In conclusion, the authors thank I.G. Mikhailov for collaboration and v.I.
Smushkov for supplying the CsI samples.

[1] G.L. Antokol'skii, L.N. Fershtat, and V.A. Shutilov, ZhETF Pis. Red. 13,
4oy (1971) [JETP Lett. 13, 286 (1971)1. o

[2] A. Abragam, The Principles of Nuclear Magnetism, Oxford, 1961.

[3] A.R. Kessel', Yadernyi akusticheskli rezonans (Nuclear Acoustic Resonance),
Nauka, 1969.

[473 ¥i3é8§hutilov and G.L. Antokol'skii, Yadernyi magnitnyl rezonans 2, 134

[5] M. Menes and D.J. Bolef, J. Chem. Solids 19, 79 (1961).

RADIATION OF A BIELECTRON (BI-HOLE) IN A BiI; CRYSTAL AT LOW TEMPERATURES

R.I. Shekhmamet'ev and N.V. Starostin

Leningrad State University

Submitted 11 July 1972; resubmitted 28 September 1972
ZhETF Pis. Red. 16, No. 9, 528 - 531 (5 November 1972)

We have investigated the radiation spectrum of the inverse hydrogen-like
line series of BiIls crystals in the temperature interval 1.6 - 10°K, using a
large-dispersion (1.9 /mm) diffraction spectrograph. The luminescence was €X-
cited by a DRSh-500 mercury lamp through an optical filter. The luminescence
was recorded photographically.

The emission spectrum of BiIs crystals at low temperatures is complex and
hvas not yet been uniquely interpreted [1, 2]. We have studied in greater de-
tail the bright n = 6 resonant emission line and its first phonon replica with
frequency 112 em™!, which falls in a spectral region free of other emission
lines. The use of a large-dispersion spectral instrument has revealed, in our
opinion, a new interesting fact.

It is seen dlready at 4.29K that the phonon replicas are broader than the
resonant emission lines and have an asymmetrical shape, with a wing on the high-
energy side. When the temperature is raised to 8°K, the widths of the phonon
replica lines and thelr asymmetries increase even more. Preliminary results
show that the phonon replica lines broaden linearly with rising temperature
(see the figure). The resonant emlission line also broaden somewhat, but their
shape remains unchanged. It is seen from the figure that when the crystal is
cooled to T = 1.6°K the phonon line becoOmes narrow and almost symmetrical. This
"symmetrization" of the phonon replica shows that its asymmetric shape is not
due to superposition of other emission lines.

The phonon replicas are observed against a continuous emission background
that starts with the resonant emission 1ines n = 5 and n = 6 and stretches,
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weakening gradually, into the long-wavg side (see Fig. la of [2]). We have ob-
served thls background up to A = 6800 A). This uniform continuous emission
background is practically independent of the temperature. The intensities of
the resonant emission lines n = 3 and n = 4 are very low, and no continuous
emission background was observed in this region.

The inverse hydrogen-like series of lines of the BiIl; crystal was inter-
preted by us earlier [2, 3] as a direet band-band transition between two elec-
tron or two hole bands, accompanied under certain conditions by formation of a
bound state of two electrons (a bielectron) or two holes (bi-hole) in analogy

with the formation of ?n exciton in ordinary transitions between the valence
and conduction bands.!?

A bielectron or a bi-hole, like an exciton, can be free or bound to an im-
purity. The free bielectron has a kinetic energy, which in the case of para-
bolic bands is connected with its wave vector K and with the carrier effective
masses m; and mz by the relation

H2K?
Eyin = ——— -« (1)
2(m; — m,)

Unlike the exciton, the mass sum mi + m2 1is replaced here by the difference

m; - my (under the condition®’ my > m2), since the formation of a bielectron or
a bi-~hole is possible only in a transition between electron or hole bands with
curvatures of opposite sign [2, 3].

The kinetic energy of a free bielectron can become manifest by 1ts radia-
tive decay, just as the kinetic energy of a free exciton is manifest by the ex-
citon luminescence spectrum [5].

The lines of the radiative decay of a blelectron or a bi-hole with emlssion
of one or several phonons should also be characterized by an asymmetrical shape
with a short-wave wing that exhibits a characteristic temperature dependence.
This can be regarded as a manifestation of a "bielectron” band with a quadratic
dispersion law (1). If thermal equilibrium with the lattice can be established
during the bielectron lifetime, then the shape of the wing can be close to Max-
wellian [5, 61].

The phenomena observed by us for the phonon replica wz = 112 em™! of the
n = 6 line of the emission series, namely the strongly pronounced short-wave
asymmetry and its characteristic temperature dependence, agree with the notion
of a bielectron (bi-hole) possessing a kinetic energy.

We note, however, that a difficulty arises in the model of the free be-
electron (bi-hole) in connec%ion with the interpretation of the observed narrow
resonant-fluorescence lines®’. 1Indeed, in the decay of a bielectron (bi-hole),
the final state has a continuous energy spectrum corresponding to the presence
of free electrons (holes). This can lead to the appearance not of narrow reso-
nant-fluorescence lines but to broad emission bands corresponding to carriers
moving apart with different values of kinetlc energy. These bands can apparent-
1y be "made narrower" only by assuming that the region of the quadratic disper-
sion in the initial band (1) is essentially limited to a small region of K
localized near the point K = 0.

1)The bound state of an electron in a repulsion potential was considered
also in [47.

2)Thé fact that the net carrier mass m: - mz turns out to be positive in
this case 1s important from the point of view of the stability of the blelectron.

3)Tnis difficulty was pointed out to us by E.I. Rashba.
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It should be noted at the same time that the continuous emission spectrum
background observed by us, which stretches into the long-wave region away from
resonant emission lines (n = 5 and n = 6), is possibly a manifestation of this
mechanism, This question, however, calls for a more detalled experimental and
theoretical investigation.

The authors thank E.I. Rashba, V.I. Perel', and S.A. Permogorov for very
fruitful discussions, and also N.A. Krylov for help with the measurements.
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In our earlier study of the production of three pions (2ﬂ‘ﬂ+) by 7 mesons
with momentum ~v3.9 GeV/c on light nuclei (C, F, Cl) [1], the interactions with
the quasi-free nucleons of the nuclei were selected by fitting,K to the nucleon
reaction. This revealed intense p°—meson generation in the (ﬂ+ﬂ‘) system. If
no limitations are imposed on the 4-momentum transfer, then the relative ampli-
tude of the p-meson signal is equal to the
amplitude observed in reactions with free
nucleons at the same primary energy.

The selection of events with effective
masses of the (nwtm—) combination in the p-
meson band and with 4-momenta A% < 0.5
(GeV/c)? transferred to the (mtn~) pair
causes the cases of peripheral production of
aligned p® mesons to be added to the select-
ed events, as seen from Fig. 1. The asym-
metry of the neutral p decay, which is uni-
versally known [2], is also clearly manifest
in this case. The predominant forward emis-
sion of a plon having the same sign as the
primary one is customarily attributed to
interference between the fundamental P-wave

(p meson) and the background S-wave. The Fig. 1. Distribution with re-
presence of an S-wave (mn 7 ) resonance with spect to the m -meson emission
a mass close to the p-meson mass (e°) is angle in the (n¥r~) c.m.s.; A?
assumed. : < 0.5 (Gev/c)?; 0.64 GeV <
M g < 0.88 GeV. The events

Certain considerations can be advanced . <
with respect to the mechanism that causes the 3u§?§d3e5h§r§e§igﬁnl;ggdedﬁN“
asymmetry. It is based on the following
facts.
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