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Giant resonance in transitional nuclei: Photoneutron cross sections for osmium isotopes
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Photoneutron cross sections, 'including o[(yn) + (y pn)], o[(y 2n) + (yp2n)), and o(y3n), were

measured for' '"Os, '"Os, '"Os, and ' 'Os from 7 to 30 MeV and for "Os from 11 to 20 MeV, with a

photon energy resolution of about 300 keV. The source of radiation was the monoenergetic photon beam

obtained from the annihilation in flight of fast positrons. The partial photoneutron cross sections were

determined by neutron multiplicity counting, and the average neutron energies for each multiplicity were

determined simultaneously with the cross-section data by the ring-ratio technique. Nuclear information

extracted from the data includes parameters of the giant dipole and giant quadrupole resonances, integrated

cross sections and their moments, nuclear symmetry energies, and nuclear deformation parameters and

intrinsic quadrupole moments. No fewer than eight kinds of evidence point to a sudden change of behavior

between "Os and "Os, which could be interpreted as a phase transition from a statically deformed prolate

nucleus to a y-unstable one, in general (but not detailed) agreement with the prediction of a dynamic-

collective-model calculation.

NUCLEAR BEACTIQNS '86' ' ~' ' Os(p, n, 2n, 3n), E =7-30 MeV; mea-
sured 47[ neutron yield, multiplicities, average-energies for monenergetic pho-
tons; o. (E»1n), o. (E»2,n), g(E»3n), GDR parameters, nuclear shape para-
meters, integrated cross sections and moments, GQB parameters, nuclear

phase transition.

I. INTRODUCTION

The study of the giant dipole resonance (GDR)
for nuclei in the transitional region near A =190
can provide a sensitive measure of the behavior
of the nuclear shape there. In particular, such a
study, particularly for the osmium (Z = 76) isotopes,
might indicate, - through an examination of the
evolution of the GDR as one adds neutrons to the
lightest osmium nuclei, which presumably are
statically deformed and prolate, whether and
where a phase trarisition takes place, how sharply
it takes place, and what the nature of such a phase
transition might be. In particular, theoretical
work has speculated that the heavier osmium iso-
topes are triaxial. , oblate, or y-unstable (which
can be thought of as prolate part of the time and
oblate the rest of the time). The GDR for a
statically deformed triaxial nucleus (see, for
example, Ref. 1) would contain three peaks,
corresponding to dipole vibrations along each of
the three nuclear axes, in much the same way as
the GDR for a spheroidal nucleus has two. ' The
GDR for an oblate nucleus would be characterized
by the fact that the area of the lower-energy peak,
which corresponds to dipole vibrations along either
of the long axes of the nucleus, would be twice as
large as that of the higher-energy peak, which
corresponds to vibrations along the short axis.
This behavior is opposite to that for prolate nuclei,
where this area ratio R„ is one-half instead of

two, and for which the intrinsic quadrupole moment
(tt, is positive instead of negative, as it is for ob-
late nuclei. [It shOuld be noted here that the de-
composition of the GDR for a deformed nucleus
tnto two peaks thus gives the Stats of ttte (tn addition
to its magnitude'), unlike Coulomb-excitation
measurements, which yield only the value for Qcs.
Moreover, values for {ti, for odd-A nuclei also can
be determined by this method. ] Kumar and
Baranger' have employed the pairing-plus-quadru-
pole model to construct potential energy surfaces
and from them to calculate a number of properties
of nuclei across the entire region of deformed
nuclei (with N = 82 to 126 and Z = 50 to 82), includ-
ing values for Qe. In particular, they predict that
for the osmium isotopes there is a gradual trans-
ition from prolate to oblate shapes: '"Os (N = 110)
is predicted to be prolate xssOs and i90Os asy
metric (yss 0), and '"Os (N = 116) oblate. These
shapes result in predictions for Q, that change
sign sharply between '"Os and '"Os, from about
+4.5 to —4.5 b, respectively. This sharp trans-

ition for Q, should be reflected in the values for
R„ for these nuclei. The GDR for a y-unstable
nucleus, for which the ground-state wave function
has roughly equal prolate and oblate components,
would be characterized by a shape related inti-
mately to its spectrum of low-energy excited
states, and would be composed of a family of
overlapping peaks combining the features of the
prolate and oblate cases. Sedlmayr et al. ' have
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performed a detailed calculation, for all the
even-A osmium isotopes, of the shape of the GDR.
They did this by constructing the potential-energy
surface for each of these nuclei by fitting a part
of its low-energy spectrum and then using these
potential-energy surfaces to deduce the collective
Hamiltonian for each nucleus, from which they
were able to compute, using the dynamic collective
model, among other things, the energies and
strengths (but not the widths) for the dipole ab-
sorption lines for each nucleus. By assigning an
arbitrary width (of 1.5 MeV) to each line, Sedlmayr
et aL produced predictions for the shapes of the
GDR for the even osmium isotopes, which can be
compared with the experimental results.

There is also the question of the existence, lo-
cation, and behavior (such as splitting) of the
isovector (&T = 1) giant quadrupole resonance
(GQR) for transitional nuclei such as the osmium
isotopes. Theoretical calculations' ' which have
been compared with previous experimental results
from this laboratory" " have achieved extraor-
dinarily good fits to the data, and therefore the
isovector GQR merits serious consideration as
the explanation for structure seen at energies
above the GDR for a number of medium and heavy
nuclei. It is therefore interesting to see if such
high-energy structure exists for the transitional
osmium isotopes, and if so to delineate its evol-
ution as well as that of the GDR itself.

Previous experimental photonuclear work in
this nuclear mass region has been limited to a
few experiments, from which can be derived in-
formation insufficient to answer the theoretical
questions raised above. In particular, no syste-
matic study of the osmium isotopes has been per-
formed. Su Su et al."have measured the photo-
neutron yield cross section o[(y, 1n)+ 2(y, 2n)
+ 3(y, 3n)] for natural osmium up to 27 MeV with a
continuous bremsstr3hlung radiation source and
have attempted to extract the total photoneutron
cross section c(y, n, ) = o[(y, 1n)+ (y, 2n)+ (y, 3n)]
from their yield data. Goryachev et al."have
measured the neutron yield cross sections for
184W 186W 185Re 187Re and»oOs up to 2P MeV
and have attempted to extract o'(y, n, ), also with
a bremsstrahlung source, and using a rather im-
pure (78.5%) sample for the '"Os measurement.
In addition to these two experiments, photonuclear
measurements which used monoenergetic photons
and neutron multiplicity counting to give the partial
photoneutron cross sections a(y, 1n) = o[(y, n)
+ (y, pn)], o (y, 2n) = o[(y, 2n) + (y, p 2n)], and o (y, 3n),
and hence o'(y, n, ), simultaneously and independ-
ently, have been carried out up to 29 MeV for
'"W as part of a larger study at this laboratory
of the GDR in deformed nuclei, " and up to 22 MeV

