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Abstract. Nuclear resonant scattering of y-radiation in the forward direction was studied in
a vibrated target. Special attention was given to revealing the enhanced yield into the
radiative channel of the nuclear reaction due to coherens scattering. The radiative channel
in the resonance scattering of 14.4 keV y-quanta by “'Fe nuclei normally amounts to only
10.9%. The remaining part of the scattering goes into the conversion channel. The nuclear
target used in the experiment (stainless steel enriched in ¥Fe nuclei) was completely opague
to the incident resonant y-radiation with frequency w,. When the target started to vibrate
with frequency Q/2x = 23,79 MHz, it remained opaque to the primary radiation, whereas
intense secondary radiation at new frequencies emerged from the target in the forward
direction. The w, + Q and w, — Q spectral components dominated in the emission spectrum
and their total relative intensity reached 29.0 * 1.5% of the incident v-radiation intensity.
It was shown theoretically that such an essential enlargement of the yield into the radiative
channel of the nuclear reaction was possible owing to conditions of coherent enhancement of
the radiative channel and anomalously weak reasonance absorption, which were provided
by vibrating the target. The effect can be observedif the nuclei move inunisonin the cokerence
volume. Al experimental data were well fitted in the frame of the chosen theoretical model.

1. Introduction

As known, the role of the radiative channel is not significant in the nuclear resonance
scattering of y-quanta on low-lying levels. The internal conversion channel dominates
in the decay of the intermediate state formed in the scattering process. However, the
coherent partial width of the radiative channel can vary under certain conditions.
Trammell first showed [1] that in Bragg scattering of a y-quantum from a crystal the
radiative channel is enhanced by the value

2N,
Al = Lo (xd)? sin 8 )
owing to correlated action of nuclei in the scattering. Here I, is the cobherent width of
the decay into the radiative channel of an isolated nucleus; 4 is the distance between
nuclei; k¥ = 27/A, A is the radiation wavelength; @ is the Bragg angle; and N, is the
number of reflecting planes, However, the given formula for enhancement is valid only
if the crystal thickness dN, is less than the resonance absorption length d*/ag [2].
Therefore, in the case of resonance scattering on low-lying levels, where cross-sections
of resonance absorption oy are usually large, the enhancement cannot be a significant
effect. The y-beam is expected to be mainly converted into electrons in thick targets.
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However, just for the case of interaction with a thick crystal Afanas’ev and Kagan
showed that the suppression of incoherent channels {conversion channel in particular)
is possible [3]. The authors have found that the superpositional state of y-radiation is
formed in a thick crystal in Bragg scattering. This state is described by the Bloch wave,
in which the amplitude of nuclear excitation may vanish, In these circumstances the
number of reflecting planes NV, that take part in scattering increases drastically. Despite
the increase of N, the conversion process is suppressed owing to vanishing excitation
amplitudes. At the same time the radiative channel is enhanced owing to a coherent
scattering mechanism (see discussion in section 4 of [4]). The coherent enhancement of
the radiative channel is a major cause of build-up of the superpositional states of y-
radiation and of maintaining the radiative channel in multiple nuclear scattering of v-
quanta in a crystal. Thus, to direct a nuclear reaction into the radiative channel, both
the enhancement of radiative decay and decreasing of nuclear excitation amplitude are
necessary conditions. Reviews of theoretical and experimental work on this subject can
be found in [5-7].

Now we shall turn to the possibility of change of a nuclear reaction yield in scattering
of y-quanta by irregular nuclear systems, for exampie in fine crystalline or amorphous
targets. Afanas’ev and Kagan have shown in [2] that the enhancement of the radiative
channel is accompanied by directed re-emission of y-quanta not only in the Bragg
direction but also in the forward direction. The waves scattered by nuclei in the foward
direction have the same phase independently of nuclei position in the target space.
Thus, it is obvious that, owing to the coherent nature of the forward scattering, the
enhancement effect should exist in any nuclear target, including a target containing an
irregular nuclear system. However, no visible enlargement of the yield into the radiative
channel is seen in the conditions of usual resonant y-quanta propagation through a
nuclear target. The main effect observed is incoherent scattering, which removes y-
quanta from the primary beam. It occurs because of the destructive interference of
primary and secondary radiation re-emitted in the forward direction. Obviously, in
order to obtain a coherently enhanced re-emission of y-quanta by nuclei, one must
exclude destructive interference between incident and re-emitted radiation.

This can be done in different ways. Conceptually the most obvious way is to chop
the incident radiation and to observe the secondary radiation re-emitted by nuclei in the
forward direction [8]. The other possibility is to employ very short synchrotron radiation
pulses for exciting a nuclear system [9]. In each case a spontaneous decay of prepared
nuclear excitation occurs and coherent emission of y-quanta in the forward direction
takes place. The character of the interference between the primary and secondary waves
can be changed by means of phase modulation of incident radiation [10-13]. Tn [12, 13]
the phase was changed, for example, in a stepwise manner by displacement of a source
towards a target for a half-wavelength distance. As aresult of displacement, constructive
rather than destructive interference of the waves arose in a target, and the detector
recorded an intense flash of y-radiation. In [14] the radiating nuclei were rapidly and
synchronously transferred from one energy sublevel of the excited state to another. In
this case the nuclear excitation decays mainly into the radiative channel, which is
revealed in intense emission of radiation at changed frequency.

In the present paper nuclear forward scattering is studied under conditions where
resonant y-radiation interacts with the target subjected to ultrasonic excitation. Similar
experiments were performed in [15-16]. However, in [15-16] the emphasis was on the
modulation of y-radiation, whereas in our study the emphasis is on the investigation of
the enhancement of the radiative channel in the scattering reaction. For this purpose
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Figure 1. (a) Scheme of the experimental set-up for
measuring absorption spectra in the vibrated ss
target. The target is stuck on a quartz ptezocrystal, X-
cut. Oscillation frequency is 23.79 MHz. The
14.4 keV y-radiation source Co(Cr) is moved in the

NFC constant-acceleration mode by the transducer V. (5)
w ¥ b . N ___O Scheme of the experimental set-up for measuring
, &

spectra of y-radiation emerging from the vibrated 'ss
target in the forward direction. A single linc res-
( onance filter NFC, K,Mg["Fe(CN),].10H,0, is used

=2 for measuring the spectra by a transducer V. It is

V= const. v moved in constant-acceleration mode. The ¥Co(Cr)

! z source on the transducer V| is moved in constant-
[8) velocity mode. C are collimators.

the target was made of a thickness that is very large in comparison with the absorption
length. It was demonstrated that in such circumstances enhanced yield of a nuclear
reaction into the radiative channel indeed takes place. The results of early experiments
were published in [17].

