Resonant scattering of neutrons by nucleiin a crystal in alaser beam
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A systematic theory is derived for the resonant scattering of neutrons by nuclei for the case in
which an intense electromagnetic wave induces transitions between neighboring s and p levels of a
compound nucleus. A theory for the corresponding reactions is also derived. The neutron
scattering amplitudes are calculated. The cross sections for scattering and for reactions are
calculated. The role of the crystalline medium is taken into account. The inelastic diffraction of
neutrons in a crystal accompanied by the absorption or emission of a photon is also analyzed.

1.INTRODUCTION

The effect of laser light on the resonant scattering of
neutrons by nuclei and on the corresponding reactions (ra-
diative capture, fission, etc.) continues to hold interest. The
capture of neutrons to p levels of a compound nucleus as a
direct result of the absorption or emission of a photon of an
intense electromagnetic wave was analyzed in Refs. 1-3 by a
valence (one-particle) approach. Zaretskii and Lomono-
sov**® took the same approach to analyze the role played by a
mixing of the s and p levels of a compound nucleus in a laser
beam. The collective nature of these states was taken into
account in Ref. 6. Cross sections for the inelastic scattering
of neutrons by nuclei and for reactions near an s-wave or p-
wave resonance, accompanied by the absorption or emission
of an optical photon, were calculated in the distorted-wave
approximation in Refs. 1, 2, and 4-6. In other words, the
probability for a transition between states of the nucleus-
plus-neutron system which are interacting with each other
was calculated in first-order perturbation theory. The inter-
action of this system with the classical electromagnetic
wave, V, (1), was treated as the perturbation. Only that part
of the wave function of the system, y{*’, which describes
the free neutron outside the nucleus, was taken into account
in Refs. 4 and 5. This simplified approach proved sufficient
for calculating a matrix element for ¥ {” by means of the
Ehrenfest theorem, with the residual interaction of nucleons
being ignored. An approximate expression for the wave
function of the system, ¥ ™, including amplitudes for neu-
tron capture by the nucleus, averaged over spin, was used in
Ref. 6. All experimental attempts’™ to observe the effect
have yielded negative results, because low-power lasers have
been used.

- In this paper we derive a systematic theory for the reso-
nant capture of neutrons to the s or p level of a compound
nucleus, followed by: a laser-induced transition of the nu-
cleus to a neighboring excited state with the opposite parity,
and the decay of that state. Our theory is derived by analogy
with the theory'® of the double y-magnetic nuclear reso-
nance, in which transitions between sublevels of a Moss-
bauer nucleus are induced by an rf field. We calculate the
amplitudes for scattering, and we find the cross sections for
scattering and reactions. In particular, we calculate the total
cross section, which has never been calculated before. The
role of the crystalline surroundings is taken into account.
The method used here leads to more-accurate expressions

63 Sov. Phys. JETP 75 (1), July 1992

0038-5646/92/070063-04$05.00

for the cross sections for induced scattering and for reac-
tions. We also analyze inelastic neutron diffraction in a crys-
tal containing a resonant isotope.

2.BASICEQUATIONS

We consider a neutron-plus-nucleus system in a crystal
in a classical electromagnetic wave. The electric field of this
linearly polarized wave is, in the dipole approximation,
E(t) = E, cos Q. The quantized electromagnetic field must
also be taken into account; the interaction with this field
results in the emission of ¥ rays by the compound nucleus.
We write the Hamiltonian of this system in the form

(g, t)=%,(q)+7 (g, 1), (1)

where g represents all the coordinates of the system. The
unperturbed Hamiltonian is

~ #2
Fo= At At B — — V.2, )
2m

where i] N,I? »ns and I/;V, are the Hamiltonians of, respective-
ly, the nucleus, the crystal lattice, and the quantized electro-
magnetic field; and m is the mass of the neutron, with the
radius vector r. The perturbation operator is

v (t)=v.1V.+7,(1), (3)

where the operator /17,, represents the interaction of the neu-
tron with the nucleus, V, represents the interact/i\on of the
compound nucleus with the quantized field, and V,(¢) rep-
resents the interaction of the nucleus with the classical elec-
tromagnetic wave.

