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We have carried out precise Mossbauer line-shape analyses in tungsten and iridium metal
using an exact representation of the line shape in transmission. By using exceptionally intense
sources ( 70 Ci for Ta) and carefully chosen constraints between sets of Mossbauer-effect
spectra, we have been able to make a quantitative test of the theory of final-state efIects.
The temperature dependence of the recoilless fraction, f (T), for W in tungsten metal has
been determined to about 170 accuracy, which is an order of magnitude better than previous
Mossbauer or x-ray investigations, between 80 and 1067 K. The Debye model fits our results
from 80 through 968 K, with a Debye Mossbauer temperature of 336.5 K, when a correction
for thermal expansion is included. The recoilless fraction data were used to derive a value
of 8.76(10) for the internal conversion coeKcient for the 46.5-keV transition in W, with an
approach based on the quasiharmonic approximation to the lattice vibrations, which determines
the temperature dependence of the recoilless fraction. The interference parameters, times 100,
that we find in this investigation of W in tungsten metal (46.5 keU) and Ir in iridium
metal (129 keV), are —0.317(6) and —0.77(10), respectively. These values are both greater in
magnitude than the theoretically calculated values by about 10%, although the Ir case has
errors large enough that the comparison with theory is inconclusive. These results differ with
theory, and would indicate that the theoretical calculations of interference need refinement if
they are to be used in studies of time-reversal invariance.

I. INTRODUCTION

The Mossbauer effect permits a sensitive test of several
nuclear and solid-state properties, among them recoilless
fraction, which reflects lattice-dynamical properties, in-
terference, and isomer lifetimes. Recoilless-fraction mea-
surements complement specific-heat, measurements, and
precise measurements of recoilless fraction over temper-
ature, made using well-resolved spectra and exact line-
shape analysis, may serve to test theories of vibrations of
crystal lattices. Interference, which is sometimes called
a final-state effect, since it arises from the interference
between competing modes of absorption and reemission
of y rays and electrons, is important, since crucial tests
of time-reversal invariance (TRI) depend heavily on the-
oretical models that have never been adequately tested.
The lifetimes of excited states of Mossbauer nuclei, or
isomeric lifetimes, can also be measured quite precisely
using the Mossbauer effect, and, in the absence of compli-
cating solid-state effects, may be measured with greatest
precision using this method.

This work represents a study of basic physical proper-
ties associated with two Mossbauer transitions, the 46.5-
keV transition in W in tungsten metal and the 129-

keV transition in Ir in metallic iridium. We have ob-
tained superior resolution in our spectra through our use
of sources of very high intensity, in the range of 10—100
Ci and (in the case of the issW transition) through the
use of a monochromating crystal filter to separate the
Mossbauer line from intense background radiation. We
have, in addition, analyzed spectra using an exact rep-
resentation of the transmission integral describing the
Mossbauer line shape in transmission. The importance of
fitting Mossbauer data to the transmission integral was
first noted by Gerdau et al. ,

i although their approach to
the problem was to fit data directly to the convolution
integral rather an analytic representation as used in the
present study.

Although it is widely known that the experimental
spectrum resulting from a Mossbauer-effect (ME) exper-
iment done in transmission is not truly Lorentzian, the
vast majority of such spectra are analyzed using this
line shape. The ME spectrum is a Lorentzian only in
the limit of vanishingly small absorber thickness with an
ideal unsplit source, and, in an effort to realize this ideal
line shape, experimenters conventionally use absorbers of
thickness number four or less. Credible fits are obtained
only by relaxing the width as an adjustable parameter,
which destroys the theoretical basis for the Lorentzian
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and such fits can then be regarded as nothing more than
empirical. It has been shown, ~ e.g. , that an exponen-
tial Lorentzian is a much better empirical At requiring
no greater computer time than a Lorentzian for a fit.
Fundamental properties such as line width, interference,
and recoilless fraction are then deduced from the pa-
rameters derived by least-squares fits to such spectra by
any of a number of approximation methods. However,
this (Lorentzian) treatment of ME spectra suffers from a
number of drawbacks.

(1) The linewidth is determined by taking a succession
of spectra with absorbers of various thicknesses and plot-
ting the linewidth parameter versus the thickness num-
ber, and the linewidth is determined by the extrapolation
to zero thickness. Not only is the extrapolation process
itself suspect, because of possible contributions from hy-
perfine field or instrumental vibration, but constraints of
limited counting time will usually mean that these re-
dundant spectra are poorly resolved, especially for the
thin absorbers, further compromising the accuracy of the
method.

(2) Recoilless fraction measurements (in an absorber
experiment) are usually carried out by estimating the
area under the absorption curve. Since the Lorentzian
does not give the correct value of asymptotic absorption
(the baseline), the estimate of area may be greatly in er-
ror, especially in the resonance wings. The area method,
furthermore, yields only a relative measure of recoilless
fraction, and normalization to give absolute values is dif-
ficult. The resulting parameters will generally depend
on the velocity range used to scan the spectrum, which
is not the case for data fitted directly to the convolution
integral.

