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The nuclei 17Hf, 18, 184w were studied with the (x,7y) reaction for neutrons of several reso-
nant energies, High- and low-energy y radiation following resonant capture was observed with
Ge(Li) detectors. Level schemes were constructed from these data in conjunction with previous

information from charged-particle reactions

and decay studies, Some discrepancies among

previous studies were clarified and a large number of spin assignments suggested. From
these and data from the (d, p) reaction an analysis is made of the fractionation and distribu-
tion of the single-particle Nilsson strength in the energy region 1.3-2.3 MeV, It is found
that the Nilsson model breaks down rather suddenly above the vibrational energy: A much
larger than expected number of rotational bands are observed and the (d, p) strength is se-
verely fragmented. This mixing appears to be larger in 18*W than in 1"°Hf and still larger
in 184w, The data for 2+ and 1* states in !3W are compared with recent random-phase-
approximation calculations: Again, much more configuration mixing is observed than is
calculated and significant (d, p) strength occurs lower than predicted in the spectrum.

INTRODUCTION

In its description of the low-excitation-energy
region of heavy deformed nuclei the Nilsson mod-
el® has been remarkably successful.2"® Through
it, an immense body of data from charged-parti-
cle reactions and electromagnetic decay studies
has been interpreted and correlated.

In odd nuclei (for example the 150<A <190 de-
formed region) it has been possible to interpret
most states up to ~1200 keV in terms of simple
one -quasiparticle -proton or -neutron excitations.
The Nilsson model provides simple predictions
for one-nucleon-transfer-reaction cross sections
that are generally in very good agreement with
experimental results. It is often necessary to in-
corporate an analysis of the effects of Coriolis or
A N =2 mixing or occasionally of hexadecapole de -
formations on these cross sections, but numerous
examples exist®"® for which, once done, the abso-
lute values and systematics of stripping- and pick-
ing-reaction cross sections are excellently repro-
duced. Similarly the model establishes many elec-

tromagnetic and B-decay selection rules and esti-
mates of matrix elements that have been found to
be in satisfactory agreement with experiment. In
turn, as with the charged-particle data, these
have allowed the assignment of most low-lying
levels to the excitation of various Nilsson orbitals
and to the rotational bands built upon them.

At about 1 MeV (in the rare-earth region) vibra -
tional excitations can occur and the lowest lying of
these (y and B vibrations) have been reasonably
successfully interpreted both microscopically and
macroscopically.®”** These excitations are ob-
tained theoretically®!! typically as the lowest
roots of secular equations in the random -phase
approximation. Higher roots should also exist but
have seldom been unambiguously identified exper-
imentally.

In fact, at energies above the first vibrational
excitations the entire model appears to break down.
It rapidly becomes difficult or impossible to as-
sign Nilsson orbitals to rotational bands (or even
to locate well-behaved bands) above ~1500 keV .1 1
Generally, only high-spin levels at these energies
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can be successfully understood,*®"!® presumably
due to the relative lack of other high-spin levels
with which to mix.

The model’s failure above the vibrational en-
ergy (or the energy of the lowest three-quasipar-
ticle excitations) has usually been ascribed to
mixing of the simple states with the other excita-
tions energetically permissible. Clearly the pos-
sible excitations are many and mutually interact-
ing. There has therefore been little study of low-
spin states in the 1.3-2.3-MeV region of excita-
tion and only a few detailed theoretical predictions
of the expected distribution of states (and of one-
particle -transfer strength).

Corresponding to this theoretical situation, and
partly responsible for it, is the general lack of
detailed experimental spectroscopic information
on the energy levels above ~1.5 MeV. The present
study was undertaken with these ideas in mind as
an effort to explore representative nuclei at the
heavier end of the A =150-190 deformed region.

Relatively complete (d, p), (d, {), and (°He, a)
data exist on the odd and even W nuclei® > 1% 20
and the Coriolis mixing has been studied exten-
sively.® 15 19=22 The reaction '®*W(n, v)'®*W was
chosen partly because it has convenient neutron
resonances available to our facility.

One of the few prior experimental studies of
higher excitation energies in this region was the
work of Rickey and Sheline' on ""Hf and '8'Hf.
Briefly, they located, using the (d, p) and (d, t) re~
actions, a much larger number of K"=3 and 3~
bands between 1.2 and 1.8 MeV than could be ex-
plained in a simple way. They noted, however,
that although the (d, ¢) and (d, p) spectroscopic
strength was severely fractionated that in both
nuclei 97% of the low-spin strength below 2 MeV
was indeed found.

' We have also chosen, therefore, to investigate
17°Hf to determine independently if this fragmen-
tation is general in the Hf nuclei and in particular
to compare the trends in it between the neighbor-
ing Hf and W nuclei.

The above discussion applies with obvious mod-
ifications to even-even nuclei as well. Here levels
up to typically 1600-1800 keV have been well
understood in terms of elementary two-quasipar -
ticle excitations and the lowest vibrational excita-
tions. The experimental situation is not as com-
plete, though, due to the much larger number of
possible two-quasiparticle excitations of compar-
able energy, combined with the severe charged-
particle-reaction selection rules and similar lim-
itations on final -state population in 8 and y decay
due to the widely varying K quantum numbers
present.

A fortunate situation occurs in the Hf, W region

in which the dominant spectroscopic strength ex-
pected for the (d, p) reaction is concentrated in a
very few orbitals of low-K value (both in even and
odd final nuclei) so that both the (, ¥) and (d, p)
reactions may populate the same levels. Specifi-
cally, above ~1700 keV in *W, the (d, p) reaction
on ®W, with its 3 3 —=[510] ground state, is ex-
pected to populate strongly only the 3 —=[510] +3
-[501], K=0,1; 3-[510]+% -[501],K=1,2; and
3 —[510]+3 -[503], K =2, 3 even-parity orbitals.
Similarly the (z,v) reaction on **W is expected to
populate strongly J"=0, 1, 2" levels in '*W. Ex-
perimentally both here and in the odd final nuclei
it is easy to investigate the (d, p) reaction to these
higher-lying states, since the @ dependence of
the reaction mechanism is such as to favor lower -
Q values.% 2°

An additional reason for choosing specifically
the '®W(n, y)'®W reaction is that a large body of
new experimental information is presently avail-
able on '**W providing an opportunity for a rather-
detailed experimental study. In particular, in
addition to the (d, p) *° reaction, the (d,d’),?

(p, 1),%* and (¢, p)*° reactions as well as several
decay studies®®*"28 leading to ®W have recently
been performed. Use of the natural-parity selec-
tion rules for (d, d’) and (¢, p) in combination with
the spin selection rules for (x, v) and the present
decay information has yielded a number of spin
assignments up to 2.3 MeV.

Finally, some preliminary theoretical calcula-
tions of higher roots for 2* and 1* states in '*#*W
are now available®® 3! and can be compared with
the observed distributions of the energies and
stripping strengths.

PREVIOUS STUDIES

There have been a number of previous investiga -
tions of the nuclei studied here. We shall make
extensive use below of the (d, p) data into all three
nuclei.® ?* 32 These data provide cross sections
for many states up to above 2 MeV and some limi-
tations on possible spins from the angular distri-
butions. They also provide detailed one- and two-
quasiparticle assignments for low-lying states and
microscopic information on y-vibrational states.
However, extracted transferred [ values are ac-
curate only to +1 unit and, therefore, spin assign-
ments to states not specifically assignable to ro-
tational bands were not made. Part of the general
approach in our discussion will be to use the re-
sults of the present study to establish or limit the
spins of a number of levels. In many cases states
at these energies are also seen in (d, p) allowing
an investigation of the distribution of spectro-
scopic strength to states of given spin and parity.



Extensive decay data also are available on all
three nuclei.?¢=2% 3% 3¢ Generally, they deal with
the lower-energy regions of excitation and pro-
vide spin-parity assignments and extremely ac-
curate level energies. We have made use of this
information in interpreting the decay radiation
from the higher-lying levels.

Finally, the (%, y) reaction leading to the three
nuclei studied has been investigated previously.3®3°
For % 18\ there is unfortunately considerable
discrepancy between these studies,®> ® both in
terms of the level energies deduced [thus inhibiting
identification of corresponding levels populated in
(d, p) and (n,v)] and even in the determination of
which levels are populated by primary radiation
from the capture state. In fact these discrepancies
were partially the initial impetus for this work.
Furthermore, only high-energy primary transi-
tions were reported in those studies, and therefore
few firm spin assignments were made.

In ™Hf a previous study®’ with thermal neutrons
established several levels populated in primary
capture. Again, no low-energy y radiation was
observed or firm spin assignments made.

As the present article was being written a de -
tailed study®® of thermal neutron capture leading
to Y"Hf appeared. Many of the same levels ob-
served here were reported in that study although
a number of levels were seen in each work that
we t observed in the other due to the statisti-
cal nature O decay following thermal or reso-
nant capture. The thermal-capture study also re-
ported a number of the stronger deexcitation tran-
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sitions, many of which are also observed here.
However, the resolution in that study was such
that the consistency demanded for the energy sums
for transitions into or out of a given state was
about +2 keV. With ~150-200 transition energies
possible between 500 and 1500 keV, the number of
incorrect but energetically consistent deexcitation
transitions is rather large. In the present study
firm transitions were placed only if their energies
were consistent with those of other relevant tran-
sitions to within £0.4 keV. This eliminated a cou-
ple of deexcitation transitions assigned in Ref. 38,
and permitted the assignment of many others.
Secondly, the much larger Ge(Li) detectors used
here and the much larger resonant-capture cross
section permitted the observation of a number of
weaker decay transitions (frequently transitions
from states populated by primary-capture radia-
tion to known §  levels) that greatly facilitated spin
assignments.

