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The cross section for the scattering of neutrons by photons increases sharply in crystals. Since a photon
moving in a crystal (polariton), being a superposition of transverse photons and Coulomb excitations

(optical phonons, excitons, etc), also sets into motion an accompanying subsystem of nuclei, the cross
section for the scattering of neutrons by photons turns out to be proportional to the cross section for the
scattering of neutrons by nuclei and to the force function of the phonons at the polariton frequency.
Numerical estimates of the cross section of incoherent absorption of a photon by a neutron, carried out for
the LiH crystal in the presence of intense electromagnetic radiation produced by a pulsed laser, point to
the feasibility, in principle, of acting on neutron beams by laser radiation. An analogous dragging

(superposition) effect takes place also for excitons. This circumstance is used to calculate the cross section
of elastic neutron scattering by excitons; this cross section is proportional to the cross section for the
scattering of neutrons by nuclei. The influence of laser radiation on neutron-induced nuclear reactions

(radiative capture and threshold reactions) is also discussed.

PACS numbers: 61.12.Fy, 42.60.Nj

1. INTRODUCTION

It is known that in a vacuum the interaction of neu-
trons with photons is negligibly small. The situation is
radically changed, however, on going to photons in
strongly polarizable media, particularly in crystals.
Since the photons in a crystal (polaritons) are mixtures
(superpositions) of transverse photons and Coulomb ex-
citations (optical phonons, excitons, etc.) the strong in-
teraction of the neutrons with the nuclei causes the
intensity of the neutron scattering by the photons to in-
crease strongly. The most interesting here are the
processes of inelastic neutron scattering, which are
accompanied by changes in their energy by an amount
equal to the photon energy.

As is clear even from purely qualitative considera-
tions, the effectiveness of the scattering of neutrons by
photons of frequency w in a crystal should be propor-
tional to the so-called phonon strength function S(w),
which is used in polariton theory and determines the
fraction of the mechanical energy in a polariton, and is
equal to the ratio of the squares of the amplitudes of the
atom in the polariton and in the optical phonon. For ex-
ample, for an isotropic medium with a dielectric con-
stant
(8—ex) Q2
(eo and €, are the low- and high-frequency values of
e(w) and @ is the frequency of the optical phonon),

S(w) is given by
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where w3 =9%eo - €w).

The concept of the strength function S(w) and rela-
tion (1) can, of course, be used also to describe the
structure of the polariton in the region of exciton transi-
tions (exciton strength function, in which case Q is the
frequency of the exciton transition) and turn out to be
useful, since S(w) arises in natural fashion in the
theoretical description of the processes of inelastic
polariton scattering by phonons in both the electronic
and in the vibrational region of the spectrum. In par-
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ticular, S(w) determines the intensity of the Raman
scattering of polaritons by phonons in the region of the
long-wave edge of the exciton absorption band.(*] It en-
ters also in the theory of Raman scattering of light by
polaritons, and determines the intensity(®! as well as
the width of the Raman scattering linel*°].

In contrast to the aforementioned situation, we are
interested here in the polariton spectrum region where
its frequency is much larger than the frequency of the
optical oscillation (w > Q). As seen from (1), in this
region of the spectrum we have S(w)~ Quws/€nw’, SO
that at /w ~ 0.1 the function S(w) turns out to be of
the order of 107° to 1072,

An analogous involvement effect, but due to inter-
molecular interaction, arises not only for polaritons
but also for excitonic (electronic) excitations and, as
will be shown below, can lead to inelastic scattering of
the neutrons by excitons.

An important feature of these processes is that their
cross section, just like the cross section for neutron
scattering by polaritons, is proportional to the cross
section for the scattering of neutrons by nuclei. It is
precisely this circumstance, and also the existing pos-
sibilities of using lasers and high-power neutron
sources, which make the aforementioned processes of
neutron scattering by excitons and polaritons interesting
also for experimental purposes.

