chehab, et al. in Orsay. In Japan, Yoshida, et al. at INS of
Tokyo University (at that time) started to carry out a proof-of-principle experiment on
the positron production through the channeling radiation phenomena in a crystal target.
Since then, these two groups have been continuing the experimental research in order to
investigate the application to the high-intensity positron source for the next generation
linear colliders and B factories.

On the other hand, the theoretical unified formulation is now under way on the
positron production scheme through electromagnetic-shower development by
channeling radiation along with classical bremsstrahlung and coherent bremsstrahlung
processes. Thus, it is a very interesting theme to understand theoretically and
experimentally the channeling radiation phenomena as an elemental physical process.
From the applicative point of view, the channeling radiation phenomena are investigated
(or utilized) for cooling of charged particles, bending of a proton beam, and
polarization/polarimetry of charged particles, etc. and its application extends widely to
another area

This workshop was held to discuss, exchange and summarize present theoretical and
experimental ideas on the channeling radiation phenomena and positron production by
the experts. We expect that the channeling phenomena in crystal will further be studied
and extend its area widely.

These proceedings were compiled by Tsuyoshi Suwada and Masanori Satoh of KEK.

Tsuyoshi Suwada
Accelerator Laboratory, KEK
20 February, 2003



Memorandum on mini-workshop “Positron
production in oriented crystals”

V. N. Baier
Budker Institute of Nuclear Physics,
Novosibirsk, 630090, Russia

January 22, 2003

During last two years the results were published for the first time of quanti-
tative study of positron production from high energy electrons in oriented single
crystals. The rate of positron yield was measured in tungsten, silicon and dia-
mond axially oriented crvstals with aceuracy of order 15 5 20%. The obtained
data are in quite satisfactory agreement with the theory and based on this the-
ory simulation. This may be considered as a summary of reports presented at
mini-workshop.

In my opinion this means that now is just a time to make the next step and
start investigation of optimization of the positron source. This includes:

1. Reasonable definition of needed intensity of positron source. What is the op-
timal energy both for electron and positron? For KEKB factory the current
requirements are known.

2. For Japan Linear Collider project one can start from existing project.

3. Transverse size and angular width of beams? For positions these beam
characteristics are defined basically by the source matching system.

4. Search of optimal crystal type, its thickness, distance between erystal and
amorphous parts (for combined target) taking into account energy losses
both in the crystal and target. What are maximal permitted energy losses,
their dependence on the beam size?

5. Calculation and measurement of positron yvield. One can expect that in-
crease of positron yield in crystal comparing with amorphous target will be
of the order 1.3 + 1.5 and diminishing of energy losses in erystal comparing
with amorphous target will be at least 2 times.

A lot of efforts are needed to solve these problems. It seems promising if this
investigation will be done by an international collaboration including KEK, Tokyo
MU, BINP(Novosibirsk), .. ..




Mini-wor kshop on Channeling Radiation Phenomena and

Positron Production
(January 17, 2003 a KEK)

Program

(1) V. N. Baier (BINP)

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

(2) T. Suwada (KEK)

Positron production experiment using Diamond and Si crystals in the KEKB 8-GeV linac.

(3) R. Hamatsu (Tokyo Metropolitan Univ.)

Review of the positron production experiment using axial channeling at the KEK.

(4) T.Kamitani (KEK)

Positron source design in Japan linear collider.

(5) A. Potylitsyn (Tomsk Univ.)
Comparison of undulator-based and crystal-based positron sources.

(6) H. Nitta (Tokyo Gakugei Univ.)
Semiclassical Theory of Crystal-Assisted Pair Production:
Beyond the Constant Field Approximation.
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Radiation Yield of High-Energy Eleetrons

in Thick Crystals

By

V. N. Bater, V. M. Katkov, and V. M. STRAKIOV ENKO

[. 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

X



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

4






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

80 - l o+ I'(*u) | —e”") — e

m<~ == )”/rm; £o s the initial energy and [77(e I.,/I.,r Substituting ¢(s) into
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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.



Angular distribution of positrons
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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

I



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

b



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
Lhys Res ST Aecel Beams, S, 1200/ (200

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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M otivation

® High-intensity positron sources are required
for futurelinear collidersand B-factories.

® Conventional methods using amorphous
heavy metals limit to increase the intensity of

primary electron beams due to the heat load
on thetar get.

® New method using the processes of coherent
bremsstrahlung (CB) and channeling
radiation (CR) is one of the bright schemes
for high-intensity e* production.

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003




(K. Yoshida, et al., Phys. Rev. Lett. 80, 1437,

| ntroduction
® New method utilizing a crystal target was
proposed by Chehab, et al. In 1989.
(R. Chehab, et al., PAC'89, Chicago, IL, USA,
Mar. 1989, p.283)
® Yoshida, et al., demonstrated a clear
enhancement of the et yield Iin a tungsten
crystal target using a 1.2-GeV electron beam.
1998)

KEK Linac/ e+ Production Mini-Workshop@KEK,
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| ntroduction (cont’ d)

® A series of e+ production experiments based
on the new scheme has been continued,

=by Yoshida(Hiroshima/KEK), et al.,

using 1.2-GeV e- beam of the ES at KEK-Tana branch,
3-GeV e- beam at et station, and e- beam(<8GeV) at
the end station of the KEKB injector linac.

—by Chehab(LAL), et al.,
using 5-40 GeV secondary e- beam at CERN-SPS.

KEK Linac/ e+ Production Mini-Workshop@KEK,
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also required to develop the design of a real-
type positron sour ce.

| ntroduction (cont’ d)

® Theoretically unified treatment taking into
account both processes of CR and CB has not
yet been established on the ssmulation.

® More experimental data are expected to
clearly understand the eementary physical
processes of the CR and CB, and they are

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003




Historical View of the KEK Experiments
Month/Year
May/1997 KEK Tanashi, ES 12 Crystal W (W) [1.2]
Apr, Jun/1998 KEK Tsukuba, 3 W, [1.7]
Electron Linac +Amor. W (W,) [7]
Nov/1998 KEK Tanashi, ES 0.6,0.8,1 W, [04,1.2,2.2],
GaAs[0.36], Diamond[1.1]
Sep, Oct/2000 KEK Tsukuba, 8 W, [2.2],
Electron Linac W, [2.2]+W,[5, 10, 15]
Apr/2001 KEK Tsukuba, 8 W, [2.2], W, [9]
Electron Linac W, [9]+W, [2, 4]
Sep/2001 KEK Tsukuba, 8 W, [2.2], W, [5.3], W, [9]
Electron Linac Combined targets(W, +W,)
Jan/2002 KEK Tsukuba, 4 W, [2.2], W, [5.3], W, [9]
Electron Linac Combined targets(W, +W,)
Aug-Sep/2002 KEK Tsukuba, 8 Si <110> 2.6, 30, 48
Electron Linac Diamond <110> 4.57
Combined (Si/Dia.+W,)
Dec/2002 KEK Tsukuba, 8 Si <110> 10, 30, 48
Electron Linac Diamond <110> 4.57

Combined (Si/Dia+W.,)

KEK Linal 0000000000 lgprdduttibhNtirdi\Workéidg@k ek 0 0 0 0 O

Tsuyoshi Suwada

17/Jan,2003



Channeling Radiation & Coherent
Bremsstrahlung Processes

Physical processes for the channeling radiation and

coherent bremsstrahlung

Crystal 5
Nucleus
o O
© ®
@

Beam o |® Channel
Critical Angle of : .
Channeling Radiation Channeling Radiation

F =(2UJE,)v2 1 ®na
~0.43mrad @E,=8GeV 1

U,:Potential Energy of a Channel
E,:Beam Ener gy

Coherent Bremsstrahlung
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New Positron Production Schemes

+
(a) Crystal §
e- Beam goococoo
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Experimental Setup

Goniometer Positron Detectors
""""""""""""" V [ Lead-Glass Cherenkov Calorimeter
Lucite Cherenkov Detector
e- Beam T :
Target <4 Lead Shield
+ ' K
H = Y
X MA
+ ' Target
e- Beam l
% e+
~—H e- A
/ Vacuum Chamber
Wall-Current Monitor .
Screen Monitor Analyzer Magnet
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Linac Beam Line at the 3rd switch yard

Momentum Analyzer

Screen Monitor
v _ Goniometer/ 1./

- Tm._______f Wall C_urrf;nf
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Experimental Setup (cont’ d): Photo picture
of a crystal target on a goniometer
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Experimental Setup (cont’ d): Photo picture
of crystal & amorphous targets
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Experimental Setup (cont’d): Positron
Spectrometer

KEK Linac/ e+ Production Mini-Workshop@KEK,
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Acceptance of the Positron Spectrometer

® The acceptance (AP

Pet Acceptance (APAQ) AQ) was obtained by

(MeV/c)  (10*x (MeV/c)s) using the simulation

5 1.08 £ 0.03 code (GEANT3).

10 2.47 £ 0.07 ® Typical acceptance

15 3.80+0.1 Momentum:

20 4.81+0.12 AP/P=2.4% (FWHM)&
Geometrical:
AQ=1msr

KEK Linac/
Tsuyoshi Suwada

at Pe+=20MeV/c.
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Linhard Crytical Angles
o ®c ~ 170urad @8 GeV for Silicon Crystal
e dc ~130urad @8 GeV for Diamond Crystal

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003

Experimental Condition

Electron Beam:

e Beam Energy = 8 GeV

* Angular Spread ~22 yurad (H), ~44 urad (V)

* Transver se Beam Size ~0.8mm (FWHM) in diameter

 Beam Charge = 0.1 nC/bunch

* Bunch Length (Single Bunch) ~9 ps (FWHM)

* Beam Repetition = 25Hz

Angular Spread of the Electron Beam at the Positron Target

* ® ~55prad < dc (dueto multiple scattering by a beam-extraction
vacuum window(30pm-thick SUYS))

Critical Angle for the Channeling Condition at the Positron Target



Experimental Condition (cont.)

Positron-Production Targets:
e Crystal Silicon Target : 2.55, 9.9, 29.9 and 48.15mm thickness
* Crystal Diamond Target : 4.57mm thickness

 Amorphous Tungsten Target: 3-18mm (3mm step) thickness (for
the purpose of hybrid targets and for the e" production yield
calibration)

Detected Momentum Range:

« 10MeV/c <Pet< 30MeV/c

Positron Detectors

|_ead-Glass Calorimeter:Measurement of total energy of e+
*Acrylic Cherenkov Counter:Measurement of number of e+

Beam Monitors

*Wall-current monitor for the electron beam-char ge measurement
«Screen monitor for the beam-pr ofile measur ement

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003



Experimental Results:

2-Dimensional Axis Scan for 5mm-thick Diamond
Crystal at Ee-=8 GeV (Pet+=20MeV/c)

5mm-thick Diamon

Axial Chan
=<110=

700

600 4

500 4

a0

- e
i iﬁ ‘TBFH angle [mrad] ADC3
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Experimental Results:
2-Dimensional Axis Scan for 30-mm thick S
Crystal at Ee-=8 GeV (Pet+=20MeV/c)

30mm-thick Silicon

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003




Experimental Results:

Rocking Curves (Axis <110>) for 5Smm-thick
Diamond and 30mm-thick S Crystals at Ee-=8
GeV (Pet=20MeV/c)

2=GCoussin fit RUM EDJ — _ : __ 2—Goussin fit RUNG20
g s - | 3 = W] T3]
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Rocking-Curve Peak Width (10)[mrad]

Experimental Results:
Variations in the width of the rocking-curve peak
for Ee-=8 GeV (Pe+=20MeV/c)
2 | = = = = |
Preliminary —:—SI Crystglc I
Pe+=2M aV/c iamond Crysta
1.5
J 05
0
X
0
KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003




Experimental Results:
Variationsin the enhancement (N, gneak/ Ne+@nase)
of the e+ yield at Ee-=8 GeV (Pe+=20MeV/c)

Crystal Thicknessvs. Enhancement

=@ Silicon
® Diamond

Pe'=20MeV/c

Enhancemnet

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003




Experimental Results:

Positron momentum dependence for the et yield
enhancement at Ee-=8 GeV

Positron Momentum Dependence

25

Pre”minary @] Omm Si
+ .
Pe =20MeV/ o Jomm S
20 =g =5mm Diamond

15

10

Enhancement

5 10 15 20 25 30 35

Pe’ [MeV/c]

KEK Linac/ e+ Production Mini-Workshop@KEK,
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Experimental Results:

Variations of the e+ production yield for the
amorphous tungstens and off-axis crystal targets
at Ee-=8 GeV (Pe+=20MeV/c)

Normalized € Yield from W Target Normalized e" Yield from Off-Axis Combined Tar get
400 [ T — g |
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3°0 FPe’=20MeV/c
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50 f J O sof -
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Experimental Results:
variations of the e+ production yield for the on-
axis crystal targets at Ee-=8 GeV (Pe+=20MeV/c)

Normalized € Yield from On-Axis Combined Target
400 p

Prelimi

w
a
o

U

D

I

@ ] OMMSi

mm@e== 30mmSi
g 5 0mmSi
=g 5 MmmDiamond

Positron Yield [Arbitrary Unit]
S

50 —#—\V Base e+ Yield
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0 1 2 3 4 5 6
X
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Experimental Results:
Variations of the e+ production enhancement for
the crystal targets at Ee-=8 GeV (Pet+=20MeV/c)

Thickness (in Total) vs.Enhancement

20 L L
" Preliminary
- —&— 10mmSi

i +: @ i
e =20MeV/c ggmgl

i gy 5 mMmDiamond
15 | B 2.2mmWCrystal *
- M 5.3mmWCrystal 1
B 9mmWCrystal
Reference

Enhancement
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Thicknesg[X ] of a Combined Target

Experimental Results:
Crystal effects for the Diamond and Si crystal
targets at Ee-=8 GeV (Pe+=20MeV/c)
Crystal Effect
preiminary [ o o
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Experimental Results:

Multiple Scattering Effect of the Vacuum
Windows Using the Diamond crystal at Ee-=8
GeV (Pet+=20M eV/c)

Multiple Scattering Effect
5mm Diamond Crystal

20

mm@==nhancement @ \\/idth[mm] :
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Conclusions

# Positron production experiment using Diamond and
Silicon crystal targets has been successfully performed
at the KEKB 8-GeV dectron linac.

# Rocking curves

—> The obtained widths of the rocking-curve peak is
larger than the critical angle,

—> and broaden with the thickness of the crystal target.

—> These broad width of the rocking curves indicate that
coherent bremsstrahlung is the predominant process
over the channeling radiation processin this energy
region.

—> Theincrease of the peak width depending on the
target thickness may come from the multiple
scattering of the incident electronsin the target.

