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Mossbauer Effect of the Second Excited State of Fe'"f
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The Mossbauer effect of the 136.4-keV decay of the second excited state of Fe"has been observed using a
new scattering technique. The decay of the second excited state following resonant absorption to the erst
excited state was detected. A 6-mg/cm' Fe" scatterer was used. The Mossbauer ef'feet was unambiguously
observed using 15 mCi of Co'7 disused into an iron host lattice as a source. With both source and scatterer
at liquid-helium temperature, the recoilless fraction for an iron host lattice was estimated to be approxi-
mately 2&&10 . Partially resolved magnetic hyperGne structure was observed using a 15-mCi source of Co"
diffused into palladium. Since the structure was only partially resolved, the sign of the magnetic moment was
not determined with certainty. However, the assumption that the magnetic moment is negative led to
agreement with the magnitude of the magnetic moment previously reported by Korner. The gyromagnetic
ratio that was determined was g = —0.39&0.04.

INTRODUCTION
'
PREVIOUS Mossbauer-effect experiments have usu-

ally been performed by observing either the reso-
nant absorption or the resonant scattering of recoilless
gamma rays. An alternative technique has been to ob-
serve the decay of a level, following resonant absorp-
tion, by processes other than gamma emission to the
ground state. This technique has an advantage over
conventional absorption experiments in that the signal-
to-noise ratio can be greater than the recoilless fraction.
Both the electrons resulting from internal conversion, '
and the x rays following internal conversion, ' ' have
been used in this way. The Mossbauer e6ect of the sec-
ond excited state of Dy"' ' has been observed by re-
quiring coincidence between the two gamma rays which
result from the decay of this level by way of the 6rst
excited state. In this experiment, the Mossbauer effect
in the second excited state of Fe" has been detected by
observing the internal conversion of the first excited
state following the decay of the second excited state.

Although the properties of Fe" have been studied in
great detail since the discovery of the Mossbauer effect
in the 14.4-keV transition from the first excited state,
the observation of recoilless transitions involving the
second excited state at 136.4 keV (see I'ig. 1) has not
been reported previously. The observation of the
Mossbauer effect of the second excited state, using the
conventional techniques of scattering and absorption,
is more dificult than observing the Mossbauer effect
of the 6rst excited state. This is because both the recoil-
less fraction and the resonant-absorption cross section
of the former are very much smaller. Furthermore, the
effective resonant-absorption cross section is comparable
to the Compton and Rayleigh scattering cross sections.

The method used to perform this experiment is some-
what similar to the technique used to observe the
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Mossbauer effect in the second excited state of Dy"'.
Following resonant absorption of a 136-keV gamma ray,
the decay of the second excited state by way of the 6rst.
excited state was detected. This was advantageous,
because the second excited state decays in this way
about 90'Pq of the time. ' However, coincidence between
14.4- and 122-keV gamma rays was not practical, be-
cause of the high count rate of 122-keV gamma rays
produced in the Co'~ source. Furthermore, very little
of the 14.4-keV radiation produced in the scatterer
would have been detected, because of the high resonant-
absorption cross section for this radiation in the scat-
terer. Since the 14.4-keV level decays by internal con-
version about 90% of the time, ' and since the iron
scatterer is thick to electrons, it was decided to detect
the 6.4-keV E x rays following internal conversion. The
6.4-keV x rays produced in the Co" source were 6ltered
out by a nonresonant energy-dependent 6lter which re-
duced their intensity substantially below the level of E
x rays produced in the scatterer. Using this technique, it
was possible to observe the Mossbauer effect of the
136-keV transition and to observe partially resolved
hyper6ne structure. From this structure the magnetic
moment was estimated.
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FIG. 1. Decay scheme of Co".
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EXPERIMENTAL CONSIDERATIONS

The details of the scattering geometry are given in
Fig. 2. Both source and scatterer were cooled to liquid-
helium temperature. This was necessary in order to
increase the recoilless fraction to its maximum value of
approximately 10 '. A 6-mg/cm' Fe" scatterer was
clamped to the ~~-in. aluminum bottom plate of the
liquid-helium container. The aluminum bottom plate
served as the nonresonant energy-dependent filter which
reduced the intensity of the incident 6.4-keV x rays and
the 14.4-keV gamma rays to well below that produced
in the scatterer. The 136-keV gamma rays were only
attenuated to about 80'P&& of their initial intensity in

passing through the filter. This filter was necessary in
order to prevent resonant scattering from taking place
in the first excited state. Therefore, the 14.4-keV level
of a nucleus in the Fe" scatterer could only be excited
as a result of the resonant absorption of a 136-keV
gamma ray.