2. NEUTRON-POLARITON SCATTERING CROSS
SECTION

We assume that an intense monochromatic wave
(produced, say, by a laser) of polaritons with frequency
w, wave vector K, and definite polarization propagates
in an optically isotropic crystal. With respect to these
polaritons we assume that they are the result of mixing
of transverse photons with optical transverse phonons
of frequency Q (k). Let the laser produce in the entire
crystal, in stationary fashion, np such polaritons. The
doubly-differential cross section of the process of in-

‘coherent scattering of neutrons in the crystal, is due to

the neutron scattering by the nuclei and proceeds with
annihilation of one quasiparticle (phonon, polariton, or
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exciton),” is determined by the following expression!™:
, 1 p’ m 1y ’ ’ i —iet
0- (0", E) = gy D 0w [ (=) (1) (' —p) i (0) et
T ()
where p and p’ are the values of the neutron momentum
before and after scattering; E = hw is the change of the

neutron energy upon scattering; Gi(rxc is the cross sec-
tion of the incoherent scattering of the neutrons by the
bound nucleus numbered y in the unit cell of the crystal;
uy(t) is the displacement vector of the same nucleus,

and N7 is the total number of nuclei y in the crystal.

Since in hydrogen-containing media, in which we

(v)

shall be interested from now on, the value of oy for

the hydrogen nucleus greatly exceeds the corresponding
cross sections for the other nuclei, we take into account
in (2) only the scattering of the neutrons by the hydrogen
nuclei. As is seen from (2), the calculation of the cross
section of the inelastic neutron scattering by the photons
reduces to a calculation of the correlation function under
the integral sign in (2) under conditions when the phonon
oscillator with frequency Q is made to oscillate by
polaritons of frequency w.

When the thermal factor e~2W is taken into account
we obtain for the energy-integrated value of the cross
section of neutron scattering accompanied by photon
absorption

5~(p'—P,E)=#%G.MNE”“"IP’—N’%—ﬁzS(m)cos’9, (3)
where M is the mass corresponding to the phonon
oscillator with frequency Q; 6 is the angle between the
directions of the electric field of the polariton and the
vector p’ - p. Consequently, the total cross section
Z (E) of the process in question, integrated both over the

energy and over all the directions of p’, is given by

! man,

_il —-2W @
S(E)= 35 O g S(w), (4)

where mp is the neutron mass and n = N/V is the
number of scattering nuclei per unit volume (mp =M
for hydrogen).

The quantity I, = (oincne 2W)™* determines the aver-
age distance over which the neutron is scattered by a
bound nucleus (for slow neutrons in hydrogen-contain-
ing media !, is of the order of several millimeters).

Since we are interested in the cross section of the
considered process over the entire length [ of the
crystal in the direction of the neutron beam, we find by
using (4) that when diffusion and the finite lifetime of
the neutrons in the crystal are taken into account this
cross section takes the form

1 p'ny, @

L

T e e e, e — —p—l/L
Zul0)= 5= @)= (t—e), ()
where L is the neutron diffusion length in the crystal.
We assume that the crystal thickness [ 2 L. Taking into
account the expression for S(w) in the considered fre-
quency region (w > ), we obtain for Ztot

e lYEREyL

-2y

where Eo~KT is the initial neutron energy (E, <« E
=hw).

Of great importance in the estimate of the cross sec-
tion is the ratio np/n. For cw lasers we have np
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= U/Rwpv, where U is the power radiated by the laser
and v is the velocity of the polaritons in the crystal.
The presently available lasers deliver a continuous
power of several kilowatts per cm?ec, so that at fiw
~0.2-0.5eV, v~ ¢/Ve(w), and n~ 5 x 10% nuclei/cm®
we have ny/n ~ 107*°. Modern pulsed lasers, however,
are capable of increasing this ratio to several hun-
dredths or even more. But the pulse durations of such
lasers, as is well known, is of the order of 107°~107*
sec, i.e., much shorter than the pulses of the thermal
neutrons from pulsed reactors. It is clear, however,
that the best neutron utilization can be reached only
under conditions when the pulsed laser is synchronized
with the pulsed reactor so that the durations of the
pulses and the distances between them coincide.

The thermal-neutron pulses from modern pulsed
reactions are approximately 10™* sec long, while the
pulse repetition frequency can amount to several hertz
or even less. What would be suitable for the synchroni-
zation with such a reactor is a pulsed laser, say, with
a photon energy fiw ~ 0.2 eV, and capable of emitting
during the pulse time 7 = 0.5 X 107 sec an energy
U~ 10 kJ (see, e.g.,!°]). For such a laser np = U/rvliwp
~ 2 x 10"" photons/cm®, so that np/n ~ 107° (the pulsed
reactor can, of course be synchronized with an entire
system of lasers that emit in sequence; concerning the
operating conditions of the reactor seel*).

