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The ti~t S.7 ——min '~Lu isotope was produced in the "OHf(n, p) reaction and its subsequent /3 de-

cay back to 'SOHf was studied with a Ge(Li} spectrometer. A radiochemical technique was used to
measure the fractional population of the I", K =(8,8) isomer in "OHf to be f =0;005+0.018%.
The limit on f is shown to be too small to account for the nucleosynthesis of" Ta in the r pro-
cess. The possible existence of a high-spin isomer in "OLu and its astrophysical consequences are dis-
cussed.

INTRODUCTION

Attempts have been made in recent years to explain the
abundance of the naturally occurring high-spin isomer

Ta~ in terms of the slow (s) and/or rapid (r) neutron
capture processes that account for the bulk of heavy ele-
ment nucleosynthesis in stars. ' Beer and Ward have
suggested that ' Ta may be produced through a weak
P-decay branch of ' HP', which is known to be populated
in the s process. ' Figure 1 summarizes the salient
features of this theory. An r-process contribution to the
abundanceof' Ta requiresthat(1)afraction f ofthe
P decays of the I =(3,5+) ' Lu leads to the population
oftheI =8 isomerin' Hf, and(2) afraction fi ofthe
resulting 's HP' population p decays to the I =9 long-
lived isomer in ' fa. If atomic ionization effects are
neglected, the solar abundance data compiled by Came-
ron and the neutron capture cross-section work of Beer
and Macklin can be used to extract the r-process corn-
ponent of the observed solar abundance of 's Ta:

(' Ta ) =(1.2+0.2)X10f fp.
Oe

Based on logft values for similar decays in neighboring
nuclei, fi is expected to fall between 0.1% and the recent-
ly established experimental upper limit of 0.35%. ' Nu-
merically, therefore, a 100% r-process origin for ' Ta
requires 2% &f- &8%.

To date, ' Lu is the most neutron rich member ob-
served on the A = 180 isobar. Relatively little is known of
its structure. The ti~~ =5.7 min ground state of this pro-
lately deformed nucleus is most commonly given an
I K=(3,3) assignment, ' though Ward and D'Auria
argue for an I,K=(5+,5) assignment. ' The subse-
quent P transitions of ' Lu to states between 1.2 and 2.2
MeV of excitation in ' Hf have been the subject of a
number of investigations. ' These half dozen states in
'SoHf are believed to have K =2, 3, or 4. All are seen to y
cascade =100% of the time to the 2+ and 4+ com-

ponents of the K =0 ground state rotational band. To an
intensity of perhaps a percent, no strength has been ob-
served to the well-studied I,K =(8,8) isomer at 1142
keV in ' Hf. In fact, no y transition has been observed
which feeds ' HP', though it is readily produced in (n,y)
and (n,n') reactions. ' '

The present study uses a straightforward radiochemical
separation technique following the production of 'soLu,

and detects the subsequent ' HP' decay. Earlier we
presented a limit of f &0.06%.' Eschner et al. have
subsequently reported a measurement of f =0.46
+0.15% using a multinucleon transfer technique. " We
present here our final results, along with a possible ex-
planation for the discrepancy between our measurement
and that of Eschner et al.

EXPERIMENT

Bulk samples of natural Hf metal with masses between
1 and 2 g were first activated with thermal neutrons at the
Umversity of Washington reactor to introduce the long-
lived (t, ~2 ——42 day) isotope ' 'Hf as a radiochemical
tracer. After a suitable cooldown period of 1—4 weeks,
the "spiked" Hf samples were wrapped in Cd foils and in-
serted behind the water-cooled Be target/beam stop at the
University of Washington cyclotron. The Hf samples
were bombarded with fast neutrons generated by the
Be(d,n) reaction using 22 MeV deuterons. Following an

irradiation period of 5—10 min, the samples were expedi-
tiously transported to a radiochemistry laboratory. The
desired ' Lu, along with other rare earth activities, was
extracted by dissolving the Hf sample in HF acid and pre-
cipitating out LuF3 with the addition of Y as a carrier.
The precipitation was accelerated by the use of a centri-
fuge, and a radiochemical "hafnium reduction factor" of
10 was achieved in less than a ' Lu half-life (5 min).
Geometrically similar samples containing about 1 ml of
solution and precipitate were prepared. The precipitate
was first counted with a 135 cm Ge(Li) detector in a
reproducible geometry to obtain the abundance of ' Lu.
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FIG. l. A partial energy level scheme for ' Hf (Ref. 3) and the neutron-capture production paths to '8 Ta (Ref. 1). In the Beer
and Ward model, "Ta can be produced in both the s and r processes by the population of "oHP' followed by a weak p-decay
branch, fs. This experiment establishes a limit on f, the r-process fractional production of "Ta following the p decay of isoLu

