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Neutron excitation of bulk luminescence
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The possibility of producing luminescence by using high-energy neutrons in a doped semiconduc-
tor is investigated. It is found that the analysis of the luminescence spectrum could allow for a mea-
sure of the spectral function of the excited electron within the bulk of the sample.

Recently it has been shown'! that neutrons of relatively
high energy can excite electrons in solids giving rise to a
process similar to the more familiar photoemission, even
though the neutron-electron interaction is weak? and the
neutrons interact with the bulk of the sample. More in-
teresting appears the analysis of the decaying of the elec-
trons excited within the bulk, considering that their prob-
ability of leaving the sample with little energy loss is
negligible while the most probable process following the
excitation is likely to be an electron-electron or an
electron-phonon scattering. However, if unoccupied
states exist below the excited electron state also a radia-
tive process can take place. This phenomenon excited
through various energy sources is well known as lumines-
cence. In general, the decay of the excited electron takes
place through an impurity state or is assisted by a pho-
non in a nonconducting system.

When the primary excitation is produced by an imp-
inging photon the luminescence process is critically
dependent on the energy of the incoming photon. Indeed
if the photon energy is comparable with the material gap,
the penetration depth of the incoming radiation is very
small and the process is confined to a portion of the sam-
ple close to the surface. On the other hand, when hard
photons are employed, the excitation process, as well as
the consequent decay, are not well controlled since the
exciting energy is too large as compared with the band
gap. Therefore, neutron excitation appears to be rather
interesting because it provides bulk excitation together
with a controlled excited state.

As already shown,! in consequence of the large mass
ratio between neutron and electron, a neutron of ap-
propriate energy, usually fairly large, can excite electrons
within a well-defined and restricted energy range. More-
over, the time-of-flight technique can be employed to
deduce the incoming neutron energy when the radiative
decay takes place in a short time. Finally, the neutron-
induced luminescence process, if effective, could be em-
ployed to detect high-energy neutrons though the
efficiency of a luminescence-based detector is probably
very low. Nevertheless, the possibility of detecting the
neutron-induced luminescence is being experimentally ex-
amined.’

The interaction between an impinging neutron and an
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electron giving rise to a subsequent radiative decay can
be described as a second-order process by using the fol-
lowing perturbing potential:

H=He-n +He-r ’ (D

where H, , represents the electron-neutron interaction?
already studied! and H,_, is the interaction of the system
with the photon field. This process as usual takes place
through an intermediate state, as no first-order transi-
tions can be obtained by means of the interaction Hamil-
tonian of Eq. (1). The transition rate per unit energy is
given by
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where j, and v, are, respectively, current density and ve-
locity of the incoming neutrons and ( is the system
volume. E; and Ej are initial and final total energies of
system, neutron, and radiation. pp(e) is the density of
final states and the sum runs over all the final states con-
taining one photon of a given energy. Kpg, is the transi-

tion matrix element from the initial state |0) to the final
state [F ) which is given by

(O|H|i){i|H|F)
E,—E, ’

Kpp=32, (3)

i

where |i) is an intermediate state with energy E;. We
note that, in view of the structure of H, the matrix ele-
ments of Eq. (3) are nonzero for the two intermediate
states: (i) one neutron in the final state, no photon and
the system in whatever state, (ii) one neutron in the initial
state, one photon and the system in whatever state.
Moreover, we observe that both the states having E; =E,
and E,;#E, will contribute to Eq. (3) and that the case
E;=E, should be treated with some care because of the
divergence of K. Such a case can be treated by splitting
K into two contributions:

Kpo=Ki" +iKsg) @
where
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P indicates that the principal value has to be taken and
T'; is the total inverse lifetime of the intermediate state.
The energy diagonal term K\J in Eq. (4) is generally
larger than the nondiagonal one K%Y, therefore we shall
confine ourselves to this term, usually named the on-
energy-shell contribution. Since the K3 term is particu-
larly large when E; =E,, Eq. (2) can be written as
aw _2r

o = pr(e)8(Ep—Eq)

0 . . 2
><Jo 2|<0|H"><2’|H|2F)|2Ff/4 (6)
UO i [(EO'_E,) +F1/4]

if the matrix elements do not strongly depend on the en-
ergy. Equation (6) contains the implicit factorization of
the excitation and emission processes, an approximation
employed in different cases.* ¢ As it has been observed in
Refs. 4-6, such a factorization is a good approximation
when the lifetime of the excited states is short as com-
pared with the time of the emission, i.e., when the
radiative-decay contribution to the width of the inter-
mediate states is small.