Mossbauer spectra were obtained using the constant
acceleration method. ' A loudspeaker-based velocity
drive' was coupled to the cooled source through a double
bellows' arrangement. Data were accumulated in a
TMC Model 401 multichannel analyzer operating as a
multiscaler. Background was subtracted from the data
to remove the double parabola caused by moving the
source relative to the detector, and to eliminate possible
systematic eRects in the data acquisition. Velocity cali-
brations were obtained by making measurements on the
first excited state of Fe" and comparing these measure-
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Fxo. 2. Schematic drawing of the scattering geometry showing
the Co 7 source, helium container, bottom plate, Fe' scatterer,
and proportional counter.

ments to the values of the hyperfine splitting of this level
reported by Hanna et al. '

Because of the difhculties inherent in this experiment,
the size of the observed Mossbauer eRect was not ap-
preciably greater than the statistical uncertainty in the
data, . For this reason, several experiments were per-
formed. First, iron metal was chosen a,s the host lattice
for both source and scatterer nuclei. In such an environ-

ment, the second excited state is split by the magnetic
hyperfine interaction into six sublevels. The Mossbauer
spectra resulting from the use of both a split source and
a, split absorber was a broad peak with unresolved struc-
ture centered about zero veloctity. Secondly, in order
to observe hyperfine structure, a metallic iron scatterer
(split) was used in conjunction with a Co" source dif-
fused into a palladium host lattice. "These spectra were
obtained at several maximum velocities, in order to
verify that the apparent Mossbauer eRects were real
and that the peaks occurred at the same velocities in
each case.

GENERAL DISCUSSION

The eRective scatterer thickness for the ith absorption
line of a scatterer having a thickness t and a recoilless
fraction f is given by

where e is the atomic density of Fe", 0.0 is the cross sec-
tion, and W; is the relative transition probability. The
ratio' r,/r =-,'is the fraction of decays from the second
excited state which take place by ga,mrna emission to
to ground state.

The maximum intensity I6 4 „,(i,j) of 6.4-keU K x
rays resulting from resonant absorption of 136-keV
gamma rays from the jth sublevel of the source with

intensity I»6 by the ith absorption line can be estimated
from'

T;8",p
I~ 4-.8j ) =21186f,.&a (1—e "'4')E,

p6. 4t

where f. is the recoilless fraction of the source, co& is the
K fluorescent yield =0.3 for iron, P: takes into account
losses related to attenuation of windows, geometric
losses, and detector efFiciency, 8"; is the relative inten-

sity of the jth emission line, p is the density of the scat-
terer, and p, 6 4 is the atomic-mass absorption coefficient
of the scatterer for 6.4-keU x rays. Equation. (2) as-

sumes that both source and absorber are thin to 136-keV
gamma rays, and tha, t the absorption lines are well

separated. The factor of ~ results from the assumption
of equal source and absorber natural linewidths.

In this experiment, it was necessa, ry to detect 6.4-
keV x rays in the presence of a background of 122-keV
gamma rays which had an intensity of about 10' relative

' S. S. Hanna, J. Heberle, C. Littlejohn, G. J. Perlow, R. S.
Preston, and D. H. Vincent, Phys. Rev. Letters 4, 177 {1960).

'0 R. M. Bozorth, P. A. WolR, D. D. Davis, V. B. Compton,
and J. H. Wernick, Phys. Rev. 122, 1157 (1961).
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to that of the E x rays. Although lithium-drifted de-
tectors have recently been designed to have resolutions
the order of 1 keV at 6.4 keV, the noise produced by
the high background obscures the signal. Scintillation
counters having resolutions and relative insensitivity
to 122-keV gamma rays comparable to proportional
counters are not available. Therefore, a proportional
counter was chosen as a detector.

The best signal-to-noise ratio was obtained using a
90% argon-10% methane gas mixture in a cylindrical
liow counter having a 1-in. diameter. This detector had
an efficiency of about 60% for 6.4-keV x rays. The most
prominent features of the pulse-height spectrum ob-
served with this counter were peaks at 6.4 and 3.2 keV
and a broad background of noise. The peak at 6.4 keV
was largely due to the characteristic E x rays produced
in the scattering foil following photoelectric absorption
of 122-keV gamma rays. The remainder of the noise was
produced within the proportional counter. The peak at
3.2 keV corresponded to the characteristic E x rays of
argon which were produced following photoelectric
absorption of 122-keV gamma rays. The broad back-
ground of noise was produced by electrons resulting
from the Compton scattering of 122-keV gamma rays.
The count rate observed within the window set on the
peak at 6.4 keV was approximately 10' counts/sec.

RESULTS

The Mossbauer spectra that were obtained, using an
iron host lattice for both source and scatterer, are shown

TABLE I. Relative intensities and energy separations of the
transitions from the sublevels of the 136-keV level to the sublevels
of the ground state.

Negative magnetic moment
Relative
intensity

5AE2+AEp
3AE2+ AF.p

36E2—AEp
AE2+A, Ep
AE2 —AEp

Positive magnetic moment
Relative
intensity

5SE,—sE,
3AE2+ bL& p

3d E2—AEp
AE2+AEp
b,L&2 —AEp

in I'ig. 3.A rough estimate of the recoilless fraction made
from the observed signal-to-noise ratio of the peak at
zero velocity is 2)&10 '.