In the c.m. frame of the compound nucleus, with z axis
parallel to E,, we write V,(¢) as follows for the case of E'1
transitions:

V5 (t)=—do|Eo|cos Qt. (4)
Here d, is the z component of the nuclear dipole moment,

given by

z

do——'-eZ r;i(%—)% Y,0(6:, 9.), ”

de=t

e is the charge of the proton; r;,0,,p; are spherical coordi-
nates; i specifies a proton of the nucleus in the c.m. frame;
and Y, is the spherical harmonic.
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We assume that the initial state of the system is de-
scribed by the wave function

Wa(q, t—>—)=y.(q)exp(—iE,t/h),

X¢=|10M0>exp(ikor)ll")l{"1o)>|0>- ©
Here I, is the nuclear spin, M, is the z projection of this spin,
L is the projection of the neutron spin onto the z’ axis, which
is parallel to k, |[{v)}) is the wave function of the crystal,
with an initial number of phonons {19}, the function |0)
describes the vacuum of the quantized electromagnetic field,
and E, is the initial energy of the system, given by

2 2
E.—E+ Z,hm,( v +;_) , hky (7
T

E= ——.
2m
Here w, is the frequency of the lattice oscillator of index y.
For the calculations it is convenient to use a composite
Hilbert space L2, of the periodic functions
¥(q,t) = ¥(q,t + T), in which the scalar product of the
functions ¥(g,?) and @(gq,t) is defined by'"'?

T/2

b@.0lo@n)=— | @ Jagw@ne@n.  ©
_12
The wave function of the system is given by'>!3
Wa(g, t)=1"(g, t)exp(—iE.t/h),
(g, )=yt Go" (Eo) T @
Here Tis the transition operator:
T=P'+P' G (E)V. (10)

A A
Here G and G ¢ are Green’s operators with 7— + 0:

- -1
) (E)= (E-Hn——%o—ihé(:— ) ,

. -1 (11)
G<+>(E)=( E+in—36—ih %) )

3. TRANSITION MATRIX

The resonant scattering and reactions are determined
by a transition matrix on a quasienergy surface:

{b;anla,0}=Z Vb'cr{c';nIG‘*”lc;O}Vc., (12)

where the functions

'C; n} =xcein9t,

) (13
xe=15(0)> = Loy Mainy> | 023105, )

describe intermediate states, and I, and M, ,,, are the spin

of the compound nucleus and its z projection. The Green’s
matrixin (12) is determined by the system of algebraic equa-
tions

E [(Ea_$x+iru/2) Gux""‘ {'K I Vy(t) IK”}] Gx"x' = 6;;;{" ’
| | (14)
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where x = c,n; I, represents the widths of the s and p levels;
and &, = E, + n#iQ.

Working from the Wigner—Eckart theorem, and using
(5), we find

_ 11
(83 TV (1) i 0y =—".Cobobr A | Bo » (15)

where C ;’;IP(I,M are the Clebsch-Gordan coefficients, and d {’

= (s]|d,||p) is a reduced matrix element. It can be seen from
(15) that a linearly polarized wave mixes states of the com-
pound nucleus which have identical spin projections M,
= M_. The cross sections for induced scattering and reac-
tions were calculated in Refs. 4-6 in the resonant approxi-
mation #iQ =~ |E, — E, |. However, estimates were later made
for '**La, for which we have |E, — E,| = 38.2 eV. In other
words, this energy is much larger than the photon energy of a
neodymium laser, 7 = 1.17 eV. We accordingly use the
one-photon approximation d {’|E,| <T,,. Over its life-
time, the compound nucleus then has time to absorb or emit
only a single photon. Equations (14) are solved by an itera-
tive procedure. In particular, we find

{s; F1|7,(t)|p; 0}
(e—E,£hQ+il,/2) (e—E,+il'p/2) '

(16)

{s; F1| G (E.) | p; 0} =

where

& =E+2‘hﬁ)7(v+"—-u-{). (17)
1 .

The amplitude for the sum and difference scattering of
neutrons from the state k,u to the state k’,u’ by a nucleus in
acrystal in which » photons are absorbed (7 < 0) or emitted
(n>0) is related to the 7 matrix by'?

n ’ ’ m
fas' (Ko, Wik, W)= —o—s{bin| T |e; 0}, (18)

where |@) and |B ) are the initial and final states of the scat-
terer. The amplitude for coherent scattering of neutrons by
nucleus jin the unit cell, f;F , is found by averaging f{F "
over the phonons, the spins, and the isotopes. For unpolar-
ized targets and for unpolarized incident neutrons, with
E=E,, we find the following result in the approximation of
fast collisions (#iw <I', where @ is a characteristic phonon
frequency'*!%):

Fan) (ko» W K, w);=p;exp[—W;(Q)] (2, + 1)

