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Resonance vibration modes of point defects and the Mossbauer effect

A. SZCZEPANSKI (WARSZAWA)

THIS ARTICLE constitutes the first part of a more extensive study on the influence of sharp reso-
nance modes in the Mdssbauer atoms, vibrational frequency spectrum on the recoilless fraction
in the case in which the Mossbauer atoms can be regarded as isolated impurities in an arbitrary
host lattice; the second part of the paper concerns the case of higher concentrations, The general
dependence of the recoilless fraction upon the vibrational resonance width is obtained as a time
function which can be measured by means of the coincidence Mdssbauer spectroscopy. An
experimental determination of the recoil energy transfer time in a gamma emission process is
proposed.

Praca stanowi pierwsza czgs¢ wigkszej calosci i dotyczy wplywu ostrych modéw rezonansowych
w widmie czestosci drgan atomu Mossbauera na wspolczynnik emisji bezodrzutowej w przypadku,
gdy atomy mossbauerowskie stanowia domieszk¢ o niskiej koncentracji (druga cze$¢ pracy
dotyczy przypadku wyzszych koncentracji). Macierz dla atoméw domieszki jest zupelnie do-
wolna poza warunkiem tworzenia ostrych rezonansow. Otrzymana zostala ogblna zaleznosc
wspblczynnika emisji bezodrzutowej od czasu, ktéry uptynat od wzbudzenia mechanicznego
atomu, energii wzbudzenia i szerokosci linii rezonansowej (wibracyjnej). Poza bezposrednim
zastosowaniem do wyznaczania czasu relaksacji modéw rezonansowych zostalo omdwione za-
stosowanie otrzymanych wynikéw do eksperymentalnego okreflenia czasu trwanie przekazu
energii odrzutu przez kwant gamma emitowany przez jadro atomu zwiazanego w krysztale,

CraTsa ABJIACTCA MepBoH yacTio Goree o6umMpHOM paboThl O BIMAHMM PESKHX DPE30HAHCHBIX
MOJL B CIIEKTpe 4acTOT KoneGanuii aroma Méccbayspa Ha xoaddument nanyvennn 6e3 otaaun
B ciy4ae, Korja arome! MéccOayapa cocrammior npumeck ¢ Masnoi KoHueHTpaumeif. Bropas
yacTs paboThl COMEPIKUT aHAH3 Cyyad Goslee BhLICOKMX KOHIEeHTparmii. Marpuua pna arto-
MOB NPHMECH ABIIAETCA COBEPIUEHHO IPOH3BONBHON M €IHHCTBEHHBIM YCIOBHEM, HAKJIAJbI-
BAEMBIM Ha Hee, ABJACTCA ycloBHe 00pasoBaHHA pe3KHMx pesoHaHcoB. Ilomyuyena ofmas 3a-
BHCHMOCTB Ko3dibHIMeHTa M3mydeHua 0e3 0TAa4YM OT BPEMEHH, HCTEKILEro OT MOMEHTa Mexa-
HHYECKOTO BO30Y>KACHHA 8TOMA, 4 TAIOKE OT 3HEPIHH BO30Y)KAEHNA H MIHPHHBI PE30HAHCHBIX
(ronebarensHBIX) monoc. Kpome HeIOCpeACTBEHHBEIX NPHIOMEHHH K ONpEeACIEHHIO BpPEeMEH

peNaKcallii Pe30HAHCHBIX MOJ oOCY>KOaeTcst HpUMEHEeHHe MONYYeHHBIX Pe3yJITATOB K 3KCIle-
PHMEHTANLHOMY OIIpE/e/IEHHI0 BPEMEHH MEPEHOCa SHEPTHH OT/aYH KBAHTOM IaMma, Manyda-
eMbIM M3 S/IPa aTOMa, CBA3AHHOTO B KPHCTAUIMYECKOH pellleTKe.

THIs paper presents an application of certain results of the theory of point defects in
crystal lattices to the so-called Mossbauer effect. It may also be understood as an attempt
at a new experimental research tool in the field of dynamics of such defects.

