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The 637- and 723-keV states in Xe' have been investigated by employing the technique of
nuclear resonance fluorecence. The angular distribution of the resonantly scattered radiation
from the 637-keV level is consistent with the assignment of either spin and parity 2+, de-
caying to the ground state predominantly by an 1Vil transition, or a spin and parity of ~ with
the decay to the ground state being pure Z2. Considering the results of other investigators,
a ~+ assignment appears to be the correct choice. Assuming a spin of ~, the mean life of
the 637-keV level is found to be 1.8 +0.8 psec. The fact that resonant scattering from the 723-
keV level was observed with a source of gaseous II' is attributed to Coulomb fragmentation
of the (IXe )+ molecular ion formed following the p decay of I' '. The angular distribution of
the resonantly scattered 723-keV p rays is consistent with a spin and parity assignment of $"
to this level, and a pure 1Vl1 decay to the ground state. Our results indicate that the mean
life of the 723-keV level is greater than 1.5 psec.

I. INTRODUCTION

Much effort has been devoted to boih experimen-
tal and theoretical investigations' ' of the excited
states in Xe"' populated by the P decay of I'".
The properties of various levels, however, are
still not well understood. In particular, the spin
and lifetime of the 637-keV level, as well as the
multipolarity of its transition to the ground state,
were still in question at the inception of the work
described here. A spin and parity assignment of

2 ', and a pure E2 transition to the ground state
were indicated by the results of an electric hfs
alignment experiment on oriented iodine nuclei. '
The results of internal-conversion measurements~
were consistent with a ~2' assignment and a pure
E2 ground-state transition or a 2' assignment de-
caying 989o E2 (h =7.4) to the ground state. Other
authors'' have proposed a ~~' assignment coupled
with an E2 transition to the ground state.

The lifetime of the 637-keV level has been pre-
viously measured by means of nuclear-resonance-
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fluorescence scattering. ' However, in that work,
II(E~), the relative number of y rays emitted from
the source having the correct energy to be reso-
nantly scattered, could only be roughly estimated
and there m'as a correspondingly large uncertainty
in the resulting lifetime for the level. The lifetime
obtained in the present work is about five times
larger than the value given in Ref. 5.

The prima, ry goal of our investigation was to
make a new determination of the lifetime and spin
of the 637-keV state and also the multipolarity of
its transition to the ground state by means of nu-
clear-resonance-fluorescence scattering and ab-
sorption experiments. The interpretation of the
angular distribution of resonantly scattered y rays
is particularly simple when the initial and final
states are identical. In addition, a knowledge of
K(E~) is not necessary with a resonance self-ab-
sorption measurement. See, e.g. , the works of
Metzger, Ofer, and Sehwarzsehild. "

During the course of this work it was observed
that resonant scattering from both the 637- and
723-keV levels was greatly enhanced when a. gase-
ous source of II"' was used compared with the ef-
fect obtained with a gaseous source of CH, I'".
The enhanced resonant scattering is ascribed to
the effects of Coulomb fragmentation' "of the
(IXe'3')' molecular ion produced following the P de-
cay of P".

The decay scheme for I'3' is given in Fig. 1. The
diagram is ba, sed mainly on the mork of Graeffe

and Walters, ' although results of the present in-
vestigations are shown for the 637™and 723-keV
levels of Xe"', and other half-life values were
taken from the TaMe of Isotopes. "

II. EXPERIMENTAL DETAILS

1. Self-Absorption Measurements

Figure 2 illustrates the basic arrangement em-
ployed in the self-absorption measurements. The
I soul'ce was contained ln a. eyllndl"leal pyr'ex
ampoule placed within a coil heater. Sources of
either CH, I'" or D'" mere used. In each case the
temperature was held at a value above the boiling
point of the source material.

It was desirable to have the scatterer and ab-
sorber consist of solid xenon in order to obtain an
observable number of resonantly scattered y rays.
This was accomplished by condensing xenon gas,
of natural isotopic abundance, into thin-walled con-
tainers of either brass or stainless steel. The
general procedure followed has been previously
described. " The matched scatterer s and absorb-
ers contained a mixture of NaI and Sb powders in
such proportion as to provide a good match for the
nonresonant scattering background in the energy
region above 500 keV. Counts were accumulated in
20-min intervals on a continuous 24-h basis, The
xenon and matched absorbers and scatterers were
alternated to minimize corrections for source de-
cay and the effects of possible background varia-
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curve was obtained with the matched absorber and
xenon scatterer. For the elemental iodine source
the 637-keV peak is clearly larger and much better
defined. Since the other conditions of the experi-
ment were unchanged, the ratio of N(E,) with the
methyl iodide source to 1V(E„,) with the elemental
iodine source can be directly obtained for the 637-
keV y ray from the normalized spectra and was
found to be =&.

