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Nuclear resonant absorption in long-lived isomeric transitions
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The temporal behavior of y-ray emission and absorption from long-lived (7> 1 ms) nuclear states is
modified qualitatively by interaction with the lattice, leading to homogeneous broadening. In contrast,
for the usual short-lived (7 <0.1 ms) states, such nucleus-lattice interaction invariably leads to inhomo-
geneous broadening. It is shown that resonant emission and absorption with long-lived states can be ob-
served provided the homogeneously broadened width, rather than the natural width, exceeds the solid-

state-induced inhomogeneous width.

I. INTRODUCTION

There is general recognition in Mossbauer spectrosco-
py that when the lifetime 7 of a nuclear state exceeds
1073 s, the natural linewidth T, of the corresponding
Mossbauer  transition  becomes  rather  narrow
(I',=#/7=10"12 ¢V) and the observation of the reso-
nance absorption rather difficult on account of inhomo-
geneous broadening. A survey' of the literature indicates
that typical values of inhomogeneous line broadening in
the best crystals amounts to 107!2 eV or more. Conse-
quently, if one attempts to observe the Mdssbauer effect
with a ¢ ray that has a natural linewidth of, for instance
I',=10"1 eV, crystalline inhomogeneities will broaden
the line by six orders of magnitude, making the observa-
tion of the effect impossible. It was therefore a real
surprise when two groups independently attempted to ob-
serve the Mossbauer effect with the 88-keV y ray in '®Ag
(', =10"'7 eV) diffused in Ag metal and claimed evi-
dence for a small but positive effect.>3 This is indeed
unexpected. In the present work we examine the issue at
hand theoretically and identify the conditions under
which resonant absorption from long-lived isomers can
be possible.

II. DESCRIPTION OF LONG-LIVED
NUCLEAR STATES IN A LATTICE

In considering the absorption or emission of y rays,
one must recognize that, when the lifetime is long, the in-
teraction of the nuclei with the radiation field actually be-
comes weaker than the interaction of the nuclei with the
crystalline lattice (consisting of electrons and nuclei). In
the case of 'Ag we can roughly estimate an upper limit
to the interaction energy with the radiation field as the
inverse of the lifetime (or the natural width) #/7,: 10~
eV, while the interaction energy with the lattice is at least
10713 eV. It is therefore not possible to handle the cou-
pling of the nuclei with the radiation field as if the nuclei
are free objects. In fact, we must consider the system of
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the nuclei plus lattice as a whole interacting with the ra-
diation field. It is clear that this particular situation
occurs only because of the extremely long lifetime or the
extremely weak coupling to the radiation field. The most
general procedure to treat the problem consists of solving
the Hamiltonian of the total system, i.e., the observed
quantum system plus its environment and the mutual in-
teraction. When an observable on the selected or ob-
served quantum system is needed, one must perform a
partial trace over all reservoir observables. This pro-
cedure is, however, of purely theoretical interest, since it
is difficult to take into account the nearly infinite number
of reservoir degrees of freedom.

We assume the coupling between the surrounding and
the nuclei to be weak enough so that the surrounding will
induce small but frequent changes on the nuclei, which
on average will have a small effect. When averaged over
a time scale, long compared with a typical correlation
time for the lattice, the effect of fluctuations on the nuclei
can be smoothed out and described by a continuous func-
tion f(t), with a mean fluctuation time 7Ty that is much
longer than the correlation time of the lattice.

When we describe the interaction of the total system
with the radiation field, the following approximation will
be used. In calculating the emission and absorption am-
plitudes, we will replace the wave functions of the initial
and/or final states by a nonstationary wave function of
the type
“Tyt/2, ~iagt

P(x,2)=1(x,0)f (t)e , (1)
which includes the damping on account of nuclear decay
and the function f(z) displaying the effect of the sur-
roundings on the nucleus. Here an analogy can be made.
The function f(¢) describes the effect of fluctuations due
to the surroundings, while the damping factor takes into
account the effect of vacuum fluctuations on the nuclei.
The damping factor leads to a transition of the nuclei
from the excited to the ground state, while f(¢) does
nothing of that kind. Even without a detailed knowledge
of the function f(¢), reasonable assumptions lead to
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specific bounds on this function. For example, for the
nuclei and the fluctuating surroundings to be in equilibri-
um, f(tz) can only make random excursions around its
averaged unit value, a point we shall return to later.
Conceptually, it is important to recognize that in con-
sidering usual Mossbauer transitions with short-lived

states (107® s or less), one expects the damping factor
T, /2 e
e " to decrease much faster than variations of the

function f(¢). This implies that for a particular nucleus
that emits or absorbs a ¥ ray, an instantaneous value of
f(t) would apply. For the ensemble of nuclei, this varia-
tion in f(¢) from nuclei to nuclei introduces inhomo-
geneities and thus line broadening and a consequent loss
in resonant absorption. For long-lived nuclear states on
the other hand, the temporal behavior of a transition pro-
cess is continuously being perturbed by the fluctuations
f(¢) and the transition amplitude is modulated.