{dashed beta-gamma path). Shown are gamma transitions in the decay of ' Lu and ' Hf with intensities greater than 2%. The
three gamma rays specifically used in the determination of f in this experiment are labeled. The levels in isoLu are discussed in the
text. All energies are in keV and the italicized numbers are logft values.

Several hours later, the solution ~as counted with ihe
same detector to obtain the abundance of ' HP' [pro-
duced directly in the ' Hf(n, n') reaction] and of the ' 'Hf
tracer. Finally, the precipitate ~as recounted in 1 h time
bins to determine the residual abundances of ' HP' and
' 'Hf. The Ge(Li) detector was shielded for low-level

counting throughout the experiment and its resolution
was 1.5 keV [full width at half maximum (FWHM)] at
500 keV. Efficiency measurements were performed with
standard sources in the experimental geometry.

Many activations were performed using Hf metal (con-

taining 3% Zr} and "spectrographic-grade" Hf (156 ppm
Zr}. Typical y spectra between 275 and 525 keV at each
stage of counting are shown in Fig. 2 for a Hf metal run.
Table I lists the activities that rvere identified in the pre-
cipitate throughout the course of the experiment. Most of
the activity between 5 and 10 h after the fast neutron
bombardment proved to be from the Y and Sr products of
Zr(n, p) and Zr(n, a). While the spectrographic-grade runs
were free of contaminating lines, the Hf reduction factor
could not be pushed above = 1000.
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FIG. 2. Ge(Li) gamma-ray spectra following the radiochemical separation of lutetium (in precipitate form) from hafnium (in solu-

tion). The ' Lu, ' HP', and ' 'Hf gamma rays used in this experiment are labeled as well as strong lines from other Lu, Yb, Y, and
Sr activities. The chronologically ordered spectra (a)—(d) emphasize activities with vastly different half-lives. Counting times are list-
ed in Table II. The counting geometries were identical for the solution {b) and the precipitate {a), (c), and {d).

DERIVATION OF f AND RESULTS

The final abundance of ' Hf in the target has two
sources. The first comes from prompt production reac-
tions like inelastic scattering [' Hf(n, n')] and thermal
neutron capture [' Hf(n, y)]. The smaller second source

comes from the fraction f of the decay of ' Lu:

[X('soHf )]=[iV('s Hf(n, n')}]+f [N('soLU)] .

As described in the preceding section, the radiochemistry
employed separates activities which are precipitated out of
HF acid from those left in solution. The Hf reduction
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TABLE I. Activities observed in the precipitate after fast neutron bombardment of natural Hf metal
in run I. A Zr content of 3% is assumed. The ratio of ' Hf /' Lu ~as determined in a separate ac-
tivatiou to be =30. Exeitatiou energies for the isomers have been subtracted from the g values of Ref.
16.

Observed
activity

87S~

91sr

93Yg

90Ym

91Ym

92Y

94Y

175Yb
177Ybg

176L m

177Lug
177Lum

178L g

178Lum

179Lu

180L

Primary
reaction

~Zr(n, a)
"Zr(n, a)

Zr(n, a)
~Zr(n, p)
"Zr(n, p)
"Zr(n, p)
'4Zr(n, p)

Hf(n, a)
"'Hf(n, a)
'"Hf(n, p)
'7'Hf(n, p)
'"Hf(n, p)
'"Hf(n, p)"Hf(n, p)

Hf(n, p)
'80Hf(n, p)

T 1 /2

2.8 h

9.5 h

10.2 k

3.19 h
49.7 min
3.54 h

18.7 min

4.19 d

1.9 h

3.68 h
6.71 d

160.9 d
28.4 min
23.0 min
4.9 h

5.7 min

Q value

(MeV)

