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Abstract

New brilliant coherent effects arise for e *e ™ pair creation by high energy photons in a crystal, when e* and e~ form the
neutral bound state (positronium atom moving with relativistic velocity), and for e “e™ pair creation by relativistic heavy
particles passing through the crystal, when e~ (¢*) is captured into the K-shell of the projectile particles.

1. Introduction

New coherent effects occur for the e*e™ pair creation
in a crystal by high energy photon or heavy relativistic
particles (nuclei). In the first case, this effect arises when
e* and e~ form the neutral bound state (positronium atom
moving with relativistic velocity — relativistic positronium),
and in the second case this effect occurs when created e~
(e*) is captured into the K-shell of heavy relativistic
positive {negative) charged particles.

For the first case, we discuss briefly the results of
calculations of type-B coherent photoproduction of rela-
tivistic positronium, first considered in [1,2] and show that
the cross-section exhibits strong coherent peaks at definite
photon energies, with relation of the peak height to back-
ground of order of 102,

For the second case (pair creation by charged particles),
we present the results of calculations of e*e™ production
by relativistic heavy ions (RHI) channeled in a crystal, first
suggested in [3]. The channeling allows to avoid the
central nucleus—nucleus collisions and study electromag-
netic processes at high energies. In the frame of the virtual
photon (VP) method, we analyze the coherent effects using
calculated cross-section of pair photoproduction in the
Coulomb field, and the calculated VP spectrum affecting
the RHI during penetration through the crystal. Due to the
specific shape of pair photoproduction cross-section with
e~ capture into K-shell, and sharply peaked VP spectrum
in a crystal, there appears very specific behaviour both of
the total and differential over emitted positron energy and
angle cross-sections.

2. Coherent photoproduction of relativistic positronium

2.1. Photoproduction of relativistic positronium in an
amorphous target

Production of a relativistic positronium (A,,)
(positronium atom traveling with relativistic speed) by the
photon in the Coulomb field was considered first in Refs.
[4,5] and it was shown that the photon can create in the
Coulomb field of an atom only the para-positronium
(singlet state). According to Refs. {4,5], the cross-section
of relativistic positronium photoproduction is connected
with the cross-section of e*e~ photoproduction with par-
allel momenta of electron and positron, and can be written
in the form:

doy(A,.)
a0

2,203

=35 > {sin’ 1‘)}/{[I+Bz—2B cos ¥
vim

+(1/2yRom)*] (1 = B cos 3)2}

if the screened Coulomb potential of the target V(r)=
(Ze/r) exp(—r/R) is used, where R is the atomic screen-
ing radius and Z is the charge of the target nucleus. Here,
Ya, = @/(2m — £o) = w/2m is the Lorentz factor or rel-
ativistic factor and B is the velocity of created A, a is
the fine structure constant, and &, is the binding energy of
positronium.
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2.2. Coherent photoproduction of relativistic positronium
in a crystal

Let a photon enter a crystal parallel to the crystallo-
graphic axis {(along OZ direction). We shall consider the
interaction with a single axis (a string consisting of N
atoms), i.e. the coherent process of type B. Describing the
incident photons and motion of created positronium atom
as a whole by the plane waves and consider the potential
of the atomic string as the perturbation, similar to Section
2.1 the cross section of A ,_ photoproduction in a crystal is
obtained by summing of individual amplitudes of produc-
tion on N atoms [6], calculation of the square of the
module amplitude and summing over all phonon states of
the crystal. As a result, we obtain the coherent d o, (A,,)
and incoherent contributions to the cross section in a
crystal (A=c=1):

docoh(AZC)
dn
il : do(A,,
=exp( —¢°%) ; exp( iq nd) IS(q")Iz——(f—Q——)
(M
daincoh AZe d0'1 A [
——-d—!()—)=N[l-exp(—q2E2)]——§b2—)—, )

where g% = (1 + 82— 28 cos 9) is the transfered mo-
mentum squared and g, = w(l — B cos 4) is the parallel
to the axis component of momentum transfered, 4 is A,
emission angle, % is the root-mean-square deviation of
atoms from the equilibrium positions, d is the lattice
constant, and S( q,) is the structure factor. The appearance
of interferential multiplier

N
Ly=1% exp( iq”nd)l2
n=1

in Eq. (2) leads to the quantization of the longitudinal
momentum transfer g, and it follows that the cross-section
has the sharp peaks at the photon energies defined by [12]:

w, = (4m*+¢7)/2g,, 3)
Fig. 1 shows sharp and large peaks for the ratio

0'coh(A Ze) + doincoh(AZc)
N dUl(AZc)

n=1,23...,

)

of the differential cross-section of coherent photoproduc-
tion of A,, on a separate crystal string consisting of ¥
atoms, to the differential cross-section on N atoms in an
amorphous target, with taking into account the energy
spread of the initial photon beam, Aw/w= 1072 The
emission angle of positronium is taken Gy, =4 /27, Ro.
ie. ﬂ,\b equals the angle for which the cross-section
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Fig. 1. The relation of the differential cross-sections of photopro-
duction of positronium atom (bound e*e” pair) on the crystal
axis consisting of N atoms (Si{100), N =103, T =273 K) to the
same cross-section on N atoms in an amorphous target. The
energy spread of incident photon beam Aw/w=10"2 is taken
into account.