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003



Conclusions (cont’ d)

# Enhancement (En) and momentum dependence of the e* yield

for the crystal target alone from 8-GeV channeling electrons at a e*
momentum of 20MeV/c

— En=9.3%0.5(9.9-mm3S), 9.9 £0.5 (29.9-mm3S),
— En=6.4%0.3 (48.15-mm3), 16 £0.8 (4.57-mmDiamond)

» The enhancement is much reduced with an increase of the total target
thickness.

* No crystal effect enhancesthe et yield at the target thickness larger than
~4.2 X, in total.

*The e+ yields with Pe+=20MeV/c at Ee-=8GeV were almost the same level
as the maximum e+ yield obtained for the amorphous tungsten target.

# New scheme using the combined crystal target indicates that heat
load in the amorphous tungsten part of the target could be
considerably reduced due to a small amount of the energy lossin
total.

— |tisof great benefit to apply such a crystal target to a high-intensity e+
source required for high-luminosity e+e- colliders and B-fatories.

KEK Linac/ e+ Production Mini-Workshop@KEK,
Tsuyoshi Suwada 17/Jan,2003
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Introduction

B Intense positron sources are re

for

® ¢+ e Linear colliders
® high luminosiy B-factory

B Linear collider projects require more

positron
Project | Flux(e) | QU/g) | P&W)
CLIC | 1.0 x10™ | 65 22
NLC | 1.8 x10" | 40 16
LC | 2.2 x10% | 140 49
Tesla 2.8 ><1‘()14 222 5

Quoted numbers are taken from the T4-report/Snowmass 2001
Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003

quired



Introduction (continued)

B Proposed design
® NLC

e’ targets

RF Separater RF Separater
._.._—.. ——"
6.2GeV e 250 MeV e+
esla N
1
e- /JF solenoids
e b e e s e T T
— AV £
150-250 Ge RO G L, T e ’ﬂ;‘.‘-‘ﬁ;‘if;-;;!;;,”-’jﬂ;,;‘i;il;;;;;;;f;[;;;;:iﬁ;:‘t;.i;.l;:] t~ beam to -
Adisbatic Dasaping
target  Maihing accelerating g
Planar undulator ~100m _ 04X, Davice structuee
Ti-alloy

Figures from the T4-report/Snowmass 2001

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003 3



Positron source using
oriented crystals

B Oriented crystal plays an atomic
undulator

- M Coherent generation of photons vields
more positrons than amorphous with
the same thickness

B Need to study: optimum thickness
crystal/amorphous combination

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003



Crystal

Nucleus

Channel
Beam

ChanP/eling Radiation

- ® In single crystal
these two phenomena —

enhance e.m. shower
(photon) and positron yields

~N
Coherent Bremsstrahlung

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003



Experimental investigations

B Proof-of-principle experiments
e Orsayin 1992-93
® [NS-Tokyo at 1.2 GeV in 1996

v/ 3 limes more positrons from 1.2 mm thick W-
crystal in 10-20 MeV/c momentum range

B More detailed experiments at ~1 GeV in
INS-Tokyo ( ~1999 )

B Experiments at higher electron energies
using KEK-B injector linac (2000~)

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003



Experiments at INS-Tokyo

Bl Proof-of-principle 1
experiment ool o
® Rocking curve: 0.8l Rocking curve
e+ yield as a functionof b  Peak
crystal angle 0_81_ Enhancement = -
® ~3times more positrons ol
from W crystal (1.2mm) ;
| at 1.2GeV o4
B More detailed 22 s T
experiments at INS- 0'1 . Base  Peak
Tokyo in =1 GeVregion | | |

i
0 50 100
Goniometer angle (mrad)

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003



‘Experiments at INS-Tokyo (cont.)

Enhancement factor of 2.3 for 1.2mm thick W
crystal with <111> axis at 1 GeV

More enhancement at higher energies

Angular widths of the rocking curves are much
wider than the Lindhard angle

Rocking curves are explained well by the coherent
Bremsstrahlung (CB)

Angular and momentum distributions of positrons
are about the same for on- and off-axis conditions

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003



Experiments at KEK

B Beam energy 4 and 8GeV @KEK-Linac
B Positrons with p = 5~20 MeV/c
® Rocking curves/Crystal orientation

® (Crystal thickness
Tungsten W (2.2, 5.3, 9.0 mm)

@ Other crystals
Diamond (5mm), Silicon(10, 30, 50mm)

e And combination with amorphous
Tungsten (3,6, 9, 12,15, 18 mm)

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003



Experimental Setup

Goniometer Positron Detectors
"""""""""""""" v Lead-Glass Cherenkov Detector
Lucite Cherenkov Detector

+ é
Target 4 Lead Shield

Vacuum Chamber

Wall-Current Monitor /v Analyzer Magnet
Amorphous Target
P & Ap/p=2.4% at p=20 Mev/c
AQ =1 mstr.

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003 1¢



Experimental conditions

BBeam
® Energy: 4 and 8 GeV
® S-band single bunch, pulse width 10ps
® Repetition: 2 = 25 Hz
® Beam intensity: 1.3 X10° e-/bunch (0.2nC)
® Transverse beam size: 1-1.5 mm dia.

® Angular spread: 0.2 and 0.1 mrad for 4
and 8 GeV due to the multiple scattering
in the beam window (100 um thick
stainless steel = 30 um)

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003
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B Crystal targets

Experimental conditions (cont.)

Material Thickness Mosaicity
Orientation mm (rad. lengths) mrad
T X 2.2 (0.63) 1.5
ungsten
111> 5.3 (1.51) 0.5
9.0 (2.57) 0.5
Diamond 4.6 (0.037) 0.04
<110>
Sil 10 (0.025)
ilicon
<110> 30 (0.32) not measured
50 (0.51)

B Amorphous W-targets
0, 3,6,9, 12,15, 18 mm on the target stage

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003



Relative positron yield

Rocking curves at 4 GeV

5 ‘ T T Y T T T Y
9.0 mm
: , WC = 5.3 mm
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Rocking curves at 8 GeV

3 1 ] L 1 1 | L]

| W, 90mm
2.5+ . - . 1 53mm

¢ 2.2mm

(B ¥)
T
B ]
i

Relative positron yield
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Simulation of CBS with EGS4

Relative Positron Yield

(a) Ee=4GeV, Pe+=20MeV/c

[arbitrary unit]

—
v

o
W

0

(d) E.-=8GeV, Pe+=20MeV/c

Simulation Simulation

¢ 2.2mm-thick W. '§ s 2.2mm-thick W.

o o
< o
*

Relative Positron Yield
[arbitrary unit]
N

o
¥

0O -60 -40 -20 O 20 40 60 8C 80 69 -40 -20 O 20 40

Rotational Angle [mrad] Rotational Angle [mrad]
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Enhancement v.s. electron energy

Pe+=202MeVIc OA Experiment

o Simulation

| A Baier and Strakhovenko

Enhancement
L

o 2 4 s & i
Electron Energy [GeV]

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003 16



Peak width v.s. crystal thickness

60

e E.8Gev | P+=20MeVic
oL | o Ee=4Gev |

20.mmwmmwwwéwwmwwwm;MWWM§MWNWMMMMMmjwwMMWWMj

Peak Width [mrad]

10 émwwmwwwi"mmwwmmiWMMmMWanmewmmé

6wm é Aww;w. : é . 15
Target Thickness [mm]
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~ Enhancement

Combination of crystal + amorphous

Ee=4 GeV, Pe'=20 MeV/c

¢ 22mmW.

5.3mmW.
53mmWaW.
2 90mmW:

og

4. - 4 9ommwaw.} -

2.2mmWA+ W

By AL

Target Thickness [mm]

30

Enhancement

Ee=8 GeV, Ps'=20 MeV/c

o 2.2mmW.

’ a0 2.2mmW W,

5 iR ; -1 & 53mmW-

B 90mmW.
9.0mmW+W.

Target Thickness [mm]
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Crystal v.s. Amorphous at 8GeV

0.06

® W Crystal Pe+=20MeV/c
|4 W Amorphous
U GEANTS Simulation| {’¢ .............. A S

ency (%
(= =) =) y (_co)
Q Q Q Q
N W H (4]

o
o
-t

Positron Production Effici

0.»IIilllilllilIlil]lilllilllilllilllillI

0 2 4 6 8 10 12 14 16 18 20
Target Thickness (mm)
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‘Diamond target

® Diamond is known to be the best crystal for
producing intense CB photons

® Thermal conductivity is very high;
660 W/m/K >> 170 W/m/K for tungsten
Good for heat dissipation

- ® Seems high tolerance against the radiation damage;
there is an estimate up to 1029 e-/cm?

& Need to check

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003
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Summary
B W crystals

1.

)
-

A

Ui

Angular widths of rocking curves; much larger
than the channeling critical angles

. Enhancement factor increases with the electron

beam energies 1-8 GeV

. Positron yield from 9mm thick crystal is 26%

greater than 18mm amorphous at 8 GeV

Effective radiation lengths for crystal is
compressed;
Legs = 0.55 XL 4at 8 GeV, 0.62 at 4 GeV

. Enhancement factors; Good agreement with

Baier and Strakhovenko

® For a given number of accepted positrons, the
energy deposited in a crystal is less than in an
amorphous; ~40% smaller at 5 GeV

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003 23



‘Summary (cont.)
B Need better simulation codes: Our

-

No

data for W_ will become a set of
inputs for improving calculations and
simulations

Diamond 5Smm and Si 10,30,50 mm

Preliminary data showed large
enhancement for diamond; ~20

Combinations with amorphous W; wait for
analysis

More experiments for thicker diamond:;
~10 mm will be available |

Mini-Workshop on Channeling Phenomena at KEK, January 17, 2003 24



L C e+ sources
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At Channeling e+ source Workshop
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Comparison of the LC e+ sources

JLC NLC CLIC TESLA
Collision Energy [TeV]| 0.5~1.0 0.5~1.0 1.0~3.0 0.5~0.8
Luminosity [10°7] 2.5 2.0 10.0 3.4
Ne+/pulse [10"'] 14.4 17.1 6.2 560.0
e+ (y) generation EM shower| EM shower| EM shower| Undulator
primary e- energy 6.2 GeV 2.0 GeV| 250 GeV
Ne-/pulse [10''] 19.2 28.5 20.8 560.0
Repetition rate 150 Hz 120 Hz 200 Hz 5 Hz
e- beam power 461 kW 340 kW 133 kW| 11200 kW
e- radius on target 2.5 mm 1.6 mm 2.0mm| (y) 0.7 mm
# of target system 3| 3outof4g 1 1
Peak energy density 35 J/g 35 J/¢g 35 J/g ?
Target material W75Re25| W75Re25| W75Rel5 Ti
Target thickness 6.0 X0 4.0 X0 4.0 X0 0.4 X0
Matching system AMD AMD AMD AMD
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Target Destruction Issue

Energy density limit

=2.0GeV*10 /mm?

1

Ale

® Survived targets
X Cracked targets
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XD2
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0.2

Number of Beam-Pulses exposed [10

Fle

1

GeV, 16-nC e-

2

energy density
destruction was studied.

(S. Ecklund, SLAC-CN-128, 1981)

3

Beam Energy density per area [GeV*10

W75Re25 targets were irradiated by 20-
beam at SLAC. By
changing the beam spot size,

threshold

4

12/mm2]
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Local volume Energy Density

SLAC Limit condition
'SLAC Exp. (B1)
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Local volume density is more essential
for the destruction.



Redection of energy density
by enlarging the beam spot size

o<1 Vo (EGS4 simulation)
> \
§E _ ]
S Energy density Limit |
; - expected from ‘
3 12 _ SLAC Experiment  []
S | e=76J/g \
— N Recent Limit

| @\-\(@\expecte_d from |
| e=350/g SLC failed target |
P s e i ""\i- S s s

0 0.5 1 15 2 25 3
Incident Beam radius [mm]

Peak deposit-Energy density per volume
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Multiple Target system

From http:.//www-project.slac.stanford.edu/lc/wkshp/snowmass2001/

e* targets

RF Separater RF Separater
E— —_—
6.2 GeV e~ 250 MeV e+
gé%%?ajsq 3 out of 4 target system scheme

Figure 5.3: Schematic of the 3x4 NLC positron target system

m A bunch train is separated into 3 sparse trains by the RF separator
m Eachtrains hit one of the three target - capture section system
m They are merged by another RF deflector
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TESLA e+ source

o [I:-;.

-V -V |—|—|—r
.-..-..-..-..-.-.-Ft..{ 2 P P P B ""l —

Adiabatic m
INig

target  hatching

unclulat == | (Wb 0.4 X, Deviee
Ti-alloy

Beam intensity in a pulse is too large
to irradiate directly the target material.
Instead, very high energy e- beam and
undulator are used to generate

20 MeV photons.

Target material is very thin (0.4 X0) to
reduce the energy deposition, however,
sufficient for the low energy photons.
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JLC Positron Source

o

Flux concentrator

Rotating
Converter

R

XCSOI enoid

Accelet
; stru re

j.i ng

Electrons

|

E(e-) = 10 GeV
N(e-) = 192x10"10
150 Hz Rep. Rate

I

-

*W75Re25 target
*Thickness 6.0 X0
(=21mm)
*Adibatic matching system
Bi=70T,Bf=05T
L -band capture section
up to 180 MeV
«S-band Linac
up to 1.98 GeV
*Pre-damping ring and
Main damping ring
at 1.98 GeV
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Target Thickness Optimization

Target Thickness vs Positron Yield

—@— Net/Ne-/Ee-[1/GeV]

E(e-) = 10.0 GeV
N(e-) = 192. x 10 *° /pulse

0.2

o
=
o

0.05

Positron Yield (Net/Ne-/Ee-) [1/GeV]
o

Y

1 2 3 4 5 6 7 8
Target Thickness [x 0]
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Total Energy Deposition

Total Energy Deposition / Beam Power

0.5

04

0.3

0.2

0.1

Target Thicknessvs Energy Deposition Fraction

—Q—Total Energy Deposmon/ Beam Power

E(e-) = 10.0 GeV
N(e) = 192. x 10 *° /pulse

/

/

/

5 6 7 8
Target Thickness [x O]

30% of Beam Power is deposited on the target
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Local volume Energy density

100 —r : : : :
A }\ E(e) = 10.0Gev
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) Y . . c
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60 ho \ . .
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Positron Yield vs Beam spot size

L E(e) = 10.0GeV
NEey=192x10 Biedse | \\fjth large spot size, the
—~ 1.25 Target Thickness =6.0x - . . .
4 positron yield is lower.
g ) _Slngle or 2 target system
o ® IS not acceptable. At least,
= 075 3 target system is
3 ° necesarry.
>C' 05
S
o @ 1target (s g—x:4.8) ®
€ ol QS s
--------- Design Yield
0 1

0 05 1 15 2 25 3 35 4 45 5
Incident e- beam size ( cyx:crY) [mm]



Positron Yield Estimation

S o After SBECS
. (Tracking simulation) (PDR acteptance) |
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" S
Proposals to Channeling Experts

m Design Goal of Channeling target for JLC
to replace W75Re?25 to crystal

Comparable positron yield with
1/3 of Peak energy density

m Search for the target material (crystal or hybrid)
which generates sufficient positrons and
comfirm it experimentally

m Establish the channeling simulation code which

IS consistent with the experiments

To generate sample particles for realstic yield estimation
To estimate the energy density distribution in the target
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Figure 4.3.1: Sketch of the positron source layout.
parameter SLC TESLA
No. of positrons per pulse (3-5) x10*° 5.6 x 103
No. of bunches per pulse 1 2820
pulse duration 3 ps 0.95ms
bunch spacing - 83ms 337ns
repetition frequency 120 Hz 5Hz

gap [mm] N\, m Braz [1] E; [MeV]

4.0 1.25 0.85 31.6
4.5 1.34 0.8 29.5
2.0 1.42. 0.75 27.8

Table 4.3.2: Parameters of the planar undulator.