In a variety of experiments the temporal behavior of
y-ray emission and absorption from the usual short-lived
Mgssbauer states has been investigated.*”® One finds
that one can qualitatively modify the emission and ab-
sorption amplitude by a controlled frequency change or
phase change of either the emitter or the absorber, in-
duced by the experimentalist in the laboratory. In long-
lived systems, the lattice will have ample opportunity to
induce such changes. As such changes are not under the
direct control of the experimentalist and are more or less
at random, the effect will not be as spectacular but never-
theless important.

At this stage it would be appropriate to specify
mathematically the specific assumptions we make about
the fluctuation function f(z). We will realize a condition
of equilibrium by requiring that the Fourier content of
the fluctuations does not depend on the chosen time in-
terval AT, if the interval is taken long enough compared
to the mean fluctuation time T. We can assume that
this time average is invariant with respect to a translation
of the time interval AT, by requiring

f”(m)=—\/—12;1;fo”f<t)e*fw'dt

=712:J‘TT+”f(z)e—"w'dz :
T

and also
f”(w)=712_—f0”f(t—to)e—"w'dz . @)
T

Because of the equilibrium, we require that the system
fluctuates around its free nuclear state and, consequently,
the probability, averaged over a time interval AT, is nor-
malized. The interval AT is chosen to be long compared
to the mean fluctuation time, due to the lattice, but short
compared to the lifetime of the long-lived state. This
normalization procedure finally results in the total aver-
aged power remaining constant, as shown below:

1 AT

ard, (Y(x,0)|Y(x,1))dt

— _1 rar 27, —
(W(x019(x,0) 1= [ lf (0fdr =1

or
_1 rar YR S SR L NIPYN RN S
AT o |f(6)]2dt AT 3m (Foif (0)do=1. (3)

III. TRANSITION PROBABILITIES

In first-order perturbation theory, the transition ampli-
tude as a function of the detuning (wy,—wy) is given as a
Fourier transform of the transition matrix element’

T . :_L T —i(wy—wy)t
AT(wy—wp) ﬁfo (AlV]a)e dr . @

The initial state |a) with total energy #w, consists of a
photon, the nucleus in its ground state and the reservoir.
The final state |A) with total energy 7w, consists of the
excited nucleus plus the reservoir.

We also want to include in the formalism the effect of
the fluctuations in the emitting system as well as the ab-
sorbing one. In the source, fluctuations will occur during
emission, and the EM field associated with the photon
will display these fluctuations, as considered earlier for
absorption. Thus the emitted photon will appear as a su-
perposition of free photonic states. This is homogeneous
broadening.

The fluctuations on the photon are not correlated to
the fluctuations on the absorbing nucleus. Therefore, we
will accept that the matrix element will contain two un-
correlated fluctuation functions, given as f(¢) and g(z),
one referring to relaxation mechanism, intrinsic to the
lattice of the emitter, while the other corresponds to the
lattice of the absorber.

With fluctuations, the matrix element in Eq. (4), can be
written as an unperturbed matrix element (flV]i) and a

time-dependent factor f(z)g*(t)e nt
ATwy—awp)= —é(ﬂ Vi)

. '
t —ilwy—wyt

x [Tfng*e e dt
0
(5)
The decay factor reflects the nuclear decay. Using Par-
civals theorem we can write
4 T(@o—wp)= = (fIVIi)
XRefowa(w)gT(w—a)oer(’))dw , (6

in which f7(w) and g "(w) are the Fourier transform of
f(t)e_(r" " and g(t)e*(r" /2" We can shift the distri-
bution g (w) and f () to obtain

fowa(m)gT(a)—wo+w[))dw
= [ " Mo—opgTw—agdo . (1)

We recognize now that the amplitude for absorption is a
convolution of the distribution f’(0—w;) and
g lw—w,). Such a convolution measures the overlap of
both functions. Therefore one obtains a maximum when
both have the same shape and the same position
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(wy—wp=0). We thus conclude that Mssbauer absorp- r PT 8T 0 —wp)— PT(wy—wh)

tion will be optimal when relaxation mechanisms in the R (wp—wp)= AT , 9)
emitter and the absorber are the same. This is the case

for the %Ag self-absorption experiments.

