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THE MOSSBAUER EFFECT AND ITS APPLICATION

IN 1958 the young German physicist Rudolf M&ssbauer,
while studying resonance absorption of y rays, found
that, under suitable conditions, one can obtain unusu-
ally sharp lines in emission and absorption of y rays,
and these lines coincide in frequency with one another.
A slight shift in frequency (energy) of either of these
lines produced, for example, by the Zeeman splitting
of nuclear levels, or by a shift in energy of the quanta
because of motion in a gravitational field, should re-
sult in a weakening or complete disappearance of the
resonance absorption, which can be used for measuring
such a shift, This interesting possibility, which prom-
ises new prospects for investigations in the domain of
nuclear physics, solid state physics, and fundamental
physical problems has attracted to the M&ssbuaer ef-
fect a broad interest, far exceeding that for any occur-
rence in physics since the discovery of parity noncon-
servation and the explanation of superconductivity.
During the whole of 1960 there followed one after
the other experimental papers devoted to a study of
the MGssbauer effect and to the development of its ap-
plications. A discussion of this whole class of prob-

lems was held at two sessions of the Second All-Union
Conference on Nuclear Reactions at Low and Medium
Energies, which occurred in July, 1960 in Moscow.

R. M8ssbauer and R. Pound participated in this confer-
ence and presented papers. The latter (in collabora-
tion with G. Rebka) carried out the work in which for
the first time there was achieved with good accuracy

a measurement of the gravitational red shift of photon
frequencies as predicted by Einstein. The possibili-
ties which have been opened are illustrated by the sen-
sitivity achieved in this work, of 10~ for a relative
frequency shift; this is several orders of magnitude
better than can be achieved by means of such record-
breaking equipment as the molecular generator.

We publish here the reports of MGssbauer and
Pound, and also a paper of F. L. Shapiro, which sup-
plements these reports by a presentation of an elemen-
tary theory of the Mdssbauer effect and a summary of
work carried out in the U.S.S.R.*

The Editor, Uspekhi Fizicheskikh Nauk.

RECOILLESS RESONANCE ABSORPTION OF GAMMA QUANTA IN SOLIDS

RUDOLF L. MOSSBAUER
Usp. Fiz. Nauk 72, 658-671, (December, 1960)

INTRODUCTION

THE v quanta which are emitted in the transition of a
nucleus from an excited state to its ground state can
usually not be used to transfer this same nucleus from
its ground state to the excited state by the inverse proc-
ess of resonant absorption. This is a consequence of
the loss of energy to recoil which the y quantum suf-
fers in the process of emission or absorption, because
the quantum imparts some recoil momentum to the
emitting or absorbing atom. This loss of energy to
the recoil is so large that the emission and absorption
lines are shifted a considerable amount with respect
to one another, as is shown in Fig. 1 for the case of
the 129-kev vy transition in Ir'®!, The large relative
shift of the lines results in the fact that in experiments
on absorption ordinarily only an insignificantly small
fraction of the emitted quanta undergo resonance cap-
ture in an absorber consisting of stable atoms of the
same kind as those decaying in the source.

There exist various methods which enable one, by
using the Doppler shift or the Doppler broadening of
the emission line, to increase the overlapping of the
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emission and absorption lines and thus achieve in
favorable cases measurable effective cross sections
for nuclear resonance absorption.}

In addition, as we have shown in earlier work, in
individual cases it is possible to eliminate the energy
loss of the y quanta to recoil in emission and absorp-
tion, and thus to make the process of resonance ab-
sorption directly observable. This method of recoil-
less resonance absorption of photons is the subject of
the following presentation. Immediately after a brief
qualitative discussion of the basis for recoilless reso-
nance absorption, we shall describe experiments which
directly demonstrate this effect. Then we shall give a
summary of the development in this field at present,
and a brief presentation of the results of the most im-
portant investigations carried out up to now.