To a suitable approximation, the equation re-
lating the level width I'o to the transmission coef-
ficient T,b can be written"

FIG. 2. Cross-sectional diagram of the experimental
arrangement for resonance self-absorption and angular-
distr ibution measurements.

tions. In all runs the resonance effect was a small
fraction of the total counting rate; the majority of
the recorded counts in the region of the 637- and
723-keU peaks were caused by room background.

Since Xe"' has a natural relative abundance of
only 21 j~, the nonresonant absorption in the absorb-
ers effectively limited their thicknesses to values
for which the resonant self-absorption was not
large. Absorber thicknesses of ~6 and 2 in. were
used. Self-absorption runs were made with three
sources, one in the form of methyl iodide and two
of elemental iodine, all initially =100 mCi.

2. Angular-Distribution Measurements

For the angular-distribution measurements the
same general arrangement shown in Fig. 2 was
used except that the resonant absorbers were not
used. The source position remained fixed and the
position of the Nal(T1) detector was varied to
change the average scattering angle over the range
from 90 to 145'. Two different scatterers were
used; the first was disk shaped, 8& in. in diameter
and -', in. thick with faces of —,',-in. stainless-steel
sheet, and the second was rectangular, 3 in. by
8 in. by -', in. with Te-in. -thick brass faces. The
amount of xenon in the scatterer in each case was
1.8 and 0.9 kg, respectively.

III. EXPERIMENTAL RESULTS

1. Lifetime of 637-keV Level

Figure 3 shows the resonance effect obtained by
using the methyl iodide source with a xenon scat-
terer and, - in. - thick absorber after subtraction
of the background counts obtained with the matched
scatterer and absorber. The 637-keV resonance
scattering was weak and the corresponding peak,
as shown in Fig. 3, was not well defined. The
result of a comparable run using an elemental
iodine source is also shown in Fig. 3. A similar

y e-Gbd
ab

where G=ngx' f' /(4DV v) and D =(Eq/c)(2kT/M)'~
D is the Doppler width, T the effective tempera-
ture of absorber or scatterer, A. the wavelength of
the y ray of energy &&, M the mass of the reso-
nantly excited nucleus, g the statistical factor, n

the number of resonant nuclei per cm', d, the
average absorber thickness (in cm), k the Boltz-
mann constant, c the speed of light, and ~ is taken
to be 0.66 from Ref. 8.

For the determination of n, a value of 3.3 g/cc
was used for the density of the solid xenon. The
density was measured by weighing a known volume
of solid xenon at liquid-nitrogen temperature, and
it agrees well with the value given in the work of
Pollack". With this value for the density, n =3.20
X 10"atoms/cm'. Other numerical values are as
follows: A. '=3.80x10'o cm' and (by use of a Debye
temperature of 54.3 K" and the Lamb correction
for crystalline binding') D=0.213 eV.

Only the results of the self-absorption measure-
ments with the elemental iodine source were used
to determine the lifetime. Since the resonant scat-
tering peak was much weaker for the CH, I source,
it was not possible to unambiguously select the
channels bracketting the peak position, The appar-
ent self-absorption obtained depended on the en-
ergy interval selected. For the more clearly de-
fined peaks obtained with the elemental iodine
sources, the self-absorption was not significantly
changed by such nonphysical manipulations. Con-
sequently, the results with the CH, I source were
judged to be considerably less reliable than those
obtained by using the elemental iodine sources.

Table I shows the results of the resonant self-
absorption runs and corresponding values of
gi and T/g for the 637-keV level obtained with the
elemental iodine sources. These results include
a correction for the effect of the self-absorption
xn the —,'-xn. -thick scatterer. "However, compared
with the uncertainty in T,b, the correction pro-
duces a negligible difference from the result ob-
tained using the approximate expression for T,b.
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Assuming a spin of ~7 for this level (g= 2), a
weighted average of the two results yields a I"
= (3.7+ 1.6}x10 ' eV and the mean life & = 1.8+ 0.8
psec.