General characteristics of the main objectives of the paper will be preceded by a quali-
tative description of the physical situation considered here; it will facilitate precise statement
and constitute the necessary introduction to more detailed considerations.

Let us consider a sample of a certain crystal containing Mssbauer-active (for the sake
of simplicity called throughout the paper “M-active”) impurity atoms. Assume the impurity
concentration to be very low, thus enabling us to treat its atoms as isolated defects. Di-
mensions of the host lattice sample are assumed to be sufficiently large that internal defects
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only need be considered (the specimen is not a thin layer, for instance). Let us assume
moreover, that the choice of the host lattice and impurities is such that in the vibrational
frequency spectrum of impurity atoms, sharp resonance modes appear. Such modes
occur when the impurity atom is much heavier than the host lattice atoms and/or its
coupling parameters with the host lattice atoms are softer than those of the perfect
lattice ([1], cf. also [4, 5, 17, 19]). It will be shown later that such a situation is considered
favourable in view of the M-nuclides with mass numbers close to two hundred.

Let us consider the phenomenon of recoilless emission for the impurity atoms. It is
known to consist in the emitting, by a nucleus of an atom bonded in the crystal lattice,
of a gamma quantum in such a manner that the number of lattice phonons before and
after emission remains the same. Such emission is a result of the transition of an atomic
nucleus from the excited Mdssbauer energy state to the ground state. In the cases
we are dealing with the M-level is created as a result of another, earlier radia-
tiative transition and it should be stressed here that this passage is not recoil-free.
Hence we are dealing here with a simultaneous creation of a nuclear M-state and with
mechanically excited vibrations of the M-atom due to the gamma recoil from the transi-
tion preceding the recoilless emission. Thus the M-emission occurs not from the atomic
nucleus whose vibrational state is a state of thermal equilibrium, but from the atom excited
to non-stationary vibrations. The mean square of non-stationary component of these
vibrations decreases exponentially with time, and the state of the atom approaches the
state of equilibrium. Since the parameters characterizing the recoilless emission (we mean
here the recoilless fraction f, and the second order Doppler shift) depend on the state
of vibration of the atom, it is to be expected that the recoilless emission spectrum is in-
fluenced by the mechanical excitation of the atom. It is immediately seen that this influence
can be essential only in the case in which the life-time (time of relaxation) of the excited
vibrational state is not too short as compared with the life-time of the nuclear M-level.
A typical life-time of sharp resonance modes is of the order of 10~1°s, while life-times
of excited modes of the remaining portion of the atomic vibrational spectrum are still
shorter. Thus, e.g., Fe> cannot be considered as a suitable M-nuclide (life-time of the
M-level T)y ~ 10~7s). Many nuclides, however, are characterized by considerably shorter
M-level life-times. These are, for instance [6, 7]: Eu!®3, Gd'3%, Hf'77, Ir!®!, Pt'%%, Re!®?,
Tb'5°, W183 Th?32 U238 etc,, with life-times of M-levels shorter than 10~°s. M-levels
of these nuclei are formed as results of radiative transition recoils exciting the vibrations
of atoms.

An idea may now be conceived that, in order to evaluate the influence of the excitation
upon the recoilless emission process, the delayed coincidence technique might be applied
(cf. the classical papers [8, 9], the review paper on the Mdssbauer coincidence spectro-
scopy [10] and [25, 26, 11, 12, 13]). This would make it possible to measure recoilless
emission spectrum as a function of time passed from the instant of formation of the
M-level and the excited mechanical state. Namely, the gamma quantum resulting from the
radiative transition forming the M-level might be used as a signal for the coincidence appa-
ratus. In this manner, it would be possible register the instant of formation of the nuclear
M-level and, simultaneously, the moment of excitation of the vibrational state, and next —
measure the counts of the spectrometer for various retardation times of the coincidence.
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Owing to the fact that the form of time-dependence of the excited states may be determined
from the theory of defects, measuring of the time variation of the recoil-free emission spec-
trum may be used for determination of the influence of mechanical vibrations on the
emission parameters.