+ 1.362

+ 2.067

+ 0.170
—2.188
—1.318
—2.841
—4.22

+ 7.905

+ 6.856
—0.533
+ 0.285
—0.685
—1.470
—1.77
—0.570
—2.52

I

2
5+
2
1

2

7+
2+

2
9+ 1

2 & 2

1

0
8+
1+
9
1+

(3,5+)

Cross section
relative to

'"Hf-= 1000

22

33

750

280
610
430
160

51

16

63
20

3
56
16

420
33

factor g is defined as the ratio of solution (sn) to precipi-
tate (pt) abundance. A quantity ri is similarly defined to
describe the effectiveness with which Lu is recovered in
the precipitate:

[~ (isiHf)] [Jy (is Lu)]

[E (' 'Hf)] [N (' Lu)j

where continuity [N]=[X~,]+[X,„]is assumed. A gen-
eral figure of merit for the success of the radiochemistry
in this experiment is rig/(ri+ 1). Typically,
/=1000—40000 and ri/(ri+1)=50 —90go were achiev-
able. The quantities of 's Hf isomer which end up in the
precipitate and solution can then be written as

[N, (' HP' )]= [N(' Hf(n, n'))]1

P

where 1+5=(1—I/rig) '. 5 is of the order 10 and is
subsequently neglected. The five bracketed abundances
were measured by integrating photopeak areas in their
most favorable time windows (t„„t„,+ td„,) and extrapo-
lating back to an initial time to. The initial time was tak-
en to be the last step in the radiochemical separation. Be-
cause f is expressed in terms of ratios, only relative y
line intensities and Ge(Li) detector efficiencies were need-
ed. Furthermore, these only affect the scaling of the final
result. The 408- and 482-keV y lines in ' Lu and ' 'Hf
were used as the primary lutetium and tracer reference
lines. The 332- and 443-keV y lines in ' HP' were used
separately in the analysis. For the 443-keV line, then,

iraqi(408) [FNp, (482)]

~ iraq@, (443) [FNp, (408)]

+f [&,«'"Lu) j ~

[N,„("Hf )]= [N(" Hf(n, n'))]+I

+f —P',t('"«)1

(4)

where

[FN, (443)j
[FNp, (482 )]

—A, t ~ —itd,

[FN,„(443)]
[FE,„(482)]

Combining these two expressions to eliminate
[N(' Hf(n, n'))] and then substituting the ratio of tracer
activities in (3) for g, f is given by

[N, (' 'Hf)] [N, (' HP' )]

[N, ("oLu) j [iV,("'Hf)]=(1+5)

is the inverse of the fraction of total decays which occur
in the time window (t„„t,~+td„,), ir is the absolute
gamma line intensity, ez is the measured photopeak effi-
ciency of the Ge(Li) detector, and e, is the correction for
y-cascade summing out of the photopeak.

Table II lists the photopeak areas for three independent
runs, each analyzed for both the 332- and 443-keV y lines.
The limitation on the Hf inetal runs (I and II) is purely
statistical, while the limitation on the spectrographic-
grade run (III) is probably systematic since it is difficult
to extract photopeak areas with an accuracy better than
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TABLE II. Efficiencies and run by run photopeak areas used in three independent activations to
determine f . The 332- and 443-keV ' Hf y lines are treated separately. Only =1 out of 50 ml of
solution (sn) was counted to match the geometry used in the precipitate (pt) runs.

Activity

~In
E~ (keV)

0

l~

ep(E„)
e,(E„)

5.7 min
408.1

0.50
0.031
0.91

5.518 h
332.3

0.944
0.038
0.77

5.518 h
443.2

0.821
0.029
0.77

42.4 d
482.0

0.810

Run (pt/sn)
&st

(min)
&dur

(min) Photopeak areas (counts)

I (Hf metal)
1. pt
2. sn
3. pt
4. pt

II (Hf metal)
1. pt
2. sn
3. pt
4. pt

1.6
226
364

7940

1.6
101
302

5902

4.7 110270+330
18

420
850

13.6 112300+350
63

661
392

76260+280
973+67

186860+450
280+32

50 270%230
635+48

121 770k 360
251+35

22 620+ 150

1015+37

99230+320

249+20

III (Spectr. -grd. HP)
1. pt 1.8
2. sn 129
3. pt 201

6.1

63
654

78 940+290
103 204+330
21 610+160

67 554+310
13 800+ 120

36090%270
14 840 2130

'Spectr. -grd. denotes spectrographic grade.