2. L1fctlmc of 723-kcV Lcvcl

No net self-absorption was observed for the 723-
keV y rays with either absorber. For the I'6-in.
absorber T,b was = 1.023+ 0.047, and for the l~-in.
absorber T,b = 1.014+ 0.137. Although the 723-ke V
level decay to the ground state has a partial width

I', =0.85L', the same expression for T,b as for the
637-keV decay was used. This approximation was
assumed small compared with the experimental
error.

By using this expression with a weighted average
of the experimental values for T,b and assuming a
spin of 2, one obtains for the 723-keV level ~&4.4
X10 ' eV and 7&1.5 psec.

3. Angular Distributions

a. 637-ke V I.encl

Angular-distribution measurements were carried

Source

TABLE I. Results of self-absorption measurements for the 637-keV level.

Absorber
thickness gl

(in. ) T8b

7/g
(sec)

lli3i
IIisi

0.953+ 0.080
0.876 + 0.072

(8.0+ 5«1) x 10-4
(6.5+4.1)x10-4

(8.2 + 5.3) x 10
(9.8+ 6.2) x 10-i3
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out at average scattering angles between 90 and
145 . A total of six separate angular-distribution
runs were made, two with the disk-shaped scat-
terer and four with the smaller rectangular scat-
terer. The data collected for each scatterer at
given values of the scattering angle g scatterer
orientation angle (9, and scatterer-detector dis-
tance were grouped together, corrected for source
decay, and analyzed in the following manner.

A computer program was written which divided
the scatterer into small sections and then calcu-
lated the relative contribution to the resonant scat-
tering from each section for a given pair of angular-
correlation coefficients, A, ' and A4', i.e., each
scatterer element's contribution to the total scat-
tering was proportional to W(cosy; ) = 1+@22, P,
x(cosP,.) +@~A,'P, (cosy; ) and to the actual solid
angle subtended by the detector at element i." Q,
and Q4 contain the corrections for finite angular
resolution, and P, and P4 are Legendre polynomi-
als. The effect of the graded absorber in front of
the detector and the lead shielding was determined
by moving a point source on the scatterer surface
and recording the counting rates. At a given mean
scattering angle &0 the computer-calculated reso-
nance scattering for 900 elements was

These results were then normalized to the ob-
served data points ~, by minimizing the quantity

this run (rectangular scatterer, four angles) oc-
curred at &, =0.15, A.4'=0.02. The smallest a

physically allowable occurred for 6 = 0.42„cor-
responding to &,' = 0.15 and A4' = 0.01. Taking our
measurements as ~, +E, , where E, is the error
on each datum point, then

Equating this "mean deviation" with 0, one sees
that values of &,' lying between approximately 0.05
and 0.2 and A4' between 0 and 0.13 would fit the
data. ln Fig. 5 this is demonstrated graphically by
plotting the computer-generated distributions for
the four possibilities under consideration here
plus the best-fit value of 4 = 0.42. Distributions
based on 5=0.42, a pure nfl (2 2'), or a pure
E2 (2

+ —2+) transition, fit the data within the error
bars, while distributions either for 5=7.4 (Ref. 4)
or a pure E2 (—,

' —2 ) transition (Ref. 3} are in
marked disagreement with the data.

The results of all the angular distributions runs
were consistent with the foregoing results and

agreed with the following conclusion, namely that
the 637-keV level is &+ decaying by a pure E2
transition to the ground state, or that the level is
2+ and decays predominantly by an &41 transition.

20 -70 50 5 IO

0.4

where fVA = the number of angles (or data points)
and

0,3

the normalizing constant.
To help determine a goodness of fit between the

calculated and measured results a parameter o

was defined by
NA

g= — cyF,. —K,.