111 .
<3 Yo Mt pa, (K's 1) Clloha, A9 | B | Mo e, Koy 1)
; -~ (E—E, FhQ F iT,2) (E —E, + il,/2)
° P

(19)

Here p; is the probability for finding the resonant isotope at
site j; exp[ — 2W(Q)] is the Debye-Waller factor; and
Q =k, — k'. The amplitude for the capture of a neutron
from the state k,u to the p and s levels of the compound
nucleus is
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Hoapt, (ks W)=Y D, (@ B, DR, (@ B, 0)
K _, K,
%1 g Lo/ o1

X [QCK‘,M?,,}LT,, (*2) + CKquFpr (/)1
J’{M,M. k', n)

Lge ' ar . ' ar LI
= N D&, (@ B, 0) Do, @1 B 0) Cilnla, T
KSK,’ .

(20)

Here K,and K, are the projections of the spins /,and 7, onto
k; K and K, are the projections of spins /; and /; onto k';
B,a, and B’,a’ are the spherical angles of the wave vectors k
and k', respectively; 2k, (a,B,7) is the rotation matrix;
and T, and T, (j) are the scalar amplitudes for neutron cap-
ture from an s wave and a p wave, respectively, with a total
angular momentum j (Refs. 16 and 17). These amplitudes
can be expressed in terms of the partial neutron widths of the
s and p levels, which depend on the energy E:

LY (k)=2k|T.|%, TS (k)=2k|T5() |3
(1)

(?) (p'h) P
Y ="+,

4.CROSS SECTIONS

The cross section for the induced transition a — b is giv-
en by'?
Fny 2

m -
Garp =ﬁ[{b;¥1|T|a; 0} |26 (E.—E,+%Q), (22)
0

where j, is the flux density of the incident neutrons. Substi-
tuting (12) and (16) into (22), we find the cross sections for
scattering and reactions induced by the electromagnetic
wave. Near a p-wave resonance (ExE, ), the integral cross
section for induced neutron scattering by a nucleus in a crys-
tal is"

F1) __

o £ (%) | vy} | exp(ikou) | L3215 (e),

teyhs (op%

Fogy . 2L +1
o O =g e 1)

x T (k) | 0E, | TR (o) ,
[e—E. £ + T.RF1 (6 — By + (T5/2)7]

(23)

where g({v{”}) is the statistical distribution with respect to
initial states of the crystal, u is the displacement of the nu-
cleus from its equilibrium position, ¢ is defined in (17), and

kw=(ko2£2mQ/R) ", (24)

The reaction cross sections o¢ ¥ " are found from (23) by
replacing I'®’ by the corresponding partial widths I'*”. For
free nuclei we would have 0TV =@ ¥V (E); k, and E
would be the wave vector and kinetic energy of the relative
motion of the neutron and the nucleus; and m would be the

65 Sov. Phys. JETP 75 (1), July 1992

reduced mass. Significantly, cross section (23) is completely
independent of the angle between the vectors k, and E,, dif-
fering in this regard from the results of Refs. 4-6.

The amplitude of the electromagnetic wave, E,, can be
expressed in terms of the average energy flux density of this
wave:

- (4
s=£lEolz, (25)

where c is the velocity of light. The ratio of the cross section
for induced scattering of neutrons by a free nucleus, on the
one hand, to the cross section for scattering in the absence of
the laser light (o, _ o ), on the other, can be written as fol-
lowsin thecase E=E,:

__owY __1_(21,+1)
On|E=p 3 21p+1
ry 21d9 | 2nc 1S

X T (B, —E, + hP + 2P

(26)

1617 jntensification fac-

This ratio contains the well-known
tor I'¥/T"'% ~10°-10°.

To estimate d {;’, we take the approach of Refs. 16 and
17. That approach has led to good agreement with neutron
experiments on parity breaking. We note that the wave func-
tion |I,,, M,,, ) is of the form of an expansion in the func-
tions ¢; describing various excited one-particle and collec-
tive states. The number of terms in this expansion is
~N = 50/5, where Dis the average distance between levels
of the compound nucleus, and D, is the average distance
between the one-particle resonances (N~ 10°-10°). We
then have

diy ~<|do| 9ON-". 27

The expectation value of the matrix element between one-
particle functions is

i do| P> ~ea, (28)

where a is the radius of the nucleus. The component of d ’

from collective components of the wave function is inconse-
quential, having a value ~1/N.