F.on(A ) is maximal for given photon energy. Further,
the calculations show that the quantity

I

doy(A,) +doieon(Ay. )] sin & d8 do

R( aze) -
sz"jd“* doy(A,,) sin 9 49 do
0 0

4

which characterizes the increase of the yield in comparison
with an amorphous target, as a function of the angular size
4,, of the detector, drops from R(A, )=34at 4, =
1054 10 R(4, )=17at 4, =1X 102 and approaches
R(4, )=13. 7 at 4, > 7 (for the first coherent peak
n= 1) For the photon energy w =229 MeV, near the first
coherent peak, the total cross-section of coherent positron-
ium photoproduction equals o, = o (A,) +

TinconlB 2¢) = 8.7 mb (Si{100), N = 10>, T =273 K). The
value of N =103 is chosen here taking into account the
A, break-up during its passage through the target, as was
discussed in Refs. [1,2,4].

3. Coherent pair production with K-shell capture by
relativistic heavy ions in a crystal

3.1. Pair photoproduction with e~
Coulomb field

K-shell capture in the

Now let us consider the pair production with e~ cap-
ture on K-shell under passage of fully stripped RHI through
aligned crystal. We shall use below in Section 3.2 the
virtual photon method and therefore here we start our
calculation with evaluation of a simple formula for the
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cross-section of pair production by photon in the Coulomb
field, with e capture into the K-shell. In the first Born
approximation (the wave function of the positron is the
plane wave and the wave function of electron is the wave
function of a bound state) one has (A=c=1)

1
do,=2m|eVdr =M | 8(e, +e_—w)dv, (5)
Vo
where & _=m ~ g, and £, are the energies of e and e,
g, =m(Z,,e*)*/2 is the energy of a bound state on
K-shell, Z,, is the target nucleus charge and

M= [T(e,y*)e™ ¥, d'x ©)

is the matrix element, k¥ and w are the energy and
momentum of the photon, dv=d3p,/(2m)* is a phase
volume. Here, ¥;=(u/y/2&_)® is the wave function of
bound state, with @ = Ce™ " being the nonrelativistic
wave function of the bound state, « is the free electron
Dirac spinor and 7= 1/ay=mZ,e?, ag=2Z,e°/2¢&,,
C= 1/\[7?%; ¥, =(u,/2&_ Je """ ise" plane wave
function with momentum p,, and u, is the free positron
Dirac spinor. After substitution of these functions into (6)
and standard calculations we arrive at

Z2 et e e +m? 87 nC
do, = 5 >
o ee | (ni+ (k-p,)Y)
x6(e,+e_—w)dp,. )

The integration of Eq. (7) over positron momentum
d’p, gives the total cross-section of the process:
2
27 , s [8+e,+m ]
o(w)=—¢c"ay " ————
3 wE,

S (a-b)
X (a +(b)2 ()3 ?) . ®)
a? - b?

a+b=7]2+(w+p)z, a—b=n2—(w+p)2.

Fig. 2 presents the results of numerical calculation
according to Eq. (8) of the total cross-section of e*e ™ pair
photoproduction, with electron K-shell capture, on Pb®?”,
upon the photon energy w. From Fig. 2 follows that the
cross-section has a broad maximum, the width of which is
about 10 MeV.

In the high energy limit, @« > m, &,=w and for
Ze? < 1 we obtain for the total cross section of pair
photoproduction with electron K-shell capture more simple
expression:

- 3 2.-5,-6 !
Tp(@) = S e A m
which differs only by numerical constant from more exact
results of papers [7-10] obtained in more sophisticated
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Fig. 2. The total photoproduction cross-section of e "¢~ pair with
e~ K-shell-capture on Pb®2 " is given as a function of the photon
energy.

way with the use of the exact Dirac wave functions of
outgoing e and bound e~ in the Coulomb field. In fact,
our simple model satisfactorily describes the shape of the
cross-section, although overestimates the absolute value of
the cross section, in comparison with, e.g. Ref. [10], Fig. 1.