Theoretical analysis has shown that the effect observedis caused not only by enhance-
ment of radiative decay of nuclear excitations but also by a suppression of incoherent
channels. The latter has an analogy with the Afanas’ev—Kagan suppression effect [3]. In
both cases an anomalously transmitted wave field is built up in the nuclear system. A
key point in the theory of Afanas’ev and Kagan [3] is the strict periodicity of the
scatterers’ location in space. In the given situation of an irregular nuclear system,
however, of significance is the requirement of synchronism of periodic motion of nucleiin
the coherence volume, V> A°. Superposition of eigen waves with different frequencies
arises instead of coherent superposition of waves with different wavevectors. Asaresuit,
in some superpositional states the amplitude of excitation of nuclei, moved periodically
in time, can be made arbitrarily small.

Asspecificform of periodic perturbation of nuclear states and the method of formation
of the radiation field anomalously transmitted through a target may be different, gen-
erally speaking. For example, another possibility is to affect the nuclear spins by a
radiofrequency magnetic field. But the general characteristic of the scattering process
should be the coherent enhancement of the radiative channel.

2. Themuclear reaction yield in the resonance scattering of y-quantaby nucleiin avibrated
target. The experiment
2.1. Resonance absorption in a nuclear target at rest

The reaction of resonance scattering of 14.4 keV y-quanta by *Fe nuclei was studied.
The internal conversion coefficient for the 14.4 keV transition from the first excited state
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Figure 2. Absorption spectra of 14.4 keV Mossbauer radiation in the vibrated thiek ¥ss
target for various amplitudes U of driving voltage at the quartz plate.

0.4

equals 8.15. In other words. in scattering on isolated nuclei the y-quanta are re-emitted
in R, = 10.9% cases only. In all remaining cases conversion electrons are emitted. The
nuclear target used in the experiment was opaque to the incident resonant y-radiation.

The characteristics of y-resonance absorption in the target were determined in
the standard Mossbauer spectroscopy transmission scheme shown in figure 1(a). The
SCo(Cr) source had an activity of 1.5 X 10° Bq and a linewidth T, = 0.15 mm s™!. It was
driven into motion by the transducer ¥, which operated in the constant-acceleration
mode. Stainless steel enriched by the resonance 'Fe isotope tip 10 95% was used as the
target (denoted ¥7ss). It was manufactured as a foil of thickness L = 12 um and diameter
6 mm (the weight of the foil was 2.4 = 0.1 mg). The y-beam illuminated only the central
part of the target 6 mm in diameter. A detector with a crystal scintillator Nal(T1}, having
area 0.8 cm?, was used for recording y-quanta. The detector was situated at a distance
of 40 cm from the target. Therefore, it accepted y-quanta that emerged from the target
in a solid angle of not more than A =5 X 107% sterad about the forward direction.

The Mossbauer spectrum of the target is shown in figure 2(a). The absorption
linewidth was equal to 1.25 mm s™!, which is much greater than the nuclear y-resonance
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Figure 3. Spectra of y-radiation emerging from the vibrated ¥'ss target in the forward
direction for various amplitudes U of driving voltage at the quartz plate. Measured by a
single line resonance filter K,;Mg[*"Fe{CN)¢].10H,0. The Mdssbauer radiation from the
FCo(Cr) source is tuned to the main absorption resonance (tagged by ‘0" in figure 2(c)). Full
curves show results of the theoretical calculations (see section 4).

width in stainless steelt. Besides, the bottom of the resonance curve was rather fiat.
These results indicated that the resonance absorption of y-quanta by nuclei reached
saturation in the target under study.

The spectra shown in figures 3(a) and (a') have another meaning. They represent
the frequency distribution of y-radiation emerging from the *’ss target in the forward
direction. Such spectra will henceforth often be called emission spectra. To measure
emission spectra the resonance single line filter K,Mg[*’Fe(CN)].10H,0 was used. It
was fixed on the transducer V,—figure 1(#). The transducer operated in the constant-
acceleration mode. The density of *'Fe nuclei in the filter was 0.82 mg cm™2, which
corresponds to the resonance absorption factor u/ = 11. The spectrum in figure 3(a’)
was measured in conditions when the source radiation line was shifted far from the
resonance in >’ss. This measurement made it possible to record the shape of the spectrum
and to estimate the intensity of incident resonant y-radiation with allowance for photo-
electric absorption in the target. The dependence in figure 3(a) shows the spectrum of
y-quanta emerging from the ¥’ss target in the case when the source line was in resonance
with ¥’Fe nuclei in ss. As seen, in this case only a small part of incident y-quanta left
the target in the forward direction, namely the y-quanta belonging to wings of the
spectral distribution of the source. The intensity of transmitted quanta with respect to
the incident radiation intensity (the spectrum in figure 3(a’)) amounted to 4.5 + 1.0%3%

¥ The resonance width measured by conversion-electron Mdssbauer spectrometry with the same source was
0.36mms™",

¥ Allemissionspectrain figures 3 and 3 are normalized at the same measurement time, namely 2 h. Therefore,
10 determine the intensity of any spectral line with respect to that of the source line (figure 3(a')}, the ratio of
areas under these two curves was calculated.
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only. Thus, 95.5 % 1.0% of resonant y-quanta striking the target was removed from the
primary beam. This allows us to conclude that the target at rest was indeed a black
absorber.

The conditions of the experiment were further changed.

2.2. Absorption spectra in conditions of ultrasonic excitation of the target

The nuclear target was driven into harmonic motion along the direction of y-quanta
propagation. For this purpose the *ss foil was stuck to an X-cut quartz piezocrystal slab
18 mm in diameter and 0.12 mm thick. The electrodes deposited on the plate were 6 mm
in diameter. To excite the longitudinal vibrations in the quartz a sinusoidal electric
voltage signal was supplied to the electrodes. The main resonance frequency of longi-
tudinal vibrations of the piezocrystal with a stuck ¥'ss foil was Q/2x = 23.79 MHz.

Figure 2 shows absorption spectra of resonance y-radiation in the vibrated target.
The measurements were carried out at different amplitudes U of the sinusoidal voltage
applied to the piezocrystal slab and, hence, at different vibration amplitudes of the
target. It is seen that, along with the main absorption line, a system of satellites has
appeared in the spectrum, spaced apart at distances that are multiples of the oscillation
frequency Q. This result is well known from studies of the ultrasonic influence on
Mdssbauer spectra [18, 19]. However, an essential feature of the experiment under
consideration is that a thick nuclear target is used here. It is this circumstance that causes
a peculiarity of the results discussed below.

When the amplitude of the oscillations grows, the intensity of the central line in
the absorption spectrum decreases. This implies that, whereas earlier the target was
practically opaque for radiation tuned to resonance, now a noticeable part of the
radiation (=50% at U = 1.51 V) emerges from the target in the forward direction. This
single fact might not seem to be unusunal. The action of thermal atomic motion is similar,
for example. But in our case the increased transparency can no longer be simply
attributed to resonance detuning due to vibrations, since enhanced transparency is
observed without narrowing of the absorption line (see also section 3.3.4).

