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Nuclear Properties an(I Magnetic Hyper6ne Interaction of Os'"t'
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Mossbauer absorption of the 69.6-keV y rays from Os" has been studied in various absorbers at 4.2'K.
The following quantities have been determined: the half-life of the 69.6-keV state, t&g2&1.8+0.2 nsec; the
magnetic moment of the 69.6-keV state, ot (69.6) = (0.988+0.010)nn, the mixing ratio of the 69.6-keV tran-
sition, g = (~iE2ii)/(iiM1ii) =+0.71+0.08; and the hyperfine 6eld at the Os nuclei dilutely dissolved in Fe,
Hhf=1100~20 kOe. The results pertaining to the nucleus are compared with calculations in terms of the
rotational model.

INTRODUCTIOÃ

HE ground state of Os'"(I = ss ) is deformed, but
it has not been possible to account for the low-

lying excited states of this nucleus in terms of a pure
rotational excitation. ' ' It is expected from systematics'
that in Os'" the two Nilsson states $512j E=s and
L510j E=-,' are most strongly bound and that the
difference of their energies is small. Band mixing caused

by the Coriolis interaction could therefore strongly
disturb the level separation. Also, the proximity of
Os'" to the region of nuclei where transition from de-
formed to spherical equilibrium shapes occurs leads one
to expect collective excitations other than rotational
to be of importance for the low-lying states.

Obviously a great deal of knowledge of the properties
of the various states of Os'" is required for an under-

standing of the character of their excitation. The
present experiment contributes to the knowledge of the
magnetic moment of the 69.6-keU state (I =s ), its
lifetime, and the multipole mixture of the transition to
the ground state.

EXPERIMENT

The p-rays emitted without recoil in the de-excitation
of the 69.6-keV state in Os'" have been studied in

resonance absorption experiments at 4.2'K. The source
was moved with constant acceleration and the trans-
mitted p rays were detected with a thin-window Ge(Li)
detector. A full description of the experimental arrange-
ment has been given elsewhere. '

t This work was performed under the auspices of the U.S.
Atomic Energy Commission. Prepared under Contract No.
AT(04-3)-63 for the San Francisco Operations 0%ce, U.S.
Atomic Energy Commission.
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Ir'" in Ir metal lattice was used as source. The cubic
symmetry and high Debye temperature of the source
lattice should ensure a narrow linewidth and a large
recoilless fraction of the emitted p rays. However, the
observed Mossbauer effect was greatly reduced because
the intense EP x rays ()70.8 keU) could not be
resolved from the y rays, nor couM they be suppressed
with the use of a critical absorber. Ir'" was produced

by the irradiation of Os' metal with I3-MeV protons.
Other Ir isotopes were also produced; the EP x rays
from their decay further attenuated the observed
Mossbauer effect to 1—

2%%uq.

The following procedure was used to separate the
radioactive Ir isotopes from Os and incorporate them
into Ir metal. After irradiation the Os metal was mixed
with Ir metal and NaC1 and heated in chlorine at
500'C to yield the complex NaIr(Os) Cls. In subsequent
heating to 900'C in oxygen, the osmium was removed
as Os04, leaving Ir02. Finally, the iridium oxide was
placed on an iridium foil and reduced to the metal by
heating to 1200'C in an argon atmosphere.

Commercially obtained K&OsC1& and K&Os (CN), were

used for absorbers. The point symmetry at the Os
nucleus in these compounds is sufficiently high to
ensure vanishing electric field gradients at the Os
nucleus. Therefore these compounds are expected to
provide unsplit absorption lines.

The magnetic hyperfine interaction was studied with
a dilute (1 at%) solid solution of Os'" in Fe, prepared
by levitational melting in an argon atmosphere. The
homogeneity of the alloy was checked with x-ray
diffraction and electron microprobe analyses. No evi-

dence for clustering was found. In the measurement, the
disk-shaped Os-Fe absorber was magnetized in direc-
tions parallel and transverse to the x-ray hearn. Mag-
netization in the longitudinal direction was obtained
with a field of 40 kOe, supplied by a superconducting
solenoid. A C-magnet providing 2.5 kOe was used to
magnetize the absorber in the plane of the disk.
Absorbers containing 20 and 40 mg Os'"jcms were used

for the measurements in the longitudinal and the trans-
verse field configurations, respectively.
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FIG. 1. Velocity spectrum obtained with a source of Ir'" in Ir
metal and an absorber of K20sC16.