Two such parameters have already received mention: the recoilless fraction f defined
as the ratio of the number of recoilless emissions to the total number of emissions from
the M-level (cf. the monograph [14] and review articles [15, 16]) and the second order
Doppler shift [5]. The first of them determines the emission line intensity, the second
influences the position of its centre. In this paper, we shall deal with the coefficient f only,
since here the effects considered can be observed most easily and exceed, at least by one
order of magnitude, the variations caused by the second order Doppler shift.

We are now in a position to formulate the principal aims of the present paper. Our
objective is to investigate the influence of the existence of sharp resonance lines on the
recoilless fraction f as a function of time. It will be shown that f(¢), depending in a simple
manner on the relaxation time of the resonance mode, furnishes direct information on the
width of the resonance 4, is of particular value in the case of mono-atomic crystals in which
optical methods must fail. The measuring method proposed would then be a unique meth-
od of measurement of 4 for low concentration of defects in metals.

In conclusion, another idea of possible application of the f(f)-measurement will be
discussed; it may be used to solve a certain theoretical problem which arises in connection
with the M§ssbauer resonance scattering but which falls outside the scope of both the theory
of Méssbauer effect and the theory of defects; it concerns the controversy regarding the
recoil energy transfer time of a gamma emission by the nucleus of an atom bonded in a
crystal lattice, and also the problem of possibility of its being measured.

1. Recoilless fraction [

The recoilless fraction f of an atom being in the state of thermal equilibrium with the
crystal may be expressed, in harmonic approximation, by the known formula ([14, 15, 16])

(L) S(t) = exp {—#* (u*)r},
where (.7 is the thermal mean, » — wave vector of the gamma radiation emitted, ¥ —
component of the displacement vector of the emitting atom the direction of ».

Our interest is focused on the situation in which the emitting atom has been knocked
off the state of equilibrium at the instant of formation of the nuclear M-level. The
starting point of our considerations should then be the definition of the recoilless frac-
tion f without assuming the vibrational state to be stationary. f is namely the probability
that the gamma quantum emission will not change the state of energy of the lattice
containing the emitting atom. This probability may be written, at any instant, in the
form ([14, 15, 16]):

(1.2) f0) = Y wil(Le™ | Ly2;
L

Ket |L) is the eigenvector of the Hamiltonian describing the crystal lattice in the state L,
w, is the statistical weight of the L-th energy state of the lattice (lattice temperature is
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assumed to be different from zero), w denotes here the displacement operator of the
emitting atom in the Heisenberg picture.

The system considered is assumed to be harmonic. Time changes (except the oscillatory
term) of the displacement operator u for ¢+ > 0 (i.e., after excitation) are thus only the
results of energy transfer to other atoms of the crystal, without any energy exchange be-
tween the normal modes. The Hamiltonian describing the vibrations of each of the normal
modes is then independent of time for ¢ > 0. In order to determine the time-dependence
of f (which makes sense only if # > 0) it suffices to know the time-depencence of u(f). Let
this assumption be made what splits the problem into two parts: determination of f{(¢) for
arbitrary, known u(t) [subject to the condition that u(r), apart from the high-frequency
oscillatory term which does not enter the expectation value, is a slowly varying function
as compared with the characteristic frequency of vibration of the atom], and determina-
tion of u(¢) from the dynamics of the defect itself.

The function # may now be expanded into normal modes [16, 17]: u = ) 5,0, (with

g

Q, denoting the normal coordinate of the s-th mode); making use of the fact that L is
expressible in terms of the product[]|n, >, |n, > being the eigenfunction of the Ha-
I

miltonian of the harmonic osillator representing vibrations of the s-th mode, we may
write

13 S0y =D wm) [ ] ale®™@nl2.

w(n,) is the statistical weight on the n-th energy level of the s-th mode.