In the optimum case of the exact resonance, with
#Q = |E, — E,|, where a~10~"* cm, N~10%, T;?/T»
~10% and I, ~0.1 eV, we find an estimate of the laser pow-
er from (26)—(29): S~10'"-R + W/cm?. The screening of
the nucleus by electrons far from electronic transitions
makes the amplitude |E;| near the nucleus smaller by two to
four orders of magnitude than the amplitude of the incident
wave.* Correspondingly, the laser power must be raised by
four to eight orders of magnitude.

While s-wave resonances with a spin [y, — L <I, <I, + %
are excited during the capture of slow neutrons under ordi-
nary conditions, in the case of capture to a p level, with an
induced p—s transition, there may be an excitation of s
levels with a spin I, — §<I, <[, + 3. Thereis thus the possi-
bility in principle that s levels of a compound nucleus, which
have not previously been seen, could be excited in a laser
beam. The detection of ¥ lines from the decay of these s levels
against a low background would thus make it possible to
relax the requirements on the laser power.

Using the optical theorem,'? we can also find the total
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cross section for the capture of neutrons by a free nucleusina
laser beam:

0:=0g=0TAC:, (29)

where 0, _, is the cross section in the absence of the laser,
and
a2+
ko® 24(21,+1)
2I'y(E—E,) (E—E,—nhQ) +T[ (E—E,)*—(T'y/2)’]
[(E—E,—naQ)*+ (T/2)* 1 [ (E—E,)*+(T',/2)*]*
(30)

Ao, =

I\(?) Id(o) Eo'z

n=7F1

5.INDUCED DIFFRACTION

An inelastic diffraction of neutrons in a crystal accom-
panied by the absorption or emission of a photon occurs un-
der the Bragg conditions'?

E'=EFhQ, k'=k,—Q, (31)

where — Q = 7 q=1, q is the wave vector of the electro-
magnetic wave in the crystal, /27 is a reciprocal-lattice vec-
tor, and E ' is the energy of the scattered neutrons. Condition
(31) reduces to the equality

—2k,Q+Q*+2mQ/h=0). (32)

If IR lasers with Q2 ~0.1 eV and thermal neutrons with
E~=0.01 eV are used in an experiment, a diffraction of these
neutrons accompanied by the absorption of a photon will
occur at 7~ (2mQ/#)'> =7 A~'. The Debye—Waller fac-
tor in the cross section for coherent scattering in this case is
exp( — 72 u?) ~ 1, since the resonant scattering of neutrons
occurs at fairly heavy nuclei, with an rms vibration ampli-
tude ( #7)"/2~0.1 A. Calculations carried out in the kine-
matic approximation show that the ratio of the flux density
of inelastically diffracted neutrons, j$T (1), to the flux den-
sity of neutrons diffracted in the absence of a laser,
Ja(7) g o, is on the order of R

Using the results of Refs. 13 and 18, we now examine
the dynamic scattering of neutrons by a plane-parallel plate
consisting of infinite layers of unit cells of thickness d. For
Laue diffraction we have

L (FY) , (33)
id——';i)'__—z |g.(+” (kov uvk+1»u )Iz

X | ® (€)exp (i’ Nd) |2,

where

€

JU
F 0k wk, p)=——oun
(k, p; k', p) o odd)

D exp Qo) £ (ks K, ),
J (34)
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is the dimensionless amplitude for the scattering of neutrons
by one layer of unit cells with a volume v,, p; is the radius
vector of atom j in a unit cell,

(D(E)=(§d) —‘['1“ei§Nd]~ k;mzko""*"r“iqn,

§=k0_|_+6_k¥’i_L_6’j:q_L+T.Lv ko, =kee,, ...,

8d=F (ko, pi ko, p), 8'd=F (K, 0 K, 1), (35

Nd is the thickness of the plate, e, is a unit vector perpendic-
ular to the surface of the plate, and k0|| ,-.. aT€ components
along the surface of the plate.

If Im§ =0, then ®(£) =N at £=0, and we have
Jju « N2 Withincreasing | |, the function |® (£) |*undergoes
damped oscillations. As N- w0, we have
|P(£)|*?—27NS(£). The quadratic N dependence of j, has
been discussed in the kinematic approximation (6 = §' = 0)
in several places (e.g., Ref. 19). The condition § = O is the
same as the Bragg condition (31) in this case. If the spread’
Ak,< (Nd) ~', then we have j, « N2, The relative energy
spread of the incident neutrons in this case is
AE /E < (ko,Nd) ~';i.e., the behavior j; « N ? prevails only if
the plate is sufficiently thin.

" In the case E~E,, the indices s and p should be interchanged in (23).
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