ANALYSIS AND RESULTS

The velocity spectrum obtained with the K.20sC16
absorber (3.2 mg Os'"/cm') is shown in Fig. 1 together
with a least-squares fitted Lorentzian. The width, full-
width at half-maximum (FWHM), was determined to
be 2.21+0.25 mm/sec. With the Ksos(CN)s absorber
(3.2 mg Os'"/cm') the width 2.54+0.43 mm/sec was
obtained. Correcting these results for thickness broaden-
ing, which amounts to 6% if 8~=375'K is assumed, we
derive an upper limit for the natural linewidth, 2l"& 2.1
&0.25 mm/sec. Since hyperfine interactions should not
be present in the source or the absorbers, one might
expect 2F= 2.15&0.25 mm/sec.

The velocity spectra obtained with the Os-Fe absorb-
ers in the two field configurations are shown in Fig. 2.
Since the ~ ~ —,

' transition is of mixed multipolarity
(M1+E2) the nuclear Zeeman spectra may be com-
posed of as many as 16 components, all of which appear
in the transverse field configuration. The number of
component absorption lines is reduced in the longitud-
inal field configuration, since only transitions for which
d,m=&1 can then be observed. For either field con-
figuration only partially resolved hyperfine spectra were
observed.

The dependence of the relative positions of the hyper-
fine lines on the ratio (g,/g, ) of the g factors of the ex-

cited and ground states is demonstrated in Fig. 3. A
comparison of the measured two dip velocity pattern
(Fig. 2) for the longitudinal Zeeman effect with Fig. 3
inimediately suggests g, g, . An exact evaluation of the
g factor of the excited state, however, depends particul-
arly on the mixing ratio

~ 8~, the relative phase &p of the
F2 and M1 matrix elements, and on the magnetic
hyperfine splitting of the ground state.

For a mixed M1,E2 transition the absorption
strengths of the various hyperfine components are'

. , t'J 1 Js )'I(8)s„=s———,
' sin'8~

km, O —m, )

+ (15/8) sin'28
m. O —m, )

!1(8)s =~r= f (1+cos'8)
m. w1 —m/

+s (+15) cosy(cos'8+cos28)

W1 —m, ~ km. ~1 m,/—
iu+ (5/4) (cos'8+ cos'28)

~

$2—m,
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m. W2 m /—

Here 6m=m, —m, and 8 is the angle between the
direction of magnetization and the y-ray beam. For
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Fto. 2. Velocity spectra obtained with absorbers of 2 at.% Os
dissolved in Fe. The solid curves indicate synthetized spectra and
component Lorentzians corresponding to the best Gt with the
widths of the Lorentzians constrained to the value 2.5 mm/sec.
The dashed curves indicate the best-6tting synthetized spectrum
with this constraint removed. The constraint H~,f=1120 kOe
applies to both solid and dashed curves.

FIG. 3. Plot of the relative positions of the magnetic hyperhne
absorption lines as function of the ratio of the g factors of the
excited and ground states. The horizontal line indicates the fit to
the experimental spectrum.

' H. Frauenfelder, D. E. Nagle, R. D. Taylor, D. R. F. Cochran,
and %'. M. Visscher, Phys. Rev. 126, 1065 (1962); J. T. Dehn,
J. G. Marzolf, and J. F. Salmon, ibid. 135, 81307 (1964); O. C.
Kistner, i''. 144, 1022 (1966).
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time-reversal invariance to hold there are only two
possible values for y, i..e., y=0 and 180'.

'The relative intensities and positions of the Zeeman
components as calculated for g, = 1.1g„0.9g„and y= 0
and 180' are shown in Fig. 4. The value of the mixing
ratio used for the calculation, b'=0.43, is derived' from
subshell internal conversion coefficients.

Inspection of Fig. 2 reveals the groups of components
corresponding to Am= 1 and Am= —1 to be somewhat
more separated in the longitudinal Zeeman pattern than
in the transverse pattern. Therefore (ct. Fig. 4), g,)g,
is compatible only with &=180' and g,&g, is com-
patible only with p= 0 . The first of these two alterna-
tives is excluded since a hyperfine field of 840~17 kOe
is required to fit the data. This is inconsistent with the
NMR value 1120~23 kOe. ' With q =0 the hyperfine
field determined by fitting the spectra is 1090&11kOe,
in good agreement with the NMR value. Hence, the
M1 and E2 matrix elements are determined to be in

phase, i.e., 8)0.