DISCUSSION

The measurement by Eschner et a!. of f =0.46
+0.15 % (Ref. 15) is clearly incompatible with the null re
suit reported here. There are two likely explanations for

TABLE III. The fractional population f of '80Hf follow-

ing the P decay of '~Lu. The final experimental results are de-

rived from formula (6) and the data in Table II for the 332 and
443 keV lines in each of three runs. %'bile the values from run
III (which used spectrographic-grade Hf) are not included in the
statistically weighted average, they are nevertheless consistent
with the null result obtained from runs I and II.

Run
f (332)

(%)

+ 0.019+0.040
—0.025 +0.027
+ 0.20+0. 14

+ 0.014+0.042
+ 0.042+0.038
—0.06+0.15

Statistically weighted average of runs I and II:
f =0.005 +0.18%

1%. Table III gives the six determinations of f . We
combine only the four values of f from the Hf metal
runs to obtain f =0.005+0.018%. To this is added a
scaling uncertainty of 10%, mostly due to the uncertainty
in i&(408) to obtain a firm upper limit (67% confidence
level) on f of 0.026%.

this discrepancy. (1) An error in experimental technique
was made by one of the groups, or (2} a high-spin, short-
lived isomer of 'suLu exists to which the experiment of
Eschner et al. was more sensitive. It will be helpful to
compare the technique of Eschner et al. with our own. It
will also prove worthwhile to explore the second explana-
tion for its nuclear and astrophysical consequences. In
the following text, superscripts "g" and "m" are used to
differentiate between quantities which refer to the ground
state ( t»2 —5.7 min) and the proposed short-lived isomer-
ic state in Lu.

Both experiments are similar in their use of a Ge(Li)
detector to measure the activities of 's Lu, ' HP', and a
"tracer" Hf isotope, but differ in the production reaction
used and in the method employed to subtract the directly
produced ' HP'. In the ex]~eriment of Eschner et al. , a
beam of 8.6 MeV/nucleon Xe was directed onto a W
target/ion source. ' Lu (and other rare-earth reaction
products) diffused out of their target on a timescale of 10
see and was then run through a mass spectrometer to a
catcher foil for on-line and later off-line counting.
Discrimination against the promptly produced ' HP' re-
lied on (1}different Lu and Hf diffusion time constants,
(2) different Lu and Hf ionization efficiencies, and (3) rel-
ative production cross sections for ' HP' and ' HP',
which played the role of the "tracer. "' Eschner et a1. re-
ported a fast release time constant for lutetium,
uq„——5+&&10 sec ', which corresponds to a half-life
against release of between 7 and 23 sec.
aHt=(7. 4+1.0) X 10 sec ' was much slower.
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Both groups have proffered the possible existence of a
high-spin, short-lived isomer in ' Lu to explain the
discrepancy in the measurement of f . ' ' With this as-
sumption, the 5.7 min ground state need contribute noth-
ing to the population of ' HP' (f~~ =0), consistent with
our results, while the proposed isomer must have a high
spin to allow f & 0.5%, consistent with the measurement
of Eschner et al. The isomeric production fraction

(7) gsCggig gf t 8QJo ~

is undoubtedly different in the two experiments, and is
probably greater for the multinucleon transfer reaction.
In fact, however the (n,p) reaction readily populates high
spin states. In the ' Hf(n, p) reaction, for example, the
isomeric production fraction for the 9 isomeric state is
P =0.22, as shown in Table I.

The proposed isomer of '~Lu should have a half-life in
the range from 1 to 100 sec, long enough to be recovered

by the diffusion method of Eschner et al. but short
enough so that it has transmuted into ' Lus and ' Hf
during the 5 min radiochemical separation in our experi-
ment. This is possible if f competes not against P
transitions that lead to the ground state of ' Hf, but rath-
er with y transitions that feed the 5.7 min ' Lus. It is
reasonable then to express f as a ratio of partial P and y
transition rates:

pm P (8)
gm gmy+ P

If the proposed ' Lu isomer decays most of the time by
low energy, heavily converted electromagnetic transitions,
it may have escaped direct detection and gone unnoticed
in previous experiments. Indeed, the shape of the on-line
build-up curve for ' Lu displayed in Fig. 1 of Ref. 15 is
identical for the 10 sec release half-life described by
Eschner et al. , as it would be for the in-feeding of '~Lus
from a 10 sec half-life isomer.