The choice of the crystal dictates the following value
in (6):

Q e—€w L
b= 1
o 1
Since
e

€

where Q) and @, are the frequencies of the longitudinal
and transverse oscillations, interest attaches to crys-
tals having a large longitudinal-transverse splitting
gap. A hydrogen-containing crystal with a large gap

Q, -9y is LiH (9, = 1130 cm™, @ =590 cm™).l'"] We
have in mind here a crystal based on the isotope Li’,
with low thermal-neutron absorption. For such a
crystal we have g~ 2 x 10*° cm (@ is the cm™).

We shall assume below that we are scattering neu-
trons obtained with the aid of a moderator cooled to
several dozen degrees (Eo~ 107° eV). For LiH irradi-
ated by the laser described above we obtain a cross
section ZTtot = (2—4) X 10”7 cm?. Thus, only a fraction
~107" of the total number of the thermal neutrons will
acquire an energy on the order of one electron volt
from the polariton by which they are scattered.

The energy spread of the scattered neutrons is de-
termined by the corresponding spread of the thermal
neutrons prior to the scattering and by the degree of
monochromaticity of the laser beam. In experiments
using a cooled moderator and a laser with good mono-
chromaticity is is apparently possible to reduce the
neutron energy scatter to (10°°—10"%)hw.

The number of scattered neutrons in the process
under discussion is smaller by one or two orders of
magnitude than the number of neutrons having the same
degree of monochromaticity and an energy E = 0.2 eV,
emitted by the reactor itself.[?] In each burst of the
neutron source, the pulse of these fast neutrons lasts
about 5 x 107® sec. On the other hand, the pulse of the
neutrons of the same energy (E ~ 0.2 eV) scattered by
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the polaritons will last, just as the pulse of the thermal
neutrons, 107 sec. It appears therefore that it is possi-
ble to observe experimentally neutron scattering by
photons, provided the initial pulse of the fast neutrons
can be discriminated in some manner. With further in-
crease of the power of pulsed lasers, and possibly if a
more suitable material than LiH is used, the effective-
ness of the process will undoubtedly be improved. It must
also be necessary to bear in mind here the feasibility,
in principle, of using not one laser but of several lasers
operating in synchronism. There is also an interesting
possibility of scattering the neutrons in the active
medium of the solid-state laser itself, where the radia-
tion fluxes, other conditions being equal, can be made
larger by more than one order of magnitude.

The future will show to 'what extent the process con-
sidered above can serve as the basis of a competitive
method of obtaining fast (resonant) monochromatic
neutrons. We note here only that the use of lasers with
tunable frequency makes it possible also to change the
energy of the scattered neutrons. On the other hand, in

- media with a large coherent-scattering cross section
it is possible to obtain not only monochromatic but also
sharply directional beams of scattered neutrons.

We note in conclusion that neutron scattering by pho-
tons can take place of course, not only with absorption
but also with production of a photon in the crystal. The
cross section of this process will be determined also
by formula (5), but the pulse ratio p’/p will be apprec-
iably decreased. Therefore the cross section corre-
sponding to photon production will be smaller by two
or three orders than the cross section of the process
considered above. In addition, processes in which a
neutron absorbs a photon are possible, but accompanied
by the production of one or several optical or acoustic
phonons.

In the hydrogen-containing crystal LiH considered
above, the contribution of the acoustic phonons to the
neutron scattering, owing to the smallness of the ratio
of the hydrogen and lithium masses, turns out to be
smaller by more than one order of magnitude than the
contribution from the optical oscillations.['?] On the
other hand processes in which optical phonons take
part turn out to be more significant. It can be shown,
for example, that the integrated intensity of the absorp-
tion of a photon by a neutron, accompanied by produc-
tion of n transverse optical phonons, is determined,
disregarding the phonon dispersion, by the relation

my, 0—nQ ) "1 3

G"=G°(mn+mu) ( o) W 2n¥3’

where my and my; are the masses of the hydrogen
and lithium nuclei. If w/Q = 10, then the cross section
of the processes first increases with increasing n, and
then decreases rapidly. It is important that the width
of the spectrum of the neutrons produced in processes
with production of n # 0 phonons is larger than the
width of the spectrum of the neutrons produced in a
process with n = 0, by an amount equal to n bandwidths
A of one phonon (A ~ 100 cm™ for LiH).

3. SCATTERING OF NEUTRONS BY EXCITONS

In this section we consider the process of inelastic
scattering of neutrons by excitons. We are not inter-
ested here in the well-investigated magnetic scattering of
of neutrons, which results from the interaction of neu-
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trons with electrons, and take into account, just as in
the preceding section, only the interaction of the neu-
trons with nuclei.