Let us discuss the results of studying the spectral distribution of radiation emerging
from the target in the forward direction.

2.3. Spectra of y-radiation emerging from the vibrated nuclear target

The spectral distribution of radiation leaving a vibrated target must depend on a par-
ticular resonance line excited in the absorption spectrum [18]. Let us first consider a
symmetric situation, when the energy of the incident radiation is tuned to a central
resonance in the vibrated s target. It is marked by ‘0" in figure 2(b).

2.3.1. Excitation of the main absorption resonance. The spectra of y-radiation leaving
the vibrated target in the forward direction (see figure 3) are characterized by some
general features. Namely, the quasi-monochromatic source radiation with main fre-
quency w;istransformed into polychromatic radiation with aset of spectral lines w; = Sk
(k ==x1, £2,...)spaced apart at distances that are multiples of the oscillation frequency
Q, This phenomenon was observed for the first time by Asher ez af [15] and later by
Tsankov [16]. The lines in the spectra in figure 3 have a width that is very close to the
source linewidth in figure 3(a’).
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Figure 4. Relative intensities of spectral components
of y-radiation emerging in the forward direction from
the vibrated ss target for various amplitudes U of
driving voltage at the quartz plate. The Méssbauer
radiation from the ¥Co(Cr) source is tuned to the
main absorption resonance (tagged by ‘0" in figure
2(c)). 1y is the intensity of the central line in the
emission spectra (*0” in figure 3(c)), which coincides
in frequency with the ¥Co source radiation line; f5_g
5 ] are all combinational lines except the central one;
w-" " - == L {_\ + I,, is the sum of intensities of combinational
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= . ® of intensities of combinational lings *—2* and *+2’

5 ] 2 F AR 3 (figure 3(c)). Full curves show results of the theor-
Driving voltage (V) etical eajculations (see sectian 4).

The presence of shifted lines in the measured spectra evidences that we are dealing
here with secondary, inelastically scattered y-radiation. The scattering process proceeds
via the formation of an intermediate excited state of a nucleus and is accompanied by
either absorption or emission of ultrasonic phonons—one, two or more. This is a kind
of nuclear Raman scattering. The contribution of small-angle electronic scattering to
the formation of the spectra was not detected in a test experiment. This means that the
spectra observed are formed due toscattering on the nuclei only. Recall that the detector
has recorded y-quanta re-emitted by the target within a very small solid angle and in the
forward direction only. The basic question we are interested in here is: What is the
relative intensity of secondary radiation re-emitted in the forward direction?

Itisseen from the spectrumin figure 3(f) that the nuciear target, driveninto vibration
with small amplitude U =0.65V, emits at combinational frequencies w; + Q and
w, — 8, whereas the line with the frequency of incident radiation w is in fact absent.
Such a result can obviously be obtained in a very thick nuclear target onlyt. The total
intensity of two shifted lines I..; + I_; amounts to 15.0 = 1.0% of the incident radiation
intensity. This implies that, even with a small driving voltage U, the radiative channel
quota in the reaction of resonance scattering of y-quanta on nuclei in the vibrated target
exceeds the radiative channel quota Ry, = 10.9% on an isolated *Fe nucleus. As the
driving voltage grows, the number and intensity of shifted lines increases. The central
line with frequency w; appears here along with shifted ones. Note also that, as the
vibration amplitude increases, the levels of intensity at infinite velocity in the spectra
grow. This is due to increase of the total number of resonance quanta leaving the target
in the forward direction.

Figure 4 shows the values of relative intensities of different spectral components in
the emission spectra versus the driving voltage amplitude U. These data were obtained
by processing a number of spectra. It is seen that the total relative intensity of shifted
lines f5 _o (without allowance for non-shifted component I, with frequency w) reaches
40.5 * 1.5%. The most intense shifted lines are w, + Q and @, — Q. Their total intensity

+ The main frequency e, has always dominated in emission spectra described in the experiments [18, 19].
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lo¢ + I reaches 29.0 = 1,5%. The concentration of a substantial amount of secondary
radiation in a small solid angle about the forward direction points to the coherent
character of re-emission by the nuclei.

With due account of the fact that y-quanta with shifted energy are products of decay
of the intermediate excited state of the nuclei formed in the inelastic scattering reaction,
we conclude that the effect of enhanced yield into the radiative channel in Raman nuciear
forward scattering is observed.

Since the 40.5 + 1.5% yield into the radiative channel was determined from shifted
line intensities only, this yield value is a lower-limit estimate. As for the radiation at
non-shifted frequency @, it might appear at the target exit for atleast two reasons. First,
the radiation might pass through a vibrated target withoutinteraction. Secondly, it might
arise as a result of multiple Raman scattering. The experimental data available do not
allow us to make any certain choice among these two possible mechanisms. However,
the theoretical analysis done in section 3.2 (formula (3.23)) favours the multiple Raman
scattering mechanism. Therefore, it is quite probable that the actual radiative channel
yield is greater than the 40.5 = 1.5% value given above.

The secondary radiation leaving the target has high intensity. For this situation to
occur it is necessary, along with the high probability of re-emission into the radiative
channel, to have the conditions of anomalously weak resonance absorption of radiation
in traversing a thick target, The latter conclusion has an additional strong proof in the
experiment described below.

2.3.2. Excitation of the first sideband resonance. Unlike the experiment described in the
previous section, the primary y-radiation was tuned to the first sideband resonance
(marked by symbol ‘=1 in figure 2{c)) in the absorption spectrum of the target, i.e.
w, = wy — Q. Emission spectra obtained in these circumstances are shown in figure 5.

As in the previous case, the emission spectra consist of equidistant lines. However,
this time the spectra are asymmetric (the asymmetry was also observed in [15]). As
previously, the main attention will be given to the relative intensities of shifted lines. It
is seen from figures 5(b)-(d) that the *-+ 1’ line in the emission spectra is the most intense
one among all shifted ones. Its frequency w, + S coincides with frequency wy of the
strongest absorption resonance in the ¥'ss target. At the same time, the line =1’ with
frequency o, — Q, shifted far away from the main absorption resonance, is the less
intense one. This result may seem rather surprising, since the nuclear medium should
be a strong absorber at g or, in other words, it should be an incoherent scatterer.
Instead of this, the system intensively emits radiation in the forward direction at the
frequency of the main resonance, and the radiation with this frequency traverses the
target with anomalously weak absorption. It occurs that some specific conditions arise
in the vibrated target, due to which the nuclear resonance medium is converted from an
incoherent scatterer of radiation into a coherent one.