K= 0.934- 80772 [en] = 4

L
Lu = 100 m Ny = = 1000

Nu

Table 4.3.1: Comparison of TESLA and SLC positron source parameters.



Undulator

peak field 0.75T
period length 14.2mm
gap height ~ 5mm
v-spot size on target 0.7mm
photon beam power 135kW .
Target

material Ti-alloy
thickness 1.42cm (0.4Xo)
pulse temperature rise 420K
av. power deposition 5kW
Adiabatic Matching Device

initial field : 6T
taper parameter ~ 30m™!
end field 0.16T
capture cavity iris radius 23 mm
General

capture efficiency 16%
No. of positrons per electron 2
norm. e*-beam emittance 0.01m
total energy width +30MeV
required D.R. acceptance 0.048m

Table 4.3.3: Overview of the positron source main parameters.
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Fig. 1.5 Photon number spectrum for helical undulators and a planar wiggler,
E =250 GeV. We will discuss the spectrum of a helical undulator in more detail
in ch. 2.6.0.
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Fig 1.7 Dependence of the photon production and the positron production per
radiation length on the parameter K, Ei=20MeV, E= 250 GeV; dotted line:
approximation according to eq. 1.9
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Fig. 3. Spectral-angular distribution of gamma-radiation for the silicon single crystals (111) with thickness 30 mm for electrons witk
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[Classical Radiation ]
Schwinger(Phys.Rev.75 1912(1949))

—()-39“—J<tw>

T

J_/ (1~ By B)sin AT -7 (1)

As=w(T—|ry—r_|/c)

where « is the fine structure factor, v the Lorentz
factor, r4+,3, the position and velocity at time t£7/2,
respectively:

{t+ =t+7/2 {ﬁ+ = B(t+) {?‘+ = 7(t+)
t_=t—1/2 B_ = pB(1-) r_ =1r(t_)

Decomposing the motion of the electron as longitudi-
nal and transverse ones.

{r(t) = p(t) + z(¢)
B(t) =BL(1)+ B.(¢)



Eqg.(1) may be rewritten in the form that includes only
the transverse motion:

{5,5¢ =B, (ty+) — B, (t-)
ép = p(t+) — p(t-)
By expanding factors in terms of r, we obtain,

Ng = gf(m +23/3 4 asz® + arz” +...)

2
1+ %(5@)2 = (1 4 222 + baz® + bez® + ...)

where z and £ are Schwinger’s dimensionless time and
frequency parameters, respectively:

gyT 2w
r=—, = .
2 3g73
g the acceleration divided by c¢. as,a7,...,ba,bs,... Mmay

be represented by the time derivatives of g and ~.



[Synchrotron Approximation]

If we approximate the instantaneous trajectory about
t = 0 by a circular path, then we have as,bs ~ 1/72,
a7,bg ~ 1/’y3 ... S0, by neglecting the higher order
terms under the condition v > 1, we obtain the syn-
chrotron formula:

Ton = 7= [ 2650 = [T Ry 3)

where K,(z) is the modified Bessel functions.

If the trajectory of the electron is sufficiently a circular
path at the radiation point, then the formula holds.
However, if the trajectory becomes like a straight path,
the circular path approximation does not hold because
the neglected terms become larger.



[Standard th-trajectory]

A model trajectory for an arbitraly motion where at
t — oo the velocity becomes constant while at t =0
the acceleration is maximum (Khokonov and Nitta,
Phys.Rev.Lett. 89 094801 (2002)):

B, (t) = bo+ btanh (%)

boIlB'Ll_;lBJ_Q : b:/B_LQEIB_Ll (4)

{/B_L— = [, (t = —o0)
By =06,(t— +oo)

where T is the interaction time.

With this “th-trajectory” we obtain an analytic expres-
sion of radiation spectrum which has two parameters.
From (2) and (4), we obtain,

” d
Jin =/ (1 4+ 2v%tanh?z) sin AS—Z—E
0 z 2
3 2 2
As = §§V[(1+V )z — v°tanh z] (5)
v =b (non-dipole parameter)




[Quantum Correction]

The well known Baier-Katokov formula has been used
for quantum correction. We have

dN 1
_ocl, (6)
dn TACY

where A¢ is the Compton wavelength, n = w/E. J is
given as

Synchrotron approximation

=g (1=n4 725 ) et = [ )

*

th-trajectory approximation

0. @]
Jth=/
0

JANSE— gg*y [(1+y2)z—1/2tanh z] (8)

1 d
112 (1—n+—)tanh2z] sin Ag =
1—n z 2

& =2n/3(1 - n)x
{X = YAF /mc? (9)

where F' is the transverse force from the field. We call
x invariant field parameter.



[Crossing Symmetry]

Y

Once an expression of radiation is established, the pair
production can be calculated by using the crossing
symmetry of the matrix element.

By changing the variables as

E (initial energy) — —Ep, (produced positron)
E' (final energy) — FEe  (produced electron)
w (emitted photon) — —w (absorbed photon)

and multipling the rate of the density of final states
to dN

Engp
(hw)?d(Aw)
we obtain the pair production probability for the th-

trajectory approximation as well as the synchrotron

approximation.



[Pair Production)

The pair production probability per unit time is given
as
dN ac mc?
— JPP 10
d'f] 7'(')\(; hw ( )
where n = E(+) /hw (the energy ratio of the produced

positron and the incident photon).

Uniform Field (Synchrotron) Approximation

(A 7 Ve + [ ke
=2 (S04 1) ki@)+ [ o an

Th-trajectory Approximation

°f ,(1- d
JPP = [1/2( T4 1 )tanhzz—l]sin A4
0 n 1—n z 2

DAs = —£v [(1—|—1/2)z—1/2tanh z] (12)

non-dipole parameter

v=rpb p: (positron’s Lorentz factor)
invariant field parameter

hwAcF
X =

m2ct



Pair production probability for x = 1. dotted line:UFA.
A: J.. B: Jgpin (spin-flip contribution)

PAIR PRODUCTION RATE J-Jspin

0.15

01t

0.05

PAIR PRODUCTION RATE J

0.5

0.7

0‘3 Of4 0‘5 0?5
POSITRON ENERGY E+/ Tiw
A

s
07

05 06

POSITRON ENERGY E+/ hw

PAIR PRODUCTION RATE Jspin

015 T T T T T T T T T

01F B!

NS s L : 24 . 2 Do
[4] 01 02 03 04 05 06 07 08 09 1

POSITRON ENERGY E+/ few
B



ro3l

¥y NO[10ndoud ¥1vd

POSITRON ENERGY E+/ hw

181

181

161

L
3 ~

utasp-r 31vyY NOILO

=2 o

Nac4d Y1vd

POSITRON ENERGY E./ hw

POSITRON ENERGY E+/ o



[Impact Approximation]

non-dipole parameter v is determined by the scattering
angle.

IBJ_+OO - IBL—oo (13)

Pi-oo Prioo
For simplicity, we employ the impact approximation:

YomeB | 4o — YomeB oo = F(po) At
where we have taken At as
At — apo
cBi0

a is the fitting parameter: a ~ 1. By taking pg = 7 min,
the non-dipole parameter becomes

F min min
V:g (T Lmin) T1L (14)

2 mc26,

where 6, is the incident angle of the photon to the

crystal axis.



Pair production spectra. The numbers represent the
incident angle [mrad]. The dotted line shows UFA.
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Abstract

The theory of radiation from high energy electrons moving near a crys-
talline axis is outlined. The intensity of radiation in thick crystal is discussed.
Starting from the energy € ~ 1 GeV the contribution of channeling radiation
dominates. For energies a few GeV the development of the electron - photon
showers in axially aligned single crystals is described including the formula
for the intensity spectrum. Both channeling radiation and bremsstrahlung
are taken into account. Some characteristics of the positron yield measured
in recent experiments are calculated. Theoretical estimations display a rather
good agreement with experimental results obtained using 3 to 10 GeV elec-
trons aligned to the < 111 > - axis of the tungsten crystals. Such comparison
verified that the accuracy of our approach is quite sufficient to make a reli-
able choice for optimal parameters of the positron source using axially aligned
crystals for future linear colliders.

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~ et -
shower developing in 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 media . The most pronounced effects
take place at axial alignment when initial electrons are moving along the main axes
of a crystal. This alignment alone will be considered below.

1.1 Radiation in axially oriented crystals

A theoretical description of the specific radiation which occurs when high-energy
particles are moving near the crystalline axes in single crystals depends essentially
on whether a crystal is thin or thick. In thin crystal, by definition, the distribution



function (DF) in a transverse (to the direction of the axes) phase space doesn’t vary
when a particle passes through a crystal and is defined by the initial conditions. In
thick crystals, a dependence of the DF on the depth of penetration of particles into
a crystal should be taken into account. A multiple scattering and radiation energy
losses are the basic processes which govern the kinetics of the DF.

The effect under discussion can be used as a source of hard and directed radiation
concentrated within a comparatively narrow frequency range [1]. Thick crystals are
of greatest interest for applications of the mentioned specific radiation in the range
of not too high energies. One of the most important characteristics is the total
radiation intensity into a given solid angle. Different properties of radiation in thick
axially oriented crystals were analyzed in [1], [2], [3], [4].

According to the analysis performed in [4] where the kinetics was due to multiple
scattering, the DF for large depth [ is of the form

d*o d*vy v?
dF(VJ_,Q,l) = 77[_9([) exp (—m 5 (11)

where ¢ = g(z,y) are the transverse coordinates, |g| < ro, S = 7r] is the area of a
cell in the transverse plane which contains the projection of one atomic chain, and
ny = 1/S5 is the density of chains of atoms (axes). The function g(/) has the form

g(l) = A? ¢ /0 (), (1.2)

where 192 is the rate of variation of the squared angle of multiple scattering in an
appropriate amorphous medium. The time (depth) dependence of ¥2 is connected
with the variation of the particle energy because of radiation losses.The first term in
g(l) reflects the character of the angular (over the transverse velocity) distribution
established at the initial stage of electron motion in a crystal which depends on the
angular (over the angle of incidence ¥y) distribution in an incident beam. Even in
the case ¥y = 0, the angular spread of particles in the crystal proves to be roughly
equal to the Lindhard angle, . = 1/2Uy/e (U, is the depth of the potential well of
the axis, ¢ is the energy of a particle). Therefore, assuming the incident beam to be
rather narrow, Jo < ., we put in [1] A? = 92

In thick crystals some processes, mainly, multiple scattering and radiation energy
losses change the DF. The multiple scattering, on the average, increases particle
transverse energy. As a result, particles can leave a channel(dechanneling). We
introduce the critical dechanneling length owing to multiple scattering {; over which
the root mean square angle of scattering becomes equal to the Lindhard angle 4.:

a [0\
ld = E ( m ) Lrad7 (13)

where m is the electron mass, and L,,; is the radiation length in an appropriate

amorphous medium.
For energies from several hundreds of MeV to several GeV and crystal thickness
L > [; we have for the multiple scattering angle 5 > 1/4 and ¥ > 9., then



v2

the factor exp ( g(#)) can be substituted for unity and the distribution proves to
be uniform in a transverse phase space. As a consequence, for the intensity of the
radiation under consideration (labeled by ch) at the depth | we have
dle, 1
dQ — wg(l)’

(1.4)

where [ = [ I(p)d?0/S. Tt is worth to note that I coincides with I,,, the asymptotic
value achieved by the radiation intensity at the angle of incidence Jy > .. One
should emphasize that Eq.(1.4) incorporates the radiation from channeled particles
as well as from the above-barrier ones. Appearance of I, in Eq.(1.4) is due to
the uniformity of the distribution in the transverse phase space under indicated
assumptions, while the uniformity of the distribution with respect to v, resulted in
Eq.(1.4) in a uniform distribution with respect to the solid angle of emitted photons
for angles 4, < ;.

The values of I = I,, can be readily calculated for any potential of the axes. We
use the axial potential in the form (see [2], [3])

e ) () s

Neglecting recoil effects (or, in other words, using the classical theory) we obtain for
this potential

I= L = [099(77)7 (1'6)
where e s
8me Ve 1
Iy = B TvaUE e(n)=(1+2n)In (l—l—;) — 2. (1.7)
In Eq.(1.5) z = ¢*/aZ, a, is the screening radius, xo = rj/a?, and the parameter
n is proportional to the squared amplitude of thermal vibrations u;. The fitting
parameters Vg, as,n are given in Table 1 for the < 111 > axis.

A simple estimation of the range of typical photon energies being radiated is
evidently useful. The characteristic radius of the region giving the main contribution
to the radiation is the screening radius a, (see also [2], [3]). The transverse velocity
of the electron in the channel is v; < 4.. Therefore, the corresponding frequency of
motion is ¥./a; and the corresponding radiation frequency, with the Doppler effect
taken into account, is equal to

Wep ™ 29" — (1.8)

This estimate is valid in the dipole case, when the corresponding parameter
p =27V, (1.9)

where v is the transverse velocity of particle, is small (p < 1) and quantum recoil is
neglected. In the case p > 1 the radiation is of magnetic bremsstrahlung type (that
is higher harmonics dominate in the spectrum). So the parameter p characterizes
the structure of radiation spectrum, it can be called the multipolar parameter.



For particle in the channel (¥ < ¥.) we have
B 2Voe

5 -

~ p, 1.10
P pe=— (1.10)

and at above-barrier motion (g > ¥..)

p~ (2‘/0)2 (1.11)

m190

The values of a,,V; and other parameters for different crystals are given above in
Table 1.