A part of this work has been reported previous-
1y.40

EXPERIMENTAL PROCEDURES
AND RESULTS

The neutron beam was obtained from the High
Flux Beam Reactor at Brookhaven National Lab-
oratory with the use of a neutron monochromator
to select appropriate neutron energies. This
technique makes use of Bragg diffraction from a
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FIG. 2. Spectrum of the low-energy vy radiation from
the reaction '®W(n ,v)!8W at E,=4.1 eV. Some transi-
tion energies (keV) are given for orientation. The nota-
tion C denotes a contaminant peak.
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large Be crystal and has been described in detail.*!
Neutron energies up to ~26 eV are available in
first-order diffraction. The neutron beam profile
is approximately a square 1 in. on a side. The
targets were mounted at 45° with respect to both
the beam and the Ge(Li) detector which was itself
at 90° to the beam.

Two Ge(Li) detectors were used, 40 and 15 cm?
in volume. The former was used primarily for
the high-energy primary transitions but gave
coarse dispersion results for lower-energy decay
transitions as well. The ratios of full energy to
first- and second-escape -peak intensities in the
4-T7-MeV region are such that all three peaks are
expected. This provides a useful means for dis-
tinguishing weak primary transitions from fluc-
tuations in the background, as well as alternate
checks on the primary y-ray energies and a rela-
tive energy calibration within this region. The
peaks recorded with this detector typically have
6 -8 keV resolution full width at half maximum at
6 MeV. The data were analyzed and stored in a
16 384-word memory TMC analyzer in groups of
4096 channels with a dispersion of ~1.5 keV /chan-
nel. The spectra were searched for peaks using
the nonlinear least-squares computer code PAL-
MUD*? which calculates peak channel numbers,
peak areas and widths, and the errors on these
quantities. Absolute energies were obtained to
within +3 keV. Relative (excitation) energies ob-
tained from the primary radiation are accurate to
+1 keV, except for the weakest transitions (but see
below also).

The 15-cm® detector was used for high-resolu-
tion analysis of the low-energy radiation. The
resolution was ~1.0 keV at 122 keV and the disper-
sion was ~0.5 keV/channel. The y-ray energies
were determined by performing pulser calibra-
tions along with the use of standard sources and

normalization to one or two well-known transitions.

It is felt that the energies determined are accurate
to +0.2 keV, except where indicated otherwise
(e.g., for doublets). It was possible to compare
our energies of transitions between levels below
1500 keV in '®*W and '"Hf with a number of ac-
curately known energies from previous decay
studies. In all cases for E, > 300 keV the agree-
ment was within 0.2 keV and usually within £0.1
keV.

Data were recorded at the following resonant
energies: 4.1 and 21.2 eV on an isotopically en-
riched '®*W target (94.3%), the 7.6-eV resonance
in W on a natural W target, and the 7.78-eV
resonance in '"®Hf on a natural Hf target. The
quality of the 21.2-eV data is only sufficient to
permit observation of the three strongest primary
transitions. Off-resonance runs were recorded at

energies of 7.0 and 8.0 eV to identify a number of
contaminant lines from support materials sur-
rounding the targets and from impurities in the
targets themselves. Most runs were repeated to
check the reproducibility of the data. The neutron
flux varies with neutron energy so that the dura-
tion of the runs ranged from ~2 days (4.1 eV) to
~9 days (21.2 eV).

Typical high- and low-energy spectra from res-
onance capture are shown in Figs. 1 and 2. Gen-
erally only the full -energy peaks are labeled.
When a peak contains both a full-energy peak and
an escape peak from some other transition, an
indication of the latter is made (see captions).

TABLE I. Primary-capture y rays from the reaction
1835 (n, v)18W, E,=17.6 eV.

E. b S(n) _E-yc Eadopted d

No.? (keV) (keV) (keV) I(rel) ¢ Comments
0 7413.2 0 0 1000
1 7302.2 111.0 111.2 ~67.4
2 6510.5 902.,7 903.2 98.8
3 6411.7 1001.5 1002.3 689 f
4 6292.1 1121.1 1121.3 362
5 6026.7 1386.5 1386.2 208
6 5982.0 1431.2 1430.9 20.5
7 5840.6 1572.6+3 1570.6 19.6
8 5796,9 1616.3+3 1615.2+1 19.2
9 5785.1 1628.1 1627.6 ~100 f
10 5638.0 1775.2 1775.5 157
11 5603.7 1809.5+1.5 1809.5+1.5 38.4
12 5566,6 1846.6+1,51846.,6+1,5 13,3 g
13 5350,7 2062.5 2062.5+0,5 139
14 5286.6 2126.6 2126.2 207
15 5245.,7 2167.5 2167.9 82.8
16 5190.5 2222.7 2222.,7 ~36 f
17 5166.2 2247.0 2246+1,0 ~145
18 5084,9 2328.3+1,2 2328,7+1.2 ~22.6 g

2 These numbers correspond to the peak numbering in
Fig. 1.

b primary full-energy transition energies, corrected
for recoil. Absolute errors are +3 keV, relative errors
are +1 keV except for some of the weakest peaks, See
Ref, c.

¢ Excitation energies obtained from the primary tran-
sition energies. Errors are +1.0 keV unless otherwise
indicated. A larger error implies a corresponding er-
ror on the primary transition energy.

d Adopted excitation energies. These are generally
based on the deexcitation transition energies. The er-
rors are +0.2 keV unless otherwise indicated. Where no
decay transitions were firmly established the error and
energy are the same as for the previous column,

¢ Relative intensities, normalized to 1000 for the high-
est-energy transition, Errors on entries with I>20 are
+15%, with I =20 or preceded by a ~ are +30%.

f Primary energies and intensities based on first- or
second-escape peak.

2 Level not definitely established.



7 STUDY OF HIGH-LYING STATES IN !7°Hf AND 183 18wy, | 423

The results of these studies are presented in
Tables I-VI. The energies are corrected for re-
coil and the intensities for absorption and relative
detector efficiency. Tables I-III summarize the
data on primary transitions, while Tables IV-VI
give those for low-energy deexcitation transitions.
The latter tables also list the initial-and final-
state energies for those transitions placed in the
level schemes of Figs. 3-5.

In comparing the apparent energies for various
levels deduced from the low-energy transitions
with those obtained from the high-energy primary-
capture radiation it was found that in most cases
the agreement was within +0.5 keV. For some of
the weaker primary transitions or for cases where
partially resolved doublets were involved it was
sometimes necessary to adjust the apparent level
energy from the high-energy primary radiation by
amounts up to 2.0 keV. For all levels for which
firm deexcitation transitions were observed the
final level energies were obtained from the latter.
Possible errors are typically +0.2 keV; they are
given in the tables specifically. For those states
for which no secondary transitions were observed
larger errors are demanded, typically +1.5 keV.
In any case the excitation energies given in the
tables and in Figs. 3-5 are the best values.

CONSTRUCTION OF THE LEVEL SCHEMES

From the data level schemes for the three nu-
clei were constructed. The results are summa-
rized in Figs. 3-5. Also included (see discussion
below) in these figures are some results of (d, p),
(d,d"), (4 p), and (d, p)*® studies where they are
of specific interest for the discussion to follow.
In the low-energy region a number of levels not
populated by primary transitions are included as
they are the termini of observed secondary tran-
sitions or are known levels for which new informa-
tion has been obtained. Above 1400 keV certain
levels not observed in the present study are in-
cluded (and so identified) to facilitate the later
discussion. Otherwise, only those levels popu-
lated by primary transitions are incorporated in
the level schemes. Possible new levels at ener-
gies consistent with the low-energy data but whose
existence is not directly supported by primary
radiation are not included.

The secondary transitions were incorporated in
the level scheme on the basis of accurate energy
sums. As indicated, firm deexcitation transitions
of accurately known energy are consistent in en=
ergy with the levels involved to +0.4 keV at most
(typically +0.1-0.2 keV). The dashed lines in
Figs. 3-5 represent transitions where either the
energy fit differs by slightly more or where the

same transition energy is used twice and the cor-
responding peak in the spectrum does not appear
broad.

The assignment of spins has been based on the
following considerations. It is assumed that the
levels populated most strongly (y/E,®) in primary
capture radiation are fed by E1 radiation from the
capture state. More specifically, if it is assumed
that, on the average M1 transitions are a factor of
4 less intense than E1 transit.ons in this mass re-
gion and that the average observed primary tran-

TABLE II. Primary-capture vy rays from the reaction
BW(n, v)18W, E, =4.1eV.

E® s(")_E-chadoptedd I

No. 2 (ke(/') keV) (keV) (rel) © Comments

0 6192.8 0 0 1000
1 6146,.4 46.4 46,5 361
2 5984.4 208.4 208.8 42.6 f
3 5258.8 934.0 934.6 63.7
4 5166,0 1026.8 1026.2 1888 f
5 4755,1 1437.7+1.3 1437.2 96.0
6 4647.56 1545.3+4 1545.3x4 oo g
7 4582,0 1610.8+1.2 1612.0 28.4
8 4562.9 1629.,9 1629.9 87.0
9 4519.6 1673.2 1673.4 115

10 4381.6 1811.2 1811.2 37.3

11 4369.1 1823.7 1823.8 89.8

12 4325,4 1867.4+1.5 1866.4+0.7 28.6

13 4307.4 1885.4 1885.4 252

14 4247.5 1945.3 1944.8 314

15 4209.,9 1982,9+1.2 1983.6 18.7

16 4094.3 2098.5 2099.0 106

17 4066.,1 2126.7 2126.6 68.2

18 4027.6 2165.2 2165.5 60.6

2 State number,

b Primary full-energy transition energies, corrected
for recoil, Absolute errors are +3 keV, relative errors
are +1 keV except for some of the weakest peaks. See
Ref. c,

¢ Excitation energies obtained from the primary transi-
tion energies. Errors are 1,0 keV unless otherwise
indicated. A larger error implies a corresponding er-
ror on the primary transition energy.

d Adopted excitation energies. These are generally
based on the deexcitation transition energies. The errors
are +0.2 keV unless otherwise indicated. Where no de-
cay transitions were firmly established the error and
energy are the same as for the previous column,

€ Relative intensities, normalized to 1000 for the
highest-energy transition, Errors on entries with I>20
are +15%, with I <20 or preceded by a ~ are +30%.

f Primary energies and intensities based on first- or
second-escape peak.