(3) The estimate of interference will always be in er-
ror. The magnitude of interference is very small, and
accurate measurements require extremely well-resolved
spectra, the more so the thinner the absorber. Preci-
sion determination of the interference parameter requires
very-high-resolution data fitted to the exact line shape.

We have used an exact representation of the Mossbauer
line shape in transmission to derive precise values of fun-
damental parameters associated with the 46.5-keV tran-
sition in i8 W and in the 129-keV transition in ~ Ir.
This formulation permits the inclusion of interference
and source-resonance self-absorption (SRSA), although
the experiments reported here made the latter feature
unnecessary, as URSA was quite small. The use of the
exact line shape to analyze data makes it possible to use
absorbers of arbitrary thickness and, in contrast to the
usual practice of Lorentzian Ats, we And that thicker ab-
sorbers are altogether to be preferred to thin ones. This
is because the symmetric component of the absorption
saturates at lower thickness numbers than the asymmet-
ric component, so that interference is more easily deter-
mined from thick absorbers and because saturation of the
symmetric component helps to make clear the relative
contribution of absorber thickness and source recoilless
fraction to the amplitude of the resonance.

II. THEQRV

A. Line shape

Data were fitted to the theoretical line shape

exp [—tL(2z')],
)1+4(z —z')'

which represents the experimental spectrum resulting
from unsplit Lorentzian emission and absorption profiles.
Here, z = Eo(v —no)/1c and z' are dimensionless vari-
ables representing the relative source-absorber velocity
and photon energy, respectively, where Eo is the transi-
tion energy and vo is the peak position of the resonance
in velocity units, f, is the source recoilless fraction, and

1 —2Pz
1+z2 ' (2)

is the Lorentzian absorption profile plus a term repre-
senting interference. We have adopted the minus sign in
front of the asyrrunetric p term, which is required if z ) 0
for energies above the resonance peak. Several authors
use the opposite convention (z ( 0 for energies above the
resonance peak), which changes the sign of the interfer-
ence term to plus. The relative velocity v between source
and absorber is taken to be positive for the absorber ap-
proaching the source. I' is the level width in energy units,
h/r, where r is the mean life of the excited state. The
absorber thickness number t is defined by

t —f&aaxnaa'0&

where f is the absorber recoilless fraction, a q is the
fraction of atoms in the absorber represented by the
Mossbauer isotope, n is the number of atoms of all types
per unit area in the absorber, and oo is the resonance
cross section

A~ 2I, +1 b

2I +11+
Here A is the wavelength of the resonant photons, I, and
I& are the spins of the nuclear excited and ground states,
b is the branching ratio, equal to one for the cases consid-
ered herein, and n is the internal conversion coef5cient.
Since n is generally not well known, values of t can be
used to find values of f /(1+ n), and these will give f
directly only when oo is accurately known.

Correlation among parameters, in particular f, and t, ,

and to a lesser extent I, makes it generally diFicult to
obtain a precise fit of individual spectra to Eq. (1). This
property has been noted before 4 s and derives from the
fact that both f, and t contribute nearly linearly to the
amplitude of the spectrum, especially when t is small
compared to unity, and even for t of order 3, a commonly
used value in Mossbauer spectroscopy. This is a minor
drawback and is easily corrected4 by simultaneously fit-
ting multiple spectra with any of several constraints on
the fitted parameters and especially on the correlated pa-



MOSSBAUER LINE-SHAPE PARAMETERS FOR ' W AND. . . 7407

rameters. The most basic constraint, of course, is that
I' and P be the same (for all spectra taken in the same
transition), and under suitable conditions, such as when
the radiation is essentially free of background from hav-
ing been scattered, f, is the same. In addition there
may be a known relation between the thickness numbers
characterizing the individual spectra, as when the ratio of
physical thicknesses is known and the absorbers are at the
same temperature. Of course, if a data set is sufFiciently
precise (high count statistics), the parameters will as-
sume nearly correct values in an individual fit. The joint
fitting of spectra with known constraints then is a way
of improving the eKciency of finding line-shape param-
eters, since the requirements of precision are not nearly
as severe as for individual fits. Fitting to changes in line
shape as well as to line shape alone is also a good way
to eliminate possible sources of systematic error, which
could arise from unsuspected vibration or hyperfine in-
teractions.

B. Interference

Interference between resonant and Rayleigh scattering
from a nucleus, as well as between the emission of in-

ternal conversion electrons and photoelectrons, leads to
an asymmetry of line shape described by the interference
parameter P. This is represented by the small dispersive
term involving P in Z(z), where the magnitude of P is

usually of the order of the fine-structure constant. Pre-
cise analyses of Mossbauer spectra must include the in-
terference parameter to obtain the correct isomer shift.