Figure 6 presents the results of processing a number of emission spectra measured
in these conditions. The intensities of shifted lines are given as a function of the driving
voltage amplitude applied to the quartz slab. Note that the relative intensity of quanta
emitted by a vibrated nuclear target into the *+1° frequency mode only reaches [, =
15.0 + 1.0%. This means that re-emission even at one frequency that coincides with the
frequency of the main absorption resonance in the target exceeds the radiative channel
quota in the reaction of a y-quantum resonance scattering on an isolated *'Fe nucleus:
fa> Ry, =10.9%.
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Figure 5. Specira of y-radiation emerging from the vibrated ss target in the forward
direction for various amplitudes U of driving voltage at the quartz plate. Measured by a
single line resonance filter K,Mg[¥"Fe(CN),).10H,0. The Mdssbauer radiation from the
FCo(Cr) source is tuned to the first sideband in the absorption spectrum (tagged by *~1’ in
figure 2(c)). Full curves show results of the theoretical calculations (see section 4).
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show results of the theoretical calculations (see sec-
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3. Interaction of y-radiation with nuclei in the vibration target. Theory

The theoretical model that corresponds to the experiment is presented. Similar problems
have been solved earlier in [20-22]. A particular feature of the solution technique used
hereis the direct description of the dynamics of formation of various spectral components
of radiation in the course of multiple coherent Raman nuclear scattering of radiation in
a vibrated target. The analysis of the solution obtained makes it possible to reveal
immediately the radiative channel enhancement effect. The influence of synchronism
of nuclei motion on the enhancement of a nuclear reaction yield into the radiative
channel is considered.

3.1. The wave equation for radiation propagating in a vibrated resonance medium

The problem of propagation of a radiation wave %, expfi(xr — w)] through a plane
target of thickness L that contains spatially disordered resonance nuclei is solved. Here
%, is the amplitude of the wave with frequency w and wavevector « (x = 27/A). The
nuclei possess a low-lying isomeric level with energy fiwy, close to fiw. The level width
isT' =T, +T,, where ["; and T, are partial widths of radiative and conversion decay
channels, respectively. For low-lying excited states of nuclei the condition T';/T';  11is
valid as a rule. Therefore, in traversing the target at rest, the resonance radiation is
mainly converted into electrons. The peculiarity of the problem of y-resonancescattering
under consideration is that the nuclei in the target are vibrated at ultrasonic frequency
Q/2r.

Since the tangential component of the electric field intensity is continuous at the
media interface, it can be presented inside a target as follows:

E(r.t) = E,(z, ) expli(kr — wi)]. G0

Here E (z, ) is the envelope of the electric field intensity; the z axis is perpendicular to
the entrance surface of the target. In the linear-in-the-field approximation the current
density J(r, {) induced by incident radiation can be expressed in terms of its envelope
J.{z, t) by an equation similar to (3.1).

Since the amplitude of y-radiation scattering on a separate nucleus is much less than
A and the frequency © of the target vibrations is much less than w, the E,(z, f} and
J.(z, tyenvelopes are, obviously, slowly varying functions compared to the exponent in
(3.1). To describe the radiation propagation in a medium the reduced version of the
wave equation (see e.g. [23]) can be used in this case:

v3E, 3z =—(2nfc) ], (3.2)
E (0,0 =%, (3.3)

The quantity y = sin 8in(3.2)is the sine of the angle & between the direction of radiation
incidence i /k and the target surface, Equation (3.3) is the boundary condition for the
problem under consideration.

Let us calculate the current density induced by incident radiation in a vibrated
resonance target. J(r, ¢} must contain two components in the general case. One of them
stems from the interaction with atomic shell electrons, the other one from the interaction
with resonance nuclei. The interaction with electrons proceeds instantancously, in fact.
Therefore, the vibrations will not introduce any additional change of phases of the waves
scattered by electrons in the forward direction. Proceeding from this, we shall take into
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account in the calculations the nuclear current only. It can be represented as a sum of
currents of individual nuclei. It is convenient to perform calculations in a momentum
representation:

s = (—Z‘j—f‘)— exp(ikr) S, exp(iker,) (@] JBali). (3.4

Here {a(#)| is the wavefunction of the ath nucleus; j(k) is the current density operator of
anucleusin k-space; r, is the radius vector of the ath nuclens. It is convenient to represent
r,asasum:r, = R, + u,(t), where R, is the radius vector of the mean position of a nucleus
and u,(f) is the deviation from this position. The influence of thermal vibrations will
be taken into consideration by introducing the Lamb-Mdssbauer factor fi, in final
formulae. And, for the time being, we shall assume that #,(¢) describes the vibrations
induced by an external source only.

The current density for the individual nucteus in the first non-vanishing order of the
perturbation theory is equal to

(a(D]j(k)|a(0)y = —iexp][—i{wq — i\ /2)1]
< [ dvexplitay = i /2GR IeXel V(7)) 6:5)

Here V, is the Hamiltonian of interaction of the ath nucleus with the radiation field; |e)
and |g) are wavefunctions of excited and ground states of 2 nucleus, which are (2/, + 1)
and (27, + 1)} times degenerate respectively; /, and [, are nuclear spins in the excited and
ground states. To calculate (3.5) the standard expresswn for V, is employed:

V() = —c! j dr jtr — r,)A(r, D). (3.6)

If the Coulomb gauge condition is chosen, then in the slowly varying envelope
approximation the vector potential A(r, 1} is expressed in terms of the electric field
envelope as follows: :

Alr, )y = —icw™! E,(z, {) expfi(scr — w1)]. (3.7
Substituting (3.7) into (3.6), we obtain after simple transformations
Va(t) = i0™! j*(K) - Eo(2,, 7) expli(sr, — wn)]. (3.8)

In view of equations (3.5) and (3.8) the expression for the current density takes on the
form:

A |
S = m(uiM+ 1)

x X, expli(ie — k)R, — iku, ()] 2 {g|f*(k)|e)e
a .8

exp|—i(wy — il'y/2)] [ (—2% exp(ikr)

76" (1))

f
X f dr £5,(z,. t) exp]—i{w — @y + i /2)T + inu,(7)]. (3.9)

This formula includes the summation over all intermediate excited states |e) and aver-
aging over initial states |g). Expression (3.9) takes into account the influence of thermal
vibrations by introducing the factor f; . Indexs (5"} = 0, 1labels components of orthog-
onal polarizations of the electric field.
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We shall assume that longitudinal (along the normal n to the surface) vibrations of
nuclei are excited in a nuclear target, as took place in the experiment:

u,(f) = nd, sin(Q + ¢,). (3.10)

Suppose that nuclei vibrate in unison. This implies that d, = const and ¢, = const
throughout the target volume. In other words, the target is vibrated as a whole. Then
the factor explib, sin(S + @,}], where b, = (kn)d, is the modulation index, can be
placed outside the summation sign. Since nuclei in the target are spatially disordered,
the summation over the nuclei in (3.9) can be replaced by integration. As a result, the
following explicit expression for the nuclear current density in a vibrated target is
obtained:

Jo(r, 8) = J5,{z, 1) expli(sr — wt}] (3.11)
where the envelope is equal to
Fen = - 5285 explio)] [ dreml-ie(m] Eyzn) (.12
with
a(t) = (0 — wq + iT/2) — bsin(Q: + @) (3.13)
. 8aN. .
gt =~ o WS el )b el ) (3.14)

w?(2, + DIy e

Variable I is introduced instead of Fyin (3.13) without explicit calculations. It describes
possible homogeneous or inhomogeneous y-resonance broadening in the target. The
following relation I' = T’ is valid. In (3.14), N, is the number of resonance nuclei in a
target volume unit. In the case of degenerate nuclear levels the quantity g§ in (3.12)
and (3.14) can be transformed into the following form (see e.g. [3]):

gf}si = _805”' 8= (433N0/K3)(rcoh/r0) = oxNy/x (3.15)
Toon = fimd (21 + 1)/2(21, + D)IT ). (3.16)

Here oy is the cross-section of resonance absorption by a nucleus; I, is the coherent
part of the radiative channel T',. Relation (3.15) allows us to use hereafter the scalar
formulation of {3.2) with the current density envelope given by (3.12). Index s will be
omitted.

In conclusion to this section, we shall make a comment regarding the applicability
of expressions for the current density obtained. In transition from (3.9) to (3.11)-(3.14)
the summation over nuclei in a macroscopically large target volume was performed. At
the same time it is clear that there exists some minimal volume (cailed the coherence
volume V_henceforth) in which the summation procedure over nuclei does already lead
to (3.11)-(3.14). The following estimate is valid: V! = 1. Let us consider now a more
general case, namely synchronism of nuclei vibrations is not conserved throughout the
target volume. At first, assume that synchronismis conserved neverthelessin any chosen
part of the target volume, equal to the coherence volume with centre at point r. Then
for current density J{r, ) one obtains relations similar to (3.11)-(3.14), but with par-
ameters b and ¢@ explicitly dependent on r. If, however, the nuclei in the coherence
volume do not vibrate in unison, then the expression for the current density will be quite
different (see section 3.3.4).
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3.2. Emission by a vibrated nuclear target. Solution of the wave equation

The solution of the wave equation (3.2) with J,(z, {) defined by expression (3.12) will
be sought as a superposition of monochromatic waves:
+x

Ey(z.0) = 2 Eu(z,w)exp(—iQks). (3.17)

hk=—-=
In this case the boundary condition (3.3) will be given by
E (0, @) =% ,0.0- (3.18)

Such a form of solution implies that, inside the target, the vibrated nuclei generate
radiation that along with the main harmonic w contains a coherent sum of combinational
harmonics @ = Q& as well. In a sufficiently thick target one should expect dynamic
transfer from each combinational mode to all others, and vice versa. As a result, the
amplitudes E,(z, @) must depend on z, which is used explicitly in equation (3.17).

Let us substitute {3.17) into (3.2) and (3.12). We shall also make use of the well
known relation:

exp(ib sin ¢) = >, J,(b) expling)
=
where J,(b) are Bessel functions of the first kind. Then, we equate terms with the same
frequencies in the left- and right-hand sides of (3.2). As a result, we obtain a system of
dynamic equations for amplitudes of combinational harmonics E(z, w):

a_:-"z_k_En_}}w GoE, (3.19)

where
G = qu exp{—ik@) i1 (D)o (0) 44 (b) exp(—ing) (3.20)
Go(w) = ~go(To/2)/(0 — wg — Qq +iI/2). (3.21)

Coefficients G, of the system of dynamic equations (3.1%) determine the amplitude
of transfer from the nth combinational mode to the kth one. The structure of (3.19)
resembles the system of dynamic equations for Mossbauer or X-ray diffraction, when
the Bragg conditions are exactly fulfilled. However, the diffraction system is a finite one.
As arule, it contains two or more equations for the amplitudes of waves propagating in
the forward direction and at Bragg angles. Such a system can be solved exactly (see e.g.
[3]). Itis seen from the structure of coefficients G, that in the general case one cannot
limit the number of equations as far as the system (3.19) is concerned. A system of
infinite order must be solved. Let us try to find the solution by the iteration method. The
condition at a boundary (3.18) is used as a zero approximation. Substituting it into the
right-hand side of (3.19), one gets

EQ(z, 0) = 8,[810 + (ix2/27)G ) (3.22)

Then, equation (3.22) isused as the next approximation. This procedure is continued
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up to infinity. As a result, the solution of (3.19) is obtained in the form of a series
expansion:

ixz ikz

ixz 2 3
Ey(e0) =80 810+ 52 G+ (5) 57010+ (57) 5 OuOmmGus + -1
(3.23)

Summation over repeated indices is supposed here.

The structure of (3.23) shows that the amplitude of the kth spectral mode of radiation
with the frequency w + £2x at depth z is a result of a multiple Raman resonance re-
emission of primary radiation with frequency w into this mode. The scattering proceeds
via al} possible combinational modes and through all possible paths. The zero mode is
not an exception and is the result of similar re-emission processes as well.

The series (3.23) can be summed up, if one makes use of the relation:

-
20 Jisg(B)4(b) = Op. (3.24)
g=-r
Using it together with expression (3.20) for G,, the manifold sums in (3.23) can be
reduced to one-fold ones:

2, GaGro = exp(~ike) Efkw(b)cf,(w)fq(b) (3.25)
E G n G rm G o = exp(—1k ) 2 T q(B)G3H ()T, (b) (3.26)

ete. Substitutmg (3.24)and (3.20) as well as (3,25), (3.26), etc, into equation (3.23), the
series can be summed up and the expression for the amplitude of the Ath combinational
mode can be reduced to

Ei(z, w) =8, exp(—ike)E,(z, w) (3.27)
with

Gu(z, 0) = sy () (0) 30 (5 G, (@)). (328)
q \2y

The solution (3.27)-(3.28) satisfies equation (3.19) and boundary conditions (3.18).
Thus the vibrated crystal transforms an incident monochromatic wave into a coherent
superposition of waves with different combinational frequencies. Using (3.17) and (3.27)
we write down the expression for the electric field envelope at depth z < L:

Em(z,t)=‘£wEE%(z,r) (3.29)

E%(z, ) =T, (b)S,(b.1) exp( G (w)) (3.30)
where

S,(b, )= > Ji+q(0) exp —1(S2 + @)k] = exp[i(Q: + @)g — ibsin(Qt + @)].  (3.31)
k

Expressions (3.1}, (3.17) and (3.27)~(3.31) completely solve the problem. They enable
one to calculate the intensity of radiation leaving a vibrated target as a function of any
of the parameters.
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We are interested, first of all, in the spectrum of radiation I(z, ) at the target exit
at z = L. For this purpose we calculate the Fourier image of E(z, ¢) using formula (3.1)
in scalar form together with (3.17), (3.27) and (3.28):