At high energies the quantum recoil becomes significant. The quantum character
of radiation is determined by the parameter

ell e B Voe

3

Xs = (1.12)

2
m asm3

Where E; is the typical value of the electric field of axis, ey = Vp/as. At v, < 1
the classical theory is valid. Because of p./xs = 2a;m ~ 10? for crystals under
consideration, at y, ~ 1 where the radiation is essentially quantum, one has p ~ 102
so that radiation in this case is of the magnetic bremsstrahlung nature. However, one
should take into account that the quantum effects in the magnetic bremsstrahlung
are "turn on” rather early. For example, already at x = 0.1 the classical value of the
total intensity of radiation is around 1.5 times larger than the correct value. Using
quantum approach one finds [5] that quantum corrections exceed 10% at the energy
near 5 GeV in Si and diamond and at the energy near 3 GeV in Ge. So, at the
energy € = 1 GeV the corrections to the numbers R given in Table 1 for mentioned
crystals are small. The situation is different for tungsten where already at the energy
of 1 GeV the correction to the radiation intensity is 23% at room temperature and
33% for T=77 K. This means that actually we have R(1 GeV) = 1.14 for tungsten
at room temperature and R(1 GeV) = 1.59 at T=77 K.

Besides the radiation under study, the bremsstrahlung (below with the subscript
"br” ) also contributes to the intensity. Actually, the bremsstrahlung process changes
in comparison with an amorphous medium under channeling conditions [6]. Typical
scale of this effect is of the order 10%. Therefore, for crude estimates one can
use the bremsstrahlung intensity in a corresponding amorphous medium. Under
assumptions used above, we have for the bremsstrahlung intensity at depth [

d[b,, [br 1 &

Q" wg(l) ~ wg(l) Lous’ (1-13)

It follows from above analysis that radiation intensity in a crystal Si or Ge is
of the order that of the conventional bremsstrahlung at electron energies ¢ ~ 1
GeV. While in diamond and tungsten the radiation intensity exceeds that of the
conventional bremsstrahlung at this energy. It is seen also that the spectrum of
radiation is relatively soft. Basing on these properties of the photon emission process,
the use of this phenomenon in positron source for future accelerators was proposed



Table 1: Parameters of the potential Eq.(1.5) for < 111 > axis and some character-
istics of the radiation

Crystal | uy (107%cm) | Vg Uy n as (107%m) | R Wep, Pe
T=293 K | (eV) | (eV) (MeV)

C(d) 0.040 29 103 | 0.025 0.326 1.87 21.1 0.22

Si 0.075 54 106 | 0.150 0.30 0.80 23.3 0.41

Ge 0.085 91 191 | 0.13 0.30 0.53 31.1 0.7

\ 0.050 417 | 937 | 0.115 0.215 1.48 31 3.2

W (77 K) 0.030 348 | 1255 | 0.027 0. 228 2.38 35 2.7

In the table u; is the amplitude of thermal vibrations, V4, 8, as are the parameters
of the potential, Uy is the depth of potential well, R=1,,/ I, ratio at e = 1 GeV, w,
is the characteristic photon energy calculated by means Eq.(1.8), the parameter p,.
Eq.(1.10) is calculated at ¢ = 1 Gev. For position of spectrum maximum in tungsten
it is taken into account that at energy ¢ = 1 Gev radiation is nondipole (p. ~ 3.2)

[7]. 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 =~
wyp. The value of wy, is about 22 GeV for the < 111 > - axis of tungsten being
several times larger for another crystals. (See review [8] and recent book [9] for
further details concerning QED - processes in crystals.) For energies well above
wyp, the crystal effects become really strong and may be used to create effective
and compact electromagnetic calorimeters [10]. For very high energies (& > wy,) of
initial and created particles, kinetic equations describing the shower development
were solved analytically [11]. Though the initial electron energies were high enough
in the first experimental investigation [12] of shower formation in crystals, energies
of detected particles were too low to allow us the direct comparison with [11]. To
explain the results of [12], Monte-Carlo simulations were performed in [13]. The
probabilities of basic processes used in [13] were obtained within so-called constant
field approximation (CFA). A good agreement was demonstrated in [13] with the
results of [12] for Ge crystals.

1.2 Electromagnetic showers in crystal at GeV energies [14]

When the initial electron energy is below w;,, photons are mainly emitted with
energies w < wy, and so, up to minor modifications (see [17], [18]), the pair produc-
tion process proceeds in a crystal as in an amorphous medium. The enhancement
of radiation from initial electrons is thereby the main crystal effect in this energy
region.

Here we consider the case when the angle of incidence ¥y with respect to the
chosen axis is not too large as compared to the Lindhard angle 9. = (2Uy/e)'/? ,
since in this case the most pronounced effects take place.



Let us start with the coherent contribution to the radiation. As already men-
tioned, at sufficiently high energies corresponding expressions valid at any vy were
obtained in [16]. For ¥y < V5/m they reproduce 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 development may not satisfy this condition. In
the case of a soft cascade we have to describe the radiation from these "soft” parti-
cles 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 parameter
p is a measure of the particle velocity deviation from a straight line in units of
the natural emission angle vy~!' = m/e, while the parameter y 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.
Let us remind also that at p < 1 the dipole approximation for a description of the
radiation is valid and a typical formation time is ~ wy', where wy is the charac-
teristic frequency of motion. At p > 1 CFA is valid, the radiation formation time
is ~ wy'p~'/?, i.e. much less than a period of motion. In this case the description
of the emission process becomes local and we do not need to know what the particle
trajectory is like contrary to the case of small p < 1 when we have to know it . If
we now recollect that generally the two-dimensional problem of particle motion has
not been solved yet in an analytical form, then evidently the same is true for the
much more complicated problem of obtaining a radiation spectrum at such motion.
We emphasize that for the coherent contribution to the total intensity of radia-
tion I.,(e) CFA gives a correct result up to very small energies when semi-classical
approximation is still valid (see corresponding discussion in [16]).

The known (see Eq.(1.4) in [16]) estimate for the characteristic frequency of
emitted photons w at given frequency of motion wy reads

wz Y o 2Nwe (1.14)
£ —w m? (1 + p/2)

where N is the characteristic number of emitted harmonics. Note that N = 1 for
p <1 and N o p*?% for p > 1. Using also that wy ~ 6y/a, , (see Eq.(1.8)) we
suggest to describe the radiation from channeled and moving not very high above
the potential barrier particles the following heuristic intensity spectrum:

dd[j _ rle)e [1 + ( 1 ] (3)1/3 In (ﬂ) I (up — u), (1.15)

up(e) L+ u)?| \ug u

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

25 1
— 2 80— Ve 1.16
Ug 6 X —I_ ma, (2 _I_ pc) ( )

The function r(¢) in Eq.(1.15) is determined by the condition of the coincidence of
the total intensity
I ()—/Ed dLon (1.17)
&) = 0 “ dw '

6




given by Eq.(1.15) with a corresponding expression obtained in CFA (see Eq.(3.1) in
[16] without corrections to CFA ) for the uniform distribution over transverse coor-
dinates. So Eq.(1.15) reproduces the energy dependence of coherent contribution to
the radiation length, L., = ¢/I.(¢) 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 r(e) in the energy interval e < 5GeV by a polynomial

where ¢ is measured in GeV and coeflicients a,, for < 110 >-axis of Si and Ge
crystals and for < 111 >-axis of W crystal are given in Table in [14]. This 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.(1.15) is always consis-
tent with the estimate Eq.(1.14). For relatively small energies when p. < 1 and
correspondingly wy < 1, we can neglect the first term in the right-hand side of
Eq.(1.16) since p./xs = 2mas, > 1. In this case the spectrum Eq.(1.15) has a
maximum at w = Wpae ~ 0.05euy ~ 2e,/p./(ma,) which evidently coincides in
this (dipole) approximation with Eq.(1.14). When p. > 1 and CFA is valid the
spectrum Eq.(1.15) reproduces not only the position of a maximum but also the
shape of spectral distributions like those shown in Fig.2 of [16] obtained within the
approximation mentioned . We have compared the shape of the spectrum Eq.(1.15)
with available experimental data, but this procedure is somewhat indirect for several
reasons. Sometimes very thin samples were used where the distribution of electrons
over transverse coordinates was far from being uniform, sometimes energy loss spec-
tra were measured which are noticeably different from true intensity spectra, some-
times emitted photons were collimated that also results in a change of the observed
shape of spectra. Nevertheless, a qualitative agreement of the spectrum Eq.(1.15)
with known experimental data holds for all energies beginning with 900 MeV . Of
course, Fq.(1.15) can not give a correct description of the coherent contribution to
the radiation from particles with energies less than 100 MeV . Furthermore, multi-
ple scattering is very intensified in this energy region so that particles may acquire
an angle with respect to the axis noticeably exceeding 6.. At the same time, for
such energies the intensity /.,(¢) is already small as compared to that caused by the
incoherent contribution I,.(¢) which is always present in crystals in slightly modi-
fied form comparatively to the amorphous case. For instance, at ¢ = 70 MeV near
< 111 > axis of tungsten we have I.,/[,, ~ 0.1 and the coherent contribution can
be simply neglected. Nevertheless, for the sake of consistency we shall use Eq.(1.15)
at any energy up to £; to describe the coherent contribution to the radiation. But
for the particles acquiring an angle § > 6. owing to multiple scattering, the quan-
tity uo in Eq.(1.16) will be multiplied by the factor 0.54/1 + (0/6.)? according to
Eq.(1.14) , since wy < 6 at 0 > 0.

Analysis of incoherent contribution to the radiation and pair-production proba-
bilities is given in detail in [14].



The contribution to any process going on in a crystal is a sum Y = Y, +
Y. where, generally speaking, the incoherent contribution Y;,. differs from the
amorphous value Y,,,. The scale of this modification depends on the process under
consideration. For the total intensity of the incoherent radiation and the quantity
f/md = ¢/1,, connected to it, the typical scale of diminishing of I, as compared to
I,,, 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, for tungsten in the case of a full screening Zmd = 1.10L,,4. As far
as the coherent contribution to the pair-production probability is negligible in the
considered energy region and modifications of incoherent contributions are small,
distinctions in the soft cascade development 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 =L+ 13 (1.18)

So, for the < 111 > axis of tungsten, we find L.; ~ 0.13c¢m at € = 2GeV and
L.y ~ 0.08cm at ¢ = 5GeV , which are several times less than the amorphous
value L,.q ~ 0.35em . Thus in a crystal the initial electron is converted into pho-
tons along appreciably 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 one can utilize a hybrid target composed of crystal and amorphous
layers, the former must be of a few L., thick.

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 further 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 important feature of the
crystal radiator giving additional advantages for the positron production in com-
parison 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.(1.15).
To present the scale, let us list some values w,,,, Where this spectrum is maximum:
Wnaz(1 GeV) = 31 MeV, w,,q.(4 GeV) ~ 170 MeV, and w,,,,.(8 GeV') ~ 490 MeV.
Note that the width of the spectrum is typically several times larger than w,,,,.
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.



To estimate the possibility of utilization of crystal targets in a positron source
it is important to know not the total number of created positrons but the number
of positrons in a definite phase space which can be accepted by the corresponding
matching optical system. We shall use typical parameters of such system mentioned
in [15], assuming that the energies of accepted positrons and their transverse ( with
respect to the incident beam direction) momenta must satisfy the following relation

bMeV < e < 25MeV | py < 4MeV/e.

The number of accepted positrons N_f_‘ depending on the initial electron energy, the
thickness and type of crystals are presented in Figs. 1-3. It is seen that the maximal
yield is achieved at L ~ 4L,,; and the maximal value increases with the atomic
number, Z . The latter property is connected with the fact that with increasing 7
the number of additional photons emitted by the coherent mechanism increases as
well. An enlargement of the transverse momentum boundary value leads naturally
to an increase of the accepted positron number and vice versa, what is illustrated
by Fig.4.

The energy deposited in a target by the initial electron and created charged
particles is one of the fundamental characteristics of the positron source. Because
we use simplified formula for ionization energy losses, our results for the dissipated
energy must be considered as the upper bound. In Fig.5 both the accepted positron
yield and the deposited energy per one incident electron are presented for amorphous
and crystal tungsten depending on the target thickness. It is seen that the relative
gain for a crystal increases with increasing energy of initial electrons. For given
number of accepted positrons N_f_‘ , the energy deposited ¢4, in a crystal sample is
less than in an amorphous one.

Recently the positron production in axially aligned single crystals was studied
in two series of experiments performed at CERN [19], [20] and KEK [21], [22]. The
initial energy of electrons was 3 GeV [21], 6 and 10 GeV [20], 8 GeV [22], and 10 GeV
[19]. In all cases the initial electron beam was aligned with the < 111 > - axis of the
tungsten crystal that sometimes served as the crystal part of the hybrid target which
contained an additional amorphous tungsten 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 amorphous 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 [14] and [18] where various positron and photon
distributions as well as deposited energies in different crystals were calculated for
the energy range of initial electrons from 2 to 300 GeV. In these papers, all the
formulas used in Monte-Carlo simulations of the specific e”et+ - shower character-
istics are given in the explicit form. Remember that our 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 mul-
tiple scattering and the ionization energy loss of electrons and positrons are taken
into account neglecting crystal effects. The coherent radiation from channeling and
moving not very high above the axis potential barrier particles is described using the
semi - phenomenological spectrum suggested in [14]. 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 distribu-
tions 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 ¢) =10 GeV

Among experiments cited above, spectral - angular distributions of created positrons
were measured only in WA103 experiment at CERN ( see [19], [20]) 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.6 taken
from [20] is one example of the measured and simulated distributions of positrons
from 10 - GeV electrons aligned with the < 111 >- axis of the 8 - mm - thick crystal
tungsten.

The angular acceptance conditions in WA103 experiment were approximately
|994¢| < 1.5° for the vertical and 0 < ¥4 < 25° for the horizontal angle of outgoing
positron with respect to the initial electron beam direction. We shell see below
that the shape of the positron spectrum depends on the degree of collimation. The
one-dimensional ( over ¥99/*) angular distribution is presented for positrons having
energies in the 5=+45 MeV range. We emphasize that the relative difference between
measured and simulated results typically does not exceed 20 % in both spectral and
angular distributions as seen in Fig.6. 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 also give more detailed information
concerning spectral - angular distributions of positrons depending on initial electron
energies and target thicknesses.

2.2 Experiment (KEK) at ¢ =3 GeV

The main goal of the experiment [21] was an attempt to apply the crystal target to
the working electron/positron 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

section which is 8.2 MeV/c < p < 11.6 MeV/c and p; < 2.4 MeV/c. The hybrid
target used consists of 1.7 - mm - thick tungsten crystal followed by 7 - mm - thick
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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
compared 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
[21] 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
enhancement value, was not taken into account in our calculation. Recollect that the
amount of the energy deposited in the crystal part (3, ) of the hybrid target may
be much smaller than that (¢§7;) in the amorphous one. Such interrelation of €7,
and g3, should take place in the case of [21], where the crystal thickness is about
1.8 L. ( see discussion in the Introduction ). This is confirmed by our calculations
which give ef ) ~ 11 MeV and €37 ~ 277 MeV per one incident electron.