8 Data for this state obtained from the 21,2-eV reso-
nance. The primary transition energy has a relative
uncertainty of +4 keV. The relative intensity is not in-
dicated since it pertains to a different resonance, At
21.2 eV this state is populated with 71% the ground-state
intensity.
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sition strength is roughly the average E1 transi-
tion strength, then a primary transition of inten-
sity greater than three -fourths the average has
only a few percent probability of being M 1. For
transitions of this or greater intensity, E1 char-
acter is therefore assumed. In practice this cor-
responds to roughly the most intense 30% of the
primary transitions. Transitions of slightly lower

TABLE III. Primary-capture y rays from the reac-
tion !"®Hf(n, y)!"°Hf at E, =7.8 eV,

E,®  S@)-E,° Egepea® I

No.2 (keV) (keV) (keV) (rel) ¢ Comments
0 5726.1 374.8 374.8 1000
1 5680.6 420.3 420,7 234
2 5421.8 679.1 679.3 208
3  4804.5 1296.4 1296.3 30 g
4  4667.8+1,51433.1 1432.7 131
5 4529.,0 1571.9 1572.2 123
6 4434,1+3 1667+3.0 1667=x3 ~99 h
7 4394.8 1706.1 1706.0 304 f
8 4373.9 1727.0 1725.7 736
9  4346.1 1754.8 1755.5 785 i
10 4337.3 1763.6 1762.7 181 i
11 4317.6 1783.3 1783.0 84
12 4279.7 1821.2 1821.4 33
13 4254,2+1.5 1846.7 1846.6 115
14  4187.3 1913.6 1913.3 60 j
15 4170.9 1930.0 1930.0+1.0 61
16  4058.1 2042.8 2042.8+1.0 ~68 i
17 4050.6 2050.3 2050.3+1,0 ~68 i
18  4018.0 2082.9+2,0 2081.5 258
19  4008.6 2092.3 2093.3 140
20 3958.6 2142.3 2142.3+1.0 113
21 3932.4 2168.5 2168.5+1.0 98
22 3918.1 2182.8 2182,8+1,0 112

2 State number.

b primary full-energy transition energies, corrected
for recoil, Absolute errors are +3 keV, relative errors
are +1-keV except for some of the weakest peaks. See
Ref, c.

¢ Excitation energies obtained from the primary tran-
sition energies. Errors are +1.0 keV unless otherwise
indicated. A larger error implies a corresponding er-
ror on the primary transition energy.

d Adopted excitation energies. These are generally
based on the deexcitation transition energies. The er-
rors are 0.2 keV unless otherwise indicated. Where no
decay transitions were firmly establsihed the error and
energy are the same as for the previous column,

€ Relative intensities, normalized to 1000 for the high-
est-energy transition, Errors on entries with I >20 are
+15%, with I =20 or preceded by a ~ are +30%.

f Primary energies and intensities based on first- or
second-escape peak.

g€ Level not definitely established.

h 1evel exists, population by primary radiation in
(705» ¥) Ot definitely established.

I partially resolved doublet,

J Broad peak, may be doublet.

|3

intensity (but above half the average) are likely
E1 transitions but M1 is not excluded. Levels
populated more weakly may well be fed by M1
transitions and the weakest primary transitions
may be of E2 multipolarity. In interpreting the
deexcitation transitions it is again assumed that
the strongest are of M1 or E1 nature in the odd
final nuclei and of E2 or lower multipolarity in
184W.

In '®W additional criteria were adopted. The
target has J"=3 and the resonance is 1~ so that
strong primary transitions populate 0*, 1*, or 2*
levels. An observed ground-state transition rules
out a 0" assignment. Furthermore, if a state is
observed in (Z, p) or (d, d’) it is highly suggestive
of natural parity: Combined, for example with
strong primary population and a ground-state
transition, this would yield a 2* assignment.

In each nucleus ~60% of the observed deexcita-
tion transitions comprising about 90% of the total
y-ray intensity, is placed in the level schemes.
Specific comments on some of the levels are in
order.

184
w

Levels at 1002.3 and 1005.9 keV. It has been
known for some time?* 2® % that two levels existed
near 1 MeV with spins of 0* and 3*. The present
low-energy data confirm the evidence of Refs. 26
and 44 for the decay routes and provide an accu-~
rate energy for the 1002.3-keV level.

1430.9 keV. This level deexcites to the first
two members of the ground-state band. It is
weakly populated by a primary transition. A level
is also observed in (d, d’) at 1432 keV 23 with mod -
erate intensity thereby arguing against a 1* as-
signment. The ground-state y-ray transition
eliminates 0% spin-parity. The Alaga rules,*
which might be expected to hold this low in the
spectrum, are also consistent with K=2. A re-
cent study?®® of the '®Re decay indicates that the
level may be very weakly populated. Combined
with its lack of population in (d, p) %° or (¢, p)*® this
is suggestive of a two-proton state. The popula-
tion by '**Re decay also suggests that one-of the
proton orbitals involved might be the 3 +[402]. If
so then, on model-dependent grounds, a 2* as-
signment is favored over a 17 two-quasiparticle
assignment as there are no low-lying K=3 or Z
odd-parity orbitals available to form a K=1,
7= —state. It is unlikely that this state isa 17
octupole vibration since the main octupole strength
is expected*® to be concentrated in the K =3 state,
and the K =1 excitation should occur about 500 keV
higher. On the other hand, a K=2, 7=+ band may
easily be formed from the 3 +[411] and 3 +[402]
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TABLE IV. Low-energy y rays in 184W following neutron capture on 83w at E, =17.6 eV,

Assignment b Assignment
EY I Initial Final Ey I Initial Final
(keV) (rel) @ (keV) (keV) (keV) (rel) 2 (keV) (keV)
2328.7 3.0 (2328.7 0) ~1045.9 1,7 2167.9 1121.3
~2245 ¢ 1.2 (2246.0 0) ~1033.9 ~0.9 2167.9 1133.7
2168.0 0.5 2167.9 0 1022.3 4.6 1133.7 111.2
2135.4 3.2 2246.0 111.2 1018.5 3.9 1129.9 111.2
2097.6 3.7 *1010.1 34.6 1121.3 111.2
2090.6 1.1 ~1004.5 2.5 2126.2 1121.3
2056.5 5.0 2167.9 111.2 996.0 4.0 2126.2 1129.9
2015.,0 9 6.1 2126.2 111.2 920.8 2.5 (1285.2 364.0)
2004.9 1.7 903.1 100 903.2 0
2000.5 2.4 894.6 62.2 1005.9 111.2
1996.0 6.6 891.1 60.1 1002.3 111.2
1951.7 13.5 2062.5 111.2 882.6 1.9
1945.2 3.8 ~871.7 6.4 1775.5 903.2
1877.4 1.9 810.3 2.1
1858.7 0.6 2222.,7 364.0 803.3 0.8
1849,2°¢ 2.4 792.0 95.3 903.2 111.2
~1698.1 2.6 2062.5 364.0 769.3 13.2 ¢ 1133.7 364.0
1668.9 3.2 1775.5 1005.9
1624.5 1.3 763.1 5.8
~1570.6 ~1.8 1570.6 0 757.4 23.1 1121.3 364.0
1557.6 ~1,5 743.2 3.3 2167.9 1424.6
1545.9 1.6 724 .3 15.4 1627.6 903.2
1503.7 1.7 1615.2 111.2 ~710,5°¢ 7.4 1615.2 903.2
1501.3 1.7 678.1 3.1
1431.0 8.1 1430.9 0 646.6 3.1
1421 4 1.4 641.8 7 1005.9 364.0
1411.9 7.1 1775.5 364.0 635.8 1.2
1386.2 14,7 1386.2 0 551.,3 1.2
1376.4 1.1 483.0 2.5 1386.2 903.2
1368.0 2,0 479.4 5.7
1319.5 9.3 1430.9 111.2 418.8 5.8 1424.6 1005.9
(2222,7 903.2) ~384,5¢ ~1.4 748.2 364.0
1313.5 5.1 1424.6 111.2 383.3°¢ ~5.,5
~1305.5 =3.1 339.6 3.6f
~1302.9 1.4 318.3 17.4 1221.1 903.2
295.3 8.7 (1424.6 1129.9)
1274.8 17.7 1386.2 111.2 273.3 1.3
~1264.7}c 1.0 2167.9 903.2 252,8 85.4 364.0 111.2
~1263,2 : 1627.6 364.0 226.8 71.5 1129.9 903.2
1121.1 14,2 1121.3 0 215.6 9.5 1221,1 1005.9
1109.8 2.6 1221.1 111.2 204.5 1.4
201.8 1.9
1063.1 1.2 145.6 4.7 1570.6 1424.6
1060.7 1.2 1424.6 364.0 111.2 167 111.2 0

2 Relative intensities, normalized to 100 for the 903.1-keV transition. These numbers are accurate to +20% unless
preceded by an ~ in which case the accuracy is +40%.

b Routes enclosed in parentheses are dotted in the level schemes and are considered tentative, either because the en-
ergy fit is not good or the transition energy is used twice.

¢ Peak is either broad or a partially resolved doublet with approximate energies given,

dThe data for this and higher energy peaks were obtained in the same runs as the primary transition data. Consequent-
ly, the energies are accurate only to +0.5 keV and the intensities were obtained with a separate normalization to the
1996-keV transition. They are subject to an additional 20% uncertainty.