Eo (2, ®) =%, 2 exp(—ik@)d(d — @ — QK)E ,{z, ®). (3.32)
k

To calculate the radiation spectrum expression (3.32) must be squared modulo.
Besides, it must be averaged over the target vibration phase ¢, since there is no
correlation between the phase of the incident y-radiation and the phase of the target
vibrations. As a result we obtain

KL, @) =2 |%,-aC(L, d — Q)| (3.33)
k
If the source spectrum |§,,|? is assumed to have a Lorentzian form
%02 (Ty/27)/[(w — w))* + (T5/2)°] (3.34)
then the spectrum of y-radiation Ieaving the vibrating target is expressed as
€4 (L, & — QK

KL, ®)= ZIk(L @) = 2

© (o, + Qk — @)* + (T/2)*" (3.33)

3.3. Analysis of the theoretical solution

3.3.1. Absorption and emission by nuclei vibrating in unison. As follows from (3.29)-
(3.31), the wave €, exp{i(kr — w¢)] incident on a vibrated target excites within it with
probability amplitudes J,(4) an infinite number of discrete superpositional states of
radiation S (b, {}—equation (3.31) numbered by index ¢. Eachstate S,(b, f)isacoherent
sum of waves with different combinational frequenciest. It represents an eigenstate of
radiation in a vibrated nuclear target. The content of harmonics in each superpositional
state is the same at any depth in the target. A complex refractive index corresponds to
each individua) superpositional state. Its part associated with the nuclear resonance
scattering equals G,(w)/2 = x™![v,(w) + ip,(w)]. The real part vq(a)) is equal, accord-
ing to (3.21), to

vo(w) = —Kkgo[(w — @y — QAT/2]/[(w — 0y — Qg)* + (T/2)?]. (3.36)
It describes, as usual, the change of y-radiation phase due to coherent scattering on

nuclei in the forward direction. The imaginary part u,(w) is the absorption coefficient
of the gth superpositional state in a vibrated target. It is equal to

po(w) = kgo (TTy /4)/[(w ~ wo — Qq)* + (F/2)]. (3.37)

The nuclear absorption coefficient in a target at rest coincides with p(w). Without loss
of generality we shall suppose hereafter for simplicity that the frequency w of incident
radiation is close to the resonance frequency @y: |w — wq| < T. Suppose also that the
target is so thick that py(w)L 2 1, or

kgL > 1. (3.38)

With such a target thickness, the resonant radiation does not pass through the target at

 This gives rise, in particular, to the complex periodic time depeadence of radiation intensity leaving the
target~—the so-called Perlow quantum beat effect [10, 11].



2678 Yu V Shuyd'ko and G V Smirnov

70 NERTINEETINTAEN IURE N R A ll'~|ll_illlllil!lillllsl
: <t
80 - Ig o lo L
- .
~o50+

Figure 7. Relative intensities of spectral components
of y-radiation emerging in the forward direction from
a vibrated nuclear target for various values of modu-
lation index. Theoretical calculations are carried out
in the frame of the model where the nuclei are moved
in unison. The y-radiation source is tuned to the main
absorption resonance, Notations are simifar to those

1 2 3 4 5 | )
Modulation index used in figure 4.

rest. On the other hand, in the vibrated target, as follows from (3.36), for any thickness
L, including that satisfying equation (3.38), one can find a number of superpositional
states & for which the opposite relation g (@)L < 1 is valid. This implies that radiation
in the superpositional states, beginning with the §th one, will leave the target in the
forward direction. The estimate for § can be obtained from (3.37):

|41 > (T/2Q) (xgo L)', (3.39)
If the target vibration frequency is so farge that the refation
Q> (I'/2)(xgy L)*? (3.40)

is satisfied, then the radiation in all superpositional states, except for the zero one
with g = 0, traverses through the target with anomalously low absorption. A similar
conclusion was made earlier by Dzyublik [21]. One should note an important peculiarity
here. For Q » I'/2 the equality v,(w) = (2Q¢/T)u,(w) is valid. This implies that, even
if the condition of anomalous transmission is met, p,(w)L < 1, the value of v (w)L can
be of the order of unity. In other words, the phase of the transmitted wave may differ
greatly from the phase of the incident wave, and this evidences that the radiation passing
through the target with anomalously low absorption is secondary radiation—the one
that has experienced interaction with the nuclear system.

Let us see how the intensity of radiation leaving the target is shared among various
spectral components. As mentioned above, all superpositional states contribute to each
component. Figure 7 shows the values Iy, I, + I_, (k = 1,2, 3) and I3 _ as a function of
modulation index b. The intensities of spectral components were determined as [, =
[da I{L, ®) and calculated by formula (3.35). The parameters of the y-radiation
source and target applied in the experiment were used in the calculations (see section
4). At small vibration amplitudes (b = 2) the shifted spectral components are dominant
in the spectrum. Their intensity amounts to f3_¢ = 56% at b = 1.9. The lines with
k= %1 are the most intense ones. The total intensity of all spectral components, in-
cluding the non-shifted one, reaches 92% at b =2.5. Recall that the theoretical
calculations were carried out in the frame of the model with nuclei moving in unison.
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The dependences in figure 7 are in qualitative agreement with the experimental data
given in figure 4. The quantitative correspondence between the theory and experi-
ment is discussed in section 4.

The calculations have shown that resonance y-quanta absorption and scattering in a
vibrated nuclear target proceed in some unusual way. The target absorbs a considerable
part of the radiation at frequency e and re-emits it at frequencies @ = Qk (k =0, =1,
®2, ...). Besides, it is seen that the secondary radiation traverses the target with
anomalous absorption. The nuclear reaction yield is obviously changed in favour of a
radiative channel. Let us reveal the reasons for these phenomena.

3.3.2. Coherent enhancement of the radiative channel. The tendency to enhancement
can be followed more easily in a thin target, L < (o0gi¥y)~", in which the resonance
absorption has not yet reached saturation, i.e. when the effect is still dependent on the
number of nuclei participating in the interaction. Let us calculate the amplitude of
radiation re-emitted into the kth (£ # 0) combinational mode. For this purpose we make
use of equation (3.23). In so doing we shall consider one- and two-fold re-emission
processes only, i.e.

Ei(L, w) =B ,[(ixL/27)G ey + (ixL/2y)*(1/21)G 1 G o). (3.41)

In view of equations (3.20), (3.21), (3.25), (3.15) and (3.16) and after some simple
transformations, equation (3.41) can be presented in the form:

Ei (L, @) =% ,(ixL/2¥)G (3.42)
where G,y is defined by (3.20)-(3.21) but with G,(w) changed therein to

Golw) = —go(To/2) [0 — wg — Qg +i(I + AT)/2]™ (3.43)

ATy = FentNy L/ (x? sin 6). (3.44)

Equation (3.42) shows that the scattering process can effectively be treated as a result
of a one-fold, rather than two-fold, Raman scattering act, Besides the resonance width
of coherent scattering is increased by the value of ATy, which is seen explicitly from
equations (3.43)-(3.44). The increase of the width is a direct manifestation of the
enhancement effect of the radiative channel. Thus, the effect acts not only in a regular
system of nuclei in the Bragg scattering, as was discussed in [1, 3], but also in irregular
systems. However, in the case of coherent forward scattering, the width increases by the
vatue of ATy (3.44), which is exactly twice aslow as the increase ATy (1.1) that isreached
in the Bragg scattering case. This difference can be attributed to the fact that in the
Bragg case the re-emission can proceed in both the forward direction and at the Bragg
angle [24]. whereas an irregular nuclear system can re-emit coherently in the forward
direction only.