The radiative transition rate per unit energy from state
[i ) to final state |F ) is given by

dn/'_rad
=2 EpSE—E)GIHIEY . )

Moreover, the transition rate per unit energy in exciting
the system from its ground state to the excited state |i )
Lo (1)

is

dWie _ 21 .]

- OQ' S\ 2
Je = 7 Pe\E0)S(E;—E) ve [COlH i} >, (8

where p,(E;) is the total density of states with energy E;.
The radiative contribution I''* to the inverse lifetime of
the state |i) is obtained by integrating Eq. (7) over the
energy, so when using Eq. (8) the transition rate is given
by

¢ 2
d_W__—_ (d)rxjad dLV’ 1 (r, /2) .
de . 1 de TTPE(EO) [(Eo—Ei)2+(Fi/2)2]2
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This equation, which is accurate only when the on-
energy-shell contribution is large, is particularly suitable
when different excitation processes are considered as the
use of the appropriate rate dW//de is simply required.
In Eq. (9) the sum runs over all the states on the energy
shell, i.e., all the states having the same energy of the ini-
tial state. Therefore it can be performed by averaging the
matrix elements of all the states having the energy within
a range of the order of I'; around E, thus getting
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Equation (11) could have been directly obtained within a
rather naive picture if one assumes that excitation and
emission are completely decoupled processes. However,
this approach is meaningful only if the excitation cloud
around the hole present in the intermediate state can re-
lax before the emission takes place.’

A direct insight into the kinematical constraints
present in the neutron-induced luminescence process and
a quantitative estimate of the transition rate can be ob-
tained by resorting to some simple model for the system.
The simplest approximation to the electronic structure of
a doped semiconductor is given by that of a homogeneous
noninteracting electron gas with an energy gap between
occupied and empty states and the acceptor energy level
close to the top of the valence band. In the present model
we neglect the donor states to simplify the formal treat-
ment. The use of incoming neutrons of finite wave vector
k, gives access to an immediate description of the in-
direct transitions without taking into account phonon-
assisted transitions which are treated elsewhere.® Quanti-
tative evaluation of the transition rate given by Eq. (10)
for this simple model system follows directly by integrat-
ing the dW//de term over the possible directions of the
excited electron wave vector y. The calculation of
dW{/de was performed in Ref. 1 for the case of N-
independent fermions under the assumptions of nonpolar-
ized incoming neutrons and of cubic paramagnetic sys-
tem and has been easily extended to the present semicon-
ductor model. In such a case the average appearing in
Eq. (10) can be done analytically, even though the explicit
results are not presented here as they are very involved.

A further check on the validity limits of the present
semiconductor model can be done by calculating the
transition rate of Eq. (10) in the case of photon-induced
luminescence which is a well-investigated phenomenon.
The appropriate dW//de term is thus obtained by using
the interaction Hamiltonian

H,,=— eczA(ri)-pi (11

me
in Eq. (8), A being the vector potential of the electromag-
netic field and p the electron momentum. As it is
known,’ no electronic transition takes place in the case of
an independent electron gas as the energy and momen-
tum conservation cannot hold at the same time. Howev-
er, the introduction of an energy gap in the electronic
structure makes the process possible. Then, after some
algebra, one gets

dw;i _ ajf'ox’
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where jB, #ioP", and kB! are, respectively, current densi-



40 BRIEF REPORTS

ty, energy, and momentum of the incoming photon, «a is
the fine-structure constant, k, is the Fermi momentum
set at the top of the valence band, and 0 is the angle be-
tween k' and y. As in the case of the neutron-induced
process this quantity has to be integrated over the direc-
tions of the wave vector ¥, which still can be done analyt-
ically. In any case, from the last equation it can be seen
that an electronic transition takes place only if the pho-
ton energy is almost equal to the energy gap.

The determination of the luminescence rate implies an
estimate of both radiative and total inverse lifetimes "¢
and T';. To evaluate I''™™ we used the standard formula
for the radiative transition rate,* assuming a hydrogenic
wave function for the impurity states. We get

40967 g L

3 ph (#ic )2(K2+X2)6
where A is the decay constant of the hydrogenic wave
function, E, is the energy of the emitted photon, and N,
is the density of impurity states. The evaluation of I'; is
much more complex because various interactions contrib-
ute to the decay of electron states. To the purpose of the
present estimate we can assume an energy independent
T, of the order of 1072 eV.10

By using the above estimates we evaluated the lumines-
cence rate by assuming the following parameters:
j0=109 neutrons/cm?s, kf=0.5 a.u.=0.945 AL
N;=10?" cm ™3, and A=1 A ~!. The results are reported
in Fig. 1 at the two incoming neutron energies 300 and
500 eV by setting the energy of the acceptor level 0.1 eV
above the highest occupied state. The photon-induced
luminescence rate calculated by using the same estimate
of ' and T'; and #e""=1.001 eV results in, as expect-
ed, a rate of several orders of magnitude greater than the
neutron luminescence rate. It should be noted that the
photon-induced luminescence is confined to a thin layer
close to the sample surface, while our estimates assume
no attenuation of the incoming photon beam. However,
even if we take into account the lower depth relevant in
photon excitation the neutron excitation is always much
weaker.