The chief interest in interference, however, lies in its
relation to experiments to test time-reversal invariance
in mixed transitions. If the mixing coeFicient is written

6 = 6/6)e'", (~)
such an experiment seeks a value of the phase shift g
different from zero or x as evidence of time-reversal vi-
olation. But interference produces an additional phase
shift (in an Ml/E2 transition)

Pz' = P(E2) —P(M1),

so that the mixing ratio for the transition becomes

using the QUEGS (quasielastic gamma-ray scattering)
instrument. i This is intended to be a brief review of the
description in Ref. 10, and such details as difFer from
that reference and are common to both the experiments
with tungsten and iridium will be described here.

Sources generated by neutron irradiation are installed
in a heavily shielded source cask, which can be cooled by
liquid nitrogen to about 77 K. The source material itself
is confined to an aluminum can and mounted to a rod ex-
tending from the top to the bottom of the can. 2 Ther-
mal contact between the source can and liquid-nitrogen
jacket is improved by a constant flow of helium gas into
the space between them (see Fig. 3, Ref. 10). Near the
exit window in the source cask for the photon beam, there
is provision for the mounting of a monochromating crys-
tal.

The Doppler shift energy required to scan the
Mossbauer spectrum was supplied to the absorber by
a translating stage capable of a maximum speed of 14
cm/s. This translator consisted of a platform mounted on
Thomson rods and using Teflon ball bearings to minimize
vibration, on which either a cryostat or furnace could be
mounted. A large auxiliary flywheel was mounted on the
end of the countershaft, in order to reduce the ampli-
tude of angular speed variations due to inertial loading.
These variations were found to be less than +0.3%%uo, and
correcting for these small variations in joint fits to data
produced negligible differences in results. The velocities
obtained using a crank are not a pure sinusoid and the
exact motion was used to calculate the velocities. The p
beam was detected with an intrinsic germanium detector,
and the resulting pulses were selected by a single-channel
analyzer and gathered by a multichannel sealer. The col-
limation confined the beam to an angle of about +0.002
radians in the horizontal and about +0.007 radians in
the vertical; the total source-detector distance was about
1.5 m. With this geometry, distortion of the spectrum
due to "cosine smearing, " that is, due to noncollinearity
of photon trajectories, was almost completely absent. In
addition, all Mossbauer spectra were taken in approxi-
mately 512 channels, so that distortion due to channel
averaging may be neglected.

and such experiments measure rj + Pz and not g. Since

g may be quite small in relation to P~, precise measure-
ments of the Mossbauer interference parameter P are es-
sential to testing the theoretical models used to calculate
P(E2) and P(Ml) from which P and Pz are determined,
with P being given by

P(M1) + PP(E2)
1+ b~

III. EXPERIMENTAL METHODS

A. Spectrometer

The experiments were carried out at the Research Re-
actor Facility of the University of Missouri (MURR)

B. Tungsten experiments

Sources were strips of natural tantalum foil 0.003
inches thick, and measuring about 0.25 x1.25 in. , which
are mounted in aluminum cans. The sources were
each irradiated for 6 days in a flux of about 3 x 10
neutrons/cm s, giving an activity of about 70 Ci for
the 5.1 day half-life Ta. The principal activity pro-
duced is Ta, resulting from double neutron capture
by Ta, so that such background as may have been
present after scattering decayed largely at the same rate
as that of the 46.5-keV line. For sources of this intensity,
source-resonant self-absorption (SRSA) can seriously dis-
tort line shape if C~s, the effective thickness of the source
treated as if it were an absorber, is too large. All sources
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were fresh, that is, had not been previously irradiated, so
that maximum tRS during the course of the experiment
was held to about 0.05 and did not differ by more than
about 0.03 for any of the spectra. Experimental tests of
our calculations of t~s have substantiated this estimate
of SRSA. The radiation from the sources was scattered
using the (200) reflection of a prestressed lithium fluo-

ride crystal and the 46.5-keV y rays, essentially free of
background, were subsequently collimated through heavy
shielding. Dead time for the detection system was 20 ps
for this experiment, and the counting rate was held to
about 2000 counts per second with the absorber in place.
Fits including dead time made a negligible difference in
parameter values.

The absorber for experimental runs at room temper-
ature and above consisted of seven tungsten foils, each
nominally 0.001 in. thick, enclosed in a pillbox made of
boron nitride, to ensure uniformity of temperature over
the surface of the foils. Additionally, boron nitride baf-
fles were used on each side of the absorber assembly to
prevent convection. The foils were placed in a quartz
tube in an electric furnace, designed after the technique
of Mullen and Knauer. A constant Aow of argon gas was

maintained through the chamber containing the absorber
during all experiments with the furnace.