0.2

The values of 0 corresponding to pairs of A, '
and A4' are plotted in Fig. 4. The allowed values
for these coefficients are, however, not freely
variable. They are determined by the mixing ratio
5 where 5~=E2/Ml. The values of &2 and A4' cor-
responding to the various ~'s„assuming a spin
sequence &+ —&+ —&, are also plotted in Fig. 4

together with the point at A, '= 0.219, A.4' = 0.128
which corresponds to a pure &2 transition to the
ground state (~ —~ —a }. The minimum o for

O. l 0.05 &0
I I

O. l

-0.05 -0.07 -0, I

I 8&0 }

0 0,2 0.5
A

2
2

FIG. 4. Angular-correlation contour plot correspond-
ing to the data shown in Fig. 5 for E =637 keV. The
interpretation of this plot is given in the text.
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The choice of a ~7 assignment to the 637-keV state
is preferred, since it.is consistent with the re-
sults of most of the previous investigations. ' '

b. 723-ke tt' Level

FIG. 5. Angular-correlation data obtained in a typical
run with the rectangular scatterer and an II ' source
for E& = 637 keV. The distribution to be expected for
various kinds of transitions are indicated. The definition
of 0 is given in the text.

A similar analysis was carried out for the an-
gular distribution of the 723-keV resonantly scat-
tered y rays using the I2 source and the rectangu-
lar scatterer. The least-squares fit, based on the

TABLE II. Summary of y-ray transition properties for levels in Xe and Xe based on information from Befs. 2
and 17 and the present investigation. The total-internal-conversion coefficient o.z is indicated for those levels where
experimental information is available. The retardation and enhancement factors are given with respect to the Weisskopf
estimates (see Bef. a) . The factor given for a transition type shown in parentheses is the limiting value which would be
obtained if the transition goes 100% this way.

I evel
energy
(keV)

Transition
energy
(keV)

Transition
type

Betardation
factor

Enhancement
factor

Xe~~~ Ml

E 2(98%)
M1(2%)
(E 2)
(M 1)
E2
(E 2)
(M1)
(E 2)
(M1)

1.5
44
0.05
0,02

20
3.2

48
204

108
~ 140

Xe129 89.6
196.6

13.4
15.7

D. H. Wilkinson, in Nmeleax Speet~oscopy, edited by Ajzenberg-Selove (Academic Press Inc. , New York, 1960), p.
858.
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previous discussion, yielded &=0.35 corresponding
to 5=0.035 and&, =0.094, A~ =0. The value of 5

corresponding to a pure MI (—,
+ ——,+) transition

was 0.53. Referring to Fig. 6, one sees that these
two distributions fit the data quite well and are
practically indistinguishable. The calculated dis-
tribution corresponding to a. pure E2 (

—', + —~+) tran-
sition is also shown in Fig. 6 and disagrees with
the data. The "mean deviation" in the measure-
ments was i.3, which would permit A, ' to vary
from 0 to =0.25 and A. ~ from 0 to 0.08.

IV. DISCUSSION

The similarity between the low-lying level struc-
ture of Xe"' and Xe"' has been discussed most
recently in work by Graeffe and Walters, ' wherein
they compare the experimentally determined level
structure for these isotopes with theoretical pre-
dictions of Kisslinger and Sorensen. " A further
test of this similarity would be to compare the
electromagnetic transitions from corresponding
levels. As Table II shows, there is good agree-
ment between transitions from the two lowest
levels in each nucleus. Unfortunately, transition
rates from other levels in Xe'" are unknown and
so cannot be compared with those given in Table II
for Xe"'. It would be particularly interesting to
have more complete information about the decay of
the 322-keV level in Xe" . If this level has a spin
and parity of &', then its decays to the &' and &'
levels should be similar to those of the 364.5-keV
2+ level in Xe"'. In particular, one would expect
the 282.6-keV mixed MI-I-2 transition in Xe'" to
be essentially pure E2, similar to the 364.5-keV
transition in Xe"', where the M1 component ap-
pears to be highly forbidden.

From the lower limit set on the lifetime of the

723-keV state, together with the observed reso-
nant scattering and relative abundances of the I"'
y rays, one finds that N(E„,)/N for the 723-keV
transition appears to be at least three times
greater than that for the 637-keV transition. This
point has been discussed previously, "and can be
explained under the assumption that a longer life-
time for the 723-keV transition allows a greater
relative number of nuclei, recoiling following Cou-
lomb fragmentation, to achieve the necessary ini-
tial momentum (if resonant scattering is to occur)
before emission of the y ray. However, it should
also be pointed out that the lower limit set on the
lifetime of the 723-keV transition is quite sensitive
to the uncertainty in the self-absorption measure-
ments. A 50/0 increase in this error would lower
the lifetime limit sufficiently to explain the magni-
tude of the observed resonance scattering for the
723-keV y rays as compared with that for the 637-
keV y rays.