)3

rpd= N2AS,  (12)
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FIG. 1. Luminescence rate at 300 eV (dashed line) and 500
eV (solid line) incoming neutron energy.
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We note that the radiative lifetime we obtain ranges
from 10 to 100 ns, thus being negligible as compared with
the neutron time of flight, which is 2.5 us per meter of
flight path when the energy is as high as 1000 eV. As a
consequence the measurement of the photon spectrum
versus time allows the determination of the energy of the
incoming neutron. Since the photon energy defines also
the excited electron energy, the acceptor level being
known, the final neutron energy can be deduced. There-
fore the neutron-induced luminescence is a measure of
the spectral function of the excited electron integrated
over the electron wave vector at constant energy. Then,
analyzing the luminescence spectrum, it is possible to
infer some information about the excited electron state
within the bulk. Looking at Fig. 1 we see the real limita-
tion of the neutron-induced luminescence, that is a quite
low photon emission rate. Nevertheless, the information
contained in the emission rate is rather appealing and we
believe that an experimental study would be worthwhile.

Although the previous discussion opens up the possi-
bility of real experiments, the analysis of background
sources is worthwhile. Indeed the presence of stray y ra-
diation can seriously affect the possibility of the experi-
ment even though a proper shielding as well as the
analysis of the time-of-flight spectra could reduce the
effect of external ¥y background within a negligible level.
In addition, the presence inside the sample of isotopes
having an appreciable cross section for n-y reactions can
preclude completely the experiment.

Apart from the above effect, another intrinsic spurious
source is present. In fact, the strong neutron-nucleus in-
teraction at neutron energies as high as 500 eV can pro-
duce excitation of the lattice. The effect of such an in-
teraction is the creation of a photon cloud or the dis-
placement of a nucleus, as in the present energy range the
neutron can release to the lattice up to about 30 eV, 20
eV being the average released energy. Such a value has
been deduced by assuming a nuclear mass 70 times that
of the neutron in the hypothesis of free-particle collision.
In a semiconductor the phonon cloud will relax mainly
through the interaction with the lattice, while the direct
photon-electron interaction is essentially negligible. On
the other hand, if a nucleus is displaced as a consequence
of the collision it can be considered as a charge of non-
negligible energy moving through the lattice and bringing
a strong electromagnetic interaction so that particle-hole
pairs can be created. Nevertheless, the same kinematical
constraints which make the total electromagnetic neu-
tron cross section very small, also make the cross section
of a slowly moving heavy charge very small. We first ob-
serve that the total electromagnetic neutron cross sec-
tion,? neglecting kinematical limitations, is of the same
order of the nuclear one, i.e., 4m(yr§ )2, r§ being the elec-
tron classical radius. Therefore the ratio of the rates of
electromagnetic and nuclear processes is proportional to
the solid angle within which the neutron-electron interac-
tion is allowed, whereas almost no limitation is present
for the neutron-nucleus interaction. This solid angle
turns out to be of the order of m /M, M being the neutron
mass. On the other hand the interaction between an elec-
tron and a charged particle whose mass is M, is confined
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to a solid angle of the order of m/M,, so that the
nucleus-mediated luminescence processes are expected to
be M /M, times smaller than the direct ones.

As a consequence of the above discussion, we can as-
sume that almost all the energy released by the neutrons
through the nuclear interaction produces a lattice excita-
tion which relaxes by interacting with the lattice itself.
Such a mechanism will rise the local temperature thus in-
creasing the number of thermally excited electrons.
However, a reasonable estimate by using a phonon free
path of 20 A gives a local increase of 10~* K over a frac-
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tion 1073 of the total volume. Thus, very little increase
of the photon emission in the eV range is expected to take
place through the phonon excitation.

Finally we observe that, in view of the very low-
emission rate, there is very little chance of using the
present process to detect high-energy neutrons.

The authors wish to thank M. P. Fontana who had the
idea of using high-energy neutrons to excite lumines-
cence.
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