Two chromel-alumel thermocouples were in contact
with the piHbox above and below where the beam struck.
A subsequent calibration based on the Curie temperature
of iron and direct comparison with a National Institute of
Standards and Technology calibrated thermocouple indi-
cated that the thermocouples read high by 6 K (0.5%) at
the highest temperature, and the readings were adjusted
in compensation. The temperature of the absorber was
taken as the average of the two thermocouple readings;

in any event, they did not difter by more than 1 K, and
the temperature measurement is held to be accurate to
1 K.

For the measurement at 77 K, a liquid-nitrogen cryo-
stat was used containing four foils, each nominally 0.001
in. thick, from the same stock used for the furnace foils,
and fastened to an oxygen-free copper block attached to
the liquid-nitrogen container, and a platinum resistance
thermometer (RTD) was used to measure temperature.
The RTD was checked at liquid-nitrogen temperature (77
K) and at room temperature and found to be accurate
to 1 K without correction.

C. Iridium experiments

The two sources used were prepared from 330 mg of
natural osmium (26.4 atm. %%uoOs )powde r, presse d into
a cavity 0.3 cm wide x 2.50 cm high x 0.088 cm deep and
contained by an aluminum can of the same dimensions
as the cans used for the tantalum sources. The first, and
second sources were irradiated for three and four weeks,
respectively, at a flux of about 2.5 x 10~4 neutrons/cm~ s,
yielding estimated activities of ~ ~Os of 14 Ci and 16 Ci,
respectively. SRSA was quite small; maximum tns was
less than 0.005. A pulse-height spectrum of the ~9~Os

source, taken using the QUEGS intrinsic-germanium de-

tector, is shown in Fig. 1, and the 129-keV line is very
well resolved, even without a monochromating crystal.

Absorbers were foils of natural iridium metal, each
nominally 0.01 in. thick. Due to the high energy of this
transition, it was not possible to scatter eFiciently using
the crystal mentioned above, unless a thicker crystal than
was available to us were used. Therefore, it was decided
to take spectra directly in an unscattered photon beam.
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FIG. 1. Pulse-height spectrum of the Os source.
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Spectra were taken at liquid-nitrogen temperature, one
with two foils and one with three.

The accumulation of spectra in a direct beam meant
that, the source fraction could not be constrained to be
the same for both spectra, an arrangement that is less
than optimum for exact line-shape analysis. This experi-
ment could have been carried out to a much higher degree
of accuracy if absorber foils enriched in isiIr had been
available, or if our facility had been able to cool source
and absorber to liquid-helium temperature. This would

have made it possible to either increase the absorber ef-

fective thickness, conduct the experiment in scattering
geometry, or both. We attempted to locate enriched Ir

foils, but were unable to find any at costs that were ac-
ceptable.

IV. RESULTS AND DISCUSSION

A. Tungsten

Figure 2 shows the ME spectra taken at temperatures
80 —1067 K in tungsten metal and the residuals, that is,
the experimental points less the theoretical points. The
data were analyzed in two groups of ten spectra each;
one group, set A, consisted of spectra taken only with the
furnace, and the other, set B, of spectra taken with the
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furnace and the cryostat, as well as some spectra taken at
room temperature in an open holder. This was done with
a view towards assuring consistency and checking the va-

lidity of assumptions regarding constraints on individual
parameters. Our representation of the exact line shape
made it possible to constrain certain fundamental param-
eters to be the same for all spectra in each fit, namely,
the line width, interference, and, for spectra of absorbers
at the same temperature, vo, the peak position of the res-
onance curve. In addition, the source recoilless fraction
was constrained to be the same in subgroups of spectra,
taken with the same source and at the same radioactivity
level. This was done, since cooling of the sources as the
radioactivity diminished became apparent from separate
spectra taken with an open holder, with source temper-
atures at the start of a run being about 2 K higher than
at the end of a run (one week later). This was also con-
firmed from simple model calculations. The differences in
thickness number resulting from this strategy were small
but significant.

The reduction in the source recoilless fraction due to
SRSA is estimated to have been 1%, corresponding to
a source resonance thickness number tas ——0.05. This
is very small, but still gave rise to concerns that our
absorber thickness number would differ by an amount
roughly equal to EBS. Tests made by fitting artificially
generated spectra indicate that the effect of this small
value of CRS is to reduce the estimate of absorber thick-
ness numbers by about 0.4%%uo, for all values of thickness
number. Since this 0.4% is within the experimental er-
rors claimed here for our absorber thickness numbers, we

have neglected this small correction.
The second-order Doppler shift with temperature was

too small to measure, given the large line width, and so
to guarantee accuracy of the interference measurements,
the thermal shift was fixed for each spectrum not at room
temperature, relative to the room-temperature peak po-
sition, using the Josephson formula and values of Cp
from the tables. is That is, only the peak position of the
spectra at room temperature was fitted as a parameter,
and the peak positions of spectra not at room temper-
ature were fixed relative to the room-temperature peak
position. This was done in order to produce the best pos-
sible estimate of the interference parameter P, since an
incorrect value of vII will affect the value of P.s We tried
fits with no constraints on peak positions and found es-
sentially the same results for P, but with a somewhat
higher scatter.