€ About half of this intensity belongs to the 1775.5— 1005.9-keV transition after the 1133.7— 364.0-keV intensity is
subtracted using the known branching ratio for the latter state’s deexcitation.

f For this and lower energies intensity uncertainties are +(35-50)%, depending on the transition strength, and ener-
gies are subject to an additional uncertainty of +0.5 keV.
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TABLE V. Low-energy vy rays in 183W following neutron capture on 8w at E, =4.1 eV,

R. F. CASTEN AND W. R. KANE

Assignment P Assignment®
E, I Initial Final Ey I Initial Final
(keV) (rel) 2 (keV) (keV) (keV) (rel) 2 (ke V) (keV)
~2170+8°¢ ~0.9 (2165.5 0) 1503.8 5.8
2138.1 ~4,5 1485.8 4.0
2135.3 ~2,7 1470.6 3.4
2126,5¢ ~2.7 2126.6 0 1454,8 ¢ ~3.0 1866.4 412.1
2119.2 4.1 2165.5 46.5 14317.5 9.7 1437.2 0
2099.1 3.0 2099.0 0 1423.8 7.2
2092.9 1.9 1416.6 ~7.0
2080.8 5.8 (2126.6 46.,5) 1411 .4 ~7.0 1823.8 412.1
2071.2 2.2 1406 .4 1.3
2062.6 ~3.3 1390.8 ~1.3 14317.2 46.5
2035.4 1.9 ~1371.9}° ~1,1
2029.2 1.7 ~1370.,0 ~1.4 1823.8 453,1
2023.5 3.4 1347.3 14
1984.0 4.3 1983.6 0 1343.4 ~1.3
1945.6 2.9 (1944.8 0) 1337.9°¢ 14 (1437.2 99.1)
1907.2 3.3 (1629.9 291.7)
1898.3 ¢ 5.1 1944.8 46.5 1294.2 ~3.0
1889.9 3.4 2099.0 208.8 1288.9 4.5
1885.5 7.6 1885.4 0 1262.6 2.2
18534 ¢ 2.6 1245.0 ~1.9
1848.6 5.2 1236.0 1.9
1838.7 12.4 1885.4 46.5 1228.2 1.8 1437.2 208.8
1819.6 ~1.9 1866.4 46.5 1209.9 3.1
1796.6 1.9 1192.3 ~6.9 2126.6 934.6
1790.8 1.9 1182.6 2.5
1764.7 3.5 1811.2 46.5 1164.9) € ~4.,5 2099.0 934.6
1753.2 ¢ ~1.8 2165.5 412.1 1163.4} ~3.7 2165.5 1002
1735.9 21.0 1944.8 208.8 1149.8 2.4
1725.9 2.2 1128.3 2.8
1713.5 2.0 1100.4 11.6 2126.6 1026.2
1691.6 4.5 1983.6 291.7 1026.4 100 1026.2 0
1684.3 2.0 1017.8 5.2
1676.4 1.8 1885.4 208.8 979.9 60.1 1026.2 46,5
1673.1 2.5 (2126.6 453.1) 960.0 3.0
(16734 0) 953.6 1.2 1052.9 99.1
1661.,1 3.6 941.2 ~6.4
1653.0 ~6.4 1944.8 291.7 927.2 15.2 1026.2 99.1
1633.5 8.7 888.1 27,1 934.6 46.5
1627.2 ¢ 22.0 1673.4 46.5 866.4 33
1615.,3 14.5 1823.8 208.8 857.6 4.9 904.5 46.5
1612.0 ~5.3 1612.0 0 846.1 9.9 1052.9 207.0
1602.5 4.0 1811.2 208.8 834.5 1.2
1595.1 4.5 825.9 ~0.6
1586.7 3.8 821.8 ~1.1 1823.8 1002
1580.0 3.1 817.4 12.3 1026,2 208.8
1569.9 3.5 804.4 1.3
1565.9 ~2.6 1612.0 46.5 776.3 4,0
1556.5 ~2.9 734.4 0.6 1026.2 291.7
1528.7 ~2.9 713.3 0.9
1523.2 4.8 707.6 1.9
1510.2 7.5 695.4°¢ 28.8 904.5 208.8
1629.9 934.6
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TABLE V (Continued)
Assignment P Assignment ®
EY I Initial Final E, I Initial Final
(keV) (rel) 2 (keV) (keV) (keV) (rel) 2 (keV) (keV)
652.3 11.9 313.3 35.4 412,1 99.1
~640.2 ¢ 0.9 1052.9 412.1 291.8 30.6 291.7 0
633.9 2.3 245.6 21.3 453,1 208.8
“611.8 4.7 453.1 207.0
559.7 0.9 291.,7 46.5
464.6 0.4 209.4° 24.6 208.8 0
451.9 0.5 904.5 453.1 205.1 ~17.6 412.1 207.0
419.8 0.8 (412.1 208.8)
406 .4 0.8 453.1 46.5 192.9 ~3.3 2917 99.1
400.7 0.9 162.3 202 208.8 46.5
371.4 0.4 143.0 6.4 (453.1 308.9)
365.5 2.9 412.1 46.5 107.8 99.4 207.0 99.1
353.9 5.1 453.1 99.1 (208.8 99.1)
326.4 0.7 98.8 99.6 99.1 0
320.9 124

3 Relative intensities, normalized to 100 for the 1026.4-keV transition. These numbers are accurate to +20% unless

preceded by an ~ in which case the accuracy is +40%.

b Routes enclosed in parentheses are dotted in the level schemes and are considered tentative, either because the en-

ergy fit is not good or the transition energy is used twice.

¢ Peak is either broad or a partially resolved doublet with approximate energies given.
dFor this and lower energies intensity uncertainties are +(35—50)%, depending on the transition strength, and energies

are subject to an additional uncertainty of +0.5 keV,

€ For peaks of this and lower energies some weak known transitions are not listed (see Ref, 34).

orbitals (with the complementary K =3 state lying
somewhat higher). These speculative parity argu-
ments are supported by the work of Ref. 39 in
which this level is reported to be strongly popu-
lated in the 17 66-eV resonance. Thus a spin-
parity of 2* is favored over 1-.

1570.6 keV. Decay branches to both the ground
state and a 3" level eliminate a 3~ assignment
and determine the even-parity choice for the
lower -spin alternatives as well.

1615.2 keV. This state is also seen by Samour
et al.®® in the 101-eV 0~ resonance indicating a 1*
assignment. This is consistent with the present
results. However it should be cautioned that the
states at 2167.9 and 2222.7 keV are also assigned
1% spins and parities in Ref. 36 on the basis of
similar arguments. Their decay branches, as
observed here, and other data, are inconsistent
with these assignments and indicate 2* assign-
ments instead.

1627.6, 1775.5, and 2062.5 keV. As these levels
are moderately or strongly populated by primary-
capture radiation and are observed to decay to a
4* state we suggest J " values of 2. The first
is also observed in (f, p) with an angular distribu-
tion not consistent with a 0* assignment,?® thereby
confirming the 2* choice. The 1775.5-keV level
was observed by Spencer and Faler®® but not by
Samour et al.®® in the primary-capture radiation.

It corresponds to peak number 10 in Fig. 1. The
decay intensities of the 1775.5-keV level are some-
what puzzling. The Alaga rules would imply that
the strongbranch tothe 4* level at 364.0 keV indi-
cates K#2, while the decay, if E2, tothe 3* member
of the ¥ band suggests that K#1. Itis, of course,
possible that one of these deexcitation routes is
not correct, but it is also not surprising that the
Alaga ratios do not work since there is indepen-
dent evidence from the (d, p) reaction (see below
and Ref. 20) that the state is highly mixed and
probably represents only a fragment of a higher-
lying two-quasiparticle excitation.

1809.5 and 1846.6 keV. These are both popu-
lated very weakly in the present study. The for-
mer is observed weakly by Samour ef al.%® in the
4.1-eV resonance but apparently not in any other.
They do not observe the 1846.6-keV state in any
resonance. This generally weak population for
both levels may suggest negative parity or per-
haps 3™ spin and parity, especially for the 1846.6-
keV state. The 1809.5-keV level is probably the
same as one observed at ~1810 keV in (¢, p) and
therefore natural parity is favored.

2126.2 keV. This state is very strongly fed by
primary radiation, and a state at about this ener-
gy is observed in (d,d’).?® The deexcitation in-
cludes branches to two 2* levels and most strong-
ly to a 2~ state at 1129.9 keV. Consistent J" val-
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TABLE VI. Low-energy y rays in !™Hf following neutron capture in Hf at E, =7.8 eV,

R. F. CASTEN AND W. R. KANE

Assignment ® Assignment
Ey I Initial Final Ey I Initial Final
(keV) (rel) 2 (keV) (keV) (keV) (rel) 2 (keV) (keV)
1973.3 ~5.9 1082.4° 8.8 1783.0 700.7
1933.6 6.8 (1296.3 214.1)
~1892.0°¢ 5.8 1078.1 15 (2081.5 1004.0)
~1890.6 € 5.8 1061.9 20 1762.7 700.7
1862.8 4.8 1054.6 61 1755.,5 700.7
~1839.4+4¢ ~1.7 1046.3 9.0 1725.7 679.3
1035.4 22 1755.5 720.2
~1709.4°¢ 2.8 1025.2 ¢ ~3.0 17257 700.7
~1707.0 ¢ 3.8 (2182.8 476.1) 1017.2 11
1672.5 14 2093.3 420.7 1012.7 12 (1432.7 420,7)
1660.5 4.1 2081.5 420.7 1004.0 97 1004.0 0
1635.0 5.5 997.8 ~T7.4
1605.0 ~5.4 2081.5 476.1 985.7 9.4 1706.0 720.2
1602.8 ~5.4 975.7°¢ 7.3 (1846.6 871.6)
1548.4 3.3 1762.7 214.1 956.4 ¢ 19 (1572.2 615.2).
1502 .4 5.1 1432.7 476.1
1463.7 ~11 922.5 ~3.5
1446.6 12 1821.4 374.8 918.1 ~11 1706.0 788
1388.0 15 1762.7 374.8 ~914.,9 ~5.4 1432.7 518.2
1381.1}c ~11 2081.5 700.7 894.2°¢ 4.6
1379.7 ~8.3 (1755.5 374.8) 873.7 5.8
1351.4 12 (1725.7 374.8) 870.3 ~15
1342.1 13 1762.7 420.7 868.0 ~14
~1334.7}° ~14 1755.5 420.7 859.0 14
~1331.8 ~14 (1913.3 581.9) 852.3 8.7 1572.2 720.2
(1706.0 374.8) 848.3 6.5
1305.3 3.8 (1725.7 420.7) ~818.5¢ ~5.5 1432.7 614.0
(2093.3 788) ~8174°¢ ~4.7 1432.7 615.2
1293.8 184 2081.5 788 811.1 19
1291.3 ~10 ~805.8 ~4.6
1285.9¢ ~10 (1706.0 420.7) 779.1 5.7 1783.0 1004.0
1279.5 11 1755.5 476.1 765.1 19
1266.5 10 761.5 11
1245.1 5.9 (1762.7 518.2) 729.8 43
1237.6 8.4 1755.5 518.2 712.9 5.4 14327 720.2
~1231.6¢ ~2.2 1846.6 615.2 655.,7 23
~1229.4°¢ ~2.7 653.4 21
1207.0 16 18214 614.0 635.1 14
1197.6 ~13 1572.2 374.8 616.6 2.0 1296.3 679.3
1192.9 7.5 1913.3 720.2 612.8 1.2
1187.8 13 1706.0 518.2 596.0 3.0 1296.3 700.7
1183.6 13 589.3 13
1175.2 16 582.5 2.5
1167.2 14 1846.6 679.3 ~573.5¢ ~3.1 788 214.1
1151.6 8.9 1572.2 420.7 ~571,7¢ ~19
1141.3 25 1755.5 614.0 548.6 8.0
(1821.4 679.3) 528.6 13
1121.0 20 1821.4 700.7 518.5 12
1117.5 5.4 ~508.3 97 (720.2 214.1)
1111.7 20 1725.7 614.0 485.9 ¢ ~15
1103.6 ~3.3 1783.0 679.3 483.2°¢ ~10
1099.6 ~3.3 478.0 2.6
1095.9 ~3.3 1572.2 476.1 470.8°¢ 10
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TABLE VI (Continued)