Let us assume that the s-th oscillator (normal mode) before excitation was in the state
|mg>. If, as a result of excitation, the number of phonons in that mode increased by k,,
then |n,) may be written in the form |m,+k,). Expandingthe matrix elements in the Eq.
(1.3) into series of the exponent, taking into account the facts that n,Q, = O(N~1/?)
(N denoting the number of elementary cells of the crystal) [17] and that only terms with
even powers of @, do not vanish, averaging over the distribution w(n,) and returning to
the exponential form, we finally obtain (see, Appendix):

(14)  f(1) = exp {—#* D n2(1+2<m>1+2 kyduinn)}
= exp {—»*{u?)r}exp {—x2<::’>w(a.;} :

Here u denotes the stationary part of the displacem:=nt opzrator, ¥ —its excited part.
st ex

{ - Dwiny is the distribution w(n,)] average. Writig hzre (u?)y@,, = (¥*)r we have made
13 st

use of the fact that m, is the distribution bzfore excitation —i.e., the thermal distribution
independent of k,; distribution of the phonon numbzr k; may, on the other hand, be de-
pendent on m,, since the probability of excitation of the oscillator by k, phonons generally
depends on the energy level occupied by the oscillator bzforz excitation. It also depends
on factors which are external with respzct to thz s-th os:illator, such as enzrgy of the gamma
quantum emitted, form of the frequency spzctrum (Fourier transforms) of the recoil
forces etc. All factors which enter the relations are contained in the distribution w(n;),
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though explicit presentation — or even knowledge — of them is not necessary thus far.
The problem we have to tackle right now consists in the determination of the relation
between the mean square of the excited displacement vector and time, which will enable
us to find f(2).

Let us now pass to the discussion of dynamics of an emitting Méssbauer atom treated
as an isolated defect.

2. M-atom as an isolated defect

It is known that the vibration spectrum of an isolated point defect containing sharp
resonance maximum in the low-frequency part of the band models has the form of a line,
which may be considered to be a Lorenz line, and a flat background much lower than the
line [5, 19, 20]. It should be stressed that we are dealing here with the stationary spectrum
of the defect itself, and not with what is called the mean phonon spectrum of the lattice
with defects.

The mechanical excitation of defect vibration (i.e., the exciting force) is assumed to be
of very short duration as compared with the characteristic period of atomic vibrations —
i.e., it is proportional to d(z). It turns out that such general information, in the case of
isolated defects, suffices to determine the time-dependence of the coefficient f. Let us
therefore split the excited contribution of the displacement vector of the defect uy into

ex

the resonance part ur and the part due to the background ug, [11, 12]. We may write
ex ex

@n (1)) = <ug()) +<uz(1),
ex ex [-14
since {upup) = 0, which is immediately seen once u is written in terms of normal modes.
ex ex ox

Let us recall that the time-dependence of the classical displacement vector and that of
the displacement operator in the Heisenberg picture are identical (cf. e.g. [19]).

The relaxation time of {u3) is of order 10~'3s and thus it may be disregarded in
ex

comparison with the excited resonance part with relaxation time greater by three orders
of magnitude. More strictly speaking, {u3) is disregarded in comparison with the life-
ex

time of the nuclear level, which is of the order of the relaxation times of resonance modes,
and so {U$) “has no time” measurably to influence the coefficient f.

ex

The time dependence of {uj(t)) for a Lorentz line has the form
2.2 Cug(t)) = ug(t = e ™™,

where 1 is the resonance line width.
Coefficient f for an isolated impurity atom (with a spectrum containing a sharp reso-
nance line) may then be written as [cf. (1.4)]

(2.3) f(0) = fuexp { =% (0D wmpe ™}
Here, f,, = exp{—x*(u*)z} [cf. Eq. (1.1)]. The Eq. (2.3) may also be rewritten in the form:
@4) 1) = fure.

6 Arch. Mech. Stos. 4/73
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Here

@ = CuRObuuny 37",

The measurement of f as a function of time makes it possible to determine the resonance
line width A. The problems arising in connection with the measuring will be discussed in
the second part of this paper. For the time being, in order to determine the range of applic-
ability of the Eq. (2.4), let us discuss the assumptions necessary for its derivation. Let us
name them consecutively.