Due to the importance of line width and interference,
a separate experiment was done with two absorbers at
room temperature to fix I' and P. Two high-resolution
spectra were accumulated, one with an absorber of four
1-mil foils (1 mil = 0.001 in. ) and one with seven, and
counting continued until each had a baseline of between
one and two million, or roughly ten times that of the
individual spectra used for the measurements of f(T);
separate source fractions were used for the two spectra.
These high-resolution spectra are shown in Fig. 3. A

fit allowing separate thickness numbers for the two spec-
tra returned values that agreed with the ideal 7:4 ratio
to within 0.4%%up, and holding the thickness number of the
seven-foil spectrum to be 7:4 times that of the four-foil
spectrum produced values of I' and P within returned
errors for the first fit. Since this degree of error is well
within the range of error that might have been produced
by slight differences in thickness between the two ab-
sorbers or by differences in absorber temperature, the
values returned by the first fit were taken as final. To
ensure optimum accuracy in the determination of recoil-
less fraction, sets A and B were fitted one last time with
constraints on peak positions as noted above, and using
the values of I' and P determined in the fit to the high-
resolution data as defined constants.

Mean life of the $6.$-ke V state

In initial fits to sets A and B, I was allowed to vary
so as to gauge the consistency of the two sets. The level
width I' = h/7 resulting from the fit to set A was 1.598(4)
cm/s and 1.604(4) crn/s for set B, leading to an average
value of 1.601(4) cm/s. The value of I' resulting from
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FIG. 3. High-resolution spectra and residuals after fitting
to transmission integral: (a) spectrum with absorber of four
25-pm tungsten foils, (b) spectrum with absorber of seven
25-pm tungsten foils, (c) residuals of (a), and (d) residuals of
(b).
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the high-resolution spectra at room temperature was F
= 1.600(7) cm/s. Since this last value is within the errors
for the simultaneous fits to set A and to set B, this value,
with the indicated error, was taken to be the line width of
the 46.48-keV transition. This implies a mean life for the
46.48-keV state of 265(1) ps, or a half-life of 184(1) ps.
Table I gives a compilation of some measured values for
the lifetime of this state, in various units; the references
are cited in chronological order, and some of the entries
were calculated by us from values cited in other units.

With the exception of our earlier work, Ref. 21, all of
these values were derived by the usual method of taking
successive spectra with absorbers of various thicknesses,
fitting the data with Lorentzians and extrapolating to
zero absorber thickness. Most of these spectra except for
those of Ref. 21 were poorly resolved, in addition, since
most of the experiments did not use a monochromator,
or had sources of rather low intensity. The work of Ref.
21 was later found to have been affected by vibration,
a constant hazard in Mossbauer drivers, and especially
in nontransducer types. Our current procedure of carry-
ing out simultaneous fits to spectra with carefully chosen
constraints is a check against such experimental artifacts
being present in the data reported herein.

2. Isomer shift

In the final fit to data, center velocities for all spec-
tra not at room temperature were constrained to have a
fixed onset relative to the room-temperature peak posi-
tion, as outlined above. The isomer shift returned from
the fit to set A was 0.019(1) cm/s, and that from set
B was 0.020(l) cm/s, while the isomer shift returned by
the high-resolution spectra was 0.016(1) cm/s. The for-
mal disagreement between the fits to sets A and B and
to the high-resolution spectra, however, amounts to only
about 4o of a channel at the peak position of the spec-
trum. The foils in the high-resolution spectra had not
been thermally cycled, and this might be the origin of
the small discrepancy, since tungsten's physical proper-
ties are sensitive to thermal history.

be the same for each spectrum, the value returned by the
fitting program held roughly steady at about —0.003, un-
til data above 600 K was analyzed, where a large scatter
appeared in the points, shown in Fig. 4. This signifies
nothing more than that the ratio of signal to noise for
the antisymmetric component of the spectrum declined
to the point that the amplitude of the interference signal
could not be recovered with any precision.

Since there was no evidence for a temperature vari-
ation of P, and such a temperature variation has not
been predicted theoretically, interference was constrained
to be the same for a further joint fit to sets A and B.
Constraining P to be the same for all spectra caused no
significant increase in y2. The value obtained for the
interference parameter P for set A was —0.00314(12)
and for set B, —0.00327(7). The value resulting from
the high-resolution room-temperature spectra was P =
—0.00317(6), and this is the value used for the final set
of joint fits to sets A and B.