Assignment Assignment
E, I Initial Final E, I Initial Final
(keV) (rel) 2 (keV) (keV) (keV) (rel) 2 (keV) (keV)
465.4°¢ 8.7 311.9 5.7
456.1 4.3 304.0 &f 549 518.2 214.1
429.6 6.2 299.7 44 720.2 420.7
413.1 5.6 279.1 21 615.2 336.5
409.8 2.5 269.9 20 788 518.2
402.5 7.2 258.8 96 679.3 420.,7
395.1 5.0 244 4 13 720.2 476.1
386.0 4.0 239.2 43 614.0 374.8
372.6 4.8 234.6 5.4
352,9 2.8 232.3 8.8
3454 10 720.2 374.8 224.7 4.6 700.7 476.1
338.0¢ 11 214.1 1000 214.1 0
332.0 50 202.3 140 720.2 518.2
325.6 42 193.3 239 614.0 420.7
318.9 3.6 182.7 12 (518.2 336.5)
314.8 4.1 171.3 22 (788 614.0)
161.1 268 581.9 420.7

2 Relative intensities, normalized to 1000 for 214,1-keV transition, These numbers are accurate to +20% unless pre-

ceded by an ~ in which case the accuracy is +40%.

b Routes enclosed in parentheses are dotted in the level schemes and are considered tentative, either because the en-

ergy fit is not good or the transition energy is used twice.

¢ Peak is either broad or a partially resolved doublet with approximate energies given.
dUp to 30% of this intensity may be due to a y transition from the g decay of 16,
€ For this and lower energies intensity uncertainties are +(35—50)%, depending on the transition strength, and energies

are subject to an additional uncertainty of +0.5 keV.

fFor peaks of this and lower energies some weak known transitions are not listed (see Ref. 33).

ues are 0" and 2* with the latter preferred by the
strength of the branch to the 1129.9-keV state:
J™=0" would demand a low-energy M2 transition
to compete with possible higher-energy E2 tran-
sitions.

2167.9 keV. The state is populated fairly
strongly by primary radiation and decays to a 0*

level (weakly), three 2* states, a 3% and a 4" level.

2222.7 keV. Though only weakly populated by
primary radiation its decay to a 4* and probably
a 2% level indicates a spin-parity of 2*. Its ob-
servation and angular distribution in (¢, p)** con-
firms this assignment.

2246.0 keV. The 17, 2" assignment is based on
evidence of population in the 101-eV, 0~ reso-
nance by Samour ef al.’¢ which indicates a J" of
1* and the suggestion of spin 1 or 2 (latter pre-
ferred) from circular polarization data, in work
of Stecher-Rasmussen ef al.*” The tentative
present observation of ¥ decay to the ground state
also suggests nonzero spin.

A final note may be added on the 1754-keV level
which is not seen in the present studies but which
is included in Fig. 3 for later convenience. The
state is seen in (d, p)2° with an angular dependence
suggestive of high spin for the state (=3). Itis
seen in both (d, d’)2® and (¢, p)® again with an an-

gular dependence appropriate for a 4* level. The
1795 -keV level is likewise included in Fig. 3 as
it also has a large (d, p) cross section.?® It prob-
ably®® has high spin.

183
W

Levels Near 1 MeV. Included in Fig. 4 are sev-
eral levels near 1 MeV not observed in the pri-
mary radiation but which have recently been de -
tected in the (d,f) reaction.® Those at 904.5 and
~1002 keV were identified® as the first two levels
of the band built on the £ —[512] orbital. The
934.6-, 1026.2~, and 1052.9-keV levels were pro-
posed as the 3, 3, and 3~ states of the 3 —[521]
band. The present study has assigned 12 transi-
tions to the decay of 4 of the levels, and provided
more accurate excitation energies than afforded
by the (d, t) reaction. The proposed® spin of the
934.6-keV level is consistent with the observed
transition to the 46.5-keV level. The three to five
transitions placed for the decay of each of the
other levels strongly support the spin assignments
suggested in Ref. 6 and, therefore, the Nilsson
orbital identifications.

The once -K-forbidden transition from the 904.5
state to the 46.5-keV level is about 3 times weaker
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than the dominant decay to the 208.8-keV 33 - [512]
level, and probably proceeds partly through the
Coriolis admixture of the latter state into the for-
mer (mixing amplitude ~-0.15%). The absence of
any observable decay to the 291.7-keV 33 —[512]
level is consistent with the expected branching cal-
culated from the Alaga rules for a pure K=3 band,
again supporting the assignment of Ref. 6.

1437.2 ke V. This leval is populated moderately
by primary radiation corresponding to about 4
times larger probability of the primary transition
being E1 than M1 and so odd parity is preferred
but not established.

~1550 keV. A level at ~1545 keV is populated
very strongly in the 21.2-eV resonance and per-
haps very weakly in the 4.1-eV resonance. The
former indicates a J" of -é-’, $7. The present data
at 21.2 eV are consistent with Samour ef al.’¢ who
obtain, however, a higher energy for this level
and who observe rather different relative intensi-
ties for transitions to the ground and first excited
states. A state at about this energy is populated
strongly with [~1 in the (d, p) reaction. The (71, b)
reaction with polarized deuterons has also re-
cently been performed.*> Between the two choices
allowed by the (r,v) and (d, p) data, the 3~ assign-
ment is clearly preferred.®

A state at 1476 keV was also assigned in Ref. 43
asa 3 level by combining (d, p) data with the fact
of its observation in higher-energy resonances®
in the (n, ¥) reaction. Though not observed at
either resonance in the present work it is included
in Fig. 4 for completeness as it will be discussed
below.

1629.9 keV. This level is labeled (3, 3)"). The
intensity of population by primary radiation is
sufficient to suggest the preference for odd parity.

1673.4 keV. Its population here by primary ra-
diation suggests odd parity. It is also observed
strongly® in several higher-energy resonances,
confirming the odd parity. The assigned deex-
citation transitions do not allow a definite spin
assignment.

1823.8 keV. This level is populated relatively
strongly in both (n, y) and (d, p). It is indicated to
decay to three 1~ states and (most strongly) a 3~
level. This is certainly rather strange, but while
fortuitous energy sums are possible (2 or 3 may
be expected to be indicated in each decay scheme
presented here) it is hardly likely that all three
transitions to 2~ states are fortuitous. The 3
assignment is therefore rather firm.

1866.4 keV, Though populated weakly here its
preferential decay to the - 412.1-keV level (as
well as the 3~ state at 46.5 keV) strongly suggests
a 3~ assignment. Odd parity is supported by the
data of Refs. 36 and 39 in which this level is seen

rather strongly in the 21.2-eV resonance.

1944.8 keV. This level is fed very strongly by
primary radiation and decays to two 3 states, a
2~ level, and possibly to the ground state as well.
The %~ decay branch is not weak. A 3~ assignment
is strongly indicated. The spin of % is consistent
with the tentative suggestion of Stecher-Rasmussen
et al.*” who analyzed the circular polarization of
the primary radiation populating this level.

1983.6 keV. This state decays to a 3 and, more
intensely, toa 3~ level. It is weakly populated in
the present study at the 4.1-eV resonance and J"
values of 3* are suggested. A state at roughly this
energy is populated in the 21.2-eV resonance.3®
If this is the 1983.6-keV level, odd parity is in-
dicated: The tentative nature of the identification
does not allow the other assignment to be pre-
cluded.

2099.0 keV. The 3 preference over 3 is weak
but is suggested by the absence of any observed
decay to 3~ or % states. A similar argument is
applied to the 1885.4-keV level.

2126.6 keV. This level decays by three firm
branches to 3 and 3~ levels and by tentative
routes to another 3 and a level. The latter,
if correct, would indicate a 3~ assignment. The
odd parity is independently suggested by the mod-
erately strong population in the primary radiation
for the 4.1-eV resonance and is confirmed by
strong population in a higher-energy resonance.’®

2165.5 keV. This level decays to two4 states
as well as 3 and ¥ levels. Unfortunately both
peaks containing the transitions to £~ states are
partially resolved doublets, but, nevertheless, the
extracted transition energies agree with those re-
quired for the indicated transitions to within 0.2
keV. It is populated moderately by primary ra-
diation and a 3~ assignment appears indicated.
Samour et al.’® also report strong population of
this level in the 21.2-eV resonance and therefore
the odd parity is supported.