3.2. Cokerent pair photoproduction with e~ K-shell cap-
ture under RHI passage through aligned crystal

The cross-section of e*e” production with electron
K-shell capture by RHI, travelling parallel to the crystal
axis, can be obtained by virtual photon (VP) method:

do do
. [d3p+ n(w) do, 9)

where n{w) is the VP spectrum in the rest frame (RF) of
the RHI, integrated over impact parameters and averaged
over thermal vibrations of atoms in a crystal string. After
substitution of Eq. (7) into (9) and integration over @ one
has:

c:o =dgph(i++€A) Xn(ey+e ). (10)
d'p, d’p,

To derive the VP spectrum for the case when RHI

moves along the crystal string, we followed Ter-Mikaelian
[6] and obtained

% I N » )
— - =1 Y. exp(ik,r,)|°.
= k(ki+ k% +R7) a=n

(1)

Here, the screened Coulomb potential V(r) ={(Ze/r) %
exp( —r/R) of the crystal atom has been used, and r, are
the positions of atoms in the string. The last equation

n(k,) =
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should be averaged over thermal vibrations of atoms in a
crystal string. Since the dependence on the crystal vari-
ables consists only of the term |EV_ exp(ik,r,)|?, the

standard procedure of averaging [6] results in:

—_——
| X exp(ik,r, )1

n=1
= N(1 - exp[ - k*%*])
ISI2, (12)

N

n=1

+exp[ — k2%?]

where k,r,,=nwd/y, r,,=nd are equilibrium posi-
tions of atoms of the crystal axis, y is the relativistic factor
of RHI, w is an energy of the VP, d is the lattice constant,
S is the structure factor of a crystal axis and N is the
number of atoms in a string. Therefore, the integration of
Eq. (11) over dk, results in

Z%e?
n(w) do= — {N[L—BE]

+BE|

N nod
Z exp[i——-]
n=1 Y

The functions B(w), E(w) and L(w) are defined as:
B(x)=m{—~(1+x)e*Ei(-x) -1},

? dw
Islz}—w—. (13)

mz
x= 7+R"2 w2, (14)

where — Ei( —x) is the integral exponential function.

2

w*u?
E(w)=exp[— e ]

2

am
], a~1, (15)

L(w)y=m7 ln[ /7 TR 2
and %? is the root mean-square deviation of atoms from
the equilibrium positions.

The sum of exponents in Eq. (13) is again the interfer-
ence multiplier as in Section 2.2, which takes into account
the coherent effect, connected with periodic arrangement
of the atoms in a string. It can be rewritten in a form:

il

v N
I Y explikry, 1% =1 Y exp(iwdn/y)|?

n=1 n=1

sin?( Ne d/2v)

" Tsin?(w d/2y) (16)

from which immediately follows, that the interference
multiplier has very sharp peaks equal to N2 at

wd/2y=mk, k=1273.... 17)
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Fig. 3. The VP spectra n{w) as it seen in the rest frame of the 170
GeV/u RHIL: in {100) diamond crystal and in the case of
N =102 individual C atoms (**amorphous target’’). The VP spec-
tra are plotted as a function of VP energy. The solid curve is for
the crystal target and the dashed curve is for ““amorphous target’.
The width of every coherent peak is of order of w; /N, where

w,=2wyB/d.

This is the reason, which leads to specific (peaked) shape
of VP spectrum, see Fig. 3, which differs very much from
ordinary VP spectrum in an amorphous target.

Using the invariance of the total cross-section in the
rest frame (RF) (og) and in the laboratory frame (LF)
(oLp), 0.5 = Ok and the relativistic invariant d°p , /E =
d; p./E,, one can transform the differential cross section
from RF to LF. After the transformation of the Eq. (10) to
the LS and some algebra, we find

dop
T = 32e2a(§5
deydf,
e, e_+m?
X

4
w'£+f;_[nz+(w')2+pi+2w"p+“]

Ly? L
(LY (18)

£y
here w* =&, +&_; % and p% are positron energy and
momentum in LF, £,, p, and p, are positron energy,
momentum and momentum component parallel to crystal
string in RF which must be expressed through £& and pL
according to the Lorentz transformation rules. The further
calculation has been done numerically.