1. THE METHOD OF RECOILLESS RESONANCE
ABSORPTION OF PHOTONS BY NUCLEI
The essential distinguishing feature of the method
is the binding of the radiating and absorbing nuclei,
*The state of the problem of resonant absorption and scattering
of y rays before Mdssbauer’s discovery is described in the summary
of papers of B. S. Dzhelepov [Usp. Fiz, Nauk 62, 3 (1957)] and
F. R. Metzger [Progress in Nuclear Physics 7, 53 (1959)]
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FIG. 1. Position and shape of emission and absorption lines
for the 129 kev transition in IF** at T = 300° K.

which until now has been accomplished exclusively by
putting the nuclei into crystals. Under these condi-
tions the transitions in a nucleus are accompanied as

a rule by a phonon transition, i.e., there occurs si-
multaneously a change in the internal state of the crys-
tal. However, under certain definite conditions there
are also possible nuclear transitions in which there is
no change whatsoever in the internal energy of the crys-
tal. In transitions of this latter type the law of conser-
vation of momentum is satisfied at the expense of a
recoil of the crystal as a whole. Since the crystal has
an extremely large mass compared with the mass of
an individual nucleus, the processes of emission and
absorption, which are elastic with respect to the crys-
tal as a whole, occur practically without energy loss;
we shall therefore refer to these processes, because
of the negligibly small loss in energy to recoil, as
processes ‘‘without recoil.”’

In 1958, in Heidelberg, we first? proved the exist-
ence of processes of recoilless emission and absorp-
tion on the example of the 129-kev transition in Irtdt,
Furthermore, we showed that the theory of resonance
capture of slow neutrons in crystals, which was devel-
oped by Lamb,? can be applied to the case considered
here of resonance absorption of y rays. According
to the theory, both in the emission spectrum as well
as the absorption spectrum, at positions correspond-
ing to the transition energy E-, there appears a line
with the natural width, corresponding to processes of
recoilless emission and absorption.

FIG. 2. Geometry of
the experiment. A —cryo-
stat with absorber (T = 88°
K); M —rotating cryostat
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The occurrence of a line without recoil and having
the natural width was demonstrated by us immediately
in the following experiment.! In Fig. 2 is shown the
arrangement of the experiment. We measured the ab-
sorption in an iridium absorber A of the 129-kev vy
radiation of Ir!®!, emitted by the source S for various
relative velocities of source and absorber. In Fig. 3
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FIG. 3. Percentage difference in intensity of y radiation pass-
ing through iridium and platinum absorbers as a function of relative
velocity of source and absorber.

is shown the intensity of the radiation observed behind
the iridium absorber (relative to the intensity ob-
served behind a platinum absorber of the same thick-
ness) as a function of the relative velocity of source
and absorber. The distribution of measured points
corresponds to a Doppler shift of the emission line
relative to the absorption line; here, because of the
smallness of the natural line width (T = 4.6 x 1078 ev),
even a relative velocity of a few ecm/sec results in a
complete destruction of the nuclear resonance absorp-
tion.

The heights of the recoilless emission and absorp-
tion lines and consequently the magnitude of the ob-
served effect is determined essentially by the fraction
of nuclear transitions in source and absorber which
occur without recoil. This fraction is given by the
Debye-Waller temperature factor. In the Debye ap-
proximation for the vibration spectrum of a crystal
with Debye temperature 6, this factor is equal to
f = e~2W(T), where
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FIG. 4. Fraction f of 134 kev quanta of Re'”’, emitted without

recoil, for two different Debye temperatures of the source: f for
0 = 310°K and f” for 8 = 300°K.
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Here there appears the same Debye-~Waller factor
which describes the coherent Bragg scattering of x
rays® without recoil; f is strongly dependent on the
energy of the nuclear transition, on the frequency dis-
tribution in the vibration spectrum, and on the tempera-
ture. For example, the fraction of quanta f emitted
without recoil in the 134-kev transition in Re'® is
shown in Fig. 4 as a function of source temperature.

The effective cross section at the maximum of the
recoilless absorption line is given by the expression

20 g1 )

"
Omax = 2,11 (25\262712,’E%~)L~)~ .

14+a

Here I; and are the spins of the excited and the
ground states, « is the internal conversion coefficient,
and {’ is the Debye-Waller factor for the absorber at
temperature T'.