1. Harmonic properties of the system : “impurity atoms—host lattice”. Owing to the
prospective measurement of f, we are interested only in crystals at low temperatures.
This means, in turn, that we are dealing with systems in which the assumption of harmoni-
city is most completely satisfied. Let us consider this problem in detail. Harmonic properties
are necessary in deriving the Eq. (1.4) for f{¢) and in satisfying the Eq. (2.1). They do
not intervene, however, in the form of time-dependence of {u5(#)>: accounting for an-

ex

harmonicity increases only the width of the resonance line.

Introduction of anharmonic terms into the lattice Hamiltonian leads to energy ex-
change between the normal modes. Weak anharmonicity corresponds to a soft coupling
between the modes. Assuming the equation

(25 HOIL@)) = EQN)IL()),

to be satisfied at any instant (cf. [21], Chapter xvii) (in the formula, the time-dependence
of the Hamiltonian of the system H(r) and of its eigenvalues E(t) is treated as dependence
on a parameter), a formula analogous to the Eq. (1.3) may be written for each value of 7.
The solution will be analogous to the Eq. (1.4) except for the fact that, in addition to the
damping due to the energy transfer between the atoms within each of the modes, additional
damping appears resulting from coupling of the modes; this expressed by a slow dependence
of the energy of individual modes on the time. Consequently, the result is of the same form
as in the harmonic case except for the necessity to take into account the increased of the
width resonance line.

Let us indicate that exact satisfaction of the Eq. (2.1) is not a necessary condition
for the Eq. (2.3), which finally appears in our result. It is sufficient to assume that {ugus)

ex ex

vanishes much faster in time than (u3). This condition is fulfilled since the life-time of

ex

{ugup) is of the order of the relaxation time {(u3) which may be disregarded in further

ex ex ex
considerations.

From the remarks presented it follows that the assumption of harmonicity of the
system: “impurity atom—host lattice” may be weakened by allowing for a weak anharmo-
nicity.

2. Assumption that the excited vibrations frequency spectrum has the same form as
the stationary spectrum. This assumption is reduced to confining the excitations to such
as resulting from transitions fast in comparison with the characteristic times of vibration



RESONANCE VIBRATION MODES OF POINT DEFECTS AND THE MOSSBAUER EFFECT 655

of the atoms in the lattice (10~!3s), since then the exciting recoil force may be assumed
in the form F(t) = constd(r). It follows that (cf. [19, 20])

(2.6) u(t) = fdt’G(IHr')const d(t") = constG(t),

where G is the Green function for a crystal with defect; strictly speaking, it is the function
G°°, indices denote the lattice sites, # = u°. On the other hand ([19, 22])

2.7 ImG%(w) = constg(w?).

Here, g(w?)is the stationary frequency spectrum of the atom in the site 0 (i.e., the spectrum
of the M-atom considered), and

(2.8) ReG%(w) = HT{ImG}.

HT denotes here the Hilbert transform with respect to the variable w?. This yields 4°(¢) =
const FT{g(w?)}, and here FT is the Fourier transform.

Let us now relax the assumption that F(¢) oc 8(t). We select such a reference frame that
F(t) # 0 in the interval [0, #¢]. The Eq. (2.6) will take the form:

'r
(2.9) u(t) = [ dt'Gu—t)F(t),
ex 0
or
'r
(2.10) u(t) = e [ dt'g(t';1),
ex 0

where the time-dependent exponential term has been excluded from the Green function,

the product of the remaining term by F(¢') being denoted by ¢(¢'; ¢). Since ¢(¢'; t) depends

on ¢t only through the oscillatory term which does not enter {x2(t)), from the Eq. (2.10)
ex

it is evident that the time of duration of the force does not influence the character of the
time-dependence of {u?(t)).
ex

If it is assumed that the M-level is formed at the instant when F{(t) is removed, the
assumption of proportionality of F(f) to d(f) ceases to be necessary for the fundamental
formula (2.4) to hold true; we have to remember, however, that in determining the para-
meter @ in Eq. (2.4), u(fF) should be used instead of u(0).

ex ex

3. Application to the estimation of the recoil energy transfer time in a gamma emission
process

Measurements of f as a function of time may serve, in addition to the immediate
application for the determination of the relaxation time of impurity atom vibration, to
estimation of the recoil energy transfer time in the gamma emission process of the nucleus
of an atom bonded in a crystal.