for natural samples of tungsten, rhenium, iridium,
and platinum at Saclay. " Comparing these mea-
surements with each other (insofar as is possible)
yields good overall agreement between the results
for '"W of Refs. 15 and 16 and moderate agree-
ment between the results of Ref. 15 for '"Re and"Re and the results of Ref. 17 for natural rhenium.
Since the measurement of Ref. 14 was done using
natural osmium, it does not yield information on
the evolution of the GDR or the GQR, but the re-
sults of Ref. 14 do show three rather spectacular
peaks above the GPR, centered at about 19, 21,
and 24 MeV. Since the existence of these peaks
in o(y, m, ) for natural osmium would favor no
evolution of the GQR across this transitional
mass region, it is important to see if this struc-
ture stands up to further experimental scrutiny.
The data of Ref. 15 indicate less splitting of the
GDR for ' Os than for the other nuclei studied
in that work, but the fact that o'(y, 2n) had to be
estimated from a. calculation in order to obtain
o(y, n, ) from the yield cross section makes this
evidence for a possibly asymmetric or y-unstable
configuration for '"Os somewhat tenuous. Of the
nuclei studied in Refs. 16 and 17, it is clear that
the tungsten and rhenium nuclei are prolate, but
the evidence for the iridium and platinum nuclei
is ambiguous, owing to the lack of measurements
with isotopically enriched samples. Finally, the
results of Ref. 16 yield a very small value for
R„(=0.28) for '86W, unlike nuclei which have
larger static prolate deformations, which in
turn calls into question one of the assumptions
of the hydrodynamic model' used to interpret the
data. It therefore would be interesting to delineate
the behavior of R„ for the transitional osmium
isotopes in order to explore further this hydro-
dynamic assumption, namely, that the 'Thomas-
Reiche-Kuhn (TRK) sum rule is independent of the
nuclear orientation (and hence of the nuclear
radius); a proper quantum-mechanical description
based upon a reasonable radial wave function
might not require this condition. (Another
quantitative test of this assumption is implicit in
the photoneutron data for polarized '"Ho of Kelly
et al."who found a two-standard-deviation de-
parture from theoretical predictions for the
asymmetry of the components of the GDR obtained
with the "Ho nuclei aligned parallel and perpen-
dicular to the photon beam direction. )

It should be noted that the two-resonance hydro-
dynamic model applies strictly only to nuclei
having large permanent deformations. It will be
seen below that the '"Os and '"Os nuclei probably
are described better as vibrational rather than as
rotational, and thus would have little or no ground-
state equilibrium deformation. Consequently, the
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area ratios mentioned above need not be 0.5 as
predicted for statically deformed nuclei, and the
quadrupole moments calculated from GDR para-
meters can be interpreted only as a measure of
the average deformation of these nuclei.

An extensive discussion of most of these topics
can be found in a recent review article", the
reader is referred there for amplification of many
of the above points, together with discussion of
relevant theoretical and experimental work from
earlier literature in the field. The present mea-
surements, then, were undertaken in order to
throw light on these interesting questions of the
possibility and characteristics of a phase trans-
ition, the evolution of the shapes of the GDR and

GQR across the transitional mass region, and the
delineation of the parameters relevant to the
hydrodynamic interpretation of the GDR there.

II. EXPERIMENT AND DATA REDUCTION

The photoneutron measurements reported here
were carried out with the monoenergetic photon
beam obtained from the annihilation in flight of
fast positrons from the Lawrence Livermore
Laboratory Electron Positron Linear Accelerator
facility. The photoneutrons were detected with
an efficient paraffin- and-BF, -tube 4w neutron
detector.

The main features of the experimental tech-
niques and data-reduction procedures have been
given elsewhere in the literature, most recently
in Ref. 20, where an extensive exposition includes
a number of important changes made over the last
few years. Therefore only those details peculiar
to the present measurements will be given here.

The ring-ratio technique, whereby the average
energy for the photoejected neutrons is determined
for each data point, has for this work been extend-
ed to include triple-photoneutron events as well as
single- and double-photoneutron events as in
earlier work. These energies not only are of in-
terest in themselves, but also serve to determine
the neutron detector efficiencies necessary to
compute the (y, ln), (y, 2n), and (y, 3n) cross
sections individually. Although the fractional

uncertainties involved in the various partial cross
sections might become appreciable in those energy
regions where those cross sections themselves
are small [such as for the (y, ln) cross sections
a few MeV above the (y, 2n) thresholds], owing to
the statistical nature of ring-ratio data, the over-
all uncertainty in the total photoneutron cross
section o'(Z, n, ) is not much worsened by the im-
perfect knowledge of the detector efficiency (com-
pared with the -5% uncertainty in the photon flux
calibration or the 2-to-4 % uncertainty in the
electron-to-positron normalization factor, whose
knowledge is necessary in order to subtract pro-
perly the photoneutron yield which results from
positron bremsstrahlung). Thus, while the ab-
solute cross sections have been determined with
an accuracy of about 7%, the relative precision
of the cross-.section measurements between
different osmium isotopes, [except possibly for
'"Os (see below)] is far better (2% to 3%).

The photon energy resolution for the present
measurements varied from less than 250 keV at
energies below 15MeV to about 300 keV at 30 MeV.
The absolute energy scale is known to within 0.25%.
This was set with respect to the 15.11-MeV peak
in the "C(y, n) cross section, " and to many (y, 2n)
threshold energies. The threshold values for the
various photoneutron reactions for osmium iso-
topes are given in Table I (taken from Ref. 22),
and are shown in the data plots by arrows. The
threshold energies determined in the present mea-
surements all agree, within the experimental
limits, with the values tabulated in Ref. 22.

The sample specifications are given in Table II.
All were in the form of powdered metal, packaged
in an inert-gas atmosphere. The (large) samples
of ' 'Os, '"Os, '"Os, and Os were contained
in thin-walled lucite containers, and were run
sequentially with the use of a pneumatic eight-
position sam'pie changer so that the beam-tuning
conditions did not change between runs at a given
energy for each sample. Sequential runs with an
empty lucite container were performed as well
for certain relevant energies (mainly in the giant-
resonance region of the carbon and oxygen in the
lucite). Also, at every energy a run was per-

I

TABLE I. Photoneutron threshold energies in MeV, from Ref. 22.

Nucleus

'"Os
i880s
'i89O

190p
imp

8.271
7.989
5.924
7.793
7.558

E,„,(7,p&)

14.156
14.576
13.133
15.054
15.718

E„(y,2n)

14.896
14.282
13.913
13.717
13.318

20.627
20.755
20.500
20.926
21.337

E,„(y,3n)

23.706
22.553
20.206
21.706
21.111
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TABLE II. Osmium sample specifications.

Nucleus Mass (g) Purity P0) Principal impurities Pp)

'"Os

188O

189O

1900s
182Os

3.28

22.49
30.94
49.70
83.51

78.2

94.5
94.5
97.8
99.1

188OS 5 1
Os

'"Os
'~20s 5 7
i880s 2 8
'"Os 33

formed with the "'Os sample in place in the center
of the 4m neutron detector but with the 0.76-mm-
thick beryllium annihilation target removed, so
that the data can be corrected not only for cosmic-
ray backgrounds, but also for those which are
present when, the accelerator is on but which are
not connected with the annihilation-photon beam
itself. For the "'Os, '"Os, and '"Os samples
these annihilation-target-out backgrounds were
scaled according to mass, since the total photo-
neutron cross sections are roughly the same for
all these nuclei. In any case, all these back-
grounds were small compared with the counting
rates for these large samples.