Only two prior measurements have been made of the
interference parameter using the 46.48-keV transition in

W. The first, by Wagner et a/. , resulted in a value
for P of —0.0005(6), using Lorentzian fitting techniques
without corrections for absorber thickness. A second
measurement of P, carried out by the Purdue-Mossbauer
group, Ref. 21, found a value of —0.0025(1), which is
much closer to the present determination and to the-
oretical values but is still in disagreement with both.
It has been found that the experimental apparatus of
Ref. 21 was aA'ected by vibration, and perhaps by angu-
lar speed variations. The basic spectrometer used by us
is nearly identical to the one used in Ref. 21; however,
the present study used TeQon rather than steel bearings
for the Thomson rod assemblies, and a large Qywheel was
used to reduce angular speed variations. Also, the earlier
result in Ref. 21 did not have the check of simultaneous
fittings to two absorber thickness numbers, as was the
case for our present high-resolution spectra.

8. Interference
0.8

In joint fits to sets A and B, where the interference pa-
rameter was allowed to "Boat," that is, not constrained to

0.6

TABLE I. Lifetime of the 46.48-keV state in

0.4-
T

I

rl (2 (ps)

150(10)
158(3)
184(5)
174(6)
188(4)
189(3)
184(1)

I' (cm/s)

2.o(2)
1.86(4)
1.6O{4)
1.69(6)
1.56(3)
1.55(2)
1.60(1)

I' (peV)

3.1(3)
2.88(6)
2.48(6)
2.62(9)
2.42(5)
2.40(3)
2.48(1)

Reference

16
17
18
19
20
21

This work

0.2

0.0
0

I

200
I

400 600
I

800
I

1000 1200

FIG. 4. Interference parameter vs temperature for tung-
sten spectra.
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Theoretical predictions of P have been made by Gold-
wire and Hannon and Davis et aL Goldwire and Han-
non predict P = —0.0030, while Davis et al. predict a
value of —0.0028. In spite of the more detailed treat-
ment of the subject by Davis et al. , it will be seen that
our value of —0.003 17 agrees more closely with the ear-
lier result of Goldwire and Hannon. The derivation of
the interference parameter is closely related to that of
the internal conversion coeFicient, and Davis et a/. made
an attempt to check their results by calculating n and
comparing these with other theoretical calculations of 0, ;

however, this apparently was not done for all transitions
tabulated, and no value was listed for the 46.5-keV tran-
sition in W. It would be useful if future tabulations of
theoretical values of P included, as well as estimates of
the internal conversion coefFicient calculated on the same
assumptions; as will be seen later, Mossbauer line-shape
experiments may yield a value of o. as well as of P, giving
a valuable cross check on the theoretical calculations.

8-

0.01
0

I I

400 800

Temperature (K}
1200

FIG. 5. Recoilless fraction in tungsten metal without cor-
rections for thermal expansion, using 46.5-keV transition, and
n = 8.76; solid line is the Debye model using OM = 336.5 K.

g. Recoilless fraction

The results for f (T) are shown in Table II and plotted
in Fig. 5. Since a wide range of values of o. , the internal
conversion coefIicient, have been published, we have cited
both our values of f /(I+n) and values of f, determined
using the value n = 8.76 derived by us (see below). It.

may be seen from Fig. 5 that, although the general vari-
ation of recoilless fraction with temperature behaves as
expected at lower temperatures, at higher temperatures
f begins to fall off more rapidly with increasing temper-
ature, indicating the presence of anharmonicities. It has
been suggested that, to a good approximation, the ef-
fect of anharmonicities may be corrected to first order by
a simple correction for thermal expansion. In Fig. 6, we
have shown a plot of the difference between our ln f, (T)
values and values derived using the Debye model, as-
suming a Debye temperature of 336.5 K and an internal
conversion coefIicient of 8.76. The points marked with
a square were made using the original fits to our data
and those marked with a circle are made using our data

after a simple correction for thermal expansion. It will

be seen that, on this greatly expanded scale, the efIect
of anharmonicities has been greatly reduced by the ad-

dition of the thermal expansion correction. The thermal
expansion corrections were employed, together with our
values of f /(1+a) to determine an experimental value

for 0, .
Sumbaev et al. is found, in the first work done on the

46.48-keV transition in W, a value of OM: 320 qp
+7p

K, using an interesting early variation of simultaneous fit-
ting of spectra taken with two absorbers. In this study,
a value for o, of 11.0, which now appears to be 20% too
large, as well as an inaccurate value for the level width,
was used, and the velocity range of +3.5 cm/s was in-

adequate to fully scan the spectrum. In spite of the dis-

persion, the quoted value of e~ is in surprisingly good
agreement with our result (336 K) derived in the next
section.

TABLE II. Recoilless fraction in tungsten metal, without corrections for thermal expansion.

Absorber temperature
(K)
80

297
373
469
572
621
669
770
869
968
1067

Thickness no.