2.3 Qualitative features of positron distributions and exper-
iment (KEK) at ¢ =8 GeV

In [22] 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, before going on to
the comparison of the experimental 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 comparison,
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 J,,; < 25°
) of outgoing positrons. Shown in Fig.7 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 . = 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 9,,; since both
production and multiple scattering processes are characterized by smaller angles for
higher energies. This is seen in Fig.7 (a) where the spectral curves for 9,,, < 180°
and that for 9,,; < 24° are overlapping within precision better than 1 % starting
from () ~ 55 MeV. In turn, from £ ~ 110 MeV the same happens with curves
corresponding to ¥, < 24° and 9,,; < 12°. Such behavior is also seen in Fig.7 (b)
for the amorphous target where £{!) ~ 50 MeV and () ~ 105 MeV. In other
words, positrons with energies € > ¢(!) are practically concentrated within the cone
Vot < 24° and those with ¢ > €® have ¥,,;, < 12°. In accordance with this picture,
the spectral maximum is shifted to the right while the width of the distribution
increases when the collimation angle decreases. The enhancement p, being bin-by-
bin ratio of the positron yield from the crystal target to that from the amorphous
one at the same collimation, is almost constant for e < 45 MeV and monotonically
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decreases with growing positron energy. This means that positron spectra from the
crystal target are softer. Somewhat lower values of £, e® in the amorphous case
point at the same feature. For given collimation, the variation of the enhancement
is about 20 % over the whole energy interval presented in Fig.7. The maximum
values of the enhancement at different collimation are pipa. (0., < 180°) ~ 6.09,
Mmax(ﬁout S 240) = 5927 Mmax(ﬁout S 120) = 5677 and :U’max(ﬂout S 10) ~ 5.29.
Apparently, they diminish as the collimation angle does so. Shown in Fig.8 is the
same as in Fig.7 but for the target thickness L. = 9.0 mm. The yield at J,,; < 1° (
open circles ) is multiplied now by 30. The qualitative behavior of spectra depending
on the collimation 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 M), £?) values which are now £{!) ~ 85 MeV, 2 ~ 185 MeV,
)~ 75 MeV, £l2) ~ 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 ¢ < 45 MeV 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
Pmaz(Vour < 180°) = 2.25, tmar (Vour < 24°) > 2,15, fmar(Vouwr < 12°) ~ 2.08, and
fmaz (Vs < 1°) =~ 2.06. The enhancement monotonically decreases with growing
positron energy 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 mo-

mentum pT*” of accepted positrons. In this connection, spectra of positrons hav-

ing p; < p7* are of definite interest. Such spectra at L = 2.2 mm (a) and at
L = 9.0 mm (b) from crystal and amorphous targets are shown in Fig.9. In con-
trast to the case of the pure angular selection ( cf. Figs.7,8 the position of spectral
maxima at limited p, values is always in the first bin (¢ € (7.5+12.5) MeV). Corre-
sponding maximum values are fq. (5 MeV/e) ~ 5.82, ftmar(2.5 MeV/c) ~ 5.62 at
L =22mm and fi,,,.(5 MeV/e) ~ 217 | tan(2.5 MeV/e) ~2.11 at L = 9.0 mm.
The enhancement monotonically decreases with growing positron energy. Its varia-
tion over the whole energy interval presented in Fig.9 is 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.9 is the similarity of those obtained for
two different values of p"*” from the same target. The scaling factors n are .. ~ 2.6,
Nam == 2.5 at L = 2.2 mm and 7, ~ 3.1, n,,, ~ 3.0 at L = 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 assumption is confirmed by
results of the calculation shown in Fig.10 for two groups of positrons. One of them

contains positrons having momentum in the interval p € (8.5 = 11.5) Mev/c , for
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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 evidently increases when we go on to the thicker target
of the same kind. Comparing angular distributions from crystal and amorphous
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 [22], let us
remind that to perform an accurate comparison of such kind, exact information
is needed concerning the acceptance conditions and registration efficiency of de-
tectors in the experiment. As noted in [22], 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 simulate experimental conditions using the same angular collima-
tion ¥y < V04" and the same value of Ap/p for all momenta and targets. So, at
the calculation of the magnitude of positron production efficiency (PPE), we sim-
ply 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 acceptance conditions is rather rough. An additional inaccuracy was introduced
when we determined the PPE numbers from Fig.10 of [22]. Note that the exper-
imental numbers obtained in a such way, which are presented by filled symbols in
Fig.11, do not reproduce exactly the whole set of mean experimental values for the
enhancement given in Table 1 of [22]. Moreover, in Fig.10 of [22] there are no exper-
imental points for 2.2 and 5.3 - mm - thick amorphous targets. For these two cases,
we present in Fig.11 the values of PPE given by smooth - curve fits corresponding
to simulation fitting in Fig.10 of [22]. Bearing all this in mind, we, nevertheless, can
assert that a rather good agreement is seen in Fig.11 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.10 of [22] at p = 10 and 15 Mev/c, as the magnitude of the
yield is especially small in this case.

In contrast to the magnitude of the positron yield, the enhancement is not very
sensitive to the acceptance conditions. The calculated values of the enhancement(
theory ) are presented in Table 2 along with those taken from Table 1 of [22] (
experiment ). Purely statistical errors are figured in Table 2 as theoretical ones.
The relative error in PPE was estimated as Ne_fl/Z, where N, is the mean number
of events in the phase space corresponding to the acceptance conditions used in
calculations. The total statistics was chosen so that approximately to equalize values
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Table 2: 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| 65+06 |32+£03| 3.4+£07 |21+£02] 23+£04
15 55+03 | 62+£08 |32+02| 324+£05 |2.0+£0.1] 2.0+£0.2
20 54402 51+£05 29401 3.0+£05 |1.8+0.1] 1.8+0.2

of N.; 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 2.

3 Conclusion

Using the simple computer code suggested in [14] and [18], we have compared the
theoretical predictions for some characteristics of the electromagnetic shower devel-
oping in axially aligned crystals with experimental results reported in [19],[20] and
[21],[22]. On the whole, theory and experiment are consistent within the experimen-
tal accuracy. From this comparison we also conclude that the accuracy provided
by the existing simplified code is 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 which were ignored as corresponding
cross sections are small in the energy region of interest. However, the approximate
character of the radiation spectra at axial alignment used in our calculations still
provides the main theoretical uncertainty. Nevertheless, we believe that the level
of the accuracy already achieved in the theoretical description is quite sufficient to
make a reliable choice for optimal parameters of the positron source using axially
aligned single crystals.
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Figure captions.

Fig.1. Number of accepted positrons N_f_‘ versus crystal thickness [ in
St near < 110 >-axis . The initial electron energy (in GeV) is indicated near
corresponding curves.

Fig.2. The same as in Fig.1 but for G'e near < 110 > -axis .

Fig.3. The same as in Fig.1 but for W near < 111 > -axis .

Fig.4. Number of positrons having energies in the interval 5 =+ 25MeV
versus thickness of tungsten crystal for different values of boundary transverse mo-
mentum p, indicated (in MeV/c) near corresponding curves.

Fig.5. Number of accepted positrons N_f_‘ (curves 3,4) and deposited energy
€4ep (curves 1,2) for ¢; = 5GeV in amorphous (curves 1,3) and crystal (curves 2,4)
tungsten depending on the thickness L .

Fig.6. Spectral (left) and angular (right) distributions of positrons from 10 GeV
electrons traversing 8 - mm - thick crystal tungsten target along the < 111 >- axis.
Open circles: simulation, filled circles: experiment.

Fig.7. Positron yield depending on energy from 2.2 - mm - thick crystal (a)
and amorphous (b) targets at different collimation. Filled triangles - no collimation
(Vo < 180°), open triangles - 9,,, < 24°, filled circles - ¥,,, < 12°, and open circles
- Vo < 1° (multiplied by 10).

Fig.8. Positron yield depending on energy from 9.0 - mm - thick crystal (a)
and amorphous (b) targets at different collimation. Filled triangles - no collimation
(Vo < 180°), open triangles - 9,,, < 24°, filled circles - ¥,,, < 12°, and open circles
- Vo < 1° (multiplied by 30).

Fig.9. Positron yield depending on energy at L = 2.2 mm (a) and L = 9.0 mm
(b) for p7** = 2.5 MeV/c ( curves 1 and 3 ) and for p7** = 5 MeV/c ( curves 2
and 4 ). Solid curves represent the yield from crystal and dotted from amorphous
targets.

Fig.10. Angular distribution d N /dQ depending on outgoing positron angle
at L = 2.2 mm (a) and at L = 9.0 mm (b) for p € (8.5 = 11.5) Mev/c ( curves 1
and 3 ) and for p € (17 = 23) Mev/c ( curves 2 and 4 ). Solid curves represent the
yield from crystal and dotted from amorphous targets.

Fig.11. Positron production efficiency from crystal (a) and amorphous (b)
targets depending on thickness. Open symbols - our calculation, filled symbols -
results from Fig.5 of [22]; open triangles are for p = 20 Mev/c, open circles are for
p = 15 Mev/c, and open squares are for p = 10 Mev/c.
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Comparison of theory with experiment for positron production
from high-energy electrons moving along crystal axes
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Using the approach developed earlier for the description of the electron-photon showers in axially
aligned single crystals, some characteristics of the positron yield measured in recent experiments are
calculated. Theoretical estimations display a rather good agreement with experimental results obtained
using 3 to 10 GeV electrons aligned to the (111) axis of the tungsten crystals. Such comparison verified
that the accuracy of our approach is quite sufficient to make a reliable choice for optimal parameters of
the positron source using axially aligned crystals for future linear colliders.
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L. 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 in a medium. In a high-
energy region, the basic processes involved in the shower
development are typically considerably enhanced in ori-
ented crystals as compared with corresponding amor-
phous media. The most pronounced effects take place at
axial alignment when initial electrons are moving along
the main axes of a crystal. This alignment alone will be
considered below. According to [1], the radiation intensity
in a crystal exceeds that of the conventional bremsstrah-
lung starting with electron energies € ~ 1 GeV. Simple
estimations of the width of the power spectrum indicated
a soft character of this spectrum. So the use of high-
energy electrons impinging on the axially oriented crys-
tals “... as a source of hard and directed radiation
concentrated within a comparatively narrow frequency
range ...” was proposed in [1]. Based on mentioned
properties of the photon emission process, the use of
this phenomenon in the positron source for future accel-
erators was proposed [2,3]. 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 =~ w,;,. The value of w,;, is about
22 GeV for the (111) axis of tungsten being several times
larger for other crystals. (See the review [4] and the recent
book [5] for further details concerning QED processes in
crystals.) For energies well above w,;,, the crystal effects
become really strong and may be used to create effective
and compact electromagnetic calorimeters [6]. For very
high energies (¢ > w,;,) of initial and created particles,
kinetic equations describing the shower development
were solved analytically [7]. Though the initial electron
energies were high enough in the first experimental
investigation [8] of shower formation in crystals, energies
of detected particles were too low to allow us the
direct comparison with [7]. To explain the results of [8],
Monte Carlo simulations were performed in [9]. The
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probabilities of basic processes used in [9] were obtained
within so-called constant field approximation. A good
agreement was demonstrated in [9] with the results of
[8] for Ge crystals.

When the initial electron energy is below w,;,, photons
are mainly emitted with energies v < w,;, and so, up to
minor modifications (see [10,11]), the pair production
process proceeds in a crystal as in an amorphous medium.
The enhancement of radiation from initial electrons is
thereby the main crystal effect in this energy region. The
substantial advance in the description of shower forma-
tion at axial alignment was caused by the invention of the
semiphenomenological radiation spectrum [12]. This al-
lows 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 L4 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 L
defined as in Sec. 3 of [12]: L.(1 Gev) =0.166 cm,
Le(4 Gev) = 0.084 cm, and L(8 Gev) =~ 0.061 cm. In
the hybrid target which consists of the crystal part fol-
lowed by the amorphous one, the thickness of the crystal
constituent of several L. is obviously quite enough.
Indeed, at the depth L, = (3—4)L.; most of the particles,
including the initial electrons, are sufficiently soft to
reduce the coherent contribution to the radiation to the
level of the incoherent one. Thereby, the further develop-
ment 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 = L,
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
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overheating. The softness of the photon spectra is another
important feature of the crystal radiator giving additional
advantages for the positron production in comparison
with the entirely amorphous target. To get a more definite
idea concerning the shape of the power spectrum one can
use its explicit form given by Eq. (2) in [12]. To present the
scale, let us list some values w,,, where this spectrum
iS maximum: (1 GeV) =31 MeV, @, (4 GeV) =
170 MeV, and wq,,,(8 GeV) =490 MeV. Note that the
width of the spectrum is typically several times larger
than w,,,c. 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 crystals was studied in two series of experiments
performed at CERN [13,14] and KEK [15,16]. The initial
energy of electrons was 3 GeV [15], 6 and 10 GeV [14],
8 GeV [16], and 10 GeV [13]. In all cases the initial
electron beam was aligned with the (111) axis of the
tungsten crystal that sometimes served as the crystal
part of the hybrid target which contained an additional
amorphous tungsten target. A noticeable enhancement of
the low-energy positron yield was observed in all experi-
ments cited above when the yield from the crystal target
was compared with that from the amorphous target of the
same thickness. The experimental results and our theo-
retical estimations presented in the next section display a
rather good agreement with each other.

II. COMPARISON OF THEORY WITH
EXPERIMENT

Theoretical results for the conditions of the experi-
ments cited above were obtained using the approach
developed in [11,12] where various positron and photon
distributions as well as deposited energies in different
crystals were calculated for the energy range of initial
electrons from 2 to 300 GeV. In these papers, all the
formulas used in Monte Carlo simulations of the specific
e~ e’ y-shower characteristics are given in the explicit
form. Remember that our 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 pro-
cesses. The multiple scattering and the ionization energy
loss of electrons and positrons are taken into account
neglecting crystal effects. The coherent radiation from
channeling and moving not very high above the axis
potential barrier particles is described using the semi-
phenomenological spectrum suggested in [12]. The cor-
responding computer code was developed. This allows
one to calculate energy, angular, and coordinate distribu-
tions of positrons emergent from the crystal or hybrid
target and to find an amount of the energy deposition. We
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FIG. 1. Spectral (top) and angular (bottom) distributions of
positrons from 10 GeV electrons traversing a 8-mm-thick crys-
tal tungsten target along the (111) axis. Open circles: simula-
tion; filled circles: experiment.

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.

A. Experiment (CERN) at £y =10 GeV

Among experiments cited above, spectral-angular dis-
tributions of created positrons were measured only in the
WA103 experiment at CERN (see [13,14]), 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 [14] is one example of the measured and
simulated distributions of positrons from 10 GeV elec-
trons aligned with the (111) axis of the 8 mm-thick
crystal tungsten.