From equations (3.42)—(3.44) one can find that the intensity of re-emission into the
shifted spectral mode of the kth order is proportional to the square of the total number
N of nuclei participating in the interaction:

I(L, w) ~ N2 (3.45)

The intensity of nuclear decay into the non-coherent channels, including the internal
conversion one, is proportional to the first power of N. Thus, owing to coherent
scattering, the role of the radiative channel increases. However, the enhancement might
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be observed only if coherently re-emitted radiation survived in traversing the absorbing
medium. Such conditions really do exist in the vibrated target.

3.3.3. The probability of nucleus excitation in a vibrated target. Let us estimate the
probability to find a nucleus in the excited state, provided that it is located in a vibrated
target. Similarly to the procedure of derivation of equation (3.5}, one can show that the
probability amplitude in the first non-vanishing order of the perturbation theory equals

{ela(s)) = —iexp[—i(wy — ilo/2)i] J” dz expli(wo — iTo/2)r} e Va(1) |2) (3.46)

where index a indicates a nucleus located at depth z in the target. Since £,(z, 1) is a sum
of fields £9,(z, 1) ((3.29)—(3.30)) corresponding to different eigenstates of radiation, it
is convenient to caleulate the probability amplitude of a nucleus excitation for each
eigenstate separately: (¢|a(7)),. Substituting (3.29) into (3.8) and further into (3.46), one
obtains

{ela(ry), = 107G, (elj* (x)]g) explinR, + (ixz/2y)G ()]
x J,(b) expli(Qt + @)g]/(w — wy — Qg +iF/2). (3.47)

We will introduce the notation W, = {e|a(f)}o/Fo(b). 1t {ollows from the definition that
Wy equals the excitation amplitude of a nucleus in a target at rest, i.e. under normal
conditions. When (3.38) and (3.39) are satisfied, the ratio of the probability of a nucleus
excitation by radiation in superpositional state with g > § to the normal probability of
a nucleus excitation W3 is equal to

[Kela(e)dq /W3, 0 = T3(b)(T/2R2q) (3.48)

and can be made arbitrarily small. Therefore, the radiation in these states traverses the
target practically without losses into incoherent channels. This produces conditions for
observation of the enhanced yield into the radiative channel.

3.3.4. Absorption and emission by nuclei vibrated in dissonance. So far we have con-
sidered the cases of resonance interaction of y-radiation with nuclei moved in unison.
In order to determine the role of synchronism in the enhancement effect, we shall
consider in this section another limiting case—the interaction with nuclei moving in
complete dissonance.

Let the nuclei be vibrated according to equation (3.10), but with different phases @,.
The phases @, can take on any values from 0 to 2.7 with equal probability, i.e. there is
no correlation of vibrations. In this case one cannot use (3.12) for current density in the
right-hand side of the wave equation (3.2). To calculate the coherent component of the
nuclear current density in these conditions, equations (3.9)—(3.10) must be averaged
over ¢,. As aresult, instead of (3.12)—(3.14) we obtain

l" 4
Lol = 280 Z IO expliyr) | exp(-icse)E, (2, 7)

Cak == Wy — Qk+irg/2,
(3.49)
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Figure 8. (z) Absorption spectra calculated for the case of synchronous (full eurve} and non-
synchronous (broken curve) vibrations of nuclei in a target. (&) Emission spectra calcuiated
in similar conditions of synchronous and non-synchronous motion of nuclei, The incident
radiation is assumed to be monochromatic. The nuclear resonance parameters are the same
as in the experiment (see section 4). The distribution of vibration amplitudes given by
equation (4.4) with b, = 1 is taken into account. Bessel functions are averaged over the
distribution.
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The solution of wave equation (3.2) with current density expressed by (3.49) gives a
result completely different from that given by (3.29)-(3.30).
ix

Eolz,1) = €y exp (2;" S ()G n(@)). (3.50)

One can see that in this case coherent re-emission in the forward direction proceeds at
the non-shifted frequency only. Thus, if the vibrations of nuclei are not correlated, there
are no conditions for coherent Raman scattering.

As seen from (3.50), there should be satellites in the absorption spectrum at fre-
quencies wo = 2m (m==£1, *2,...) along with the main resonance at @, Non-
synchronous vibrations of nuclei influence the nuclear resonance interaction with radi-
ation like the thermal oscillations do. The probability of recoilless absorption f{ s in the
main resonance is decreased by a factor of J3(b). This in fact leads to resonance
demolition. Asforthe rest, equation {3.50) is standard. Thus no conditions for enhanced
yield into the radiative channe! arise,

Figure 8(a) presents the example of comparison of absorption spectra and figure 8(&)
of emission spectra in the synchronous (full curve) and non-synchronous (broken curve)
motion modes at the same amplitudes of nuclear vibrations. As seen, the spectra are
drastically different for these two vibrational modes. Let us consider the main resonance
line in figure 8{a). In conditions of non-synchronous motion it drops down to the zero
intensity level and is narrow. Meanwhile in conditions of synchronous motion it is not
deep but wide (the width much more than I'g). In the first case no radiation at all could
pass through the target when the frequency of the incident wave is tuned at resonance
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Figure 9. Reclative intensities of spectral components
of y-radiation emerging in the forward direction from

a vibrated nuclear target for various values of modu-
lation index. Theoretical calculations are carried out
in the frame of the model where nuclei are moved in
unison. The y-radiation source is tuned to the first
sideband in the absorption spectrum. Notations are
similar 1o those used in figure 6.

from the fitting: {#) of the experimental absorption
spectra (figure 2)—the by values are labelled by (+};
(b) of the emission spectra {figure 3} at the excitation
of the main resonance (*); (¢} of the emission spectra
(figure 4) at the excitation of the first absorption
sideband (Q).

(see also corresponding emission spectrum—lower curve in figure 8(b)). However, inthe
second case, as we discussed earlier, secondary radiation with a complicated spectrum is
coherently emitted in the forward direction (upper curve in figure 8(b)).

The comparison accomplished shows that a reason such as demolition of the res-
onance due to vibrations of nuclei cannot be the reason for the appearance of intense
radiation behind the nuclear target in the experiment described.