14.33(5)
11.81(4)
9.058(40)
6.148(21)
4.100(17)
3.350(13)
2.751(14)
1.818(8)
1.178(6)

0.7993(32)
0.4824(24)

1oof(T)/(1 + ~)
6.50(2)
3.O6(1)
2.35(1)
1.59(1)
1.06(1)

0.868(3)
0.713(4)
O.471(2)
o.3o5(2)
o.2o7(1.)
0.125(1)

f(T), n = 8.76

O.634(2)
0.299(1)
0.229(l)
O. 155(1)
0.104(l)
0.0847(3)
O.O696(4)
0.0460(2)
0.0298(2)
0.0202(1)
0.0122(1)
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FIG. 6. Difference between lnf values derived using the
Debye model with eM ——336.5, and our data using n = 8.76;
points marked with a square are uncorrected, while those
marked with a circle have been corrected for thermal expan-
sion.

fraction in tungsten calculated by Raj and Puri~ using
phonon dispersion data derived from inelastic neutron
scattering in tungsten at room temperature. These au-
thors cite values of recoilless fraction at several temper-
atures, of which 77 and 300 K are closest to two of ours.
Using the Debye model to interpolate these data to our
temperatures yields for the data of Raj and Puri f (80)
= 0.6395 and f (297) = 0.2977. Combining these with
our values of f /(I+a) gives, for the value at 80 I&, n =
8.84, and at 297 K, n = 8.73. It should be noted that
here the corrections for thermal expansion were not used.

Values ranging from about 8 to as high as 40 have been
cited in the literature for n for this transition. ~ 2s

Our best value of 8.76(10) agrees with the most recent
theoretical value of 8.63, but does not agree with the
only other experimental values of 11 (no error was given
for this value), 2s or with 13(3),~ although the latter value
was only a rough estimate and essentially agrees with the
present result when the large error is taken into account.

S. Internal conversion coefJicient

The values of f/(I+n) derived from the joint fit were
used together with thermal expansion corrections to de-
rive a value for the internal conversion coefficient for the
46.5-keV transition. After Willis, we have assumed
that the recoilless fraction, in the presence of anhar-
monicities, may be corrected to erst order by a simple
allowance for thermal expansion:

l f(T) f( )
1+6'~ ' (9)

where f(T) is the recoilless fraction at constant volume,
that is, in the absence of thermal expansion, and f'(T)
is the recoilless fraction as measured. Here, ya is the
Griineisen parameter for tungsten, 1.62, and e is the
total linear thermal expansion, relative to room temper-
ature, which we took from standard tables. The as-
sumption has been made here that ya does not vary with
temperature. This is only approximately true; although
p~ is nearly constant at room temperature and above, it
declines at low temperatures, so that the correction at 80
K is assumed to be negligible.

Fitting the values of f /(I+n) to the Debye model and
including the corrections for thermal expansion yielded a
value of a = 8.76(10), and a Debye temperature of eM
= 336.5(7) K, where the highest point was excluded from
the fit. As a cross check, independent of the Debye model,
we fitted data for temperatures from 373 K through 968
K, and obtained a value of n = 8.83(12). All fits to the
data using either the linear approximation or the Debye
model showed a dramatic increase in y when the last
point, at 1067 K, was included.

Alternatively, it is possible to deduce o. by compar-
ing our results for f /(I+o. ) with values of the recoilless

B. Iridium

As noted above, spectra taken with the 129-keV tran-
sition in iridium metal were taken mostly in direct beam,
without a monochromating crystal. Although, as may be
seen from Fig. 1, the 129-keV line is well separated from
other lines, pulse-height spectra at much higher ener-
gies showed the presence of many high-energy lines above
the 129-keV line. These spectra indicated that, ignoring
the declining efficiency of the p detector, over half the
beam energy lay above the 129-keV line, and considering
that the efficiency of such a detector falls off exponen-
tially at higher energies, by far the greater part of the
beam intensity lay above 129 keV. The extremely high
background intensity meant that downscatter necessar-
ily compromised the source fraction, so that it was no
longer justifiable to hold this parameter to be the same
for both spectra. The final joint At was done holding line
width and interference to be the same for both spectra,
and constraining the effective thickness of the three-foil
set to be 1.5 times that of the two-foil set. Figure 7
displays the final Mossbauer spectra for the two-foil and
three-foil sets and the residuals after fitting to the trans-
mission integral.

The value of I' returned by our fit is 1.15(4) crn/s, cor-
responding to a half-life for the 129.4-keV state of 92(3)
ps. This is to be compared to other Mossbauer experi-
mental values ofss 89.4(14) ps [which indicates a width
of 1.18(2) cm/s] and22 1.13(2) cm/s [which indicates a
half life of 93.6(16) ps]. A recently published valuesi for
the half-life of this transition of 123(4) ps was derived as
a weighted average of several measurements made using
various methods, not including Mossbauer or Coulomb
excitation. Measurements made using Mossbauer meth-
ods consistently give a half-life of around 90 ps, while a
cited valuesi for B(E2) of 0.90(2)e262 gives a half life of
93(5) ps, using o. = 2.84 and 62 = 0.16. The reason given
by the evaluator for adopting the value of r~y~ of 123
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—0.0069. Although our value agrees with both of these
theoretical values within experimental error, it, may be
seen that our value of P is again larger in magnitude
than the theoretical estimates.