Arguments concerning the necessary size of the
effective cross section restrict the experimental in~
vestigation of nuclear transitions occurring without
recoil to those transitions (with energy E1) for
which the energy lost to recoil by a free nucleus, R
= ET/2Mc? (M is the nuclear mass) satisfies the
condition

R < 28, (3)

where @ is the Debye temperature in energy units.
This means that one must restrict oneself to nuclear
transitions with energies around or less than 100 kev
and to nuclei of medium or large mass. If R is small
compared to the upper limit of the vibration spectrum
(R < §), then even at room temperature a significant
fraction of nuclear transition are recoilless. If, how-
ever, R is approximately equal to or greater than the
upper limit of energy in the vibrational spectrum, then
to obtain measurable cross sections one must, by using
low temperatures, reduce the probability of transitions
of the crystal oscillators (see Fig. 4). Since even at
liquid helium temperature (4°K) the large majority of
the crystal oscillators are in their ground state, fur-
ther reduction of temperature does not lead to any in-
crease in the fraction of recoilless nuclear transitions.
Even at absolute zero, it is still possible to have ab-
sorption of energy by crystal oscillators.
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FIG. 5. Arrangement for measurement of resonant absorption at
low temperatures.
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FIG. 6. Relative change in intensity of y radiation

2. OBSERVATION OF RECOILLESS RESONANCE
ABSORPTION IN VARIOUS ISOTOPES

In Fig. 5 is shown the arrangement of the experi-
mental apparatus by means of which we observed in
Munich the recoilless resonance absorption in Rel®?,
Hf'", and Er'®. I Fig. 6 we show, as an example,
the results of our measurements on Re!®’, The half-
width of these absorption curves for the case of a thin
absorber is equal to twice the natural width of the line.
From an analysis of the absorption curves we deter-
mined the lifetimes of the first excited states of Rel®,
w19 gond met?,

The method of recoilless resonance absorption per-
mits us to measure energy differences with an accu~
racy beyond any previously attained. For the 129-kev
transition in Ir!® the ratio of the natural line width to
the transition energy is ['/Ep =4 x 107!, Since a
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FIG. 7. Decay scheme of Co®’.
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shift of the line by an amount constituting 1% of the
line width is still measurable, it turns out that one
has a relative resolving power in energy which is
better than 10, Moreover, there have also been ob-
served considerably narrower y ray lines, for exam-
ple, in Fe® with I'/ET = 3 x 10~1% and in Zn®" with
T/Ep=5x 1071,

Investigations using the 14.4-kev vy radiation of
Fe??, which is emitted in the decay of Co®', have
proved to be especially fruitful. In Fig. 7 is shown
the decay scheme of Co®’. The 14.4-kev line has such
a small natural width that one can resolve the hyper-
fine structure of the 14.4-kev transition. In Fig. 8 at
the left is shown the splitting of the ground and first
excited states of Fe®l as a result of interaction of the
internal magnetic field in the iron with the magnetic
moments of the excited and ground states. On the
right of the figure are shown the expected intensities,
for pure M1 transition, of the various components of
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the hyperfine structure in accordance with the selec-
tion rules. At the top are shown the intensities of
lines which correspond to random spatial orientation
of the internal magnetic fields, and below the intensi-
ties for the case of oriented internal fields when one
observes perpendicular to the direction of the field.
In Fig. 9 are shown results of absorption measure-
ments (the work of Hanna and co-workers') in which
they studied the hyperfine structure of Fe®' in the
presence and absence of an external magnetic field on
the source and absorber. The results of the measure-
ments with unpolarized radiation are shown at the top
of the figure. In the middle and at the bottom of the
figure are shown the results of measurements for the
case where source and absorber are magnetized by
external fields which are parallel or perpendicular to
one another, and where the external fields are perpen-
dicular to the direction of observation. The absorber
here served as an analyzer of the polarized radiation
emitted by the source. Assuming that there are equal
splittings in source and absorber, one would expect
that when there is a motion of the source spectrum
(the six lines of the hyperfine structure) with respect
to the spectrum of the absorber (also consisting of
six lines) one will observe for one direction of motion
of the source eight lines. including the central maxi-
mum. Of these eight lines they were able, according
to Fig. 9, to resolve six lines. The analysis of these
absorption spectra, using the already known value of
the magnetic dipole moment of the ground state, gave
a value of — (0.153 + 0.004) nuclear magnetons for
the magnetic moment of the 14.4-kev level of Fe¥,
and a value of (3.33 + 0.10) x 10° oe for the magni-
tude of the internal magnetic field at the position of
the nucleus of Fe®T, Later, after it was shown by this
experiment that there is a strong correlation of the
internal field at the position of the nucleus with the
magnetization, in a further experiment they also de-
termined the sign of this correlation.® For this pur-
pose they studied the change in the hyperfine struc-
ture splitting of the Fe® nucleus under the action of
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a strong external field of the order of 20 koe, which
is added to the internal field. The results are shown
in Fig. 10. The decrease of the hyperfine splitting as
a result of the direct action of the external field on
the magnetic moment of the nucleus shows that the
internal field in the region of the nucleus and the ex-
ternal magnetization are oppositely directed, and thus
the correlation is negative. The internal field was
also found to be negative in cobalt.® From measure-
ments of the Knight shift* it is known that the internal
fields in Mn and Pt are also negative. Thus there
has been obtained the interesting result: For all in-
ternal fields so far observed in metal there is a nega-
tive correlation. The reason for this has as yet not
been completely clarified.