We define the probability that a transition has taken  ywhere AT is short compared to the nuclear lifetime but
place at time T as long compared to the fluctuations of the amplitude
(8) A T(0y—wyp) introduced by the fluctuation process. This

condition can only be fulfilled for long-lived nuclear
and the absorption rate at time T as states. We thus obtain
J

Plwy—wy)=| 4 wg—wp)|?

. ’
—Fntel(wo—wo)t

2
PT@o— o=z K AVID | [ 77 (g e ar (10

which we can rewrite
T, (t—t) i(wy—wyt—t')
e 00

I 1 . T -Zl“nt’ , , T -r, ’ ,
PT(coo—wO)——gl(fl VIz)sz0 e g’ ) f*(") [fo f(t)g*(te dt |dt' . (11)

Because of the equilibrium condition we assume that at each ¢’ value we can replace f (¢)g*(¢) in the integral over ¢ by
f(t—1t')g*(t —t'), which then becomes

fOTf(T)g'(T)e

In that way the probability becomes a product of two integrals:

#HflMz‘>PfOTe’"""g<z'>f*<t'>dt'fOTf<T)g*(T>e gt 0y (13)

. )
~I‘n1-e1(a>0—(oo)r

dr, where 7=t —1t'. (12)

In the first integral the exponential decay is very slow compared to the fluctuation rate of f*(¢')g(¢'), and therefore a
replacement of f*(¢')g (¢') by its mean value, which is unity, will not introduce any serious error

[T gunprande~ [Te " ar . (14)
0 0
Then the absorption rate can be given as

T+AT —2I ¢ T+AT i (0y—wg) T —2r ¢ T i (wy—wp)
|(f|V| )| f e "tdt'f coael 0 w"fd‘r—f e "'dt'f IR P
0 0 0

T, oy —
R N(wy—awpy)= ATﬁZ

(15)
In the factor

fT+ATe—2[‘nt’dt,=fTe r,t dt +fT+AT —2r,r dr’ (16)
0 0

we can neglect the last term when T is long compared to AT and AT is short compared to the nuclear lifetime, condi-
tions that can be fulfilled for long-lived states only. This approximation allows us to reduce the expression in square
brackets of Eq. (15) as follows:

T —2r,¢ ,, T+AT i (wy—wg) T i (0= wg)
[1=[ e " ar [fo s T = [T e | (17)

and the transition rate at time T simplifies to

—2r, T, 1 T+AT =T, 7 ilog—ag)r
v PRSI

| .
RT(wo_wo)'—?l(f[V|l>|22r dr. (18)
Using the time translation invariance, we can replace the integration from 7 to T + AT by an integration from O to AT.
Using Parcivals theorem we then obtain

v 1 . 1 -2, 7, 1 1 ,
R T(wo—mo)——ﬁ7|<f| Vi >|2E(1—e AT 2 f S 0= 0—0y)*do . (19)
The interesting feature of this particular formula appears when we consider the case in which the fluctuations in the

emitter and the absorber, while uncorrelated, are assumed to have the same Fourier spectrum. Then the absorption
rate is proportional to the average power,

1 1

AT 30 fATa) —wo)* fAlo—wp)do , (20)

RM(wy—wh)~
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which for zero detuning gives us

R
AT 27

ST 1 o—oplido=—= [ st . @

RT — ':O~
(wg—wy=0) AT o

f

We had previously assumed that the fluctuations are inhomogeneous width (or detuning distribution) to be
such that the time-averaged value of | £ (¢)|? is unity if the small compared with the width of the Fourier spectrum
averaging is performed over a time interval that is long of the fluctuations, rather than with the natural
enough. We conclude that under such conditions, the linewidth. In !®Ag, the T, relaxation time is of the order
zero detuning transition rate becomes insensitive to the of milliseconds or less and we thus expect the “Fourier
width and the shape of the Fourier spectrum of the fluc- width” to be of the order of at least 10~ ! eV. It is thus
tuations. Furthermore when the detuning is small com- sufficient to reduce the distribution of static fields below
pared to the width of f(w), but large compared to the that level and not below the more stringent level of 10~ "’
natural width, we still obtain a large absorption rate. In eV (which corresponds to the nuclear decay width) to see
the absence of fluctuations the absorption rate would be a positive Mossbauer effect.
negligibly small as we recognized earlier.
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