Gimlett et a/. have measured the phase shift P~ ——

—0.0047(3) in this transition, and, using the theoreti-
cal estimate of PT of —0.0037 of Goldwire et al. ,

s con-
cluded that there is evidence for a small time-reversal-like
phase shift. Davis e7 a/. , however, calculate a value of
Pz ———0.0043(4), removing evidence of violation of time-
reversal invariance. Our results indicate that P is larger
than either of the values calculated in Refs. 8 or 9, and
since this transition is principally Ml in nature, P(MI)
constitutes the bulk of the calculated value of P, irnply-
ing that the true value of PT is smaller than either of the
theoretical values. This means that the results of Gim-
lett et aL need to be reexamined in the light of these new
interference values, and we are remeasuring P for isilr to
higher accuracy using an enriched Ir foil to more crit-
ically test the theoretical calculations of interference in
this important system.

V. CONCLUSIONS

FIG. 7. Mossbauer spectra using the 129-keV transition
in Ir: (a) two-foil spectrum, (b) three-foil spectrum, (c)
residuals after fitting (a) to transmission integral, and (d)
residuals after fitting (b) to transmission integral.

ps is that solid-state effects may give rise to a broadening
of the Mossbauer line; however, our results indicate no
hyperfine or vibrational broadening. A half-life of 123 ps
implies a Mossbauer level width of 0.86 cm js, and unre-
solved broadening of this magnitude would certainly have
caused a poor ys for our fit, which in fact was 0.974.

The effective thickness of the two-foil absorber was
2.6(3), yielding a value of the recoilless fraction in irid-
ium metal at 80 K of 0.036(5). This corresponds to a
characteristic Debye temperature of 335(9) I&. This is
in perfect agreement with a value of OM = 335(13) I&

found by Steiner ef al. , although the errors indicate
the agreement is fortuitous. This is especially true, since
the measurements of Ref. 30 were made at liquid-helium
temperature, and one would expect a slightly different
Debye temperature. Unfortunately, the value of o. used
to arrive at their recoilless fractions was not given, mak-
ing comparisons uncertain.

Our chief aim in doing this experiment was to re-
solve the discrepancy between theoretical estimates of
the interference parameter in this transition and the only
other Mossbauer measurement. Our value for the in-
terference parameter derived from the joint fit is P =
—0.0077(10). This disagrees with the value of Wagner
et al. of —0.0050(12). The theoretical estimate for
the interference parameter in this transition by Goldwire
and Hannon is —0.0071, while that of Davis et al. is

Simultaneous fitting of complementary Mossbauer
spectra to the exact line shape has been shown to be the
most useful method for directly extracting the values of
basic physical parameters associated with the Mossbauer
line shape. Our representation of the line shape in terms
of fundamental physical parameters produces physical
values directly and without approximation. This method
of line-shape analysis has permitted the first precision de-
termination of absolute values of recoilless fraction over
a large temperature range without using a theoretical
value for the internal conversion coefFicient. A similar
study of recoilless fraction in metallic gold by Erickson
et a/. produced values of comparable precision over a
temperature range of about 100 K; however, their method
of line-shape analysis was not clear, and parameter val-
ues were determined by iter ative fits to spectr a, r ather
than simultaneous fits. In addition, the internal conver-
sion coefIicient was determined with the aid of a complex
analysis by others.

We have determined the value of the mean life of the
first excited state in W to be 265(1) ps, and this is in
good agreement with values derived by Coulomb excita-
tion, if a reasonable value is used for b~, the mixing co-
efFicient of this transition. Our value for the interference
parameter P of —0.003 17(6) is about 10' higher in mag-
nitude than theoretical estimates. We have determined
the internal conversion coefFicient for this transition to
be 8.76(10), in good agreement with the current theoret-
ical value of 8.63 (for which no errors were given), and
much closer to this value than other experimental deter-
minations. Our results for f(T), the recoilless fraction in
tungsten agree very well with the theoretical estimates of
Raj and Puri, incidently serving to corroborate our value
of o, , and which display the expected properties of a clas-
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sic crystal lattice, when a small correction for thermal
expansion is included.

The measured mean life of the 129-keV level of Ir
of 133(4) ps is fully in agreement with other published
values for this quantity, including those derived from
Coulomb excitation, and it is expected that even bet-
ter agreement would have resulted if it had been possible
to do the experiment under more nearly ideal circum-
stances. Most import, antly, we have determined the in-
terferenee parameter for this transition, and found it to
agree within experimental error with both theoretical es-
timates, but with a nominal value that is slightly higher
than either. If further experiments should prove that
this value is in fact higher than both theoretical values,
it will give new importance to a measurement by Gim-
lett et aI. ,

~ which could reopen the question of a possible

breakdown of the principle of time-reversal invariance in

the electromagnetic decay of the mixed 129-keV transi-
tion of ~ ~Ir.
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