A group at Los Alamos!® has succeeded in observing

the resonance absorption in Zn®? for the 93 kev level
whose natural width (T = 4.8 x 10~ ev) is approxi-
mately 100 times smaller than the width of the 14.4-
kev level in Fe®'. Because of the relatively high en-
ergy of the transition and the small mass of the iso-
tope, one may expect only a small effect, even with

cooling down to 2°K. The extreme narrowness of the

line required special precautions for reducing the rela-

tive velocities of motion of source and absorber which

occur for even the slightest disturbances in their rigid-

ity. The difficulties of this experiment are demon-
strated by the fact that mechanical vibrations with ve-
locities of only 107 cm/sec would already give rise to
a Doppler broadening of the order of magnitude of the
line width. To avoid these difficulties the source and
absorber were rigidly fixed to one another and hung on
wires inside the cryostat. The indication of the pres-
ence of resonance was achieved by applying to the ab-
sorber a magnetic field whose action on the source
was eliminated by means of a thin lead foil which was
superconducting under the conditions of the experi-
ment. The condition of resonance (when one includes
the shift in the energy of the emission and absorption
lines caused by the different isotopic compositions of
source and absorber) should occur only for definite
values of the magnetic field: namely, when the energy
of one of the hyperfine structure components of the
absorber coincides with the energy of the emission
line. In Fig. 11 are shown preliminary results of the
measurements. Even though up to now they have been
able to resolve only a part of the spectrum, these
measurements nevertheless demonstrate the narrow-
est resonance so far achieved.

3. METHODS OF PREPARATION OF SOURCES

A general problem which occurs in the measure-
ment of recoilless resonance absorption by nuclei is

*The Knight shift is the difference in frequency of nuclear mag-
netic resonance in metallic and non-metallic samples (cf., for ex-
ample, E. Andrew, Nuclear Magnetic Resonance, Cambridge Univer-
sity Press, 1955, p. 196).
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FIG. 11. Resonance absorption in Zn®’ as a function of the
applied external magnetic field (Los Alamos National Labora-
tory).

the preparation of the radioactive source. The emis-
sion of the quanta which are used for recoilless reso-
nance absorption occurred in the course of the decay
of a parent isotope; for example, the 14.4-kev line

of Fe®! was emitted in the decay of Co®'. Since in
this case the excited nuclei of Fe®’ are in a source

