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The effect of magnetic field reversal on the incoherent scattering of Mdsshauer radi-
ation by nuclei is analyzed. A suppression of this process is shown to arise after such
reversal. This effect is analyzed both from the quantum and classical points of view.
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One of the obstacles in realization of y-lasers at Mdssbauer isotopes is great ratio of the
conversion-electron width to the coherent radiation one [1]. Therefore recent discovery
by Shvyd’ko et al. [2,3] of short-time enhancement of the coherent radiation channel
of the isotopes 57Fe, caused by abrupt alteration of the magnetic field direction, seems
to be very promising. They have been investigating time dependence of the Mossbauer
transmission through a weak ferromagunetic crystal of FeBOj3 after reversal of the field.
A short flash of the transmitted beam intensity has ben observed just after this reversal,
which was followed by attenuating oscillations. Duration of this transient process is of
the order of the nuclear lifetime 7. Similar reversals have been realized in many other
experiments on Mossbauer absorption by soft ferromagnets placed in an external radio-
frequency (rf) magnetic field (see the surveys [4-7]). The rf field gives rise to periodical
reversals of the crystal magnetization, which ensure periodical jumps of the field at the
nuclei 3 Fe between two values +hy and —hg. The corresponding theory has been built
in [8-13]. A strict explanation of the transient effect observed by Shvyd'ko et al. [2,3]
has been provided by [14]. Besides, it was predicted also a suppression of the conversion-
electron yield caused by the reversal of the magnetic field. In present article we consider
a suppression of the incoherent scattering of y-quanta in the same situation and clarify
physical reasons of the effect. ‘

Let the magnetic field at the Mossbauer nucleus in a crystal reverse at t = 0 from
+hg to —hy. At £ — —oo the incident y-quantum has wave vector k, polarization ey and
frequency w = E/h. In the initial state of the scatterer |a > the nucleus is described by
the wave function zb?: M, (t), where I is the spin of the nucleus and M is its projection on
the direction of +hg, the crystal is described by |{v?}, where {v?} stands for the initial
set of phonons. The phononless energy distribution of incident y-rays is determined by

(T/2n)e~2W- .
(E - Eo)? 1 T/2)%" @)

w®(E) =

where 2%+ is the Debye - Waller factor of the emitter, Ey and I are respectively the

energy and width of the level of the emitting nucleus. The scatterer in the final state is
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described by |8 >= 1/1?: M, (t){v:}, while the y-quantum has wave vector k' and polariza-
tion e},. We assume the following resonant condition to be fulfilled:

E~Ef = E| + haey, hlae| > T, (2)
where E} is the resonant energy of the absorbing nucleus,
Ceg = (YgMg — YeMe)ho/h, (3)

and v, is the gyromagnetic ratio of the nucleus in the ground (k = g) or excited (k = e)
state. In this case only the isolated nuclear transition My — M, is generated in the field
+hy and —~M,; — —M, in the field —hy.

The electromagnetic wave scattered by the j-th nucleus, having initial spin projection
+M,, into the B-th channel (in units i(2mhw)!/?) is given by (see also [14])

] 1
E,(r, t)g,__,g = Ze:\,fag(k, e)\;k',e&,);y;x
A’

x {(1 —8(t")) e ™ 4 o(t*)e~*”8“‘—“'/"“} , 4)

where t* = t—r/c is the retarded time, wi* = Ej/h+ (Y9 M, —veMc)ho/h are the resonant
frequencies of transitions +M. — M, in the field hy,

1, >0,

fagp is the scattering amplitude of y-quanta by the Mdssbauer isotope +Mj in the constant
field hy. In slow-collision approximation [15] it is given by

fap(k,ex; k', ey )N = —({v)He ™™ |{ud}) ({e0}e™™ |{2}) x

¢ (e 7 (k)|g")* (el (k')|g)
x B Ef + iF/AZ : (6)

where u; is the displacement of the j-th nucleus from its equilibrium position and 3’1\\1 (k)
are the Fourier components of the nuclear current density operators (see e.g. {10, 14]).
The wave scattered by the nucleus being initially in the state — M, will be [14]

) 1
Esc(ra t)"-aﬂ—-ﬁ = Z e’y f—a,-ﬁ (k’ €x kl’ ei\’)‘;v; %
Al

% {e—iw't‘ _ e—iw;,+t'-rt'/2n} a(t*), 1)

where f_o,—g is defined by Eq. (6) with e, g replaced by —e, ~g.
The flux density of y-rays scattered by the £ M, nucleus is

deel@,)(E) =) D g{odDIEec(r,t) £ a - 2B, (8)

My {vi}{vl}
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where g({v%}) is the Gibbs distribution over the initial states of the lattice, and E,(r, )
is taken in units i(27hw)'/2. The corresponding instantaneous differential cross section
for scattering of y-quanta by the isotope ®"Fe with I; = 1/2 in an unpolarized target will
be

1
o(w,t) = 5 (7P @, t) + e w,1)), ©)
where 1
o) (w,t) = Ej,c(w, t)(®)p? (10)

are the cross sections at the nuclei being initially in the states =M,. The incoberent
scattering cross section by the whole target is proportional to (10).
It is useful to introduce the following notations:

=2(E - Ef)/T, 7=Tt"/h, zo=2(Eo~ Ef)/T, (11)

where zp is the detuning parameter and 7 is the time in units of the nuclear lifetime
7n = h/T. Then substituting (4) and (7) into (8)—(10), one obtains

(0,6 ~ {1 6(r) +e7T6(r)) (12)

and
a(')(w,t) ~

o {(1 +e” 7 —2cos(zT/2) 8”7/2} o(r). (13)

These cross sections must be averaged over the energy distribution of incident
y-quanta:

s (t) = /0 ” we(E)o' ) (w, t)dE. (14)
Substitution of (12), (13) into (14) gives the experimentally measured cross sections
gt (t) =5 {1 - 6(7)) + e 78(r)} (15)
and
() =™ {1~ [cos (woT/2) + (2/20) sin (zo7/2)] €7} O(), (16)

where 5(*) is a standard incoherent scattering cross section of y~-quanta in the stationary

case:
1

i+ 4
From (12),(13) and (15),(16) we see that prior to the field reversal the scattering proceeds
only at the nuclei +M,. After the reversal these nuclei continue to decay generating the
exponentially attenuating wave concentrated at the resonant energy wg, which corre-
sponds to de-excitation transition M, — M in the field ~ho. On the contrary, the —M,
nuclei begin to absorb incident radiation only at ¢ > 0. But their contribution to the
radiation yield grows gradually from zero value at t = 0 to () at t >> 7. Aside of the
exact resonance (o # 0) the function 5(~)(r) oscillates with the period 67 = 47 /|z¢|. In

the case of exact resonance (xo = 0) this cross section becomes a monotonically growing
function of the time:

6'(+) ~

17

@) =P {1~ 1 +1)e "} o(r). (18)
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In an unpolarized target with isotopes 3" Fe the averaged cross section for exact resonance
is

a(t) =a(0) {1 -7e"70(7)}, (19)
where 3(0) = 5(*)/2 is the value of #(t) prior to the reversal.

The function (19) in the interval 0 < 7 < co is a sum of monotonically decreasing
() (¢)) and increasing (5(~) (t)) functions. Therefore it looks like a well with a minimum
at the point 7 = 1, where it equals 0.675(0). This means a suppression of the incoherent
process during the time ~ 7.

For better understanding of the results we will model the nucleus by a classical har-
monic oscillator interacting with the classical electromagnetic wave. Namely, we will
consider the point particle with charge ¢ and mass m, vibrating with the eigenfrequency
wp(t), which coincides with the frequency of transition in the nucleus. For the nuclei —M,
this eigenfrequency takes the value wy at t < 0 and wg at ¢ > 0. For the nuclei with
opposite orientation it is respectively wy and wy. The external electromagnetic wave
E(t) = Egcoswt acts on the oscillator with the force f(t) = f coswt, where f5 = ¢Eo.
Let the coordinate of the particle along Eqy be z(t). Its vibrations are described by the
Newton equation, which contains both the friction force —vZ and the radiation reaction
proportional to the third derivative of z [16]. The latter leads only to addition of the ra-
diation damping to v, therefore it is omitted here for brevity. Then the motion equation
in the complex form reads (see also [17])

475 +wh(t)z = (fo/m)e™, (20)
As in the quantum case we demand that
0<|lw-wi|~v 7<wf,lw-w), (21)

that is only vibrations with the frequency wg are resonating with the external force.

First we will consider the oscillator to model the nucleus —~M, starting to move at
(¢t > 0), when w(t) = wy. In this case we must solve Eq.(20) with initial condition
2(0) = 2(0) = 0. In the approximation (21) it has the following solution:

(8" =4 {eiwg't—7t/2 _ eiwt} : (22)
where the complex amplitude is

A= fo/2mw0

T w-wg +iv2 (23)

The oscillator similar to + M, nuclei at ¢ < 0 performs forced vibrations with the
amplitude A and frequency w. After the reversal (¢t > 0), when frequency of the external
force deviates essentially from new eigenfrequency w, of the oscillator, it is described
then by Eq. (20) with fo =~ 0. The at ¢ > 0 the solution is

2(t)t = Aeo t1Y/2, (24)
The classical electromagnetic wave emitted by the vibrating charged particle

E,c(r,t) ~ i(t) (25)
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depends on time and frequency as predicted by quantum calculations {4) and (7).

Thus contributions into the scattered radiation from the nuclei with different orienta-
tion have quite different behavior. While +M, nuclei at ¢ > 0 give rise to the attenuating
wave with carrier frequency wy™ ¢, the —M, nuclei produce both the transient attenuating
wave with frequency w(',+ and the stationary one with frequency w'. Respectively, for +M,
nuclei the intensity of scattered radiation exponentially decreases at ¢ > 0 and for —M,
those it grows during the time of the order of 7. Their summation in unpolarized targets
lead to appearance of the well in the curve describing time dependence of the incoherent
radiation yield. Thus the incoherent channel is suppressed since the nucleus does not
react instantaneously on the alteration of external conditions. Its response time coincides
with the nuclear lifetime 7). It is noteworthy that this suppression effect is not related
to enhancement of the coherent radiative channel caused by interference of three coherent
scattered waves with frequencies w, w*, and w™.
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