The angular acceptance conditions in the WA103 ex-
periment were approximately |99"| = 1.5° for the verti-
cal and 0 = J9¢" = 25° for the horizontal angle of the
outgoing positron with respect to the initial electron
beam direction. We shall see below that the shape of the
positron spectrum depends on the degree of collimation.
The one-dimensional (over J§") angular distribution is
presented for positrons having energies in the 5-45 MeV
range. We emphasize that the relative difference between
measured and simulated results typically does not exceed
20% in both spectral and angular distributions as seen
in Fig. 1. We are aware that preliminary results for
other 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 per-
forming the complete analysis of the data which now is
underway. This analysis will also give more detailed
information concerning spectral-angular distributions of
positrons depending on initial electron energies and tar-
get thicknesses.

B. Experiment (KEK) at ) =3 GeV

The main goal of the experiment [15] was an attempt to
apply the crystal target to the working electron/positron
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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 82<p<11.6 MeV/c and p; <
2.4 MeV/c. The hybrid target used consists of 1.7-mm-
thick tungsten crystal followed by 7-mm-thick amor-
phous 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 [15] 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 enhancement
value, was not taken into account in our calculation.
Recollect that the amount of the energy deposited in
the crystal part (sf{ep) of the hybrid target may be much
smaller than that (e§g) in the amorphous one. Such
interrelation of &g, and &je should take place in the
case of [15], where the crystal thickness is about 1.8 L
(see the discussion in the Introduction). This is confirmed
by our calculations which give £g., = 11 MeV and &g, =
277 MeV per one incident electron.

C. Qualitative features of positron distributions and
experiment (KEK) at £) =8 GeV

In [16] the positron production efficiency from 2.2, 5.3,
and 9.0-mm-thick tungsten crystals was measured using
an 8-GeV electron beam. Positrons produced in the for-
ward direction with momenta 10, 15, and 20 MeV /¢ were
detected by the magnetic spectrometer. Thus, several
points in the energy distribution were determined under
hard collimation conditions. To give an idea of spectral-
angular distributions on the whole, let us remind their
important qualitative features using 8 GeV electrons and
the (111) axis of the tungsten crystals as an example. For

the sake of comparison, 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 9, = 25°) of outgoing positrons. Shown in
Fig. 2 is the energy dependence (energy step is equal to
10 MeV) of the positron yield from crystal (a) and amor-
phous (b) targets of the same thickness L = 2.2 mm. In
the case of the hard collimation, when 9,,, = 1° (open
circles), the yield is multiplied by 10 to make it visible.
The larger the positron energy, the smaller the typical
value of 9, since both production and multiple scatter-
ing processes are characterized by smaller angles for
higher energies. This is seen in Fig. 2(a) where the spec-
tral curves for J,, < 180° and that for J,, =< 24° are
overlapping within precision better than 1% starting from
s(cp =~ 55 MeV. In turn, from sg) =~ 110 MeV the same
happens with curves corresponding to d,, = 24° and
U = 12°. Such behavior is also seen in Fig. 2(b) for
the amorphous target where sg}% ~ 50 MeV and sﬁ.%g >~
105 MeV.

In other words, positrons with energies € > &) are
practically concentrated within the cone 9, = 24° and
those with &€ > £® have 9, = 12°. In accordance with
this picture, the spectral maximum is shifted to the right
while the width of the distribution increases when the
collimation angle decreases. The enhancement w, being a
bin-by-bin ratio of the positron yield from the crystal
target to that from the amorphous one at the same colli-
mation, is almost constant for ¢ <45 MeV and monot-
onically decreases with growing positron energy. This
means that positron spectra from the crystal target are
softer. Somewhat lower values of ¢V, ¢® in the amor-
phous case point at the same feature. For given collima-
tion, the variation of the enhancement is about 20% over
the whole energy interval presented in Fig. 2. The maxi-
mum values of the enhancement at different collimation
are Iu'max(&out = 1800) = 6099 :U’max(ﬁout = 240) = 592,
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FIG. 2. Positron yield depending on energy from 2.2-mm-thick crystal (a) and amorphous
(b) targets at different collimation. Filled triangles: no collimation (J,, = 180°);
open triangles: ¥,, = 24°; filled circles: ¥,,, = 12°; and open circles: J,, = 1° (multiplied

by 10).
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FIG. 3. Positron yield depending on energy from 9.0-mm-thick crystal (a) and amorphous

(b) targets at different collimation. Filled triangles: no collimation (9., = 180°);
open triangles: J,, = 24°; filled circles: ¥,, = 12°; and open circles: J,, = 1° (multiplied

by 30).

Mmax(Touy = 12°) = 5.67, and  ppay (T = 1°) = 5.29.
Apparently, they diminish as the collimation angle
does so.

Figure 3 is the same as Fig. 2 but for the target thick-
ness L = 9.0 mm. The yield at J,,, = 1° (open circles) is
multiplied now by 30. The qualitative behavior of spectra
depending on the collimation 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 &V, £® values which are
now s =85 MeV, 7 =185 MeV, sih =75 MeV,
and 85321 =~ 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 £ < 45 MeV, the
yield is increased by 67 times for a crystal and by 17—
20 times for amorphous samples. As a result, the en-
hancement at L = 9.0 mm is almost 3 times less than at
L =22 mm in this energy range. At L = 9.0 mm the
enhancement is peaked in the first bin [e €
(5-15) MeV] for every collimation. Its maximum values
are Umay (Fou = 180°) = 2.25, tingy (Fpy = 24°) = 2.15,
Pomax(Toue = 12°) = 2.08, and sy (e = 1°) = 2.06.
The enhancement monotonically decreases with growing

positron energy 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 p"** of accepted posi-
trons. In this connection, spectra of positrons having
p1 < p'[* are of undoubted interest. Such spectra at L =
22mm (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 and 3), the position of spectral maxima at limited
p 1 values is always in the first bin [¢ € (7.5-12.5) MeV].
Corresponding maximum values are (5 MeV/c) =
582, mmx(25MeV/c) =562 at L =22mm, and
Mmax (3 MeV/c) =217, ppax(2.5MeV/c) ~2.11 at L =
9.0 mm. The enhancement monotonically decreases with
growing positron energy. Its variation over the whole
energy interval presented in Fig. 4 is 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
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FIG. 4. Positron yield depending on energy at L = 2.2 mm (a) and L = 9.0 mm (b) for
p™ =25 MeV/c (curves 1 and 3) and for P =3 MeV/c (curves 2 and 4). Solid curves
represent the yield from crystal and dotted curves from amorphous targets.
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Angular distribution dN")/dQ depending on outgoing positron angle at L =

2.2 mm (a) and at L = 9.0 mm (b) for p € (8.5-11.5) Mev/c (curves 1 and 3) and for p €
(17-23) Mev/c (curves 2 and 4). Solid curves represent the yield from crystal and dotted

curves from amorphous targets.

p'I™ from the same target. The scaling factors # are 7, =
2.6, Mo =2.5at L = 2.2 mm and 7., = 3.1, n,, = 3.0 at
L = 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 an
assumption is confirmed by results of the calculation
shown in Fig. 5 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 distribu-
tion 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 evidently increases when we
go on to the thicker target of the same kind. Comparing
angular distributions from crystal and amorphous 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 =~ 10Mev/c and 14% at p =
20 Mev/c. At L = 2.2 mm the distribution from the crys-
tal 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 [16], let us remember that to perform an
accurate comparison of such kind, exact information is
needed concerning the acceptance conditions and regis-
tration efficiency of detectors in the experiment. As noted
in [16], 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
simulate experimental conditions using the same angular
collimation 9, = 91 and the same value of Ap/p for
all momenta and targets. So, at the calculation of the
magnitudes of positron production efficiency (PPE), we
simply put 913 to 20 mrad. The value of Ap/p was
chosen to reproduce at applied collimation the experi-
mental magnitude of PPE for the 9.0-mm-thick amor-
phous target. Acting in this way, we have Ap/p = 3.2%.
We realize that our regard for the acceptance conditions is
rather rough. An additional inaccuracy was introduced
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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 [16]; open
triangles are for p = 20 Mev/c, open circles are for p = 15 Mev/c, and open squares are for

p = 10Mev/c.
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TABLE L. Enhancement of the positron yield from crystal targets.
Enhancement Enhancement Enhancement
Momentum (2.2 mm thick) (5.3 mm thick) (9.0 mm thick)
(MeV/¢) Theory  Experiment  Theory  Experiment Theory  Experiment

10 6.0 £0.5 6.5 0.6 32+03 3.4+0.7 21+0.2 23+04

15 55%03 6.2+0.8 3.2+0.2 3.2+0.5 2.0*0.1 20+0.2

20 54=*02 5.1 =05 29=*0.1 3.0£05 1.8 £ 0.1 1.8 0.2

when we determined the PPE numbers from Fig. 5 of [16].
Note that the experimental numbers obtained in such a
way, which are presented by filled symbols in Fig. 6, do
not reproduce exactly the whole set of mean experimental
values for the enhancement given in Table I of [16].
Moreover, in Fig. 5 of [16] 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 [16]. 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 estima-
tions. A 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 [16] at p = 10 and 15 Mev/c, as
the magnitude of the yield is especially small in this case.

In contrast to the magnitude of the positron yield, the
enhancement is not very sensitive to the acceptance con-
ditions. The calculated values of the enhancement
(theory) are presented in Table I along with those taken
from Table I of [16] (experiment). Purely statistical errors
are figured in Table I as theoretical ones. The relative error
in PPE was estimated as N;f]/z, where N is the mean
number of events in the phase space corresponding to the
acceptance conditions used in calculations. The total
statistics was chosen so that approximately to equalize
values of N 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 and 3. This fact leads to a better statis-
tical accuracy for larger momentum. We emphasize that
the differences of the estimated and experimental en-
hancement values are smaller than corresponding experi-
mental errors for all momenta and samples figured in
Table L

III. CONCLUSION

Using the simple computer code suggested in [11,12],
we have compared the theoretical predictions for some
characteristics of the electromagnetic shower developing
in axially aligned crystals with experimental results re-
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ported in [13,14,15,16]. On the whole, theory and experi-
ment are consistent within the experimental accuracy.
From this comparison we also conclude that the accuracy
provided by the existing simplified code is at least better
than 20%. This accuracy may be slightly improved if we
include into consideration some processes like annihila-
tion of positrons or Compton scattering of photons which
were ignored as corresponding cross sections are small in
the energy region of interest. However, the approximate
character of the radiation spectra at axial alignment used
in our calculations still provides the main theoretical
uncertainty. Nevertheless, we believe that the level of
the accuracy already achieved in the theoretical descrip-
tion is quite sufficient to make a reliable choice for
optimal parameters of the positron source using axially
aligned single crystals.
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POSITRON-PRODUCTION EXPERIMENT USING SILICON AND
DIAMOND CRYSTALSIN THE KEKB 8-GEV INJECTOR LINAC

Tsuyoshi Suwada, KEK, Tsukuba, Ibaraki, 305-0801 Japan.

Abstract

Intense positron sources are widely investigated for
the next-generation of linear colliders and B-factories. A
new method utilizing an axially-oriented crystal as a
positron-production target is one of the bright schemes
since it provides a powerful photon source through
channeling and coherent bremsstrahlung processes when
high-energy electrons penetrate the target. A series of
positron-production experiments with heavy and light
crystals hit by 4 and 8-GeV single-bunch electron beams
have been carried out a the KEKB 8-GeV injector linac.
This report gives the brief summary on the positron-
production experiment using silicon and diamond
crystals carried out in December 2002 at KEK. Later the
report based on the more precise anaysis will be
published elsewhere.

1INTRODUCTION

For future e'e” linear colliders and high-luminosity B-
factories, it is critically important to develop a high-
intensity positron source. In a conventional method using
an amorphous heavy-metal target, the target thickness is
optimized by taking into account the electromagnetic
shower process and the positron capture efficiency in the
succeeding acceleration section. The optimum thickness
is 4-5 X, (radiation length) for a 4-8 GeV electron beam.
In this case, the only possibility to increase the positron
intensity is to increase the incident electron intensity.
However, the electron intensity is limited due to a heat
load on the target. One promising method utilizing a
crystal target was proposed by Chehab et al. in 1994[1].
The benefit of this method is on its high positron-
production efficiency due to channeling radiation
(CR)[2] and coherent bremsstrahlung (CB), since CR
and CB increase low-energy photons in the radiation
process. This results in a thinner target compared with
the conventional method. It is also expected that the thin
target relaxes its heat load, and that the spatial spread of
positrons due to multiple scattering in the target is
reduced. Yoshida e al. demonstrated a clear
enhancement of the positron yield in a tungsten crysta
target using a 1.2-GeV eectron beam[3]. This new
scheme has been tested at the positron-production station
and the end station of the KEKB injector linac[4].
Chehab et al. aso studied the positron yield from a
crystal target for 5-40 GeV e ectrons at CERN-SPS[5].

Although a positron enhancement is observed, there

"E-mail address: tsuyoshi.suwada@kek.jp.

have so far been only a few experimental results over a
wide energy range of aprimary electron beam.

On the theoretical side, various simulation studies have
been carried out by various authors. Among them, Baier,
Katkov and Strakhovenko have developed the simulation
code of the electromagnetic shower formation at axia
aignment of a crysta by wusing the semi-
phenomenological radiation spectrum[6]. This scheme
allows one to consider a positron-yield enhancement at
the relatively low energy range (a few GeV) of the initia
electrons, which is suitable for the B-factory injector.
The substantial enhancement of the positron yield from
crystal targets is expected due to the increase in the
number of relatively soft photons in comparison with
that from an amorphous target. Thus, more systematic
and precise experimental data could help us to
understand the complicated mechanism of these
elementary radiation processes and to design a high-
intensity positron source. A series of experiments[7,8] to
investigate the positron yields using various crysta
targets are underway for an incident electron energy
lower than 8 GeV. The following table shows a historical
view of the positron-production experiments carried out
at KEK-Tsukuba and KEK-Tanashi branch.

Table 1: Historical view of the positron-production
experiments at KEK.

Month/Year ~ Accelerator E

[GeV]

Positron Target
[mm]

May/1997 Tanashi/ES 12  Crysta W (W)[1.2]
Apr, Jun KEK/Linac 3 W,[1.7] + Amor. W
/1998 (WII[7]
Nov/1998  Tanashi/ES 0.6, W,J0.4,1.2,2.2],
081 GaAg0.36],
Diamond[1.1]
Sep, Oct  KEK/Linac 8 wJ2.2],
/2000 W [2.2]+W[5,10,15]
Apr/2001  KEK/Linac 8 W,2.2], W 9]
W,[9]+W,[2, 4]
Sep/2001  KEK/Linac 8 W,2.2], W]5.3],
W9l
Combined targets
Jan/2002  KEK/Linac 4 WJ2.2], W[5.3],
W9l
Combined targets
Aug-Sep KEK/Linac 8 Si [2.6, 30, 48]
/2002 Diamond[4.57]
Combined targets
Dec/2002  KEK/Linac 8 Si [10, 30, 48]
Diamond[4.57]

Combined targets




2EXPERIMENTAL SETUP

2.1 BeamLine

Our experiment was performed in the beam switchyard
of the KEKB 8-GeV injector linac (see Fig.1).