in an environment of cobalt, the internal field acting
on the nucleus of the source and on the nucleus of the
absorber differ in magnitude and lead to a different
value of the hyperfine structure splitting of the com-
bining levels. Thus the absorption spectrum de-
termined as a function of the relative velocity be-
comes extremely complicated because of the reduc-
tion in the number of simultaneously overlapping lines
in emission and absorption. The inhomogeneities of
crystal structure and impurities also, in addition to
this, result in non-identical magnetic fields acting on
the nucleus, which causes a broadening of the emis-
sion and absorption lines. Analogous broadenings
may be caused by interactions of the nuclear guadru-
pole moment with the electric field gradients at the
nucleus, which vary from place to place. To eliminate
such broadenings, Perlow!! used the following proce-
dure for preparing the Co® source. First Fe®® was
deposited electrolytically on a copper foil. Then there
was deposited on this backing active Co®, which is
separated from a sample of natural iron irradiated at
the cyclotron; the deposition of the Co% occurred si-
multaneously with a further electrolytic deposition of
Fe’®. By using enriched Fe’® they achieved a reduc-
tion in the recoilless self-absorption in the source
which would lead to a more favorable absorption of
the central frequencies of the line and thus to a broad-
ening of the emission line. In conclusion, there fol-
lowed the most important step: a heating in vacuum to
a temperature of at least 800° C for one hour. This
operation causes the nuclei of active Co® to diffuse
into the iron so that the environment of the Fe®? which
appears in the source as a result of the decay of the
Co®" becomes to a large extent identical with the en-
vironment of the iron nuclei in the absorber. By means
of these or similar methods it has now become possible
to obtain a line width for the 14.4-kev radiation of Fe’'
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which coincides within 10% with the values expected on
the basis of the measured lifetime, as determined by
means of electronic equipment.

4. THE SECOND-ORDER DOPPLER EFFECT

The extremely small energy width of the 14.4 kev
line of Fe®® permits one to study various interesting
effects of higher order. First we should mention the
experimental observation of the second order Doppler
effect. Even though in the recoilless emission and ab-
sorption there are no phonon transitions in the crystal
lattice, there nevertheless occurs a change in the in-
ternal energy of the crystal at the expense of the pho-
ton energy. The nuclear transition always gives rise
to a small change in the vibrational spectrum of the
crystal (because of the difference in masses of the
nucleus in the excited and ground states). The second-
order Doppler effect which results from this leads to a
reduction in the energy of the quantum which corre-
sponds to an increase in internal energy of the crystal
during the transition of the nucleus from the excited
state to the ground state. This effect is calculable
either from the difference in mass of the nucleus in
the two states, or from the relativistic time transla-
tion caused by the motion of the nucleus.? The shift
in the emission and absorption lines which occurs as
a result of this second-order Doppler effect depends
on the mean squared velocity of the nuclei in source
and absorber respectively. If the source and absorber
have exactly the same temperatures and the nuclei are
located in identical crystalline environments, the emis-
sion and absorption lines will experience identical en-
ergy shifts as a result of the second-order Doppler
effect, i.e., there will be no relative energy shift of
the lines. On the other hand, a difference in the tem-
peratures of source and absorber, or of their Debye
temperatures, gives rise to a relative shift of the
emission and absorption lines and causes the observed
absorption spectrum to be no longer symmetric with
respect to the zero of relative velocity. In Fig. 12
are shown results of experimental observation of the

50 ™ T T T

40

3107

2107k

Relanve

v
[
~4-107"8F
ol -
00 700 77

Temperature, °K

FIG. 12. Relative shift of absorption lines of the 14.4-kev
transition in Fe*” as a function of absorber temperature (Pound and
Rebka).
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second-order Doppler effect carried out by Pound and
Rebka.!? As a function of the temperature of the ab-
sorber, they determined the relative shift of the energy
transition of the nuclei of the absorber and of the
source which is at room temperature. On the figure,
in addition to the experimental points, is shown the
theoretical behavior of the relative energy shift for

a Debye vibrational spectrum of source and absorber
with a Debye temperature 6 = 420°K,

Sherwin'? pointed out that the agreement of theory
with experiment for the case of the second order Dop-
pler effect is a confirmation of the clock paradox of
the special theory of relativity. The radiating and ab-
sorbing nuclei act in this case as ‘‘clocks’ with dif-
ferent histories of previous motion. The nucleus of
the absorber compares the frequency of the radiation
emitted by the source nucleus without recoil with the
proper frequency of absorption, where the precision
in the case of the Fe®? transition is so high that for
a difference in frequencies of only 1:10!? there would
be practically no resonance absorption. The agreement
of theory and experiment confirms the clock paradox,
and moreover shows that, within the limits of experi-
mental error, the large accelerations to which the nu-
cleus is subjected in the crystalline lattice (equal to
values up to 10!¥g) have no effect on the emission.