The problem of the time of recoil energy transfer and momentum transfer in such
a process was stated in connection with a controversy concerning the mechanism and
description of the Md&ssbauer resonance scattering [23, 24]. MOssBAUER and SHARP sug-
gested that the time of duration of an “average™ individual process of gamma emissi on

6*
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or absorption cannot be considered as short —i.e., of the order of 10~2%s, but that cha-
racteristic times of these processes are related to lifetimes of the characteristic nuclear
levels. The authors suggested, moreover, that the time of duration of an individual
emission or absorption process cannot be measured.

Our present aim is to propose a certain method of estimation of the recoil energy trans-
fer time in the process of gamma emission by a nucleus bonded in a crystal.

Let us start from classical considerations. The point of departure might be the fact
that the process of relaxation of atomic vibrations starts simultaneously with the initial
instant of their excitation, and thus at the instant /¢, when the force of excitation is removed
and the M-level created, a part of the excitation energy has already been transferred to
other atoms in the lattice. One should expect the parameter @ to be dependent on ff.

Let us consider this problem in detail. The mean recoil energy R transferred to the
lattice equals

(3.1) R = 2004 1) (B E)

f, i labeling the final and initial states of the lattice, with energies E, and E;. R is
independent of ty [16, 24]. Hence

(3.2) R= m‘§(1)+§(t) = const,

where E(t) is the excited energy of M-atom at the instant ¢, and E(¢) — the energy trans-
ferred °t’lra the lattice at the instant ¢ in the process of vibration rcrllaxation. It follows that

(3.3) uz—(r)ﬂfT(}‘) « R,

ex

indices ex and rl having the same meaning as in the Eq. (3.2).
Let us now rewrite the Eq. (2.9) with the Green function in the form G(t—t') =

= p(t—1)exp {—A(t—1")/2}:
(3.9 u(t) = e 12 f fdt’e""zy(r-!')F(r').
ex D

For t = tg it clearly follows that

'F
(3.5) ?‘(F)Jral“f(}'j: L[ drye—-oyFayf
ex r 0
and, in view of the Eq. (3.3), (3.4), that
(3.6) w(f) oc e MR,

Here, ¢ is contained in the interval [0, £¢] and depends on the form of F(t).
The ratio of parameters @,, @, for two different transitions of excitation (the defi-
nition of @ being employed, cf. Eq. (2.4)) is then

(3.?) it e—ﬂ.p‘Fl +Ap+ ?.2!;2—3.2!: "R;!_

¢2 Rz
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since from the Eq. (3.1) it is evident that the mean (.) denotes exactly the same as the
mean < . Yyn,) in the definition of @ [cf. the Eqs. (2.3), (2.4) and the final remark of Sec. 2].

Knowing the curves f(t) enables us to determine the width of line A and the parameters
@ [cf. Eq. (2.4) and Appendix]. R is known if the energy of the excitation gamma transi-
tion is known (R = h*x*|2M, M — mass of the nucleus, x — wave vector of the gamma
quantum). If, according to our expectations, the force F(r) behaves regularly in [0, 7], then
t satisfies the following conditions:

(i) t<tg,

(ii) te—1 is of the order of #.

Thus the Eq. (3.7) indicates that the time differences ¢z, —1t;, could be determined
by measuring the curves f().

The reasoning leading to the Eq. (3.7) was based on a semi-classical treatment of the
excited vibration processes of the atom and their relaxation. Before trying to tackle the
problem formulated at the outset, let us first consider the physical situation using the
quantum description.