The interaction of neutrons or of other fast particles
with nuclei leads to transitions in molecules or crystals
when account is taken of the nonadiabaticity operator
(see, e.g.,l'®]). This operator, however, is under the
indicated conditions not the only cause of the appear-
ance of electronic transitions. We shall show below
that electronic transitions of this type are possible in
crystals by virtue of certain singularities, which arise
already in the linear approximation, of the structure of
the elementary excitations that are due to an effect of
the type of mixing of molecular configurations in
molecular crystals (see, e.g.,[?)).

To illustrate the foregoing, let us consider the sim-
plest model of a dielectric, assuming that it has an ex-
citon band (exciton energy ¢(k), exciton wave vector K,
Bk and Bk are the exciton creation and annihilation
operators) and an optical-phonon band (phonon fre-
quency Q (k), bk and bg are the phonon creation and
annihilation operators). In the harmonic approximation
the Hamiltonian for this model of the crystal is

= Z ¢ (%) By* B +2 hQ (k) b* by +E I'(k) (Be™+B-x) (betb_i?),
k k k

(7)
where I'(Kk) is the energy of the exciton-phonon interac-
tion. In the case, e.g., of a molecular crystal and for a
dipole exciton and a dipole phonon, the energy I'(k) is
governed by the dipole-dipole intermolecular interaction
operator, so that its order of magnitude is I'(k)
~ MeMph /d’, where Mg and Mph are the dipole mo-
ments of the transition in the molecule and correspond
to the production of an electronic or vibrational excita-
tion of the molecule. Consequently the value of I'(k),
depending on the values of Mg and Mpp, can vary in a
wide range, reaching values on the order of 500 cm™
for intense dipole transitions (for example, at Mg /e
=1A, Mp, /e =0.5A. and d = 54 we have I'(k)~ 500
cm™; the value used here for Mph can be obtained for
optical phonons that correspond to proton oscillation),
whereas e(k)~ 10°-5 x 10* cm™ and iQ ~ 10° em™.

The Hamiltonian (7) can be diagonalized to take the
form

=Y e (M) BBt Y 1) 5. (8)
Since I'(k) <« €(k), the new values of the exciton and
phonon energies differ little from the old values in (7).
More important for the question discussed here is the
fact that after allowing for the mixing effect the exciton
turn out to be superpositions of the electron and phonon
states. Namely, inasmuch as in terms of the new vari-
ables the operator of the normal coordinate is

te—aby+oaby+pBt+BBL,

where o and g are determined as a result of diagonali-
zation of the Hamiltonian (7) (see!®!), this operator
leads to transitions with exciton production, and this
precisely ensures, that the neutron-nuclear interactions
can excite these excitons.

Without going into details of the elementary calcula-
tions, we present only the final result. Using the nota-
tion of the preceding section, we represent the total
cross section of the process of incoherent excitation of
an exciton with energy E in the form
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4hQ (k) T (k)
[e(k)]®

Formally this expression differs from the analogous
expression for the cross section for the excitation of
the optical phonon by a factor 4hiQI'%/e%~ 107°~107",
which is exactly what determines the relative smallness
of the effect.” Going over in (9) from summation over

k to integration and introducing the normalized density
of states g(E) in the exciton band, we obtain

1 1 p my4hQ(E)T*(E)
Zg(E),
snE, w B ¢H

1 L p mn i1

(,+(E)=3.,@).7_?—-1V - 8(E—e(k)). (9)

04 (E)= (10)

where $(E) and I'*(E) are the values of §i(k) and I'}(k)
averaged over k on the surface €(k) = E.

Thus, a study of the inelastic scattering by excitons
can be used in principle to find the density of states in
the exciton band; it is necessary to know here, from
some other considerations, also the dependence of
T'%E) and J(E) on E. Since the power of the presently
produced neutron sources is constantly increasing, the
study of the here-discussed exciton band structure,
using neutron scattering, may turn out to be timely
from the experiment point of view.