5. APPLICATION OF THE METHOD OF RECOILLESS
RESONANCE ABSORPTION BY NUCLEI

The method of recoilless resonance absorption of
photons has had various interesting applications. First
we should mention the measurements of Pound and
Rebka in which they verified the principle of equiva-
lence of the general theory of relativity.!* According
to this principle the frequencies of spectral lines
emitted by a system are proportional to the gravita-
tional potential at the place where the system is lo-
cated. K we place a source of Fe®" and an absorber
of Fe’! at different distances from the surface of the
earth, then under the action of the earth’s gravita-
tional field there will occur a shift in the emission
and absorption lines relative to one another. A shift
by an amount equal to the line width would require a
difference in height of 2.9 km. Pound and Rebka used
a much smaller relative shift of the lines, since they
chose the difference in altitudes of source and ab-
sorber to be 22 m. The second-order Doppler effect

Axis
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FIG. 13. Arrangement of experiment with rotor (Harwell Labora-
tory).
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produced by the vibrations of the nuclei in the lattice
made it necessary to have a precise control of tem-
perature, since differences in temperature of source
and absorber amounting to only 1°C already lead to
an energy shift of the same magnitude as the expected
gravitational effect, In order to eliminate other en-
ergy shifts caused by inhomogeneities of source and

Avexp _ {
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An English group has carried out measurements of
the transverse Doppler effect for the 14.4-kev line of
Fe®’. In Fig. 13 is shown the experimental arrange-
ment.!® The source and absorber rotate at different
distances around a common axis.
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FIG. 14. Intensity through a resonant absorber of Fe®” as a
function of angular velocity (Harwell Laboratory).

The different magnitudes of the acceleration poten~
tials in the region of source and absorber cause shifts
in the lines which, according to Fig. 14, agree within
the limits of experimental error with the theoretically
expected values.

An important possibility for applying recoilless
resonance absorption of y quanta, from which one
should expect particularly fruitful results, is in the
determination of magnetic dipole moments and elec-
tric quadrupole moments of excited states of nuclei,
and also in investigating the nature of the internal
magnetic and electric fields. Closely related with
this is the question of the shift in energy of nuclear

RUDOLF L. MOSSBAUER

absorber, the source and absorber were periodically
interchanged, and the gravitational shift was deter-
mined as the difference in the line shifts for the two
directions of flight of the quanta: up and down. The
final result of the measurements, which are still con~
tinuing, is the following:!®

0.99 = 0.047 for measurements without control absorber
(monitor) and 0.97 + 0.054 for measurements with a monitor.

levels as a function of the structure of the electronic
shells surrounding the nucleus (nuclear isomeric
shift). A whole series of papers has already been
devoted to these questions. In Fig. 15 we give as an
example the data of Kistner and Sunyar." They stud-
ied the resonance absorption of the 14.4 kev line of
Fe’" in an absorber of Fey03. In such measurements
of the hyperfine structure it is important to have one
of the lines, either the absorption or emission line,
remain unsplit; in this case, the number of lines in
the absorption spectrum when measured as a function
of velocity will be reduced, and the interpretation of
the pattern obtained for the splitting will be simpler.
In this work the splitting of the emission line was
eliminated by introducing the active Co®" nuclei into
stainless steel (by diffusion), so that the observed
absorption spectrum showed directly the structure of
the pattern in FeyO3. The absorption spectrum in
Fig. 15 is very clearly asymmetric with respect to
the velocity v = 0. In Fig. 16 is shown a scheme of
the splitting needed for explaining the experimental
results. At the right of the figure is shown the un-
split emission line, while on the left we again show
the magnetic splitting in ordinary iron. In the central
pattern of the splitting in Fig. 16 is shown the shift in
the magnetic terms of the hyperfine structure result-
ing from the interaction of the nuclear quadrupole mo-
ment with the inhomogeneous electric field which is
present in the region of the nucleus. The observed
asymmetric position of the absorption spectrum rela-
tive to zero velocity requires the introduction of an
additional shift in energy between the centers of grav-
ity of the emission and absorption spectra: although
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FIG. 15. Absorption of the 14.4-kev line in Fe®’
contained in a sample of Fe,0, when irradiated by the
unsplit line at 14.4 kev.
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FIG. 16. Splitting of excited and ground states of Fe® for dif-
ferent crystalline environments of the Fe®” nuclei (Kistner and

Sunyar). The energy of the transition is E = 14.4 kev.

the nature of such a shift is as yet not completely un-
derstood, it must be due mainly to the difference in
the chemical environments of the nuclei in the source
and absorber.