For '"Os, although similar procedures were
followed, the quality and quantity of data are not
as good as for the other samples, for four rea- .

sons. First, the sample mass (3 g) was much
smaller than the rest, which resulted in poorer
counting statistics, even though longer runs were
made for this isotope. Second, this sample was
packaged in a small beryllium can, which nec-
essitated separate sample-blank runs with another
(empty) beryllium can, and separate annihilation-
target-out runs, which were performed at every
second energy (the results were interpolated for
the intermediate energies). The relatively large
mass (2 g) of the beryllium can and the resulting
large sample-blank background would have made
it very hard to obtain meaningful data for "Os
above 20 MeV (the upper-energy limit of the pres-
ent measurement for this sample), where the

rise of the GDR of ~Be takes place. Thus the
statistical quality of the '"Os data is limited
further, particularly above about 18 MeV. Third,
the ' 'Os data were acquired at a different time
from the rest of the data; and although a few runs
also were performed with a similarly-packaged
sample of '"Os as a check on the absolute accuracy
of the '"Os data, another (probably small) uncer-
taintyistherebyintroduced. Fourth, the relatively
low isotopic purity (see Table II) of f8% for the
'"Os sample necessitated appreciable corrections
to the '"Os cross sections I particularly to o (y, 2n)].

Of course, corrections for the known cross con-
tamination of the cross-section data for all the
osmium samples were made, and the resulting,
cross sections given in Sec. III below should be
appropriate to samples of 100+0.1% purity;
nevertheless, this correction for the ' Os case
introduces another (again probably small) uncer-
tainty. Aj.l in all, while the cross sections for the

other osmium isotopes are accurate to about 7%,
the "'Os data cannot be said to be accurate to
better than about 10%; and whereas the relative
precision of the cross sections for the other
osmium data is no worse than 2 to 3%, that for
the '"Os data with respect to the others might
very well be as large as 5%.

The data-reduction procedures incorporated the
recent improvements discussed at some length
in Ref. 20, whereby each step in the data reduction
is handled in modular fashion, with human inter-
action with the computer used where such inter-
action results in more accurate results. These
steps are corrections for pileup, corrections for
drift of the neutron detector and of the ionization
chamber which is the photon beam monitor (done
with the aid of calibration runs made with radio-
active neutron and y-ray sources at frequent in-
tervals throughout the experiment), subtraction
of the various backgrounds, including the contri-
bution of the positron bremsstrahlung, use of the
ring-ratio data to obtain the detector efficiency
for each neutron multiplicity as a function of pho-
ton energy, use of the efficiencies so derived to
determine the final photoneutron multiplicities,
and final conversion of the photoneutron yield data
to cross sections, taking into account the annihi-
lation photon flux calibration, the solid angles
involved, the number of atoms in the sample under
study (that are bathed in the photon beam), and the
attenuation of the photon beam i.n passing through
the sample. All the uncertainties that play any
significant role in the final results of Sec. III be-
low already have been discussed above; for further
details regarding experimental techniques and

data-reduction procedures, the reader is referred
to Ref. 20.

III. RESULTS AND DISCUSSION

A. Average photoneutron energies

The average neutron energies for (y, 1n), (y, 2n),
and (y, 3n) events (except for '"Os) derived from
the ring-ratio data are shown in Fig. 1 as functions
of photon energy. These data are in the form of
solid lines, which represent the actual data in the
energy regions where they are statistically sound.
Of course, ring-ratio data were obtained for all
neutron multiplicities measured, for all energies
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FEG. 1. Average photoneutron energies plotted as
functions of photon energy: (a) (p, 1n) and (y, 2n) chan-
nels for ' Os; (b) (y, ln), (p, 2n), and (y, 3n) channels
for ' Os; (c) the same as (b) for ' ~Os; (d) the same as
(b) for 9 Os; (e) the same as (b) for '~ Os.

FIG. 2. Photoneutron cross sections for 6Os: {a)
total photoneutron cross section 0 (p, n&) =a [(p, ln)
+ (y, 2n)], together with a two-component Lorentz-curve
fit to the data {solid line); (b) single-photoneutron cross
section 0 (y, ln) =0 [(y,n)+ (p,pn)]; (c) double-photo-
neutron cross section a (p, 2n).

above their thresholds up to the maximum photon
energy used for each isotope, and in fact these
data were used to determine the neutron detector
efficiencies as outlined in Sec. II above. However,
the statistical quality of the ring-ratio data in
energy regions where the partial cross sections
are small is such that (even though no major un-
certainties in the data are produced) little useful
(from the nuclear-physics point of view) average-
neutron-. energy information is obtained there.
These energy regions lie above about 16 MeV for
(y, 1n) data, above 22-24 MeV for (y, 2n) data, and
above 27-29 MeV for (y, 3n) data.

There are a few features of the average neutron
energies that all the osmium nuclei appear to have
in common. First, the average (single) photo-

neutron energy at the photon energy corresponding
to the lower-energy peak of a two-component
Lorentz-curve fit to the GDR (see below), which
varies from 12.7 to 13.0 MeV, is close to 1.0 MeV.
Second, the average single-photoneutron energy
rises rapidly above the (&, 2n) threshold. This can
be understood as resulting simply from the open-
ing of the (y, 2n) decay channel, which bleeds off
the events characterized by low-energy photo-
neutrons. 'Third, the average neutron energies
for (p, 2n) and (&, 3n) events approach roughly
asymptotic values at energies sufficiently far
(typically a few MeV) above their thresholds. For
the (y, 2n) channel these values are not far from
1 MeV (for "'Os, it appears from Fig. 1 that the
average double-. photoneutron energy still. i.s rising
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FIG. 3. Photoneutron cross sections for ' Os: (a)
cr (y, n &), with a two-component Lorentz-curve fit; (b)
o (y, ln); (c) cr (p, 2n); (d) triple-photoneutron cross
section cr (y, 3n).

FIG. 4. Photoneutron cross sections for ' ~Os: (a)
o. (p, n &), with a two-component Lorentz-curve fit; (b)
o (y, ln); (c) o (p, 2n); (d) o. (&, 3n).

slowly at 23 MeV, but it decreases somewhat at
still higher energies); for the (y, 3n) channel the
value for "'Os is above 1 MeV, while for the other
three [no (y, 3n) data were obtained for '"Os] these
va, lues are about 0.6 MeV.

B. Cross sections

'The photoneutron cross sections for Os, 80s,
'"Os, "'Os, and "'Os are shown as functions of
photon energy in Figs. 2-6, respectively. 'The

total photoneutron cross sections [part (a) of the

figures] all have about the same peak height, ex-
cept that for '"Os, which is -10$ smaller than the
rest (but see the caveat regarding the '8'Os data
in Sec. II above). On the other hand, the GDR for
'"Os is a, bit broader than the rest, and there is
a gradual decrease both in the width of the flattened
region at the peak and in the overall width of the
GDR. A broad peak, centered at about 23 MeV,
appears in a(y, n, ) for all cases where the data
include this energy region. 'This peak is most
prominent for '"Os, where it is clea.rly present
in both o(y, ln) [Fig. 3(b)] and in a(y, 2n) [Fig. 3(c)];
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FIG. 5. Photoneutron cross sections for Os: (a)
o (p, n&), with a two-component Iorentz-curve fit; (b)
o (y, ln); (c) o (p, 2n); (d) o (p, :9n).