Although resonant fluorescent scattering of the
364-keV y rays was observed, the results were
not useful, because of difficulties in quantitatively
evaluating the resonant effect. Tests showed that
the matched scatterer used in this experiment
gave a good fit only above 500 keV, and the amount
of mismatch at lower energies varied appreciably
with angle. The mismatch made it difficult to
evaluate the considerable background contributions
from Rayleigh and Compton scattering.
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Level Structure of '" Sm and " Sm from Average Resonance Neutron Capture*
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The average-resonance-neutron-capture spectra of ' 'Sm(n, p) ""Sm and Sm(n, p)
~ Sm ob-

tained with the Argonne in-pile (n.p) facility are used to develop and extend the level scherr'es
of ' "Sm and ' Sm. In particular. the experiment gives information about the spin and parity
assignments of 33 levels with excitation energies frorr. 0 to 2.7 MeV in ' Sm and 47 levels
from 0 to 2.5 MeV in ' Sm. Unique spin and parity assignments are given for almost all the
states below 2.2 MeV in both isotopes. In many cases in which previous experiments gave
conflicting indications. the new data led to definite spin assignments. The neutron binding en-
ergies in "Sm and ' Sm were found to be 8140.6+1.8 and, 7986.4+1.8 keV, respectively, .
after correction for the energy spectrum of the captured neutrons.

I. INTRODUCTION

Considerable experimental activity' has been di-
rected toward the investigation of the level struc-
tures of samarium isotopes in recent years. Much
of the interest in these nuclei has arisen from the
fact that they span the transition region of the rare
earths between the closed-shell "sphex'ical" nuclei,
with neutron number 82, and the deformed region
beginning at neutron number 90. Besides radioac-
tive -decRy studl 68 ) numerous expel iments employ-
ing a wide range'of particle-nucleus interactions
have been used to excite levels in these isotopes.

A leactlon which hRs beeQ used 1ather exteQslve-
ly to study the level structure of "oSm, for exam-
ple, has been the thermal-neutron-capture y-ray
reaction. The large thermal-neutron cross section
of '4'Sm and the spin-parities 3 and 4 of the s-
wave capture states make the experiment attractive
by presenting the oppoxtunity to excite a large num-
ber of low-energy states. Recent (n, y) experiments
include the work of Smither, ' in which precision y-
x'Ry meRsul ements wex'6 mRde with the Al goQQe

bent-crystal spectrometer, along with y-y coinci-
dence and directional-correlation measurements
with an external neutron beam. Elze' recently mea-
sured the spectrum of internal-conversion electrons
emitted by '"Sm following thermal-neutron capture.
The high-energy portions of the '4 Sm(n, y)"Osm and
"'Sm(n, e )'5OSm spectra have also been studied in
detail with thermal neutrons. The combination of

all this neutron work and the previously published
P-decay and charged-particle experiments have
established a solid base of low-lying levels with
known J' values on which one can build the rest of
the level scheme.

II, AVERAGE RESONANCE NEUTRON CAPTURE

The experimental technique used in this paper
has been described recently by Bollinger and Thom-
as.4'"' It has px'oved very useful in determining the
pR1 ltl68 Rnd possible 8plns of states fed by px'lmRry

y rays following neutron capture. The aim of this
method is to measure the aerage intensity of the
primary y transitions to low-lying levels when the
neutron-capture process takes place in a large num-
ber of neutron resonances. If the number of con-
tributing resonances is sufficiently large, then this
averaging process removes the large fluctuRtions
in y widths normally observed with neutron capture
in a single resonance. This allows one to infer the
multipolarity of the radiation, and thus the parity
of the final state, and to limit the spin of the final.
state to within two choices —solely from knowledge
of the relative y intensity of the primary transition.

The relative intensities of the transitions ob-
served in average-resonance-capture experiments
presented in this paper can be interpreted in terms
of the simple scheme indicated in Fig. 1. The —',

grouQd stRtes of Sm Rnd SD1 leRd to 3 Rnd 4

capture states for s-wave neutrons. If the region
in which most of the capture occurs is broad