TABLE I. Results from the study of magnetic hyperfine inter-
action in Os-Fe alloy. Indicated errors are standard deviations
obtained from the Gt. Where no error is indicated the parameter
was constrained in the fitting procedure to the given value.

W
(mm/sec)

3.22+0.14
3.12~0.13
25b
2.5b

FIT(
(kOe} g,/g,

1090+11 0.916+0.006
1120* 0.905~0.004
1120' 0.901+0.003
1110~12 0.904&0.005

0.75+0.03
0.72+0.03
0.66+0.03
0.65+0.03

g2
Ag'= 0.10

0.82
0,84
0.89
0.92

NMR value from Ref. S.
b The natural linewidth with estimated correction for thickness broaden-

ing.

M. Kontani and J. Itoh, J. Phys. Soc. Japan 22, 345 (1967).
The value of the hyperfine field has been reevaluated using the
value 0.6565 p~ for the ground-state magnetic moment of Os' '.

9A. Schwenk and G. Zimmermann, Phys. Letters 16A, 258
(1968).

To determine the g factor of the excited state (g,)
and the mixing ratio (b) the velocity spectra for the two
field configurations were simultaneously least-squares
fitted to superpositions of Lorentzians. In the fitting
procedure the nonresonant background, the total area
of the dips, the center shift, g„and 6 were varied to
minimize X'. The ground-state g factor and the E2/M1
phase angle were constrained to the values g, =0.4377 '
and &=0. In various fits the hyperfine field II&& and
the width 8' of the Lorentzian components were con-
strained to specific values or adjusted. Some results of
these fits are given in Table I.

The width of the component Lorentzians determined

by the fits is rather large (W 1.35)&2I'), probably to
a great extent because of correlations among the width,
the background, and b. Examination of the dependence
of &' on these parameters made us accept all values of
g,/g„b, and Hi, i for widths in the range 2.5-3.5 nun/sec.
For the derivation of the final results the hyperfine

Aim =-2
00

ge = I. I gg

P = I80'

8=9O

8 oo
I )I

e =9o'

00

ge =0.9gg

P-" ISO'
~ I

c
Qg /INH Inf 6.67 m m/sec

—2 I' =2.2 mm/sec
E)

e=o.
8=90'

8-0'
8= 90'

FIG. 4. Plots of the relative positions and intensities of the
Zeeman lines for 8'=0.43 and indicated parameter values.

'0NNclear Data, compiled by K. Way et al. (Academic Press
Inc., New York, 1966), Vol. 1, 81-2-96.

field was constrained, where appropriate, to the inde-
pendently determined value of 1120&23 kOe' to reduce
the effect of correlations. The results of the measure-
ments are

g,/gg
——0.905&0.009,

hence
p (-,') = 0.988+0.010 pii,

8=+0.71&0.08,
RIld

IIb(= 1100&20kOe.

The errors quoted are the square roots of the sum of
the squares of the following quantities: the statistical
error, the systematic error from the interpretation of
the spectra estimated from the width dependence, the
error in the velocity calibration, and the error in the
hyperfine field. The uncertainty in the hyperfine field
is the main contribution to the error in the ratio g,/g„
and the uncertainty concerning what linewidth should
be used to fit the data is the main source of error in 8

and Ilgwu.

DISCUSSION

The width of the 69.6-keV state, 27=2.15&0.25
mm/sec, determined in the present experiment corre-
sponds to the half-life 1.83&0.20 nsec. The presently
determined mixing ratio is 6'= 0.50&0.10.These results
are in good agreement with the corresponding values
/i~~ ——1.7 nsec" and 9=0.43' derived from the B(E2)
value and the internal conversion coefficients. From the
half-life, the mixing ratio, and the total internal con-
version coeKcient n~ 8.2&0.8——,

'0 we determine B(M1,
—+ ~i )= (4.6&0.7)&(10 ' p~'.
A few remarks can be made concerning the interpre-

tation of the 69.6-keV state in the framework of the
rotational model. Assuming the 69.6-keV state to be
the lowest excited state belonging to a pure rotational
band, one may use the magnetic moments of these states
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to determine the gyromagnetic ratios g~ and g~. The
derived values g~=0.49 and go=0.37 appear to be in
fair agreement with the theoretical values"" g~ ——0.48,
g~ ——0.30 and 0.32. Also the theoretical values for the
reduced M1 transition Probability, B(M1, ss ~ ss )
=4.7 and 3.7, agree with the experimental result.