FIG. 6. Photoneutron cross sections for 9 Os: (a)
o (p, n&), with a two-component I orentz-curve fit; (b)
o (y, ln); (c) o (p, 2n); (d) o (p, 3n),

it is least prominent for '""Us, so that it is not the
case that the strength of thi. s high-energy resonance
decreases systematically v~ith increasing mass
(or neutron number N). It should be noted that the
presence of this resonance in the (y, 1n) cross
sections might arise from strength in the (y, Pn)
channel. (This channel woulidbe largely suppressed
by the Coulomb ba,rrier for these high-Z nuclei
at lower excitation energi. es. ) The (y, 1n) cross
sections [part (b) of the figures] all decrease
rapidly to zero within a. f. ew (3 or 4) MeV of the
(y, 2n) thresholds. Similar behavior has been ob-
served for nearly every other medium or heavy

nucleus studied at this laboratory" [an exception
is "'Ag (Ref. 23)], and can be understood on the
basis of the usual statistical model, where the
direct-reaction component of the GDR is small.
This behavior also is seen here for the (y, 2n) cross
sections [part (c) of the figures] just above the
(y, 3n) thresholds. The (y, 2n) cross sections get
larger rapidly as N increases and the (y, 2n)
threshold decreases. 'This effect has been seen
before, for example, for the zirconium isotopes, "
and can be understood as resulting from the (y, 2n)
threshold biting further into the GDH with increas-
ing R. A similar but less pronounced effect can
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TABLE III. Parameters of Lorentz-curve fits to the giant dipole resonance. Lorentz parameters defined by Eq. (1);
the fitting interval for all cases is 10.8 to 18.8 MeV.

Nucleus E (1) (MeV) (7 (1) (mb) I (1) ('MeV) E (2) (MeV) 0 m(2) (mb) I (2) (Me V) X

1860s
g 880s
'"Os
1900s
j920

13.03 + 0.09
12.81+ 0.05
12.68 + 0.04
12.68 + 0.07
12.68 ~ 0.06

308 + 21
260+ 18
268 ~14
206 +29
206 + 34

3.13+ 0.24
2.76+ 0.13
2.71 + 0.10
2.60 + 0.21
2.49 ~ 0.23

15.26 +0.09
14.88 + 0.07
14.68 +0.05
14.40 + 0.09
14.35 ~ 0.12

302 +23
390+ 14
395 + 11
401 ~ 24
389 +26

3.38 +0.21
4.19+ 0.13
3.62 + 0.10
4.16 ~ 0.11
4.41 + 0.13

0.88
0.96
0.75
1.19
0.95

Uncertainties for 0~ given here are relative. The absolute uncertainties are 7% (10% for 60s).

be seen for the (y, 3n) cross sections [part (d) of
Figs. 3-6]. Again, as has been seen before for
many medium and heavy nuclei, " the (Z, 2n) cross
sections rise steeply above their thresholds, but
the (y, 3n) cross sections rise much more gradually
above theirs.

Comparison of the present (y, n, ) cross section
for '"Qs with that of Ref. 15 reveals a considerable
discrepancy, both in magnitude and shape. Com-
parison of the present o(y, n, ) results with those
for natural osmium of Ref. 14 reveals a similar
discrepancy in magnitude (-15/g); moreover, the
high-energy structure that is so prominent in the
results of Ref. 14, particularly the largest peak,
at -19 MeV, cannot be reconciled with that seen
in the present work. Although the precise reasons
for these discrepancies are not obvious, it should
be noted again that the measurements of Ref. 14
and Ref. 15 both were performed with bremsstrah-
lung sources (and consequently with the usual un-
folding difficulties), and neither made use of
neutron multiplicity counting.

I

C. Giant-resonance parameters

'The classic collective description of the GDR
predicts that the total photon absorption cross
section o(y, tot) for statically deformed spheroidal
nuclei is characterized as the sum of two Lorentz-
shaped curves,

where o (i), E (i), and I'(i) are the peak height,
resonance energy, and full width of the ith Lorentz
curve. For medium-heavy nuclei (and certainly
for the osmium isotopes, for which Z = 76), the
Coulomb barrier greatly inhibits the emission of
charged particles at giant- resonance energies, and
the photon scattering cross section is always small
above the (y, n) threshold; therefore, the total
photoneutron cross section o'(y, n, ) is an excellent
approximation to o'(y, tot). Accordingly, the (Z, n, )
cross sections in part (a) of Figs. 2-6 have been
fitted with two-component Lorentz curves. The

fitting intervai'. used for all five nuclei was 10.8-
18.8 MeV; as .has been found in the past, """"
reasonable deg)artures from this interval do not
change the results appreciably (the present data
were fitted for the intervals 11-17and 11-18MeV
as well). The nxain reason that this particular
fitting interval divas chosen is that all the previous
monoenergetic-photon data for deformed nu-
clei"""have k»een analyzed in this fashion, and
thus the use of this interval facilitates comparison.
The resulting fits to the data are shown in part (a)
of Figs. 2-6, anclI the Lorentz parameters of these
fitted curves are given, together with their statis-
tical uncertaintie~'3, in Table III; the y' values"
for these fits are given in the last column of the
table.

In order to ascex tain whether the shape of the
GDR for the osmiu:I isotopes could be approxi-
mated as well by a single Lorentz curve, as would
be the case for spherical nuclei, the data were
fitted with such curves. The results rebut em-
phatically any such sphericity for these nuclei:
the y' values for sid~gle-component Lorentz fits
for the same fitting iriiterval as above are 3.8, 13.7,
13 9 8 0 and 9 4 fpyr ~86Qs ~88Qs ~89Qs ~9oQs

and ' Qs, respectively, far in excess of the y'
values for two-component Lorentz fits given in
Table III. (The )f' value for "'Os is as low as it
is only because of the; relatively poorer statistical
quality of the data. ) I:t is interesting, however, to
note the significant difference between the situation
for Os and Os and t hat for Os and Os. The
former two nuclei have a GDR shape ratherbroader
than that for the latter two, so that a single-com-
ponent fit to the forme)e yields y' values signifi-
cantly larger than a fit to the latter. This can be
seen more clearly in F.ig. 7, where these single-
component Lorentz fits to o(y, n, ) for '"Os and
'"Qs are shown, to be c.,ompared with each other
and with the correspond. i.ng two-component fits
shown in Figs. 3(a) and 5(a).

Values of the parameter. rs for the classical
theories are given in Table IV. These include +
and P, the proportionality' constants characterizing
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1

600 ~ I I I - I I I I I I ~ I I

480

TABLE IV. Parameters for classical theories (given
in MeV).

360

S Nucleus Em' Kd

240

120
C0
u 0
Ol

CO I

8 600
O

480

360

T(y,n)

I I I

T(y,2n) T(y,3n) '

S

'"Os
i880s
i 890s
i 800
i 920s

14.21 + 0.06
14.19+ 0.05
14.01 + 0.04
13.83 + 0.06
13.79 + 0.04

81.1 + 0.3
81.3 + 0.3
80.4 + 0.2
79.5+ 0.3
79.6 ~ 0.2

34.0 ~ 0.1
34.0 + 0.1
33.6 + 0.1
33.1+ 0.1
33.1~0.1

28.9 +0.9
27.8 + 0.5
27.3 + 0.4
26.6 + 0.7
26.8 +0.7

Mean energy of the giant resonance, defined as E
lE~(1) + 2 E~(2))/3, except for 60s, for which E~
tE (1)+ E (2)l/2.