179Hf

1004.0 keV. This level is seen weakly*® in ther -
mal capture and is observed to decay to the £
ground state, suggesting a 3" assignment. This is
indicated in Fig. 5 as the strong 1004.0 decay
transition is observed here as well.

1296.3 keV. This level decays to a z' and a 3
level and quite likely to the 214.1-keV I state.
Though the primary transition populatmg this
level is very weak, its full-energy, first- and
second -escape peaks were all observed, firmly
establishing the level. The spin (assuming the de—
cay to 214.1 keV) is more likely 3 or 3 than 2
as the latter requires an M2 transition to compete
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FIG. 3. Level scheme for 184W. Dashed levels are likely but not definitely established. A solid triangle at the left
indicates the level is observed in the primary-capture radiation. Dashed deexcitation transitions are tentative: For
these, either the energy fit is poor, or the transition energy is used twice. The suggested spin-parity assignments
are those indicated by all available data. Parentheses on J" assignments either indicate a scale of preference [e.g.

2% (17)] or that a parity preference applies identically to more than one equally likely spin choice [e.g. (0-3)'(")]. Braces
are used for simplicity when the same J™ assignment applies to two or more adjacent levels. At the left the bars have
lengths proportional to the (d,p) cross sections (see Ref. 20) at 0., =90° modified (see Ref. 20) by a distorted-

wave Born-approximation correction factor to @ =3.0 MeV. If a state is observed in (¢,p) (see Ref. 25) or (d,d’) (see
Ref. 23) an x is placed opposite it on the right. Some levels and some transitions between low-lying levels are known
and were observed which for simplicity were not included in the figure. All the deexcitation transitions indicated in the
figure were previously unknown.
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with the E1 decays.

1432.7 ke V. This level is populated moderately,
suggesting odd parity but not eliminating even par-
ity. Itdecaystoz , 3, 3, andZ levels, most
strongly to the 3. A J" value of 3 is indicated.

1572.2 keV. Four firm and one tentative branch-
ings are identified. The weak decay to a 3~ level
and the possible decay to the 2~ level at 615.2 keV

R. F. CASTEN AND W. R. KANE 7

indicate a 3 assignment. Alenius et al.3® assign
transitions from this level to states at 374.8,

518.2, and 1004.0 keV only one of which is firmly
indicated in Fig. 5. The latter two y rays were
observed here at essentially identical energies
which, however, are not those proper for the in-
dicated decay routes, differing by 0.6 and 3.5 keV,
respectively, from the required energies. The de-
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FIG. 4. Level scheme for '¥W. See caption to Fig. 3. For a group of levels near 1 MeV the (d,t) rather than (d,p)
cross sections (see Ref. 6) are shown. A dashed bar indicates some uncertainty in the identity of the levels populated
in (,y) and (d,p). As indicated, the spin assignments for the 1476 and 1550 keV are taken essentially from a recent
(Zl,p) study (see Ref. 43) although the latter state is also observed here. The deexcitation transitions shown are those

that were previously unknown.
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cay to the 518.2-keV level may therefore be cor-
rect although the transition fits more naturally on
both energy and intensity grounds as the 1755.5

- 700.7-keV transition. The decay to 1004 keV is
highly doubtful. In any case, the 5 assignment is
indicated. (A K=3 description is consistent with
the branching ratios observed using the Alaga
rules.)

A general comment on the comparison of our re-
sults with Alenius et al.®® is appropriate here. For
the states above 1700 keV seen in common in both
studies all but 1 of the 11 deexcitation transitions

433

(7 firm assignments) placed in Ref. 38 are also
identically located here. However an additional
32 transitions are also placed in the present study.
7 of these were observed by Alenius et al®® and
either not placed or placed differently. The other
transitions are either unresolved or too weak to
be specifically identifiable in that work, but are
consistent with the spectra shown, particularly if
it is recalled that certain states (e.g., 2081.5 keV)
are much more strongly populated on resonance
than in thermal capture.

1667 keV. No decay radiation was observed from
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FIG. 5. Level scheme for !"?Hf. See caption to Fig. 3. The (d,p) cross sections are taken from Ref. 32. All the de-
excitation transitions shown were previously unknown except for those reported in the concurrent study by Alenius et al.

(Ref. 38).
taken from Ref. 38.

A strong 1004-keV y ray was observed in this study:

Its placement as deexcitating the 1004.0-keV level is
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this level. In primary capture its presence is
partially obscured by contaminants and an unam-
biguous proof of its population is not possible.
The intensity quoted in Table III (state No. 6), if
correct, would suggest but not demand negative
parity and would virtually eliminate a %+assign-
ment. The latter is also extremely unlikely in
view of the large (d, p) cross section.%?

1706.0, 1725.7, 1755.5, 1762.7 keV. These
states are all observed strongly in both thermal
and resonant capture suggesting 3 or 5 assign-
ments. At least five deexcitation transitions
(some tentative) are observed from each of these
states and each decays to one or more 3  states.
The latter also decays to a =~ state. The decay
of the 1755.5-keV level is dominated by three
branches to 3~ levels, that of the 1725.7-keV level
has only one (weak) 3 branch, and the 1706.0
keV decays strongly to two 3~ levels. The 1725.7-
keV level is 3 , 3 . The others are likely 3~ lev-
els although 3 cannot be excluded for the 1706.0-
keV state.

1783.0 keV. Noting the moderate feeding by pri-
mary radiation and the weaker decay of the state
to 3~ and £~ levels than to the 3* level, a 3™*) as-
signment is suggested.

1821.4 keV. Weak population by primary radia-
tion coupled with strong decays to both 3 and 3~
levels suggests either %* assignments and elimi-
nates 3°. 3 is not definitely excluded by the decay
routes.

1846.6 keV. This state is populated fairly
strongly by the primary radiation, decays strongly
toa 3~ level and more weakly to one and possibly
two 4 states. The weak branches to the latter
states and the primary population intensity indi-
cate 3~ rather than 3.

1913.3 keV. Fed fairly weakly by primary radia-
tion and decaying to a 3~ (and possibly a £~ level),
this level has likely spin-parity of 3, 2. Assum-
ing the correctness of the <~ decay branch elimi-
nates +* and 3"

2081.5 keV. This state is populated strongly in
the primary radiation spectrum, decays most
strongly to two 3~ states, considerably more
weakly to another 3~ and 3~ level and tentatively
rather strongly to the 3* level at 1004.0 keV. A
J™ assignment of 3 is rather definite.

DISCUSSION
Nilsson Model

The '"Hf ground state has one quasiparticle pre-
dominantly in the £ +[624] orbital®® while '*W has
a neutron in the 3 —[510] orbital.® In '®*W the
latter is essentially filled and the 3 —[512] orbital
is the lowest with a large value of UZ2.%°

I3

The next orbitals with U2~1 and with large
C;=3, 3 coefficients® are the 3 —~[501] and 3 —[501]
excitations. Both may be expected in the 1.3-2.5-
MeV region. Their J =3, 3 band members should
dominate the (d, p) spectra. The 3 -[770] orbital
may mix with the 3 —[501] via a AN =2 interaction,
but otherwise the low-spin band members would
not be expected in the (d, p) reaction. The 3 —[761]
also gives rise to little (d, p) strength to low-spin
states. Part of the strength in (d, p) to the 3 +[651]
orbital (%+ level) has been tentatively located*® in
18W at 1158 keV but the * and 3" band members
should not be strongly excited. It should also be
remarked that the Nilsson model for this region
provides no way for a strong KJ"=34%" state not
to be accompanied by a stronger 33 level nearby.

In ®W, the states expected to be observed in
the (d, p) reaction in first order are those of the
configurations 3 —[510] +K'n(Nn,A), K=K'+%. At
higher excitation energies (above ~1500 keV) the
dominant candidates for the second quasiparticle
are again the 3 ~[501] and 3 -[501] orbitals lead-
ing to positive -parity two-quasiparticle states
with K=0, 1, 2, m=+. Again any strong 2" state
is expected to be either an intrinsic excitation or
to be accompanied by a stronger 1* state nearby.

In both odd and even final nuclei studied here
precisely the same states are expected to be popu-
lated by E1 primary radiation in (z, y) and with the
largest spectroscopic strength in (d, p).

The above describes the simplest interpretation
of the Nilsson model. In practice one may expect
vibrational and higher-order quasiparticle excita-
tions as well. Some of these may be excited in
(d, p) via mixing with the appropriate elementary
states®® and in (n, v), since they can form states
with allowed spins and parities. It is in fact part-
ly to provide empirical results for comparison
with possible calculations of such mixing that this
study was undertaken.

COMPARISON WITH EXPERIMENT

Orbital Assignments

The present results (spin-parity assignments or
limitations) combined with the cross-section and
partial -angular -distribution information of Refs.
6, 20, and 32 allow a discussion of possible Nils-
son assignments to some of these higher-lying
excited states.

In '"°Hf the (d, p) strength above E,=1400 keV is
concentrated in the levels at 1465 and 1667 keV.%?
Moderately populated states just above these, at
1534 and either 1706.0 and 1755.5 keV, respec-
tively, may be rotational excitations based on
these levels. A consistent interpretation of
the (d, p) data (see Table VII) could label the
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1465- and 1534-keV states as the §3 ~[501] and
33 -[501] states, while those data and the present
results could support the suggestion that the 1667~
and 1755.5-keV levels are the 3~ and 3 members
of the 3 ~[501] orbital. The rotational and decou-
pling parameters inferred from these spacings are
reasonable (3 -[501]: 7%#2/29=13.8 keV; 3 —[501]:
if 72/29=13.8 keV, then a=1.13). The 3 -[501] as-
signment is consistent with similar assignments®?
at 1434 and 1503 keV in 17" 181 Hf, respectively, and
strong 3~, 3 states with similar relative cross
sections are observed®? at 1634 and 1701 keV in
'""Hf. The (d, p) angular distribution®? for the
1534-keV level and the absence of its observation,
in thermal or resonant neutron capture give weak
additional support to the 3~ assignment. Finally,
the relative cross sections are in fair agreement
with the Nilsson-model predictions (see Table
VII). (The bracketed J" labels for the 1465-

and 1534-keV levels in Fig. 5 are based on
these considerations. The large cross section to
the former in itself at least suggests that J" =3~
or 3 .)