We note that M. A. Krivoglaz, in connection with the
question discussed here, called our attention to his
article (with Kashcheev, seel'*!), where they dealt with
the possibility of inelastic neutron scattering by elec-
tronic excitations of impurity centers. It was proposed
to raise the electrons to the excited state by heating,
and inelastic processes with participation of neutrons
turned out to be possible as a result of electron-phonon
interaction in the impurity center. The difference be-
tween the situation considered in this section and that
discussed in!**! is connected mainly with the specifics
of the exciton-phonon interaction, which leads, for in-
tense dipole excitons and optical phonons and for small
values of the ratio h{}/€(k), to scattering cross sections
that are larger by more than one order of magnitude
than those obtained in('3!,

4. EFFECT OF LASER RADIATION ON NUCLEAR
REACTIONS WITH PARTICIPATION OF NEUTRONS
(CAPTURE OF SLOW NEUTRONS AND THRESHOLD
REACTIONS)

We consider first the effect of laser radiation on the
radiative capture of neutrons in the resonance region
of the spectrum of the excited states of a compound
nucleus.” The effect of the lattice vibrations on the
radiative-capture probability was considered by
Lamb!!*! (see alsol'®!), The relation obtained for neu-
trons of energy E is

o (E)=IM.M,|* Z [ ({n} ™ {n,}) 12
{ng'}) . ; (11)
% ([E—E +Y ho,(nin) ] +1v4)

where the aggregate of the quantum numbers {nd} char-
acterizes the initial state of the lattice, {n5} character-
izes the state of the lattice in the intermediate state, E,
is the resonance energy, I' is its width, p is the neu-
tron momentum, u is the displacement operator of the
nucleus on which the neutron is captured, and M¢ and
M, are matrix elements corresponding to neutron cap-
ture and y-quantum emission by a free nucleus (for
details seel*®]),
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In the presence of a flux of photons of frequency w,
the relation (11) retains the same form; it is only neces-
sary to describe the lattice vibrations in a more gen-
eral manner, namely, to take into account the retarded
interaction and to include among the lattice oscillators
also the photons in the crystal (polaritons).

Assuming the polariton flux to be intense enough, we
take into account only their contribution in (11); how-
ever, we confine ourselves to the linear terms in the
expansion of the exponential exp([ip -u/h] in powers of
u. In this approximation we have

u)(E)=mo(E)+lM,M1l’%%'-%S(m) a2)
1 1

+ ,
X[ (E—E\—ho)*+T%/4 (E—E,the)*+I%/4

where wo( E) is the radiative-capture probability in the
absence of laser radiation, and mp and M are the
masses of the neutron and nucleus, respectively. From
(12) it follows that the capture process can be made
resonant with the aid of a laser. If E > E,, this calls
for the light-quantum energy hw to be equal to E = Eo;
to the contrary, if E < Eo, then the resonance takes
place at fiw = Eo - E. Since Eo~ 1 eV and T' ~ 0.05
eV, the ratio of the resonant and nonresonant contribu-
tions to w(E) is given by

_4E @ (gi—ta) n,(Ea)zmn

" ho 0%« n \T/ M
At
E Q  mg E, €—Ew
—=—=1=01, —=230, =3
ho ® M r 30 €

we have a = np/n, i.e., it is determined entirely by the
ratio of the photon density to the density of the nuclei.
In pulsed lasers this ratio can be made large enough. It
is not clear whether the produced y quanta can be ob-
served, inasmuch as the number of these quanta in each
pulse is small in comparison with the background.

In connection with the question discussed,
great interest can apparently be attached to threshold
reactions using neutrons with E < E,, where E, is the
threshold energy, but E +hw > E;.

In this case there should be on background, and the
yield of the reaction is determined entirely by the ef-
fect of the laser radiation. This seemingly more inter-
esting possibility of obtaining pulses of nuclear parti-
cles calls, however, for a special discussion.
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Note added in proof (25 June 1975). In connection with estimates of
the effectiveness of the process considered in Sec. 2, the NH,Cl crystal
may also be promising, since its protons have high optical-oscillation
frequencies () = 3122 cm™,; Q) = 3159 cm™). The contribution of the
optical oscillations to the quantity W(E,, E), which determines the Debye-
Waller factor and enters in formulas (3) and (4), will be smaller for this
crystal.

DProcesses with absorption of several quasiparticles can be treated
analogously.

V. M. Agranovich and I. i. Lalov 331

»
4



3o be sure, in the case of scattering by an optical phonon it is neces-
sary to choose in place of L the crystal thickness / S, , so that actually
the smallness of the effect is given by the values 102—1073,

3Under the conditions of the Mossbauer effect, the statements made
below apply also to y-quantum capture.
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