3.3.5. Anexample of qualitative discrepancy between the theory and experiment. Before
making a quantitative comparison of the theory with the experiment, we shall present
one more result of the calculations; namely, the calculation of intensities of lines in the
emission spectra, when the first sideband resonance in a nuclear target is excited. The
resulis of measurements carried out in these conditions were described in section 2.4.2.
The results of calculations are presented in figure 9. They are valid for the case of
synchronous motion of nuclei in the target. Comparing these results with the exper-
imental data (figure 6), one can notice not only quantitative but also qualitative dis-
crepancies. Both in the theory and in the experiment the line ‘41" was the most intense
one among all shifted lines. The line *—1" was found to be the next most intense one in
the experiment, whereas according to the theory the line *+2’ should be the next most
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intense one. As will be shown in the following section, the quantitative and qualitative
discrepancies can be eliminated by introducing in the model a partially non-synchronous
motion mode of nuclei.

4. Comparison of the theory with experiment

So far we have mainly considered theoretically the case when nuclei were moving in
unison. Another limiting case—the interaction with nuclei moving in complete dis-
sonance—was considered in section 3.3.4. As we were convinced, the synchronism of
nuclei vibrations in a target is an essential requirement for observing the enhancement
effect. The experimental data of section 2 proved that this phenomenon was actually
observed. At the same time, the data indicate that the effect was observed in the absence
of full synchronism of nucleimotionin the target. Thisisseen already from the absorption
spectra (figure 2). In the case of synchronous motion the relation of sideband intensities
should be different, see e.g. [25]. Besides, as noted in section 3.3.5, the relation of the
intensities of lines ‘+2" and ‘~ 1’ in the experimental emission spectra (figures 5 and 6)
is inverse to that obtained in the frame of the model of perfect synchronous motion.
Perhaps the case of partial synchronism took place in the experiment,

Synchronism can be violated at both microscopic and macroscopic scales. In the
second case, vibrations proceed synchronousiy within separate volumes, which are not
smaller than V,, but the motion of these volumes is not correlated. The wavelenpth of
sound in ss at frequency Q/2x = 23.79 MHz equals A = 210 #m, which is much larger
than the y-radiation wavelength A = 0.86 A. Hence, it is very likely that the non-
synchronism of vibrations is macroscopic in these conditions.

As has already been noted at the end of section 3.1, the current density can be
described in this case by equations (3.11)—(3.14), but with parameters b and ¢ being
explicit functions of r. Asthe target thickness L = 10 umis much less than A, it is natural
to assume that this dependence includes x and y coordinates only. This means that the
synchronism of nuclei vibrations is conserved in regions of cylindrical shape with area
greater than V%° and oriented perpendicular to the target surface. In this case we obtain
for the y-radiation field the solution of (3.27)-(3.32) type, as in the case of synchronous
motion. However, the radiation spectrum (3.35) must be averaged over nuclei vibration
amplitudes (the phases of vibrations ¢ do not appear in equation (3,35)):

Ly (C&lL,o- Qi)[%)
T2 (0 + Qk— @) + (T/2)2

KL, &) = 2 I(L, ®) (4.1)
k

where

(G (L, — QK% = -r db P(b)|€ (L, & — Qk){%. (4.2)
0

Here P(b) is the distribution of modulation indices, which is associated with different
vibration amplitudes of nuclei in the target.

Obviously, the averaging operation in (4.1)-(4.2) does not influence in any way the
values of absorption factors u (w) (3.37) for various superpositional states. Only the
relations of intensities J, of different spectral components change.
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The emission spectra in figures 3 and 5 have been measured by means of a resonance
single line filter. Therefore, they should be compared with (4.1)-(4.2) dependences
convoluted with the spectral function of a resonance filter:

1L /2)? )
(6 — ) + (Tp/2)?

S = fd(f) KL, @)exp (— 4.3)

Wy = CUm(1 - vf/C).

Here wy, is the resonance frequency of the filter at rest; +; is the velocity of the filter
moved along the y-beam propagation; ¢ is the speed of light,

Good results of fitting the Mossbauer absorption spectra (figure 2) and emission
spectra (figures 3-6) were obtained using the Rayleigh distribution for 2 modulation
index:

Pr(b) = (b/bk) exp(-b?/2b%) (4.4)

with parameter by proportional to the characteristic vibration amplitude. It was the only
free parameter in the fitting. The remaining parameters have been determined earlier
from the procedure of fitting the experimental spectra (figure 2(a) and figure 3(a) and
{a')) measured in the target at rest, The following parameters have been used. The
nuclear resonance absorption factor in the target is kgoL = 90 = 3; the resonance line-
width in a target with due account of inhomogeneous broadening is ' = (1.9 = 0.1)[,,
where [y = 0.097 mms™'; the y-radiation source linewidth is T, = (1.5 = 0.1)T'; the
resonance absorption factor of the filter is u/ = 11 * 1; the target vibration frequency
is Q/2x = 23.79 MHz.

Figure 10 illustrates the correspondence between the amplitudes of driving voltage
Uat the quartz plate and the Rayleigh parameters by obtained from fitting the absorption
spectra {figure 2) and emission spectra (figures 3 and 5). As seen, the spectra of various
types, measured for the same values of voltage U, are well described by very close values
of the Rayleigh parameter. Besides, the bz({/) dependences are linear to good accuracy
in all three cases studied. The averaged dependence is by = 0.69U. The upper scales in
figures 4 and 6 correspond to this calibration.

Thus, the model, which takes into account the amplitude inhomogeneity of nuclei
vibrations, describe well all qualitative and quantitative features of experimental spec-
tra.

5. Conclusions

The quasimonochromatic Mdssbauer radiation was trapped almost completely by nuclei
in a thick target vibrated along the y-beam at ultrasonic frequency /27 and then re-
emitted in the forward direction at frequencies w, = @k, k=0, =1, %2, . .. (w, is the
primary radiation frequency). It turned out that in this case the fraction of the radiative
channel in the reaction of y-resonance scattering on nuclej has grown noticeably. The
enhancement of the reaction yield into the radiative channel is achieved due to Raman
coherent scattering of y-quanta on nuclei in a vibrated target. A large part of the
secondary radiation is weakly absorbed by a nuclear target even in the case when the
energy of re-emitted quanta coincides with the main nuclear absorption resonance.
The theoretical approach used in this paper can be considered as a supplementary one
to previously developed ultrasonic modulation theories {20-22). The peculiar feature of
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the present approach is the possibility to follow the mechanism of formation of y-
radiation statesin a target due to multiple Raman coherent scattering on vibrated nuclei.
it is also shown that to observe the radiative channel enhancement the condition of
synchronous motion of nuclei in the target must be fulfilled at least in volumes not
smaller than the coherence volume. The coherence volume is estimated by V1?3 = 4 (A

is the y-radiation wavelength),
One should note that the method of coherent Raman scattering in thick nuclear
targets can be efficiently utilized for frequency transformation of y-radiation.
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