Momentam Amalyrer

i/
!
.'i

Figure 1: Photograph of the beam line and the
experimental setup viewed from the electron beam.

An electron beam with a pulse width of 10 ps (S-band
single bunch) and with an energy of 8 GeV impinged on
a tungsten target at a repetition rate of 25 Hz. The beam
charge (~0.1 nC/bunch) was measured by a wall-current
monitor for each pulse. The transverse profile of the
electron beam at the target was monitored by a screen
monitor during the experiment. The transverse beam size
was 0.8 mm (FWHM) in diameter. The angular spreads
of the electron beam were expected to be about 22 and
44 urad in the horizontal (H) and vertica (V) directions
for the 8-GeV electrons, respectively. However, since the
electron beam impinged on the target after passing
through a vacuum window made of 30um-thick stainless
steel (SUS304), the angular spreads (H and V) of the
electron beam at the target were estimated to be 59 and
70 urad in total by taking into account the multiple
scattering at 8 GeV, respectively. The multiple scattering
effect of the vacuum window was investigated by using
SUS foils with several thicknesses. These angular
spreads were less than the critical angles (170 prad for Si
crystal and 130 urad for Diamond crysta) of the
channeling condition at 8 GeV.

2.2 Experimental Setup

Figure 2 shows a schematic drawing of the
experimental  setup. This comprises a positron-
production target mounted on a precise goniometer, a
magnetic spectrometer, collimators, and two kinds of
positron detectors (a lead-glass calorimeter and an
acrylic Cherenkov counter). All of the collimators and

detectors are installed in a vacuum chamber kept at a
vacuum pressure of 10 Pa.
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Figure 2: Schematic drawing of the experimental setup.

In this experiment, silicon and diamond crystals of
<110> axis with different thicknesses were tested either
alone or in combination with an amorphous tungsten
plate (W,). These W,s' with different thicknesses from 3
to 18 mm by 3mm steps are installed on a horizontal
movable stage 82.5 mm after the crystal target. These
tungsten plates were also used to calibrate the positron
yield without the crystal targets. The specification of the
crystal targetsis summarized in Table 2.

Table 2. Tested crystal specification.

Crysad Elem. Denom. Thickness Xo
[mm]
Diamond (3 5mmDia 457 0.0372
Silicon Si 2.5mmSi 2.55 0.0272
Silicon Si 10mmSi 9.9 0.1058
Silicon Si 30mmSi 29.9 0.319
Silicon Si 50mmSi 48.15 0.514

*1X,=123mm (Diamond), 1X,=93.6mm (Silicon). It
should be noted that the radiation length of an
amorphous carbon (2.3 g/cm®) is different from that of a
diamond crystal (3.5 g/cm®). This was pointed out by A.
Potylitsyn.

The positrons emitted from the target in the forward
direction were momentum-anayzed in a momentum
range lower than 30 MeV/c by the magnetic field, where
the deflection angle was 60° from the beam axis. The
positron trajectory was determined by five collimators
installed before and behind the magnetic spectrometer.
The geometrical acceptance and momentum acceptance
is summarized in Table 3, which were calculated by
using the simulation code GEANTS3.

The momentum-analyzed positrons were detected with
a 3mm-thick acrylic Cherenkov counter and a lead-glass
calorimeter shielded by lead blocks. The lead blocks
suppressed any background caused by electromagnetic
showers generated upstream of the beam line due to the



off-momentum electrons, and caused by electromagnetic
showers generated at the collimators. Since the emitted
positrons were aso shortly bunched, the number of
positrons per bunch was measured as a pulse charge from
each detector. Signals from the positron detectors and the
signal of the electron beam charge were sent to a data-
acquisition system using a PC-based CAMAC/ADC
system, where all signal charges were simultaneously
digitized. The goniometer could rotate the crystal target
around two axes (H and V axes) by a pulse motor. The
angular resolutions of the goniometer were 10.5 and 34.9
urad/pulse in the H and V axes, respectively. The crystal
axis, <110>, was determined by changing the relative
rotational angles around the two axes with a step of 2 (or
1) mrad. The positron yields were measured for each
target as a function of the rotationa angle of the
goniometer and as a function of the positron momentum.

Table 3: Acceptance of the positron spectrometer.

Pe Acceptance
(MeV/c) (10* x (MeV/cesr))
5 1.08+0.03
10 2.47+0.07
15 3.80+0.10
20 481+0.12

3 EXPERIMENTAL RESULTS

3.1 Two-Dimensional Crystal Axis Scan

We developed a computer software which quickly
scans a crysta axis in two dimensiona plane. The
scanning time (10~20 min depending on the step sizes)
was much reduced compared with that of the previous
one-dimensional scanning. Figures 3(a) and 3(b) show
the typical results of the crystal axis scanning measured
for the diamond and 30mm-thick silicon crysta,
respectively, at the positron momentum of 20 MeV/c.

You can clearly see main sharp peaks for both the
crystals generated from the <110> axis orientation
together with many weak peaks. The main sharp peak
was formed as the intersecting point of the severa lines
(see the density distribution in the projected plane in
Fig.3). These weak pesks or lines may come from plane
channeling in the crystal. It is interesting that the number
of the weak peaks for the diamond crystal is larger than
that of the silicon crystal.

3.2 Rocking Curves

Figures 4(a) (for diamond) and 4(b) (for 30mm-thick
silicon) show the measured rocking curves at the
positron momentum of 20 MeV/c. You can see very
narrow peask widths for both the crystals. The peak
widths were obtained to be 0.7 (for diamond) and 1 mrad
(for 30mm-thick silicon) in one sigma by the least-
sguares fitting procedures with two gaussian functions.

Figure 5 shows the variation of the peak width as a
function of the crystal thickness in unit of X,. The peak

width increases gradually with the increase of the crystal
thickness and its value is about 1 mrad level depending
on the crystal thickness.

3.3 Positron-Yield Enhancement

Figure 6 shows the result of the positron-yield
enhancement measurement for the crystal adone as a
function of the crystal thickness in unit of X, at the
positron momentum of 20 MeV/c. The enhancement of
the silicon crystal changes by a factor of 8-14 depending
on the crystal thickness, and for the diamond it is about
17 which is clearly larger than that of the silicon crystals.
It means that the crystal effect of the diamond is larger
than that of the silicon.

Figure 7 shows the result of the momentum
dependence of the positron-production enhancement.
The enhancement is dlightly dependent on the positron
momentum in the measured region.

Figure 8 shows the summarized result of the
enhancement measurement together with the tungsten
crystal data, which were obtained from the previous
experiment. The result shows that athough in the region
of the thin thickness the enhancement obtained for the
light crystals is a little bit high, in the region of the large
thickness the enhancement obtained for the tungsten
crystals is clearly higher. It is presumed that the
channeling photons generated from the light crystal are
soft, and thus, the positrons generated in the later
amorphous tungsten are absorbed and multiply scattered
in the target because they are al so soft.

3.4 Positron Yields and Crystal Effect

The detected positron yields were calibrated by using
the data from the amorphous tungsten plates with
different thicknesses. Figure 9 (a) shows the variations of
the positron yield depending on the thickness of the
amorphous tungsten plates aone, and they were obtained
as the positron-yield calibration data in each crystal
measurement. For all the amorphous tungsten data, the
positron yield was normalized by using the data of the
9mm-thick amorphous tungsten obtained in the 30mm-
thick silicon crystal measurement. Figure 9 (b) shows the
variations of the positron yield depending on the total
thickness in unit of X,, where the crystal axis was set in
the direction of off axis. These results show that the
positron-yield normalization was performed quite well
within the experimental accuracy.

Figure 10 shows the summarized result of the
normalized positron yield obtained for al the crystal
measurements. It is clearly found several following
things:

e  The maximum positron yield is amost the same
level compared with that of the amorphous
tungsten except for the data of the 10mm-thick
silicon crystal.

e  The shower maximum thickness of each crystal is
reduced compared with that of the amorphous



tungsten, which means that the radiation thickness
is effectively reduced.

e The reduction of the shower maximum thickness
of the diamond crystal is relatvely large
compared with other crystas athough the
thickness of the diamond isthin.

Figure 11 shows the result of the crystal effect. If we
plot the shower maximum peak thickness as a function of
the crystal thickness, we can estimate how large the
crystal effect is. For the silicon crystal, the effect is
saturated around the thickness of 30 mm, and for the
diamond crystal, athough we have only one data point,
the effect is larger than the silicon crystal. This result
shows that the maximum positron yield from the 5mm-
thick diamond crystal is amost the same level as that of
the 30mm-thick silicon crystal, which gives larger crystal
effect than that of the diamond even with a 5mm-
thcikness. We can expect higher positron-production
yield if we use athicker diamond crystal.

3.5 Effect of the Vacuum Window

Figure 12 shows the result of the positron
enhancement measurement depending on the thickness
of the vacuum window, where the diamond crystal alone
was used in this test. From the result, the enhancement is
amost constant up to the window thickness of 200 um,
and the rocking-curve peak width slightly increases with
the increase of the window thickness. This may come
from the increase of background generated at the
window. It is noted that the window thickness of 100 um
has been used in the previous channeling experiment.

4 SUMMARY

The positron-production experiment using diamond
and silicon crystal targets has been successfully carried
out a the KEKB 8-GeV injector linac. The obtained
rocking peak widths are very narrow less than 1 mrad in
one sigma for both the crystals. For the crystal target
alone, the enhancements of the positron yield are 9.3+0.5
(10mmsSi), 9.9+0.5 (30mmSi), 6.4+0.3 (50mmSi), and
1620.8 (5mmDiamond) at the positron momentum of 20
MeV/c. The enhancement is much reduced with the
increase of the total target thickness. The maximum
positron yields are the same level as the maximum yield
obtained for amorphous tungsten targets.
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Figure 6: Variations of the positron yield enhancement
depending on the crystal alone thickness in unit of X, at

the positron momentum of 20 MeV/c.
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Figure 11: Variations of the crystal effect for the diamond
and silicon crystal depending on the crystal thickness.
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COMPARISON OF UNDULATOR-BASED AND CRYSTAL-BASED
POSITRON SOURCES.

A. Potylitsyn

Tomsk Polytechnic University,
Lenin ave., 2A, 634050, Tomsk, Russia

1. A positron source for linear collider has to provide the positron beam intensity
close to the electron beam one. Currently there are two approaches to construct a
positron source with the required parameters. First one is the conventional source
based on an electromagnetic cascade-shower process whereby a heavy-metal target
irradiated by high energy electrons from the linear accelerator [1,2]. Among the
positrons, only those which have transverse momentum and energy within a certain
range are accepted for the consequent accel eration. The target thickness is determined
to maximize the number of accelerated positrons, which depends on the incident
electron energy. The positron yield is naturally proportional to the incident electron
intensity, but when the intensity exceeds a certain limit, the target may be destroyed
due to the excessive heat |oad.

Second one is the rather new and based on the long undulator (CILO0O m) where
electron beam with energy E >100 GeV is generated the undulator radiation beam

with mean photon energy w~ 20 MeV. The photon flux is enough to create a few
positrons per each initial electron in the thin amorphous target (~0.4X ,, X, is

radiation length) [3,4]. In this case the heat power deposited in the target and,
consequently, temperature stress remain at the acceptable level.

An oriented crystal may be considered as some kind of a solid-state undulator with
extremely low period. In principle, the appropriate crystal may be used as a “photon
emitter” instead undulator with huge length.

Experiments with electron energy E,~ 1 GeV [5-7] demonstrated the possibility to

obtain so-called channeling radiation in oriented crystal targets with thickness
t~ 0.1+0.2 X ;>> L4 (L4 stands dechanneling length [8]) to produce photon beam with

spectrum enriched by “soft” photons.

2. Let's compare the main characteristics of radiation spectra for ordinary
bremsstrahlung (BS), coherent bremsstrahlung (CBS), and channeling radiation (CR).
Radiation losses for BS may be estimated as

t
AEBS:X_EO’ t<X

0

0" (1)



The mean photon energy in the BS spectrumis:

~ AEBS
<wbs> ~<NBS>’ (2)
where <N_.>isthe mean number of photons emitted by electron [9]:
t t
=— | —= —| ~10— 3
O y-t[p wp XO

Here y isthe Lorentz-factor, w, isthe plasmon energy of target material
(w,= 30¢€V for Al and Si). From (1), (2), (3) one may obtain

<Wgs” = 0.1 Eo (4)
The mean energy for CR may be estimated as following (see [8]):
2y1/2 Vo &
<. > mc® a
u= CR =~ S ’ (5)
E,m <y > 1V,
2" mc?

where Vv, is a potential of axis (or plane), a, is a screening radius, mc’= 0.511 MeV,
Ae= 3.8610"° m. For <111> axis of Si target and E, ~1 GeV <, > ~ 15 MeV <
<a,'BS>_
For a coherent bremsstrahlung

u= <les > _ Y6 (6)

Eo— < (s > a

0 stands orientation angle, a stands interplanar distance. As was shown in [5] the

first Born approximation for a CBS theory may be used if 6 >>6_= /yr\rllc For an

axial orientation of athick monocrystalline target the rough estimation of an angle 6
may be obtained as:

inMeV.

For instance, for Si, t=10mmand E,~ 1 GeV <« > ~ 0.05E, ~50 MeV,
<y > < <Wcas® < <Wps>. (7)

For axial orientation radiation losses may be considered as consisting of two parts

AE = AE, +AE_,
where first term is connected with aradiation from amorphous target with the same
thickness, but second one is determined by coherent radiation processes (channeling
radiation plus coherent bremsstrahlung). Ratio between these parts was measured for
electron energy E,= 900 MeV [10]:



diamond <100> | Silicon <111> tungsten <110>
t=10 mm t= 10 mm t=1.2 mm

AECT —_

NE,, |~25 ~1.8 ~15

Having in mind the relation (7) one may obtain:

AE
<N,> = o >> <Ng> (8)
< wcr >

becauseof AE, >AE,, <wg> < <wg>.