A similar interpretation of W is more diffi-
cult. The 1476- and ~1550-keV levels are perhaps
the 3~ and 3 levels of the 3 —[501] band, assum-
ing the (4, p) assignments.®® It is puzzling that the
$ —[501] orbital is not observed at a lower energy
although the low energy of the 3 ~[501] orbital may
be systematic in the W isotopes.®

A serious difficulty with these assignments is

TABLE VII. Possible Nilsson neutron orbital assign-
ments for Hf and 183w,

£7[501] # [501]

3= 5~ - -

¥ ¥ ¥ ¥
179Hf
E, (keV) 1465 1534 1667  1755.5(?)
Oexp? 294 59 446 140
om? 923 76 794 169
183W
E, (keV) cee e 1476 ~1550
0 exp® 232 124
O e cee 778 166

2 The cross sections are in ub/sr at 6cm. =90°. The
theoretical cross sections are calculated at @ =+3.0 MeV
and the experimental entries are modified to this @ value
by a small distorted-wave Born-approximation (DWBA)
correction factor. The experimental cross sections
are taken from Refs. 32 and 6 for I™Hf, 8w, re-
spectively. Those for ™Hf are based on a cross section
of 340 pub/sr (8 =90° for the 871-keV state based on the
quoted C; % value and DWBA calculations similar to those
described in Ref. 6 and in the text.

the absolute (d, p) strength. The strongest band -
head cross sections observed are only 30-50% of
those expected.*® Also, many more states receive
significant (d, p) strength than would be anticipated
(see below). One can conclude that the assign-
ments suggested above are at most small frag-
ments of the severely fractionated single -particle
strength. This fractionation is not typical of exist-
ing theoretical calculations. For the Hf nuclei
Soloviev et al.'' have calculated the low-lying
spectra with a model incorporating the multipole
interaction of phonons with quasiparticles. For
N =107 (™ '®1Hf) these calculations predict nearly
pure quasiparticle spectra above 1400 keV, par-
ticularly in terms of the distribution of (d, p)
strength and of K"=%", 3~ intrinsic excitations.
The calculations do predict the (d, p) spectra be-
low 2 MeV to be dominated by the 3 —[501] orbital
but with a purity of >90% in contrast to the ~30%
typically observed and to the rather strong popula-
tion in (d, p) of a number of other states between
1400 and 2300 keV. Our main interest will there-
fore center on an analysis of this fractionation.
Before turning to this we note a similar situation
in '®W, The most plausible two quasiparticle as-
signments above 1600 keV are also summarized
in Table VIII. The K= 4 assignment is based
on the cross sections and angular distributions re -
ported in Ref. 20. Neither candidate state is ob-
served here. The 1775.5-keV level is most likely
2%, and since there is no lower -lying candidate for
a strong 1* state at a reasonable energy spacing
the contributing amplitude must be predominantly
3 ~[510] + 3 —[501], K=2 rather than 3 —[510] +%
-[501]}, K=0, 1. Granted this, one expects*® the

TABLE VIII. Possible Nilsson neutron orbital assign-
ments for 184w,

510
$1510] +§7(501] + £7[503]
K=1 K =2 K=4
184y 1 2" 2" 4"
E, (keV) 1615.2  1627.6 1775.5 1754 (1795)°
Oexp® 67 34 123 74 (93)
om? 339 137 458 209

3 The cross sections are in ub/sr at 6 cm. =90°. The
theoretical cross sections are calculated at @ =+3.0 MeV
and the experimental entries are modified to this @ value
by a small distorted-wave Born-approximation (DWBA)
correction factor, The experimental cross sections are
taken from Ref. 20. '

b These possibilities are discussed in more detail in
Ref. 20 and are taken from that reference since neither
state was observed in the present study.
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K=1 combination to lie lower. The only possible
members of this band are the probable 1* level at
1615.2 keV and the 2* one at 1627.6 keV. Their
relative (d, p) cross sections®® are large and in
reasonable ratio (though small absolutely) but
their energy spacing gives a very small rotational
parameter, %#2/29, of 3.1 keV. A further obsta-
cle to establishing these assignments is that the
3 -[510] +3 -[512], K=1 combination has not yet
been located.

From Table VIII it is noted that only 20-30%
of the expected strength for any of these states
is concentrated in a single level. As in the
odd nuclei, the mixing must be such that it is
nearly meaningless to speak of the assignments in
Tables VII and VII as more than plausible sug-
gestions for minor components of these levels.

FRACTIONATION AND DISTRIBUTION
OF NILSSON STRENGTH

Using the spin-parity results presented above,
an informative way to see the fractionation is to
tabulate the minimum number of intrinsic excita-
tions, of odd-parity excitations and of odd-parity
excitations also populated® %2 in (d, p), that are
consistent with the data. The conservative values
obtained, giving wide latitude to reasonable rota-
tional and decoupling parameters are listed in
Table IX, for E, >1400 keV for '"°Hf and '®W.
The entries are obtained assuming the favored
spin-parity assignments and the 1465-keV level is
assumed to be 3 . (If all J” values allowed in
Figs. 4 and 5 are considered the entries in Table
IX are typically reduced by about 3 units. If the
1465-keV level assignment is eliminated the en-
tries N_ and N_(d, p) are reduced by one unit for
'"Hf.) On the other hand, the entries are conser-

vative lower limits to the number of bands present
as they deal (1) essentially only with levels ob-
served in primary capture in (z, y) and (2) any two
reasonably spaced levels that could possibly be %
and 3 levels are counted as one band while in fact
they could represent two separate band heads with
K=%,3, respectively.

It is evident that there are many more rotational
bands than can be accounted for easily with the
Nilsson model. At most the latter specifies five
or six. The model also predicts only two odd-
parity orbitals with large J=3 , 3 (d, p) strength
and at most two others, while at least seven odd -
parity intrinsic excitations are populated®*? in
(d, p) in both '™Hf and '®W. Mixing with vibration-
al excitations built on the 3 —-[510] and § -[512] or-
bitals are likely mechanisms for production of
some of the other states. However, it is interest-
ing to note that the energy distribution of the ob-
served bands is comparable in Y°Hf and '®W al-
though one might expect the unperturbed energies
of admixed vibrational excitations to lie ~400 keV
higher in the former.

Similar though these statistics are for the two
nuclei there is, however, a difference between
them. This is shown in Table IX where the sum-
med and maximum (d, p) cross sections for low-
spin states are compared to theory. The detailed
meaning of these entries is explained in the foot-
notes to the table. The experimental uncertainties
on these entries are ~20%. It is unlikely, however,
that they should obliterate the main points, also
visible in Figs. 4 and 5, that: (1) The maximum
measured cross section for any given state (max o)
in Y"°Hf is twice that in *¥W; (2) the (d, p) strength
is likewise much more concentrated in ™Hf (cf.
column 8 and Figs. 4, 5); and (3) that while the

TABLE IX. Distribution of Nilsson strength for E, = 1400 keV.

2 Oexp © 20
Zaepr (n, ) (0>100 pb/sr omd
Np? N_? N-(d,p)® n,y) (=1 Max o 1=1) T ¥
19yf 14 12 8 ~1275  ~1500 ~446 ~997 1886
183W 10 9 7 714 1036 232 486 1848
184yy 384 ¢ 123 123 2087

8Nps» N_, and N-(d, p) are, respectively, lower limits on the total number of rotational bands between 1400 and 2300
keV, the number of odd-parity bands, and the number of odd-parity bands populated in @, p).

b Cross section (pb/sr, fcm.=90°% @ =3.0 MeV) summed over all states observed in the primary radiation plus the
states at 1465 and 1476 keV in 1"9Hf and 183w, respectively. The cross section data are taken from Refs. 6, 32, and 20,
¢ Same as b plus additional states probably populated via ! =<1 based on the angular distributions of Refs. 6, 32, and

20. For 34w the sum is over all states observed in (n, y) plus a few with probable J =2,
dSummed theoretical cross section (ub/sr, 6.m=90°, @ =3.0 MeV) for the 4~ and §~ states of the 3-[501] and 2 _[501]
bands. The sum for 134W also includes a contribution of the $-[503] orbital as it can combine with the 3-[510] to yield

a K =2 rotational band.

e If all states observed in (d, p) (see Ref. 20) from 2300 to 2700 keV in 184y are also included, this entry becomes

653 pb/sr, still only ~30% the calculated intensity,
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summed strength in "Hf is close to the Nilsson-
model predictions this is not the case for ®*W (or
for ¥*W —see below). In " '¥Hf the (d, p) cross

section below 2 MeV was also found® to approxi-

mately equal the expected strength.

Lower limits on the number of different rota-
tional bands are similar in '®Hf and '®W but ap-
parently there is either a greater number in '**W,
such that many individual states are too weak to
be observed in (d, p), or, much of the strength
lies higher in energy contrary to the expectations
of the Nilsson model, the energy systematics of
the low-lying states or the empirical Fermi level
locations. If this implies a greater breakdown in
the Nilsson-model simplifications due to proximity
in tungsten to the edge of the deformed region, it
should be more evident in Os. An experiment is
in progress to investigate this point.

Turning now to **W, Table IX gives a compari-
son of the summed experimental®® and theoretical
(d, p) cross sections to the expected even-parity
orbitals in this energy region. This reiterates
the point discussed earlier that the former is only
about one -fifth the latter, in agreement with, but
more extreme than, the trend noted in the odd-
mass nuclei.