Hydrodynamic parameter, defined by E~= &A' Collective parameter, defined by E~= pA
d Nuclear symmetry energy, computed from Eq. (2).

240
E (2)/E (1)=0.91lq+0.089, (3)

120

0 11

T{y,n) T(~,2n) T(y 3n) t
'

8 12 16 20 24 28

Photon Energy (MeV)

32

and & is the nuclear eccentricity, defined as
(b' —a')/R', where R is the radius of a sphere of
equal volume (for a prolate spheroid, R'=a'b),
and computed from the resulting relation

(4)

FIG. 7. Total photoneutron cross sections, together
with single-component Lorentz-curve fits to the data:
(a) for ' Os; (b) for ' Os.

the mean GDR energy E with mass number, and

K, the nuclear symmetry energy computed from
the relation'

~8/3 [E (1)]2
NZ 1 —[1'(1)/2E„(1)]'

~4/ 3

(1+0.01860& —0.033 14& )

where g is the nuclear deformation parameter,
defined as the ratio of the semimajor axis b to the
semiminor axis a of the (prolate) def armed nucleus,
and computed from the relation'

The value for E for a prolate spheroid should be
given by

E =[E (1)+2E (2)]/3,

two-thirds of the way from the lower- to the
higher-energy peak of the GDR; this value has
been adopted for all the osmium isotopes but
'"Qs, for which a value for E midway between
the two peaks of the GDR was adopted, because of
the near equality of the strengths of the two
Lorentz components for this nucleus. It can be
seen from Table IV that this procedure results in
values for E~ for ' Os and "'-Qs significantly
lower than those for ' Qs and ' Os, with that for
'"Qs lying in between.

Values for various nuclear shape parameters,
computed from the Lorentz parameters of Table

TABLE V. Nuclear shape parameters.

Nucleus g C

1860s
1880s
i890s
i900s
1920S

0.95 + 0.27
0.44 + 0.08
0.51+ 0.07
0.32 + 0.10
0.30 + 0.11

1.188 +0.016
1.177 + 0.011
1.173+0.008
1.149+ 0.015
1.145 + 0.016

0.366 + 0.031
0.346+ 0.021
0.338 + 0.015
0.292 + 0.029
0.283 +0.031

0.194 + 0.016
0.183+ 0.011
0.179+ 0.008
0.155 + 0.015
0.150+ 0.016

5.76 *0.49
5.49+ 0.33
5.38+ 0.24
4.65 + 0.46
4.55+0.50

'Area ratio, defined as a (1)&(1)/o (2)I"(2).
b Deformation parameter, computed from E~(2)/E~(1) = 0.91lg+ 0.089.

Nuclear eccentricity, computed from & =(q —1)g
Deformation parameter, defined as +3(m/5) e.
Intrinsic quadrupole moment, computed from Eq. (8), with Ro taken to be 1.26 fm.
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TABLE VI. Values for B(E2, 0+ 2+) (in units of b ).

Nucleus Present experiment p;mesic x rays b Coulomb exc itation Theory Theory

1860s
f880s
f900
'"os

3.30 + 0.56
3.00+0.36
2.15 +0.43
2.06 + 0.46

3.15 +0.03
2.84 + 0.03
2.48 + 0.02
2.10 + 0.02

3.08 + 0.21
2.75+0.12
2.40 + 0.11
2.02+ 0.09

2.96
2.72
2.59
2.56

3.05
2, 75
2.54
2.34

Computed from Eq. (9), using the values for Qp from Table V.
From Ref. 26.
%'eighted average from Refs. 27 and 28.
From Ref. 5.

~ From Ref. 6.

III, are given in Table V. These are A„, the area
ratio defined as

R = o' (1)I"(I)/(7 (2)I"(2) (6)

and predicted to be one-half for prolate nuclei; g,
the deformation parameter of Eq. (3); t, the'
nuclear eccentricity of Eq. (4); P„a deformation
parameter more commonly used than p or E, de-
fined as

P = —'(w/5)'i'e = 0.53&,

and Qp the intrinsic q u adrupole moment def ined
as

Q, = —5ZR'&, (8)

where the equivalent nuclear radius R =RP'I',
and A, is here taken to be 1.26 fm, in keeping with
the results of Ref. 16. (It should be noted that the
photonuclear approach yields the eccentricity a of
the nuclear matter distribution while the Coulomb-
excitation approach yields a parameter which
describes the shape of the charge distribution. )

From the values in Table V, a substantial and

significant difference is obtained between the
nuclear shape parameters for ' 'Os and '"Qs on
the one hand and for '"Os and "'Qs on the other.
(The value for R„ for '"Os is large and uncertain,
so that it would be rash to place very much cre-
dence in its value, particularly in view of the
statistical uncertainties in the '"Os data discussed
in Sec. II above; the values for "'Os for the other

quantities in Table V seem reasonable enough,
however. ) The values of R„ for '"Os and '8'Os

are, within the statistical uncertainty of the data, ,
equal to the value of 0.5 characteristic of statically
deformed prolate nuclei, while the values of 8„
for "Qs and '"Os differ from 0.5 by about two
standard deviations. Likewise, the values of the
other quantities listed in Table V (which, of
course, are related to each other) for ~'Os and
'"Os again differ from those for '"Os and '"Os
by about two standard deviations.

In Table VI are given the values for B(E2, 0'-2'),
the electric-quadrupole transition probability
computed from the usual relationship that applies
to rotational nuclei

Q 0' = (16w/5)B (E2, 0' - 2'), (9)

and is used frequently in Coulomb-excitation or
p, -mesic x-ray studies to deduce the magnitude
(but not the sign) of Q, for even-even nuclei. It is
noted in passing that Eqs. (7), (8), and (9) can be
combined to give

[B(E2)]' '= (3/4m)ZR'P, . (10)

Also given in this table are the corresponding
B(E2) values from other experiments as well as
those from the theoretical calculations of Refs. 5
and 6. It is seen that the present data. agree better
with other experimental work than with either
theoretical calculation, and that the calculation of
Ref. 6, because it predicts a larger range of values

TABLE VII. Various theoretical predictions for nuclear sQape parameters.

Nucleus
p2 (Ref. 29)

(P4 ~0)
p2 (Ref. 29)

(P4 = 0) p2 (Ref. 30)
Q0 (Ref. 31) (b)

(Q4 ~0)
P2 {Ref. 32)

(P4 ~0)
Qp {Ref. 32) (b)

(Q4 "0)

1860s
'"Os
489OS

f900
1920s

0.22
0.20

0.18
0.17

0.19
0.17

0.16
0.14

0.214
0.197

0.180
0.158

6.01
5.55
5.24
4.73
4 44

0.202
0.202

-0.266
-0.253

4.26
4.26

-6.33
-5.91
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TABLE VIII. Parameters of three-component Lorentz-
curve fits to the GDR. See text for the explanation of the
constraints on these fits.

Nucleus E1 (MeV) E2 (MeV) E3 (MeV) X

186O

188ps
1&9OS .