The magnetic hyperfine structure was seen by observ-
ing the Mossbauer spectra of an unsplit source (pal-
ladium host lattice) with a split scatterer (Fe" foil).
It was assumed that only magnetic hyperfine structure
was present, as the quadrupole structure was expected
to be negligibly small from results of first-excited-state
measurements in Fe'7. The five pairs of lines of the
magnetic hyperfine spectrum have relative intensities
5:4:1:3:2, as indicated in Table I. The observed spec-
tra were not well resolved, and showed velocity broad-
ening due to the geometry employed. Because of this
and the small size of the observed effects, only the six
lines with the highest relative intensities were 6tted to
the data. The energy spacing between the two outermost
lines is equal in magnitude to SAE2+AEO, depending
upon the size of the magnetic moment of the second ex-
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I'rc. 3. Results of the split-split experiment showing peak at zero relative velocity. The source was
15 mCi of Co' in an iron host lattice. The scatterer was Fe' .
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source was 15 rnCi of Co" dif-
fused into palladium. The
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cited state. The quantities AII & and 480 are the energy
separations of the sublevels of the second excited state
and the ground state, respectively. Here, AE2 ——gp„H,
where g is the gyromagnetic ratio, p,„the nuclear mag-
neton, and II the effective magnetic field. The data
show that AE~ is greater than GEO. The choice of the
sign of g for the 1.36-keV state determines the order of
the transitions in terms of decreasing energy. Table I
indicates the energy separations of the pairs of lines for
each choice of the sign of g for the 136-keV state.

The spectra shown in Figs. 4 and 5 were taken at dif-
ferent maximum velocities to check the consistency of
the peak positions. The curves drawn through these data
consisted of Gaussians whose heights and widths were
determined to be consistent with the velocity broaden-

ing" and shifts that were present because of the geome-
try used in this experiment. The curves were specified
by 6ve parameters. They were AE~, the height and width
of one of the peaks (which took into account the velocity
broadening), the zero-velocity point, and the number of
counts corresponding to velocities far from resonance.
The values of X' determined for these fits are sum-
marized in Table II. A negative magnetic moment for
the 136-keV state gave a somewhat better fit than a posi-
tive value, and the curves in Figs. 4 and 5 are drawn for
that choice of sign.

Because the statistical uncertainty in the data is com-
parable to the size of the Mossbauer effect, the X' of the
curves that have been fit to the data have been com-
pared to the X' of the mean. Only data points corre-
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FIG. S. Results of the second
unsplit-split experiment. The
maximum velocity was chosen
to be greater than that which
was used to obtain the results
shown in Fig. 4.
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g' of Degrees of g' of theo- Degrees of
mean freedom P retical 6t freedom

Figure 4 60 49 0.14 45 45
Figure 5 40 29 0.08 38 45

P
0.50
0.76

sponding to the range in velocities in which structure
was observed have been included in the calculations of
the X' of the mean. The inclusion of the data points for
which no structure was expected and for which the mean
is a good 6t would have reduced the signi6cance of X'.
The probability P of obtaining a X' that was greater
than or equal to the value obtained for each of these two
sets of data was 0.50 and 0.76 for the curves fit to the
data, compared to 0.14 and 0.08 for the mean as an
assumed fit; therefore, the mean is not a good fit.

The results for a negative moment are suinmarized
in Table III. Since AEO is known, the energy corre-
sponding to the hyperfine splitting of the second excited
state can be determined. Uncertainties in the positions
of peaks have been combined with those of the velocity
calibration to give the estimated uncertainties in AE2.
An average of these results was taken after multiplying
each value by the reciprocal of the square of its uncer-

TABLE III. Results from curve htted to data assuming
a negative magnetic moment.

Theoretical
peak separation

Figure 4

AE2(mm/sec)

Figure 5

d E~(mm/sec)

TABLE II. g' of the mean and X' of the curves fit to the data for
unsplit-split experiments. P is the probability of observing a
greater value of x'.

tainty, and this resulted in EEs=0.91+0.09 mm/sec,
which corresponds to g2= —0.39+0.04 for an assumed
value of II of 333 kG. Using a similar analysis to the
above, the choice of a positive moment results in a value
of g=+0.51&0.05.

The above results can be compared to those previ-
ously presented by Korner et al."The preliminary value
of the gyromagnetic ratio that was quoted for that ex-
periment was +0.366&0.018. The magnitude of that
result agrees with the magnitude of the gyromagnetic
ratio determined in this experiment for a negative
moment. Korner et al. used a differential perturbed
angular-correlation technique. The results of that ex-
periment for the magnitude of g are unambiguous. From
the data presented, one can only speculate as to the
correctness of the sign. We do not understand the dis-

crepancy in sign between the two experiments.

CONCLUSION

The Mossbauer effect has been observed for the first
time in the 136-keV transition from the second excited
state of Fe'~. Estimates of the magnetic moment have
been obtained.

As far as the technique is concerned, this experiment
has extended the use of the Mossbauer effect to a nuclear
level with both small resonant cross section and small
recoilless fraction. For this experiment, o f=10 "cm'.
Because of the difhculties involved, it is unlikely that
the Mossbauer eGect will prove useful in measuring the
properties of levels which have of much smaller than
this value.

5AE2+B,E0
3~E2+~Eo

AE2+AE0

0.9+0.1
0.8+0.1
1.0+0.6

1.0+0.1
1.1~0.2
0.7&0.7
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