Similar measurements were made by Solomon.
In Fig. 17 we give as an example the absorption spec-
trum in FeS, of the 14.4-kev line of iron. The ob-
served splitting pattern can be understood if we as-
sume that the excited state of Fe®l in the FeS, ab-
sorber is split into a doublet (with separation A) as
a result of quadrupole interaction. When one carries
out the motion of the six emission lines from the Fe®
source with respect to the two lines of the absorber,
there appear in the observed absorption spectrum six
absorption doublets with a separation A between the
lines of each doublet.

Recoilless resonance absorption has also made it
possible to observe the time dependence of the fre-
quency spectrum emitted in nuclear transitions. An
investigation of this type was carried out by Holland
and co-workers.!? A resonance absorber of Fe¥
served as an analyzer of the frequency distribution
of the radiation emitted by the Feb" source. The
intensity of the radiation passing through the reso-
nance absorber was measured as a function of the
delay time 7 of emission of the 14.4-kev quantum
relative to the emission of the 122-kev quantum in
the preceding y transition (cf. Fig. 7). In Fig. 18 are

18

873

R,
.*;‘n. o "::%\ 0.9 mg/cm? Fe¥,
§ - '}"% A\ at rest
2 a__ Xax oo
£
] u — 'x‘ﬂ%"’ \~o
- =) P, %0, ‘-'
g | % ’.0’:’% ™

RS N

8 2.7 mg/cm? Fe%” fi‘”.‘.‘%

. g
8 at rest - :o°°o°.*., Vibrating
§ Poe {
a 0'— ¢,
g — LI .
é e b -

e e
One channel = 8.5 mu sec t !
%,
0 N TR SR | 1 T
] a2 4 &0 &0 1/}

Channel number (time)

FIG. 18. Intensity of the 14.4-kev transition of Fe®*” as a function
of delay time of the quanta in the excited state for an absorber at
rest and in motion (Argonne National Laboratory).

shown preliminary results of these measurements.

For delay times 7 less than the lifetime of the reso-
nance level one should expect a broadening of the reso-
nance line and a corresponding reduction of resonance
absorption, as one actually sees in the figure. Later
measurements show that at certain times one observes
behind the resonance absorber an even greater inten-
sity than that which would be obtained in the absence

of the absorber.

6. RESONANCES WHICH HAVE BEEN OBSERVED
UP TO NOW

In concluding this summary we given in the table a
list of isotopes in which the recoilless resonance ab-
sorption has already been observed.

Debye tem-
Resonant Parent
E, - perature & ; - :
isotope isotope T1j, sec r/g | Litera-
kev (absorhlv)er) of(;}l\)esgile)?snt (source) e ! ture.
8.4 | Tmie? 166° K LEr1eY 4.0-107% | 1.q0~11 20
8.4 | Tm?® 166° K Y bles 4,010 | 1.10™ 11 21
14,4 | Fe% 420° K Cob? 1.0-1077 | 3.40713 22
26 Dyt 158° K Th1st 2,8.1078 | 6.10713 23
73 Irios 285° K Osle3 5.7-107% 1 1.40712 2
77 Aul?? 170° K P17 1,9-107% | 3.10712 25
77 Aut?? 170° K Hg19? 1.9-107° | 3.40712 25
80,6 | Erss 163° K Ho1es 1,7-107% | 3.q0712 | 1,27
93 Zns? 260° K Gas? 9.4-1076 | 5.1071s 10
100 Wwisz 310° K Tals? 1.3.107° | 4.10712 | 26.24
113 Hie 213° K Lut?? 4,0-10710 | 1.10 11 27
129 Ir11 283° K Qs191 1.0-10710 | 4.40™11 2
134 Rel87 300° K Wis? 1,0-10711 | 3.10"10 6
% absorption
; FeS, (Pyrite)
2 =l g 1 2 3 4 5§ 6 7mm/sed

-8 -7 -6 -5 -4 -3

FIG. 17. Absorption of the 14.4-kev line of iron in
FeS, (Solomon).
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