We are dealing here with a nucleus of an atom bonded in a crystal, an atom which
is in the state of excitation on the N-th energy level. There is a radiative transition to the
M-level (Mossbauer level) and then, in an recoil manner, to the ground state (transi-
tions other than zero-phonon are of no interest to us). The N— M transition conveys
a certain recoil energy to the atom; thus we have to consider the system “atom-crystal
lattice-phonon”. Not the entire energy, however, is transferred to the “atom-lattice” system
in the form of phonons. A part of the recoil energy is absorbed by the crystal as a rigid
structure — by means of the motion of its mass centre. We are interested in that part of
energy which is used for the production of phonons —i.e., the part which excites atomic
vibrations. It should be noted that the phonons are not the vibration energy quanta of
a single atom but the quanta of collective lattice vibrations. This quantization may be
performed formally in various, physically equivalent ways. If the lattice vibrations de-
scribed by the usual normal modes are quantized (cf,, e.g., [1, 5, 19]), then the vibrations
of a single atom are (in the harmonic approximation) a superposition of normal vibrations
with a proper set of coefficients. In a given state of the lattice —i.e., at a given number
of phonons in the lattice, the contributions of individual atoms to the energy of each of
the modes are determined by coefficients which are c-numbers. Thus, in spite of the fact
that the energy of vibration of individual modes possesses a discrete spectrum, the vibra-
tion energy of each of the modes can be transferred from one atom to another in a contin-
uous manner. The relaxation of excited atomic vibrations considered here consists mainly
in the continuous process of energy transfer from the excited atom to other atoms without
any changes in numbers of phonons in the individual modes. Therefore a continuous
process of relaxation of the excitation energy according to exp(— At) occurs even for
individual atoms.

Another, even more important problem consists in replacing the classical description
of excitation of atomic vibrations by the force F(f) — with a quantum description.

If the recoil energy transfer time of the gamma quantum is short, then for each of the
emitting atoms there exists a probability of excitation of »n, phonons in the s-th mode
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the conditional probability of m; # 0 phonons at an arbitrary instant later than the instant
of excitation of the first n, # 0 phonons being equal to zero. It is in this way that the short
duration of recoil energy transfer is manifested. If the transfer lasts longer (i.c., say according
suggestions of MOsSBAUER and SHARP, its duration is of the order of the lifetime of nuclear
N-level), then the conditional probability of formation of m; # 0 phonons at a later in-
stant (with n; # 0 initial phonons) is different from zero. This means that phonon excita-
tions occur, with a certain probability, several times within a finite time period which may
be called the duration of recoil energy transfer. This time is denoted by tz.

Let us denote by p(m, t|n,) the conditional probability of excitation in the s-th mode
of m, phonons within the time interval [¢, 1+dt] provided n; phonones were excited at

= 0. This probability satisfies the following conditions:

(i) p(mg,tln) =0 for t#0 for fast energy transfers,

#0 for O0<t<iy

i) pom, :m{ i

for 0<tg<t for slow energy transfers.

Using the probability p(ms, t|n;) we may write R in the following form [cf. the Eq.

(3.3)]:

i 'R -
(3.8) R=n [ d' > (n,+m)p(my, t'ny),
0

5

7 being a certain constant. The mean excitation energy at instant ¢ is, according to that
notation, equal to

'R

(3.9) E() = ne™ [ di'e D] (n+m)p(m, t'|n,).

ex 1] 5

Thus the ratio of excitations @, /®, sought for is
'R1

® [ e 3 (n+mp(m,, t'ing)
(310) B e e‘lzfnl-ﬂzlsz 0 s = =

P,

‘R2
[ dre* Y (ng+my)p(my, t'ln,)
0 5

The integrals in the Egs. (3.9), (3.10) may be written in the form:
IR =
(3.11) [ ar =R
0

Here 0 < 1 < tg, since the distribution p(m, t'|n,) is assumed to be different from zero
in the finite interval [0, 7g]. The Eq. (3.10) then yields finally:

(3.12) DBy _ gy =t+itegy =i Ry

?, R,
and may formally be identified with the Eq. (3.7) obtained in the classical considerations,
provided the time of action of the classical recoil force is identified with the time (time
interval) in which the probability of a repeated excitation of phonones by the recoil energy
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of the same gamma quantum is different from zero; the “mean” times 7 should also be
identified [cf. the Egs. (3.4), (3.6), (3.11)].