190OS

192pS

12.86+ 0.07
12.84 + 0.03
12.66 ~ 0.02
12.77 + 0.04
12.75 + 0.03

14.21+0.22
14.68 +0.13
14.35 +0.10
14.34 +0.11
14.31 + 0 ~ 07

15.45 + 0.09 0.82
15.28 + 0.22 0.97
15.03+0.13 0.69
14.94 + 0.21 1.25
15.16+ 0.19 0.93,

for B(E2) over the span of the osmium isotopes
than that predicted by the calculation of Ref. 5,
matches all the experimental data somewhat better
than that of Ref. 5.

A number of other theoretical calculations have
been performed recently, whose results, listed
in Table VII, can be compared to the present ex-
perimental results (Table V). Gotz et al. ,"who
first discussed the significance of including
hexadecapole deformations in describing the
osmium 1'sotopes, obtained values for P, which
agree better with the present results when the
hexadecapole deformations P4 are ignored than
when they are included; they also obtain a prolate-
oblate phase transition at A. -192. Gabrakov
et al."used the method of summation of the single-
particle energy levels to obtain values for P, in
fair agreement with the present results; they also
predict a prolate-oblate phase transition, but at
R = 108 ('"Os). Ekstrom et al." employed a
Nilsson-model (a modified oscillator model) cal-
culation to find minima in the potential-energy
surfaces, which in turn yield equilibrium quad-
rupole and hexadecapole deformations; their re-
sults represent a substantial improvement upon
those of Ref. - 29 in that they obtain quite remark-
able agreement with the present results (they give
their r'esults in terms of the intrinsic quadrupole
moments) at the same time that they include the
hexadecapole effects (and moreover, they obtain
results for the odd-A nucleus '"Os as well).

Finally, Goss, using a self-consistent version
of the anisotropic oscillator model, obtains
triaxial shapes for the even-A osmium nuclei, for
which the values for P, (and Q, ) change sign bet-
ween '"Os and '"Os, contrary to the present re-
sults; in other words, he has got the wrong thing

happening at the right place (see Sec. III G below).
An alternative approach to fitting the GDR data,

for these nuclei, where there is no distinct split-
ting into two well-separated peaks, is to fit the
data with three (overlapping) Lorentz curves. In
order to do this in a mathematically reasonable
way, however, it is necessary to reduce the
number of arbitrary parameters from nine, to
(say) six. If any physical meaning is to be attached
to the results (in terms of a triaxial model), the
three resonance energies must be allowed to vary.
We therefore imposed the conditions that each of
the three Lorentz components have equal strength
(corresponding to the assumption that the dipole
sum rule holds for vibrations along each nuclear
axis separately) and that the total strength be
equal to that found for the corresponding two-
component Lorentz fit (a normalization condition).
The fits resulting from this procedure were
approximately as good as for the two-component
case; the resulting resonance energies and y'
values are given in Table VIII. 'These energies
then can be used to infer the nuclear shape, since
in this naive model they are inversely proportional
to the lengths of the three nuclear axes. Thus it
can be said that if a rigid triaxial picture for
these nuclei has any validity, then the shape
asymmetry should. be given by the ratios of these
energies.

D. Integrated cross sections

'The integrated cross sections measured in this
work are summarized in Table IX. Columns 3, 4,
and 5 in this table list the integrated single-,
double-, and triple-photoneutron cross sections,
respectively; column 6 lists the ratio of the in-

TABLE Ix. Integrated cross sections, o;„,(y, x) = f c(V, x)dE&, integrated from threshold to E&, Uncertainties are
discussed in Sec. II of the text.

EymaX
Nucleus (Me V)

o;„,(y, 1n)
(Me V b)

o'mt (y, 2n)

(Me Vb)
cr;„t(y, 3n)
(Me Vb)

&int (y, 2n)

&in« » n~)

Pint h', «)
p.06NZ/~

(1)~(1)+ (2)I (2)~
'

0.06ÃZ/~

186O

188ps
189OS

900s
192OS

19.67
30.42
29.92
30.42
29.92

2.04
2.62
2.13
2.01
1.92

0.46
0.88
1.00
1.08
1.20

0.12
0.21
0.14
0.19

0.19
0.24
0.30
0.33
0.36

0.93+0.09
1.33+ 0.09
1.23+ 0.09
1.18 + 0.08
1.20 + 0.08

1.15+ 0.12
1.36 + 0.08
1.24+ 0.06
1.27+ 0.10
1.27 + 0.11

Uncertainties listed here are relative; to obtain the absolute uncertainty a systematic uncertainty of 7% (10 jp for
Os) must be folded into the values for o~.

Care must be used comparing values for Os with the rest because EympIt ls so much different.
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TABLE X. Integrated cross-section moments, rr i = f rr(Y, nr)E& dE& an«-2 f=rr()', rrr)EI 'r(EI
integrated from threshold to E&m„.

0'

Nucleus (mb)

A-4 j3
(mb)

0'

(mb MeV )

0'

0.0022 5A ~i 3

0-2K
0.05175A»'

0.05175A'~'
0

(Me V)

1.22
1.45
1.41
1.30
1.31

23.8+2.4
19.1 +1.3
19.3+1.4
20.6 +1.4
20.6 + 1.4

Os, 179 0,168 13.2 0.97
Os 239 0 222 16 7 1.20

1890s 228 0.210 16.7 1.19
g900s 220 0.202 15.8 1.12

Os 224 0.203 16.0 1.12

Care must be used in comparing values for Os with the rest because E&~»is so much
different.

tegrated double to total photoneutron cross sec-
tions; column 7 lists the measured integrated
total photoneutron cross section in TRK sum-rule
units; and column 8 lists the total area under the
two-component I orentz-curve fits to rr(y, n, ) in

those units. The values listed in columns 7 and 8

give an indication of the maximum amount of ex-
change-force enhancement of the dipole sum-rule
values that might be needed. to account for the
GDR, and are consistent with, albeit somewhat
larger than, the mean of many measurements on
other nuclei made with monoenergetic photons. "'"

'The integrated moments of the measured total
photoneutron cross seCtions 0', and 0, are given
in columns 2 and 4, respectively, of 'Table X.
Migdal33 derived a sum rule for o, based upon the
assumption of a constant nuclear (but variable
neutron and proton) density. The value of o „
which is proportional to the nuclear polarizability,
is predicted to be"

o, =0.051P5A' 'jK mbMeV '

4 8 12 16 20 24 28 32
4QQQ r

I
I

I
I

I
I

I
I

I
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I
I
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r
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E

Io 120

for spherical nuclei, where K is in MeV and

Ao= 1..20 fm; for K =23 MeV, o, =0.00225A. ' '
mbMeV '. It can be seen from column 5 of
Table IX that the experimental values lie within
20% of this prediction. If 'instead of the constant
23 MeV, however, the values for K given in
Table IV are used, column 6 of Table X shows
that the agreement for this case is not nearly as
good. Indeed, the values of the nuclear symmetry
energy computed from the values for o', by use of
Erl. (11), listed in the last column of Table X differ
from those in Table IV by an average of 33'fo.