The magnetic moments and the B(M1) value have
also been calculated considering Coriolis admixture of
the L510] IC=-,' Nilsson state. However, this did not
improve the agreement between the observed and
calculated values. These calculations were performed
with recent Xilsson matrix elements" treating g~ as an
adjustable parameter.

»O. Prior, F. Boehm, and S. G. Nilsson, Nucl. Phys. A110,
257 (1968).

's S. G. Nilsson (private communication).

Upon closer inspection, however, it appears that the
mentioned agreement with a pure rotational assignment
is quite accidental. This can be seen as follows. If the
rotational motion is undisturbed, the second excited
state of the E=-,' ground-state band is expected to be
at about 170 keV. No level of this energy has been
observed. " Coulomb excitation experiments" indicate
that the collective excitations of the ground state have
the energies 69.6 and 219.4 k.eV, deviating strongly
from those of a pure rotor. It appears that a more
adequate description of these states can only be
achieved by resorting to an elaborate bandmixing calcu-
lation, probably also including vibrational interactions.

'3 A. Z. Hrynkiewicz, B. Sawicka, J. Styczen, S. Szymczyk, and
M. Szawlowski, Acta Phys. Polon. 31, 437 (1967);and J. de Boer
(private communication).
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Resonant and Nonresonant Capture of Slow Neutrons in
Tm'"(n T)Tm"'t

M. A. LoNE, R. Er CHRIENy Oe Ao WAssoNp Ms BEERS' Me Re BHAT~ AND H. R. MUETHERf
Brookhaven Eationa/ Laboratory, Upton, Eezv York ll973
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The intensities of radiative transitions following slow-neutron capture in Tm'es(n, y)Tm"' have been
measured for neutron energies up to ~136 eV. From the determination of the strengths of transitions
feeding final states in Tm"', the partial radiative widths of resonances below 136 eV are determined, and
the partial cross sections o~j f below 30 eV are fitted with a simple Breit-Wigner multilevel formula. A
direct amplitude is necessary to achieve good fits for several transitions, including that to the ground state.
The correlation of the direct amplitude to the strength of the state as observed in (d,p) is investigated.

INTRODUCTION

HE availability of high-resolution radiation detec-
tors and intense neutron sources has made feasible

more detailed studies of the radiative de-excitation of
states formed in slow-neutron capture. Hy measuring
the decay characteristics of the compound nucleus as
a function of the incident neutron energy, it is possible
to study the (e,p) reaction mechanism. By virtue of
populating the final states in the residual nucleus,
information relating to the nuclear structure of the
residual nucleus is obtained.

In this experiment, the partial radiative widths in
the reaction Tm'ss(e, y)Tm"' have been measured.
The spectra in the "between-resonance" regions have
been obtained, and by combining this data with the
partial widths of the resonances, multilevel analyses
of the partial cross-section ratios in these regions have

* State University of New York, Stony Brook, N. Y.; present
address: Department of Physics, Indiana University, Blooming-
ton, Ind.

[This work was supported by the U. S. Atomic Energy
Commission.

f. State University of New York, Stony Brook, ¹ Y.

been performed. The strong interference eGects seen
in the off-resonance region can only partly be accounted
for by interfering levels; a direct amplitude term is
necessary to get good fits in general.

Lane and Lynn' have discussed the possibility of the
direct capture mechanism in the (e,p) reaction, where
an incident s-wave neutron is scattered into a final state
without the formation of a compound nucleus. This
direct capture can be encompassed by the R-matrix
theory by formally identifying it with the faraway
levels contribution to the dispersion sum. Similar con-
siderations lead to an entrance channel contribution
from the external region. ' Although this process has the
same resonant-energy dependence as the ordinary com-
pound-nucleus contribution, it is proportional to the
single-particle component of the capturing state. The
channel resonance contribution arises from the part of
the dipole integral for which r&R, and for which the
initial wave function may be simply regarded as the
target nucleus plus a single neutron. This situation

~ A. M. Lane and K. Lynn, Nucl. Phys. 17, 563 (1960); 17,
S86 (196O).

2 R. G. Thomas, Phys. Rev. 84, 1061 (1951).