Fig. 4 shows the differential over positron energy &%
and emission solid angle cross-sections (18) of coherent
e*e™ pair production with e~ K-shell capture, under the
penetration of relativistic Pb%* ion (E =170 GeV /u)
through the {100) diamond crystal. Here, the positron
emission angle is taken 6 = 0.001 rad. Fig. 4a presents the



Yu.P. Kunashenko, Yu.L. Pivovarov / Nucl. Instr. and Meth. in Phys. Res. B 119 (1996) 137142 141

—

i TTTTTTTTTITIT O

—_
m

1o? Pb**" L E = 170 GeV/u o
‘ |
9 = 0.001 red .

|
]
I
A

‘ ‘\ )//’/

Barn/Sterad

|
|
i t [
)/
RV SO U SOV SIS e U
3.0 3.5 4.0 4.5

10‘% :
i

10
2.6

Positron energy, MeV

10 T 17 F -
b P®* | £ = 170 Gev/u

F 8 = Ojosl-rad C
10° L o
3
8 r
3 { o
T .
g I i ( ‘ r
E 19! o \L\\\ ‘. RN l‘r .
m e i \L\\ ‘ .
E \{\\\L }
s | T~ ‘
L U U G EOIE SR

Fig. 4. The differential over positron energy cross section of
nmr nrr\dn(‘hnn with e~ K-shell capture by
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relativistic Pb%* (E— 170 GeV /u) in (100) diamond crystal is
shown as a function of emitted positron energy. The positron

CInlbsl()l'l dllglC lb (7 = UUUAI fdu \d} rreacma ume lUW cucrgy d.llu
(b) the high-energy parts of the cross-section, respectively.

low energy and 4b — the high energy parts of the cross-
section.
As in the case of coherent A,, photoproduction (Sec-

tion 2.2) the sharn maxima arise {due to interferential
tion Z.Z27, (he sharp maxima anse (due to mterierential

multiplier (16)) in the differential over positron energy
cross-section (Fig. 4a—b). The physical reason for appear-
ance of coherent maxima is connected with sharp peaks in
the VP spectrum in a crystal, see Fig. 3. Our calculations

chow that the relation of the coherent neake ta the incoher-
show tnat the reiation of the conerent peaxs (o the mconer

ent background is rather high, of order of 10-102.

It should be mentioned, that our simple consideration is
only to call attention to the possible new effect in e*e™
production by RHI in a crystal. Many factors, like the

energy (Anmrlar\ cnrpar\ of initial RHI beam, hﬁnrhno of

RHI trajectories in a crystal, the finite angular (energy)
resolution of positron detectors can change the width and
height of coherent peaks.

4. Conclusions

New possible coherent effects arising during interaction
of high energy photons and RHI with a crystal have been
considered. The physical reason for an appearance of
brilliant coherent effects is connected here with well de-
fined initial and final states in both processes, and with
appearance of sharp peaks in the interference multiplier.

Indeed, for the case of photoproduction of relativistic
positronium, if the emission angle of relativistic positron-
ium atom is defined, the coherent peaks appear only at
definite photon energy, since the positronium energy is
posrtromum. Therefore, the coherent peaks for the case of
photoproduction of relativistic positronium in a crystal are
much more brilliant in comparison with those for coherent
photoproduction of free electron—positron pairs (even well
collimated) in a crystal, (see, e. g., Ref, [11]) where it was
shown, that under detection of pairs with restricted emis-
sion angles the coherent peaks become more brilliant in
comparison with total (integrated over all emission angles)
cross-section of coherent pair photoproduction.

The coherent nositronium production by relativistic

....... POSiIOnIAn procuclion oy VISUC

electrons was first considered by Sandnes and Olsen [12],
where it was shown, that the interesting coherent effects
appear both for triplet and for singlet positronia electropro-
duction.

For the case of coherent
o 12 Cal ceherent

¥4

air creation hy RHI with

..... WL

el
¢
<
-
<
o

electron K-shell capture, the interferential multiplyer (in
the RF) has sharp peaks when both RHI energy and
positron energy are fixed; therefore in LF the emitted
positron spectrum has sharp maxima. the positions of

which depend on the nositron emission Anolp For compar-

1ICn Gepehic Of posiion sSIon 01 COI

ison, no peculiarities in energy (angular) spectra of emitted
positrons exist for this process in an amorphous target,
since the VP spectrum in this case is continuous and does
not contain the sharp peaks as in the case of a crystal.

The coherent effect for pmr prn(hlr‘nnn with K-shell

capture by other relativistic heavy particles one can calcu-
late in a similar way as we have considered here for the
case of RHI passing through the crystal. The interesting
partial case could be the coherent creation of the antihy-

drogen atom h\l relativistic anhnrnrnn channeled in a crys-

Cgen al Calivisue roion newed

tal, as recently considered in [13].

The structures presented in the calculations could not
be an artificial effect of the present simple models; the
structures are the consequence of the periodicity of ar-

rancement of atoms in the string and will nprcncr even if

rangement of ator g sist
one utilizes the relativistic dynamics (exact Dirac wave
functions). Similar structures are well known for coherent
bremsstrahlung and coherent pair production [6,11], for
coherent excitation of fast hydrogen-like ions [14] in the
crystals.

Both considered processes can be studied experimen-
tally using monochromatic (or tagged) 10°~10° MeV pho-
ton beams and 102~10° GeV /nucleon RHI beams.
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