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The spectral distribution of electron-positron pair created by photon and the spectral
distribution of photons radiated from electron in an oriented single crystal at intermediate
energy (a few GeV for heavy elements) are calculated. The used method permits inseparable
consideration both of the coherent and incoherent mechanisms of two relevant processes. The
interplay of the coherent and the incoherent contributions is essential for formation of the spectra.
Just in this situation the effects of multiple scattering of charged particles appear (the Landau-
Pomeranchuk-Migdal (LPM) effect). The method includes the action of field of axis (or plane) as
well as the multiple scattering of radiating electron or particles of the created pair. The influence
of scattering on the coherent mechanism and the influence of field on the incoherent mechanism
are analyzed.

The multiple scattering distorts the spectrum of radiating electron or particles of the created
pair. In tungsten, axis j111; for the pair creation process at temperature T= 100 K the distortion
of electron (positron) spectrum (the LPM effect) attains 8 % at photon energy 5 GeV and for
the radiation process at T= 293 K the LPM effect reaches 7 % at electron energy 10 GeV. In
amorphous medium only the distortion of the radiation spectrum was observed.



Introduction

When the formation length of pair creation by a photon
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becomes comparable to the distance over which the multiple scattering becomes important, the
probability of the process will be suppressed. This is is the Landau- Pomeranchuk -Migdal (LPM)
effect. The characteristic energy w,. when the LPM effect affects the whole spectrum is
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where Z is the charge of nucleus, n, is the mean atom density, (&) is the Coulomb correction.



The energy w. is very high even for heavy elements: w. = 10.9 TeV for tungsten and
w, = 17.5 TeV for lead.

For radiation process the formation length
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Figure 1: The energy losses j—f) in iridium target with thickness [ = 0.128 mm in

units of inverse radiation length is for the initial electrons energy ¢ = 287 GeV
CERN (2003). The Coulomb corrections are included. Curve 1 is the
Bethe-Maximon intensity spectrum, curve 2 is the contribution of the mairg
(Migdal) term, curve T is the final theory prediction with regard for multiphoton
emission



Spectrum of particles created by photon in a crystal

For axial orientation of a crystal the ratio of the atom density n(g) in the vicinity of the axis
to the mean atom density n, is
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where o is the distance from the axis, u; is the amplitude of the thermal vibrations, d is the
mead distance between atoms forming the axis. The strength of the electric field in the vicinity

of the axis is )
2V \% Ze
FN_OQ: FmamN_Oa Vo @ —. (5)
0% + 2u? Uq d

The formation length of pair creation in the field is l,,, ~ m/F},q,. The ratio of I+ and [, is
Ly Vo w w




It is useful to compare the characteristic energy wqy with energy w,, for which the probability of
pair creation in the field becomes comparable with the Bethe-Maximon probability.

Here we consider the case when angle of incidence ¥y < V;j/m. This is the condition that
the distance o ~ w1 as well as the atom density and the transverse field of axis can be considered

as constant over the formation length
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The general expression for the spectral distribution of particles of pair created by a photon
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g is the energy of one of the created particles.



The situation is considered when the photon angle of incidence ¥ (the angle between photon
momentum k and the axis (or plane)) is small 99 < Vi /m. The axis potential is taken in the
form
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Here o is the distance from axis, u; is the amplitude of thermal vibration, d is the mean distance
between atoms forming the axis, as is the effective screening radius of the potential. The
parameters in Eq.(10) were determined by means of fitting procedure, see Table.



Parameters of the pair photoproduction and radiation processes in the tungsten crystal, axis

Table

< 111 > and the germanium crystal, axis < 110 > for two temperatures T
(60 — w0/47 Em — Wm, Es = ws)

Crystal | T(K) | Vo(eV) | g M n wo(GeV) | en(GeV) | e5(GeV) h
W 293 417 39.7 | 0.108 0.115 29.7 14.35 34.8 0.348
W 100 355 35.7 | 0.0401 | 0.0313 12.25 8.10 43.1 0.612
Ge 293 110 155 | 0.125 0.119 592 38.4 210 0.235
Ge 100 114.5 19.8 | 0.064 | 0.0633 236 50.5 179 0.459
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The local value of parameter x(x) which determines the probability of pair creation in the
field is
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For an axial orientation of crystal the ratio of the atom density n (o) in the vicinity of an axis to
the mean atom density n, is
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The functions and values in Egs. above are
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where L is defined in Eq.(2), the function g,(x) determines the effective logarithm using
the interpolation procedure, D, = D,. — 10/21 = 1.8246, D, = 2.3008 is the constant
entering in the radiation spectrum at x /u > 1 (or in electron spectrum in pair creation process
at k1 > 1), Ei(z) is the integral exponential function.

The expression for dW (w, y) includes both the coherent and incoherent contributions as
well as the influence of the multiple scattering (the LPM effect) on the pair creation process. The
probability of the coherent pair creation is the first term (1/8 = 0) of the decomposition of Eq.(8)
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where K, (\) is MacDonald's function. The probability of the incoherent pair creation is the
second term (oc 1) of the mentioned decomposition
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flz,y) = f1(2) + s2fa(2),  fi(z) = 2" T(2) — 32T/ (2) — 27,
fo(z) = (24 + 32)Y(z) — 5z2T’(z) — z3, z=z(x,y) = 51_2/3. (17)
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Here v |
t
T(z) = sin  zt + 3 dt (18)
is the Hardy function.