Since such a discrepancy is not observed for nuclei
which have no equilibrium deformation; """
where the two methods for computing K yield
essentially the same results, the discrepancy
observed here can be taken to indicate that the
osmium nuclei are statically deformed. It should
be noted once again that there is an appreciable
difference between "Og. and ' Os, for which the
difference between symmetry energies computed
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II. I I ( i I
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FIG. 8. Running sums of integrated photoneutron
cross sections and their moments for' 6Os: (a) 0 &,t
= 1cdE„ for o (V, rrr) (top), o (V, in) (middle), arid

c (,2ri) (bottom); (b) c i= J c E„ idE„; (c) o
gE -2dE
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in these two ways is over 8 MeV, and '"Os and
' 'Os, for which this difference is about 6 MeV.
This again indicates that the former are more de-
formed than the latter, in agreement with the re-
sults given in Tables V and Vl. :

The present experimental data on all the inte-
grated cross sections and their moments are
shown in Figs. 8-12, in the form of running sums
of the quantities plotted as functions of the photon-
energy up to which they are integrated. This form
of displaying the integrated cross-section data is
useful for information-retrieval purposes, and also

shows whether and how well the various plotted
quantities approach asymptote, c behavior at high
photon energies. These figures show that the in-
tegrated cross sections (and their moments) do
indeed approach asymptotic values [except for the

(y, 3n) reactions] by 30 MeV, and hence, if there
is no further prominent structure in the cross
sections at energies higher than this, make
possible reasonable extrapolations to higher
energies. [Of course, high-multiplicity cross
sections, such as (y, 4n), wi11 play a role at these
higher energies (see, for example, Refs. 35 and 36).)
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FIG. 10. Running sums of:integrated cross sections'
for Os: (a) o &„~, (b) o„~, (c) a
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E. Comparison with the dynamic collective model

The dynamic- collective-model treatment of the
osmium isotopes by Sedlmayr et al. ,

' described
briefly in Sec. I above, results in a definite pre-
diction for the distribution of dipole strength in

the GDR for each even-A osmium isotope, in the
form of several (from 11 to 17) lines having de-
finite energy and dipole strength (but no definite
width). The authors of Ref. 6, in the absence of
sufficiently detailed experimental data for the
osmium isotopes, arbitrarily chose a constant
width for every line of 1.5 MeV, and thereby

generated predictions for GDR shapes, shown in
'their paper, which show dramatic structure (e.g. ,
three distinct peaks for '"Os and '"Os). Unfortu-
nately, their choice .of 1.5 MeV for the widths was
unrealistic, as could have. been predicted from
previous measurements done with monoenergetic
photons, '""although it certainly accomplishes
their goal of illustrating the important effects that
a phase transition might have on the shape of the
GDR. 'The present-data show shape changes that
are much more subtle, if for no other reason
than that the characteristic widths for structure
in the GDR for these nuclei range from 2.5 to
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4.4 MeV (see Table III); this tends to damp out
the more dramatic' effects.

In order to compare the predictions of Ref. 6
with the present results, the width of the lines
was allowed to vary, along with the absolute nor-
malization of the summed strength of all the lines
for a given isotope. The data were fitted (over the
energy range from lo.8 to 18.8 MeV, as before)
with a constant width for every line for a given
isotope. The resulting fitted curves are shown,
together with the total cross-section data, in
Fig. 13, and the parameters resulting from these
two-parameter fits to the data are given in Table
XI. It can be seen that the widths obtained from
these fits lie between 2.6 and 3.O MeV, within the
expected range mentioned above, but the values
for y' are much larger than those for the two-
component Lorentz-curve fits of 'Table III, and
comparable (except for the case of '"Os) to those
for single-component Lorentz-curve fits (Sec. IIIC
above).

It can be seen from the values of the Lorentz
parameters listed in 'Table III that the width in-
creases with the energy of the Lorentz lines, as
is the case for all deformed nuclei studied pre-
viously. """"Therefore, the attempt was
made to achieve better fits to the data by allowing
the widths of the lines for each isotope to vary
according to an arbitrary power of the resonance
energy (for the lines), ""but no significant im-
provement in the X' values for the resulting three-
-parameter fits was achieved.

The result of this analysis, then, is not satis-
factory with respect to the details'of the theoretical
calculation of Sedlmayr et aE. , especially for
'"Os and "'Os, for which the y' values show that
these fits are no better than single-component
Lorentz curves. Nevertheless, as is discussed
in Sec. IIIG below, the general conclusion derived
from the present experimental evidence, namely,
that there is a nuclear-shape phase transition
between '"Qs and '"Os, is in agreement with the
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FIG. 13. Total photoneutron cross sections fitted vrith
curves based upon the theoretical predictions of Ref. 6
(solid lines); (a) for Os; (b) for ' Os; (c) for 9Os;
(d) for '~ Os.

TABLE XI. Parameters of dynamic-collective-model (see Ref. 6) fits to the GDR. The fit-
ting interval used is 10.8-18.8 MeV.

Nucleus
Number of lines fitted

(see Ref. 6)
Width
(MeV)

Normalization
constant X

1860s
'"Os
'"Os .
192O

14
17
11
12

3.02
2.85
2.64
2.64

0.99
0.90
0.90
0.87

3.6
5.5

10~ 8
8.8

Given as a fraction of the dipole strength Sz obtained from the Lorentz parameters of Table
III; s„=~2~t~ (i.) I'(1) +~ (2)I'(2)].
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prediction of Ref. 6. This agreement in sum but
not in detail points out a shortcoming in the cal-
culation of Ref. 6; it would be interesting to see
how the theoretical parameters would have to be
adjusted in order to obtain a better agreement
with the present data.

F. The giant quadrupole resonance

A number of theoretical calculations have'been
made' '" ' which attempt to describe the pro-
perties of the isovector giant quadrupole reson-
ance (GQR) which lies higher in energy than the
GDR, at least for heavy nuclei. In particular,
the authors of Refs. 7, 8, and 42 predict that (a)
the energy of the GQR lies at approximately
126A '~' MeV (with certain assumptions), or better
(with fewer assumptions), that the energies of the
GQR and GDR are in the ratio 3.34/2. 08= 1.60; and

(b) that the strength of the GQR is given by the
hydrodynamic sum rule"" for the second moment
of the integrated quadrupole absorption cross
section

16
150

20 24
I

28 . 32

12O-

90

188os

60

30

150

more detailed data, with much better statistics
and consequently inordinately long experimental
runs, would be necessary to paint such a de-
finitive picture.

Nevertheless, the present data do give several
important quantitative indications of the behavior
of the GQR. The fifth column of Table XII lists
the proportionality constant which results from
the attempt to describe the resonance energy as
being proportional to A '~' (a, procedure very
much in vogue recently); the sixth column gives

e2 Qgo, (GQR) =—
~ A, (1+ o'), (12) 120 ( )

189OS

where R'=R, 'A' ', M is the nucleon mass, and n

is the amount of exhange-force enhancement of
the dipole sum.