The formulae (3.7) and (3.12) indicate the limits within which the measurement of f(t)
(which in turn serves for the determination of parameters @,, @, and the relaxation times
271, A3") enables to estimation of the times 7z. Namely, it is seen that the difference of
times fg; —fgr, must be of order A~! or greater, in order to be manifested in the measure-
ment of f(r). Typical values of A~ are of order 10~*%s. The duration of the gamma recoil
energy could then be determined, in principle, with accuracy of 10~!%s. Obviously, the
entire procedure is limited to the corresponding Mdossbauer nuclei with lifetimes of the
M-levels being of the order of A~! (cf. introduction). The energy transfer time can be
determined not for the M-level but for the N-level from which the nucleus passes to the
M-level. It may be added that the lifetimes of N-levels of the M-nuclides considered here
(and presented in the introduction) are practically contained within the limits O (that is,
< A7) and oo (cf. [6] and the data of Nuclear Data Sheets).

The controversy concerning the time of duration of the recoil energy transfer in gamma
emission processes may now be formulated in the form of the following conclusions.

1. The controversy concerned the emission/absorption of the M-level of the Fe’7 —
nucleus with the lifetime of about 10~7s. The test proposed in this paper makes it possible
to register the times of energy transfers from 10~'%s up.

2. The experimental data obtained from the measurement of f(z) does not directly
refer to the energy transfer time of the radiation emitted from the Mossbauer level, since
it concerns the transitions between other nuclear levels. This fact does not seem to be an
obstacle to of applying the results of measurement of f(¢) to the deduction of the manner
in which the process of emission from the M-level occurs, the nuclear processes being
independent of the phonon processes (cf. [14, 23]).

Appendix

Transformation of the Eq. (1.3) to Eq. (1.4)
Let us more explicity present the principal stages of the derivation already outlined.
The Eq. (1.3) is rewritten (using the notations introduced earlier) in the form

A1) fo) = X wmn) | [ <nde2n 2.

The matrix element in this equation is equal to

(A2) > = 1= %2402, <02 = <nlQHny),

since higher order terms of the expansion may be disregarded in comparison with n? =
= O(N~1), and the linear term disappears. The absolute value terms in the Eq. (A.l) are
real and thus the square of absolute value may be replaced by the ordinary square,

t 1 2 2
(A3) TIav, =TI (l— -;—xzn,zws)) = [T a-=n2co)

Ll
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still in view of the equality n? = O(N~'). Performing the product in the Eq. (A.3) and
putting for ease of writing

Xs = %*1L03

and { . Dymy = €. ) we obtain:

A4 [0 -<l < " xet Z Arks— Z ApXeXst

r<s p<r<s

=1~ v(xs>+2,<xr><x,>—

r<s

since x, and y, are statistically independent for r # 5. The Eq. (A.4) can be rewritten in
the form:

(A3) S0 = 1=NG+ 5 NN-D G5 =

. 1 © ; ,
where (> = N 2‘ %s- Neglecting terms < 0 (N~') the latter equation becomes:
5

—x? 3 00k ol
(A6)  fl)=1- N(x>+ NZ((z»z o N® _ T Ot )

and the substitution of the cxplicit form of the matrix element {Q2) leads to the Eq.
(1.4), if we can assume

(A7) (:«'ﬁ () winy = UR (O wuimpe™™,

where ¢t = 0 is the moment of the M-level formation. But Eq. (A.7) means that there is
no time averaging, i.e., that the energy transfer is fast. We have then to ask whether the
use of the Eq. (1.4) is still correct for the investigation of the long energy transfer time
case. Note, that if we want to confine ourselves within limits of a pure phenomenological
treatment, we cannot say much about the possible time average of the e~ term. Thus,

let us assume the most unfavorable case, namely, that {e~*) = ',;f (1—e~*) which would

correspond to a uniform time distribution. It is easy to see, that if one approximates {e~*)
by a suitably chosen e~ ¥, the differences between values of { for different time windows
used in coincidence Méssbauer spectroscopy experiments [10, 25] are relatively small (they
differ by a factor ~2 for the extremal time windows). Thus, possible time averaging does
not matter for the determination of the order of magnitude of 7z and we can conclude
that the Eq. (1.4) can be used for the here proposed analysis of the energy transfer time.
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