A comparison can be made between the odd and
even nuclei that perhaps suggests the extent of the
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FIG. 6. Comparison of the relative Nilsson orbital
energies for 18184 W gee text for discussion. The en-
ergies for 18w are obtained by subtracting 1206 (left
column) or 1206 +209 keV (right column) from the ob-
served band-head excitation energies.

fragmentation. The energies of two-quasiparticle
states of the form 3 —[510] +Kn[Nn,A] (#3 ~[510])
should occur in '**W in the same order (consider -
ing for example all particle states) and energy
spacing as in '®W but commencing at some energy
above the pairing gap. Similarly the sequence

% —[512] +Kn[Nn,A] should be at an energy above _
the former series by an amount {E(3 -[512])
-E(3 -[510])} =209 keV.

One can thus-examine the resulting '*W sequence
in comparison to '**W by subtracting from the %W
two-quasiparticle energies the energy (1206.0 keV)
of the 3 —[510] +3 —[512] configuration. In'®W this
is split into two components at 903.2 and probably
1386.2 keV and the (d, p) cross sections give a cen-
troid energy of 1206 keV. [The splitting of the ¥
vibration and its microscopic structure are de-
duced in Ref. 20 from the (d, p) data where a de-
tailed discussion may be found.] An additional 209
keV can be subtracted from the energies of the
3 —[512] +Kn[Nn,A] configurations and extra data
points obtained. The energies for the two se-
quences in '®*W should then be equal to each other
and to those of the relevant single-quasiparticle
states in '®W. This is shown in Fig. 6 where for
definiteness we have considered the lower -lying
band head associated with the pair of different K-
value excitations allowed for each two-quasiparti-
cle combination. The assignments for this com-
parison are taken from Refs. 6, 20, 26, and 27.
The results are quite consistent and indicate the
adequacy of the Nilsson-model interpretation for
the low-lying states.

However, also plotted in the figure are the ener-
gies of the next lowest significant J"=%" or 3~
strength in **W and the next significant low-spin
(d, p) strength in **W. The brackets indicate that
the latter can be taken as either the likely K=1
1615.2-keV level or the state at 1775.5 keV. In
either case this state must contain an amplitude
involving the 3 —[ 510] quasiparticle and so can be
placed in the scheme. Although comparable agree-
ment is not expected since these are only frag-
ments of the respective intrinsic excitations, the
discrepancy is striking. It can be interpreted to
imply a greater amount of fragmentation in **W
than '®W or '""Hf. This is perhaps reasonable as
there are many more intrinsic excitations avail-
able for mixing in W, It is also consistent with
the observation that even a smaller fraction (~3)
of the expected (d, p) strength (in the 1.5-2.3-MeV
region) is found in '**W than in W (~3 —2): That
is, if we assume that the (d, p) strength is spread
throughout the energy region of mixing that region
may be ~1-2 MeV larger in ®*W than in *W and
significant portions of the (d, p) strength may occur
above 2.5 MeV in **W. More conservatively the
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effect illustrated in Fig. 6 can indicate the sort of
energy range, common to both % ¥W  for the
fragmentation of these orbitals: That is =1 MeV.
Rather large mixing matrix elements are there-
fore implied (several hundred keV) and it is likely
that most wave functions of low-spin states (with
E, 2 1400 keV) in either nucleus are rather com~
plex linear combinations involving significant am -
plitudes of many components.

At least for 2" states such is not the result of
some recent theoretical calculations®® that can be
compared in detail to the experimental results.
Figure 7 shows this comparison in which the cal-
culated spectrum is obtained from the energies
and wave functions of the lowest 21 roots of the
secular random -phase -approximation equations.
The experimental cross sections are taken from

Ref. 20 using the present spin-parity assignments.

It must be noted that the calculated wave functions
and (d, p) cross sections and therefore the calcu-
lated fragmentation are essential results of the
model but the detailed energies are only semi-
quantitative .2

As discussed in Ref. 20, the states at 903.2 and
1386.2keV likely containthe configuration3 -[510]
+3 =[512], K=2. The former is considered the ¥
vibration and the latter largely a noncollective
state containing the remainder of this configura-

184\w: DISTRIBUTION OF 2% STRENGTH
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FIG. 7. Comparison of the observed and calculated
spectrum of intrinsic 2* states in 184y, An x indicates
a 2% state with no (observed or calculated) (d,p) cross
section., The open bar for the state observed at 1627.6
keV indicates that this is most likely not an intrinsic 2*
state but rather has KJ"=12*% (see text). All the other
observed 2% states are thought to be band heads. The
? above the 2126.2-keV level indicates it has only a
tentative 2* assignment. The P next to the 2.1-MeV
level indicates it is the lowest calculated state with a
dominant two-proton configuration. For the known 2*
band heads at 903.2 and 1386.2 keV and for the other 2*
states above 1400 keV the (d,p) cross sections are
taken from Ref. 20.

tion. The calculation correctly predicts roughly
comparable cross sections to the two excitations
(at 903 and 1720 keV) although the second occurs
350 keV lower than is calculated. The model pre -
dicts no further (d, p) strength until 3 MeV while
the data indicate several times this (d, p) intensity
below 2300 keV.

An important feature to note is the strong state
observed at 1775.5 keV. It is probably a 2" level
populated via a 3 ~[510]+3 =[501], K=2 component
and represents an amplitude of ~0.6 for this config-
uration. On the other hand, the calculations predict
this configuration to be 99% pure two quasiparticle
and to lie at ~3.1 MeV. The other feature of in-
terest is the group of 2* levels that are likely
band heads (intrinsic excitations) populated near
2 MeV. The calculated spectrum provides con-
figuration mixing among some of the two-quasi-
particle basis states but, except in the 903- and
1720-keV 2* states, not among those containing
the 3 ~[510] orbital, and therefore not in the (d, p)
spectrum. The data indicate that considerably
greater configuration mixing involving this orbital
occurs than the calculations provide resulting in
a number of moderately populated 2* states. The
mixing is sufficient to force considerable frag-
ments of the total 2" cross section down at least
1 MeV in energy.

Finally, the possible two-proton character of the
1430.9-keV level has been discussed above. If
true, the lowest two-proton 2* strength also occurs
~T700 keV lower in the spectrum than is calculated.

Similar calculations have been performed?! for
1* states and are of considerable theoretical in-
terest: They relate®! to the distribution of the
v =+1 vibrational mode and possibly to the empiri-
cally determined need for reduction in Coriolis
mixing matrix elements.® ¢ 172! The calculations
indicate a similar distribution of (d, p) strength to
1" states as for 2* levels but somewhat greater
configuration mixing. The present experiment
provides little new information on these states. If
the 1615.2-keV level represents a fraction of the
3 -[510] +3 -[501], k=1 band head, it occurs
about 1500 keV lower in energy than the calculated
position (3.07 MeV) and with ~25% the intensity
predicted for the dominant state with this configu-
ration.

CONCLUSIONS

The higher -excitation-energy region (~1.3-2.3
MeV) of 1"°Hf, %% %W has been investigated using
the (n, v) reaction at resonant neutron energies.
Primary and secondary radiation was detected
and level schemes constructed with a number of
new firm or tentative spin assignments. In estab-
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lishing these, available data from other studies
have been considered.

Combining the information with recent (d, p)
studies evidence was presented for considerable
fragmentation and distribution of the single- or
two-quasiparticle strengths: This occurs in all
three nuclei but apparently with somewhat more
severity in W than in Hf and more so in **W than
in 83W.

While it is possible to suggest a few Nilsson as-
signments it is clear that the corresponding states
represent only the lowest and minor fragments of
the respective intrinsic excitations. Therefore
the emphasis has not been on detailed explanation
of the quasiparticle character of each state but
rather on the distribution of strength for selected
spins.

The explanation of the fractionation is not clear
but must involve considerable and complex mixing
of the pure quasiparticle excitations with those
involving larger numbers of quasiparticle com-
ponents and with vibrational excitations. For '"°Hf,
earlier calculations by Soloviev, Vogel, and Jung-
claussen! predict the 3 —[501] orbital below 2
MeV but otherwise do not adequately reproduce the
low-lying states or the distribution of (d, p)
strength.

A comparison with a specific calculation for 2*
states in '®W was presented. The data indicated
considerable (d, p) strength between 1.5 and 2.5
MeV, and, correspondingly, many low-lying
states with large two-neutron quasiparticle am-
plitudes including 3 —[510]. In particular, evi-
dence for low-lying wave -function components of
the form 3 -[510] +3 -[501], K =2 was presented.
The calculated mixing of the two-quasiparticle

states, on the other hand, was not such as to pro-
vide fragmentation of the (d, p) strength in the
higher-lying levels.

It would be useful to push the experimental re-
sults to higher energies although the greatly in-
creased level density makes this difficult, both
for reasons of resolution and for relatively un-
ambiguous association of levels seen in (d, p) and
(m, 7). Also of interest would be similar investi-
gations of the Os isotopes and of nuclei (e.g. Er
or Dy) more centrally located in the deformed
region.

Theoretically, additional detailed calculations
of these higher-lying levels are needed and it is
hoped that data of this sort may encourage them.
These might be carried out within the general
framework of the Nilsson model. Alternatively
the apparent sudden and considerable collapse of
that model above vibrational energies perhaps
suggests that an approach from a different basis
might also be fruitful by allowing the higher-ly-
ing levels to be recognized still as elementary
excitations.
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The %Zr(He, d)?°Nb reaction was studied with 35.6-MeV 3He particles from the Argonne
cyclotron, Experimental angular distributions are compared with distorted-wave Born-ap-
proximation calculations to determine ! values and spectroscopic factors. The results are
compared with the previous data on (*He, d) and (, 3He) reactions and 8 decay. The pro-
ton configurations of %Nb are discussed in terms of this data and recent theoretical results.

I. INTRODUCTION

The proton structure of N=50 nuclei has been
studied extensively. In the case of ®Nb, only four

states have been observed® from **Zr decay. The
reported results®™ of pickup and stripping reac-
tions reveal the existence of several unresolved
doublets, and the spin assignments are consequent-