In order to delineate the structure of the GQR
for the osmium isotopes, the GDR, as represented
by the two-component Lorentz-curve fits to the

data, was subtracted from the measured photon-
absorption cross-section data points [part (a) of

Figs. 2-6]; the differences, above 16 MeV, are
plotted in Fig. 14. ('"Os is not represented in

Fig. 14, since the data for that isotope do not ex-
tend high enough in energy to encompass the GQR. )
'The error bars shown reflect the statistical un-

certainties in the data points alone, since inclusion
of the additional uncertainties introduced by the
subtraction of the fitted curves [which in them-
selves are uncertain (see Table III)] would produce
only a slight effect. A glance at these GDR-sub-
tracted data shows that only the simplest of pro-
cedures for fitting these data is justified. Accord-
ingly, they have been fitted, between 20 and

28 MeV, with single-component Lorentz curves,
shown in Fig. 14, whose characteristic parameters
E„o„and I', are given in Table XII. The uncer-
tainties in these parameters (Table XII) verify
that no more complicated analysis is justified. It
is unfortunate that the present data do not warrant
a more sophisticated treatment, so that the
evolution of the GQR, as manifested by its splitting
into several substructures whose separation in

energy depends upon the nuclear deformation, can
be followed across thi. s nuclear transition region;
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FIG. 14. Cross-section differences above the GDH;
the two-component Lorentz-curve fits to o. (p, n&) shown
in part (a) of Figs. 3—6 were subtracted from the data
points to give these differences, which were in turn
fitted with the single-component Lorentz curves shown
here as solid lines: (a) for Os; (b) for 90s; (c} for

Os; (d) for '~ Os.
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the resonance energy predicted" by the static
theory mentioned above; the seventh column lists
values fo.r S„ the strength of the GQR derived
from the Lorentz fit, and the eighth column in
Table XII gives that strength as a fraction of the
GDR strength S~ obtained in the analogous way.
Finally, the last two columns in 'Table XII list
values for o', (GQR) from the present experiment
(computed as S,/8, ') and from the sum-rule pre-
diction of Eq. (12), taking 8, = 1.26 fm as above
and (1+ n) to be S„ in sum-rule units as gi.ven in
the last column of Table IX.

'Two specific observations can be made from the
information in 'Table XII. First, although the
energy of the GQR (column 2 or 5) increases
monotonically with A (opposite to the trend of the
GDR and the theoretical prediction in column 6),
neither the other Lorentz parameters nor the GQR
strength S, (columns 3, 4, and 7) exhibit any
regular trend. [The GQR strength, if anything,
shows a minimum at ' Os (column 7, 8, and 9).]
Second, once again a clear distinction can be seen
between the situation for ' 'Os and '"Os on the
one hand and for '"Os and '"Os on the other: The
GQR energies for the former pair are lower and
agree better with the static prediction than those
for the latter pair, while the GQR strengths for
the former are larger than the latter and clearly
exceed the sum-. rule prediction (columns 9 and 10).
Over and above these, however, the general ob-
servation can be made that there no longer can be
much doubt that the observed excess cross section
above the GDR, as seen, for example, in Fig. 14,
is almost certainly the GQR as predicted by theory
and as probably seen in several previous experi-
ments'~ ": The overall agreement between theory
and experiment (columns 2 and 6; columns 9 and
10) is just too good.

G. ,Nature of the phase transition

It is clear by now that there is a significant and
qualitative difference between the characteristics

of the photonuclear cross sections for "'Os and
Os on the one hand and for Os and '9 Os on

the other. The evidence for this difference comes
fram a variety of independent features of the cross
sections:

(i) the general appearance of the total cross
sections and the two- component Lorentz-curve
fits to them [part (a) of Figs. 3-6];

(ii) the )f' values for single-component Lorentz-
curve fits to the total cross sections (See. III C and
Fig. 7);

(iii) the' energy of the GDR and the resulting
nuclear symmetry energy (Table IV);

(iv) the distribution of strength in the GDR (R~,
Table V);

(v) the degree of nuclear deformation [q, e, P„
Q„and B(E2), Tables V and VI];

(vi) the size of the second moment of the inte-
grated cross section, and the resulting nuclear
symmetry energy [Table X and part (c) of Figs.
9-12];

(vii) the energy of the GQR (Table XII);
(viii) the strength of the GQR (Fig. 14 and Table

XII).
. The sum total of this evidence strongly suggests

the boundary between "'Os and i9oOs (N = 113 and
114) as the location of a phase transition in the
osmium isotopic series.

Kumar ' has discussed in detail the nature of
nuclear phase transitions and the~r relation to
changes in nuclear shape. He concludes that nuclei
exhibit three kinds of phase transitions: (a)
spherical deformed, for which he gives as an
example the well-documented evidence for the
transition between '"Sm and '"Sm (for the GDR
data, see Ref. 44); (b) superfluid normal, for
which he cites the transition between the high-
spin states I=16 and I=18 of '"Dy; and (e) pro-
late oblate, for which he proposes the boundary
between" Os and '"Os. For this last case, how-
ever, the evidence presented by Kumar is far
from convincing; of nine criteria listed in Ref. 43,

TABLE XII. Characteristics of the giant quadrupole resonance. The fitting interval used for the Lorentz-curve fits
is 20-28 MeV.

Nucleus {MeV) (MeV)
r,

(Me V)
E~A (1.60E~)
(MeV) (Me Vj

&2 vro, r,
(MeVmb)

0 2(expt) 0 2(thy)
(S /S~) (mb MeV i) (mb MeV-1)

'"os
1890,
$900s
)92Ps

22, 8 + 0.2
23.0+0.3

. 23.8+0.3
23.9 + 0.1

76+6
51+5
32+4
65 +4

3.8 +0.6
5.0 ~1.0
4.0 + 0.9
2.8 A 0.4

131
132
137
138

22.7
22.4
22.1
22.1

453 + 107
407 +121
202 + 71
288 + 59

0.12
0.12
0.06
0.08

0.87
0.77
0.36
0.50

0.49
0.45
0.47
0.47

' Relative uncertainties.
Theoretical prediction of Ref. 42 (see text). E~ is the GDR energy from Table IV.
S, is the quadrupole strength defined as +27to.,I'~; Sz is the dipole strength defined as +27' [0 (1)1(1)+0 {2)I'(2}l.
Computed as S~/Z, 2.

Computed from Eq. (12).



1222 8. L. HERMAN, D. D. FAUL, R. A, ALVAREZ, P. MEYER AND D. L. OL SON 19

experimental evidence exists only for two. In
particular, Kumar lists as one of his criteria the
shift of the higher peak in the GDR from E& to E&
(in the terminology of this paper, the shift of A„
from avalue&1 to&1). (Of course, he was notable
to cite experimental data for such a shift. )

'The present experimental data thus sharply
refute any proposed5' ' ' ' prolate-oblate phase
transition for the osmium isotopes. No osmium
isotope studied here is oblate [although the data
for '"Os are somewhat ambiguous (see above)].
Indeed, the values for R„are smaller (see Table
V) for '"Os or ""Os than for "'Os or '"Os. This
indicates an approach to a spherical situation with
increasing mass. But this cannot be the actual
case, as can be seen from the g' values for one-
component Lorentz-curve fits (Sec. III C above
and Fig. 7). The answer might be the y-unstable
case discussed in Sec. I above, advocated most
strongly by the authors of Ref. 6. Such y-unstable
nuclei would appear more spherical than prolate
insofar as is indicated by the overall width of the

GDR, but would not satisfy the condition of rigid
sphericity implied by a single-component Lorentz-
curve shape of the GDR. But if one is to conclude
that this subtle but sudden observed phase traris-
ition is from a statically deformed prolate to a
y-unstable shape, then 'one must account for the,
lack- of detailed agreement, noted above, between
the calculations and the data.
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