The next terms of decomposition of the pair creation probability dW = dW (w, y) over 1/3

describe the influence of multiple scattering on the pair creation process, the LPM effect. The
third term (o VS‘) of the mentioned decomposition has the form
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where \ is defined above.
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Figure 2: The spectral distribution of created by a photon pair (in units cm™1) vs
the electron energy y = €/w in tungsten, axis < 111 >, temperature T=100 K.
(a) The curves 1, 2, 3, 4 are the theory prediction dW (w, y) /dy for photon energi€s
w =5, 7, 10, 15 GeV respectively, The doted curves are the corresponding
coherent contributions, the dashed curves present the incoherent contributions.



For w = 7 GeV the interplay of the coherent and incoherent contributions is leading to
the nearly flat final spectrum (the variation is less than 10 %, this is quite unusual). It should
be noted that for w = 7 GeV the right end (y = 0.5) is slightly lower than the left end of
spectrum (y — 0): dW/dy(y — 0) = 2.303 cm™ ' and dW (y = 0.5) = 2.215 cm ™,
while the sum of the incoherent and coherent contributions is slightly higher: dW™¢/dy(y =
0.5) + dW" /dy(y = 0.5) = 2.365 cm™*. The arising difference is the consequence of the
LPM effect. This property may be very useful in experimental study.

We define the contribution of the LPM effect into the spectral distribution of created pair as

dW(wa y) T dWCOh(wa y) o dWinc(wa y)

dW (w, y) (20)

Ap(wa y) —
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Figure 3: The relative contribution of the LPM effect in the spectral distribution
of created electron (see Eq.(19)) A,(w,y) (per cent). The curves 1, 2, 3, 4 are
correspondingly for photon energies w =5, 7, 10, 15 GeV, AT***=8.35 %. H
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Figure 4: The spectral distribution of created by a photon pair (in units cm™1!)
vs the electron energy y = £/w in germanium, axis < 110 >, temperature
T=293 K. The curves 1, 2, 3, are the theory prediction dW (w,y)/dy for photomn
energies w = 55, 75, 95 GeV respectively, The doted curves are the corresponding
coherent contributions, the dashed curves present the incoherent contributions.
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Figure 5: The relative contribution of the LPM effect in the spectral distribution
of created electron A,(w,y) (per cent). The curves 1, 2, 3 are correspondingly
for photon energies w = 55, 75, 95 GeV. L



Radiation

The expression for the spectral probability of radiation used in the above derivation can be
found from the spectral distribution (dW/dy = wdW /de) using the standard QED substitution
rules: € —» —e, w — —w, e°de — w?dw and exchange w.(x) — 4e.(x). As a result one
has for the spectral intensity dI = wdW
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where

ro =14+ (1—1v.)°, r3=21-=uy),

: (22)

where the functions f2(t) and f35(t) are defined above. The local value of parameter x () which
determines the radiation probability in the field is

(23)
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The functions and values are
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where the function g, (x) determines the effective logarithm using the interpolation procedure: L =
Logr ().

The expression for dI includes both the coherent and incoherent contributions as well as
the influence of the multiple scattering (the LPM effect) on the photon emission process. The

22



intensity of the coherent radiation is the first term (15 = 0) of the decomposition over v,
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The intensity of the incoherent radiation is the second term (o Vg) of the mentioned

decomposition
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where
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The next terms of decomposition of for the spectral intensity of radiation I (e, vy,.) over ug,r
describe the influence of multiple scattering on the photon emission process, the LPM effect. The
third term (o Vgr) of the mentioned decomposition has the form
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Figure 6: The radiation spectral intensity (in units cm™!) vs the photon energy
y = w/e in tungsten, axis < 111 >, temperature T=293 K. The intensity
distribution dI(e,y,)/dw The curves 1, 2, 3, 4 are the theory prediction for
electron energies ¢ = 1, 3, 5, 10 GeV respectively.
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Figure 7: The relative contribution of the LPM effect in the spectral distribution
of emitted photons A, (per cent). The curves 1, 2, 3, 4 are correspondingly for
the electron energies e = 1, 3, 5, 10 GeV. 26
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Figure 8: The radiation spectral intensity vs the photon energy y = w/e in
germanium, axis < 110 >, temperature T=293 K. The intensity distribution
dI(e,y,)/dw (in units cm™!) The curves are the theory prediction for the electrop
energy € =126, 153, 180, 500 GeV.



Conclusion

At high energy w > w,, (¢ > €,,) the influence of the multiple scattering on the process
under consideration (the LPM effect) manifests itself for relatively low energy of one of the final
charged particles (e ~ €, K w (g)). In this region of spectrum s3(r3) >~ 0, sa(r2) >~ 1 one
can present in the form

Z—V; = s2(y) Ra(wy(1 — y)) — s3(y) Rs(wy(l — y)) ~ Ra(e) = Ra(ey),
j_i =ra(y) R — +7a(y)Rs — = Ra(e —w) = Ra(e)), (30)

So we have the scaling (dependence on the fixed combination of kinematic variables) not only for
different energies of the initial particles in a given process, but also in the both crossing processes
under consideration since this is the same combination wy(1 — y) = ¢/u = (e — w)/w. For
this reason at high energy of the initial particles the maximum value of the LPM effect for both
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processes is defined by the maximum of the function A, = A(z,), where

Rcoh Py Rinc Py Em
A(z) = 2 (2) + 2()—1, Zm O —2. (31)
RQ(Z) §)
In the low energy region w(e) < w,, = &, this scaling remains only approximate one.

Nevertheless the value of maximum and its position vary weakly. Just this energy region is
suitable for the experimental study because the rather wide of spectrum Ay ~ 1 contributes. It
should be emphasized that the LPM effect is large enough for heavy elements only (it is around 8
% in the maximum for tungsten at T=100 K).
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