3. Authors of experiment [11] that was carried out with electron energy E = 10

GeV had measured the energy
'5"*""1-':-'"'1"-".*:?. e, cm— 1 |OSS€S fOf <1ll> aX'aI
J.0 orientation of Si crystals with
thickness t = 0.8 and 3.0 mm
(see Fig. 1). From Monte-Carlo
simulation they obtained the
mean photon number (photon
multiplicity)
<N >:<NBS>+<NCr >

for each case:

<N (0.8 mm)> = 1.8 ph/e,

<N (0.3 mm)> =5.4ph/e.
The measurements and
simulations were carried out for
the threshold photon energy
W = 20 MeV. The contribution

to the multiplicity from
bremsstrahlung is negligible

(seeeq. (4)):

Fig. 1. Radiation losses spectra for channeled electrons with < S -3 ;
E o= 10 GeVin S crystal with thickness 0.8 mm (a) and 3.0 Nes(0.8) 0.9El0_3 ph/e_
mm (b). Solid lines are the simulation results[11] . < Ng(3.00 >=3.210™ ph/e,

In the paper [12] there was
proposed an approach to estimate the photon multiplicity from the measured
distribution of an energy losses (energy straggling). Disregarding by a
bremsstrahlung losses the photon multiplicity and the mean photon energy may be
estimated in the following manner [12]:

2
< Ncr > = = Q2> (9)
(0}




<> ~ LE |

< NCr >
where < Q >is the mean value of the radiation losses calculated from energy losses
distribution, o is the distribution variance, AE, is the total energy losses for axial

orientation. Fitting the experimental results [11] by a smooth curve one may obtain
for t=3 mm (see Fig. 1).
<Q> =2.3GeV, 0=1.1 GeV and, consequently:
<Ng> =4 ph/e and <w,>=0.2GeV < <uwss>=1GeV.

The multiplicity estimated from this model agrees with Monte-Carlo simulation
reasonably. The model of photon multiplicity developed in [7] gives for the
considered case (E,= 10 GeV,t=3mm, Si <111>) (see Fig. 17.3 there):

<N, >= 24 phle

It means there is alarge contribution of the soft photons (w< 1 MeV ).
Using the same approach let’ s estimate the
photon multiplicity in the experiment [13].
ﬁ a This experiment was performed at the
{H {» electron beam with energy E, = 4.5 GeV
for axial <111> orientation of the natural
iﬁ, diamond target with thickness t=10 mm

dWA2/(deadly 1/cm

(see Fig. 2a). Fig. 2b shows the fit by a
H gaussian (<Q> = 1660 MeV, o = 536
7 MeV, AE, = 1300 MeV), which gives the
.X{a hf following result:
R T o w3000 300 <N, > = 10 ph/e, (10)
<w, > = 130 MeV.

It allows to think that photon multiplicity
may achieve the value <N_ >~ 20 if one

shall use the electron beam with energy
E,= 10 GeV and diamond target with

thickness t= 20 mm.

Data from Dubna’'s experiment [14] show
. that the radiation losses of 10 GeV
J 100 00 = v eectron moving along <111> axis in the
Fig. 2: a) Radiation losses spectra for channeled 10-mm S”'COO (~ 0.11 rad. length) reach
dectronswith Ep= 45GeVin  diamondcrystal  30%. According to [8] losses from a

with thickness 10 mm[13], b) Fit by a gaussian diamond of the same radiation thickness
with <Q> = 1660 MeV, 0 =536 MeV, AE=1300 _ . a _
MeV. (~ 13 mm) increases in = = 1.5 times.

di

dWA2(des dlly 17em




The usage of diamond with thickness t ~20 mm leads to radiation increasing also. As
a result one may expect that each electron will emit about 50% of the initial energy
(AE = 5 GeV).

The well known dependence of multiple scattering angle on an energy and target
thickness makes possible to estimate the mean photon energy for the considered case
using formula (6):

E, <6.(E,.t,)> t
<@ (Bat)> ~ ems((Ei, tj)) —<w, (Ept)> = ﬁ <w, (Ept;)> (11)
For E,=10 GeV, t,=20 mm, E,=4.5GeV, t, =10 mm, <w_(E,t,) > =130 MeV one
may obtain <w,(E,,t,) > = 180MeV and <N_ > ~ 14 ph/e.

This photon flux may be used to produce positrons in a thin amorphous target in a
complete analogy with an undulator radiation beam. Moreover there may be some
addition to positron yield from an

1x10.2 initial electron with remaining part of
energy.

>
% 1x103 [ 4. The positron yield for an initial
% electron with energy E, interacting
© with a rather thin amorphous target
et (t< 1 rad. length) may be calculated
M using a simple analytical model [15].
Ltos ) . In this model an electron passing the

= “e "‘“e M:’\“, layer with thickness t /3 emits
" bremsstrahlung photon which creates
Fig. 3. Comparison of positron spectra fromMonte €€ par at the next layer with
Carlo simulation (histogram) and analytica thickness t /3 and, at last, created
expression ('13). Initial electron energy E;=1 GeV, positron moves through rernaining
converter thickness t= 0.5 rad. length. layer (t/3) changing outgoing angle
due to multiple scattering. The

positron spectrum (neglecting ionization and radiation losses) can be written as

o~ Y In( 8;} -0.19 In( Eozj -0.19
RS 0.07(—J me —_\me , (12)
de € E

+ + 0

0

where ¢, is the positron energy. This formula is valid for the case E, <; mc?

1/3

(A :ﬁ stands screening parameter). For higher energies of the initial electrons

2mc? 2mc?

(E, >T, g, >

) we have



dN,
de

+

Accuracy of the expressions (12), (13)

1

ol

1

MeV (13)

et} ()

may be estimated upon comparison with the

Monte Carlo simulations [15] (see Fig.3).
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Fig. 4. Positron spectra initiated by an
electron with Eg = 10 GeV in a combined
target (20 mm thickness diamond target and
1 rad. length amorphous converter). Upper
curve is the spectrum of positrons produced
by photon flux from photon emitter, lower
curve is the spectrum of positrons produced
by an electron passed through photon
emitter.

As follows from the figure, for the target
thickness t<X, one may observe a

reasonable agreement, which makes the
above approximation applicable to
estimations of positron yield.

The similar model may be developed for
initial photons. For a simplicity let's
consider a “flat” photon spectrum with a
photon  multiplicity N,  (“triangle”
intensity spectrum closed to UR and CBS
ones):

dN N ph U W
o] G (14)
0, w>w,.,

Radiation losses may be calculated easily
from (14):

“ma N o W
AE= [w—"dw= N, —"= =N, <w>,

, dw o2 P

W =2<W>.

The positron spectrum produced by

photons with the energy w in the converter with thickness t may be approximated by

the expression [15]:

|n(‘*’j—1.19 ,
014 L \MC w< =mc’
dN, (w) _ L., 0 ’ A
o, ¢ InE—O.S 2
014— A w>-me
L,

After convolution of this spectrum with photon one (14) it is possible to obtain the
analytical expression for output positron spectrum:

dN

+

de

+

N,
(%)

max

—014 b

0

:

E.w

+~"max

m4c*

w

max

€

+

JEESR I



Flottmann’s calculations [3] for UR with «, = 21 MeV, N, =2ph/e give the result

ddh? =0.020 for €, =10 MeV and t =1 rad. length. Using (15) one obtain the value
dN.
" +=0.021 for the same parameters.

Fig. 4 shows spectra of positrons generated in the 1 rad. length amorphous converter
by a photon flux with N, = 14 created by an initial electron with energy E;= 10 GeV
in a thick diamond target (upper curve) and by the same electron with decreased
energy E, =E,-AE= 5 GeV (lower curve). The total positron yield for an energy

interval 5 MeV <g, < 25 MeV achieves AN, =2 per each initial electron. From this
amount 85% are generated by photons and only 15% by electrons.

5. The proposed scheme of positron source based on using of a combined target
(photon emitter from a thick diamond target (t,= 20 mm) and amorphous converter

with thickness t__ = 1X,) and electron beam with energy E,= 10 GeV looks more

preferable in comparison with a homogeneous crystaline target because of the
converter thickness in the former case is much less than in latter one and problem of
heat loading will be much weaker also.

Such advantages of a diamond as a high thermal conductivity (660 W/m/K against
170 W/m/K for tungsten), high Debye temperature (1860°K against 379°K for

tungsten) and the shortest lattice constant (a=3.56 ,&) allow to consider a thick
diamond crystal as the best candidate for a photon emitter.

The problem of growth of an artificial diamond with thickness ~ 20 mm may be
resolved in the nearest future (S.A. Terent’ ev, private communication).

The measurements of the straggling of an electrons passed through an oriented thick
crystal (radiation losses distribution) become very important to verify the proposed
model. The detailed 6-D simulation of a crystal-based positron source is also needful
to choose the source configuration and to design the new positron source for a linear
collider.

In summary it may be noted the considered scheme may provide an efficiency of
positron source (the number of accepted and accelerated positrons per initial electron)
as high as 1 €'/€ at least. The efficiency of an undulator-based positron source [3,4]
may achieve the same value also but proposed scheme is much cheaper.
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Semiclassical Theory of Crystal-Assisted Pair Production:
Beyond the Uniform Field Approximation

H.Nitta, Y.Nagata, and S.Onuki
Department of Physics, Tokyo Gakugei University
M.Kh.Khokonov
Department of Physics, Kabardino-Balkarian State University

Within the semiclassical theory of QED, a simple expression of pair production
in strong field is obtained that approaches to the constant field approximation
at the strong field limit while it gradually behaves like the Bethe-Heitler type
when the field becomes weaker. By using the impact approximation for the
calculation of trajectory, a simple expression is obtained. Though simple, it
agrees well with the experimental result of crystal-assisted pair production.

1 Introduction

It is widely known that electron-positron pair production is well described by the Bethe-
Heitler formula as far as the process can be regarded as the incident photon collides
with an isolated atom. However, when photons enter a strong electromagnetic field, the
perturbative approach such as the Bethe-Heitlers becomes inappropriate for describing
the pair production process. For such strong field QED effect, Baier and Katokov|[1]
proposed a semiclassical expression for radiation

dN_ ac

- m(Jc+Js), (1)
oo 2
_ V(582 sina T T
J. = /0 [1+ 5 (083.1) ] sinA it (2)
J, = (2 it /00 7—2(5[51)2 sinA dr (3)
’ 2vy' ) Jo 2 T

where w* = (v/7)w, n = hw/E, 63, = B1(ty) — BL(t-), to =to £ 7/2, E' = E — hw,
v(') = E/(moc®)(E'/(moc?)), E being the initial energy of the particle and my its rest
mass. The phase determined by the trajectory of a radiating particle is given by

wT w

A = — —
(7) 272 2¢%T

o2 +5 [ B, (1

where dp = p(t;) — p(t_), p(t) being the transverse coordinate. Though there are some
discussion on the derivation of the Baier-Katokov formula [2, 3], this formula explains
very well the radiation as well as pair production in strong fields.



2 “Th-trajectory” and pair production

The pair production probability is obtained by using the crossing symmetry for Eq.(5)
[3].

Figure 1: Crossing symmetry. The left-hand figure represents the channeling radiation
while the right-hand one represents the pair production.

By changing the variables as

E  (initial energy) — —F, (produced positron)
E' (final energy) — E_ (produced electron)
w  (emitted photon) — —w  (absorbed photon)

and multiplying the ratio of the density of final states,

E2dE,
(fw)?d(hw)’

we obtain the pair production probability for the th-trajectory approximation as well as
the synchrotron approximation, though one may feel that the idea of particle trajectory
is rather “spooky”[3]. We obtain,

dN. 2

() (5 ) (5)
dn, T hw

where dN, /dn, represents the number of produced positrons, n, = F, /hw, E, being
the energy of the produced positrons, « the fine-structure constant, and \y the Compton

wavelength.
The factor J for the CFA is given by

1 1
Jc:— 1-— + K
Al

where £* = 2/[3n, (1 — n)x] and x = hwXoF(tg)/(moc?)? and F(ty) is the force by the
field acting on the positron at time 5. Eq.(6) is obtained by assuming that the trajectory
of produced positrons are circular.

The CFA is applied to evaluate the pair production process when high-energy photons
enters a crystal along the major crystal axis. It is reported that when photons are

€)= K] 0

*

win

2



directed exactly parallel to the crystal axis, CFA agrees very well with the experimental
result [5]. However, naturally, CFA does not explain the angular dependence of the
pair production rate. For the purpose to calculate the angular dependence, the authors
of Ref.[5] calculated the Baier-Katkov formula with some “numerical experiments” [6]
and a good agreement of their numerical approach with the experimental result has
been demonstrated. However, the process of the “numerical experiments” has not been
described in their paper. Therefore, nobody can reproduce the calculations.

Recently, two of the present authors obtained a radiation probability [4] by using a
model trajectory called the “th-trajectory”

B, (1) = by + btanh (%) , (7)

where

b — B+ B b_ﬁu—ﬁn
0 9 ) 9 )
Bi1 =Pt — —o0)
Bl =Pt — +o0).
The th-trajectory approaches to the free motion (i.e. straight paths) at ¢t — oo while

the trajectory is substantially bent at |[t| < T depending on the strength of the field.
Since Eq.(7) is integrated analytically, we obtain an analytic expression for J:

00 1 — -
Ji, = / dz {;ﬂ ( oy T ) tanh? z — 1} sin [g(z — ptanh 2)| + I, (8)
0o < N+ 1 —mny 2

where v = 7.b and € = v(1 + 1) /I, (1 = ;)]

3 Numerical results

A typical v dependence of Eq.(8) is shown in Fig. 2. When v becomes larger, the result
of Jiy, approaches to Ji¢. From Fig. 2 it is clear that the spectra become CFA-like as the
angle decreases while Bethe-Heitler-like as the angle increases.

Based on Eq.(8), we have calculated the crystal-assisted pair production (CAPP)
probability as a function of the photon incident angle in comparison with the experi-
mental data by Belckacem et al.[5]. For simplicity, first we calculate the scattering angle
by the impact approximation where the momentum change during the collision is pro-
portional to the force multiplied by the “interaction time”. The interaction time has
been estimated by ap/v,, where p is the impact parameter of the radiation point (for
CAPP, we should have called it the “pair production point” ) and a is the parameter
(a ~ 1). In Fig. 3 we have shown the results of the impact approximation. Taking
account of the simplicity of the impact approximation, the agreement is satisfactory. Jiy
with the impact approximation will be useful for planning experiments.

In Fig. 4, a more involved calculation has been made by using thermally-averaged
one-string Moliere potential [7] at 7" = 100K. Though in this case we have no free pa-
rameter, the agreement is well. The peaks at higher photon energies look like somewhat

3



0.16

0.14

0121

0.1

PAIR CREATION RATE J
o
o
©

0 I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
POSITRON ENERGY

Figure 2: The v-dependence of pair production probability calculated by using Eq.(8) as
a function of the energy of produced positrons E, /hw. The dotted line represents the
constant field approximation (CFA) of Eq.(6). (x = 1)
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Figure 3: Comparison of the impact approximation results with the experimental data
by Belkacem et al. [5]. The symbols mean the experimental results corresponding the
energy of photons in the range of: o: 150-120GeV, [:120-90GeV, 7:90-60GeV, A:50-
40GeV, <$:40-20GeV. The dotted lines, solid lines, and broken lines correspond to a = 2,
a =22, and a = 4, respectively.
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Figure 4: Comparison with experimental data by the rigorous scattering calculation with
the use of the Moliere one-string potential. No fitting parameter is included.

steeper than the experimental data, which may be due to neglecting of the many-string
effect.
More detailed discussion will be published elsewhere.
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