Figure 3 pictorially summarizes the results from the
two experiments. It displays the limits on the product of
I' and f as a function of the half-life of the proposed
isomer of ' Lu. Our experiment excludes half-lives
greater than about 100 sec, while that of Eschner et al.
implies that the half-life must be greater than about 1 sec.
The shaded region is allowed by both experiments. The
dashed line in Fig. 3 represents a solution for f assum-

ing that the production fraction I' =0.5 and the partial
P half-life t &)z ——42 min. Such a half-life corresponds to
a logfr of 6.4 for a direct P transition to ' HP', which is
a reasonable estimate for the strength of an allowed hin-
dered transition. ' The dashed line passes through the
shaded region for isomeric half-lives between 20 and 40
sec. Finally, the data points at 5.7 min represent the mea-
surements of Eschner er al. and ourselves for fs with the
assumption that the proposed isomer of ' Lu does not ex-
ist (or I' =0).

There are theoretical reasons to believe that a low-lying,
high-spin isomer could exist in ' Lu. By coupling the
known odd proton and neutron quasiparticle states near
their respective Fermi surfaces, it is possible to construct

s i ssl
5 i0

I I I I I I s

50 f00

isomer half-life (sec)

500

FIG. 3. Interpretation of f in terms of a proposed high-
spin isomer of '~Lu. The ordinate is the product of the ' Lu
isomer's production factor, I', and its P-decay fraction that
populates ' Hf, f . The result of this experiment (shown as
the lower data point at 5.7 min) also establishes an upper limit
of about 100 sec on the half-life of such an isomer. We have
solved the equations of Ref. 15 including a source term for a
'~Lu isomer to generate curves for the upper and lower limits
implied by the positive value reported by Eschner et al. (upper
data point). The shaded region is in agreement with both exper-
imental measurements. The dashed line is described in the text.

both low-spin (I= 1—5) and high-spin (I=7—10) states.
The region of isotopes around ' Lu is filled with sys-
tematic examples of such low- and high-spin K isomers.
In terms of the unified model, the t»2 —5.7 min ground
state of 's Lu is most probably the I,K =(3,3) cou-
pling of the odd proton —', [404] and the odd neutron

[510]„quasiparticles. ' Ward and D'Auria prefer an

I,K =(5+,5) assignment, coupling —', [514] with

[510]„.' These states are seen within 20 keV of each
other in ' Ta. The —', [404]~ and —', [624]„states can
couple with their particle spins aligned to form the low-
spin 1+ state observed as the ground states of ' Lu,

Lu, and ' Ta. With their particle spins antialigned,
these same orbitals couple to form an 8+ state seen at 174
keV of excitation in ' Fa. ' Finally, the —,

' [514] and

[624]„orbitals can couple to form the high-spin 9
isomers seen at 73 keV of excitation in ' Ta and at about
300 keV in ' Lu. Hoff has recently calculated that the
8+ and 9 states should lie within 200 keV of the 3
ground state of ' Lu. ' Hoff also has placed the I"=5+
state approximately 50 keV below these prospective ' Lu
isomer candidates.

If the 9 state is the lower of the two high-spin states
in ' Lu, and is thus the isomer, the M4 transition to the
5+ state will be much slower than the allowed P transition
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.to the 8 isomer in ' Hf. Using the observed logft of 6.4
for the analogous decay of ' Hf, a partial half-life of 40
min is calculated. Such an isomer should have been easily
produced and observed previously. Suppose, on the other
hand, that the 8+ state plays the role of the ' Lu isomer.
The single particle estimate for the M3 transition to the
5+ level yields a partial half-life of about 10 sec. The P-
branching ratio for the high-spin isomer is then on the or-
der of 1%, consistent with the measurement of Eschner
et al. and with our null result. Other M3 transitions in
the rare earths occur a factor of 10—100 times slower
than the single-particle rate, but this factor can be
recovered by increasing the energy difference between the
5+ and 8+ states. 4'e note that the prospective 8+ isomer
cannot lie any lower than about 150 keV in energy since it
is the spin antialigned member of a Gallagher-
Moszkowski doublet with the 1+ state. ' If the t&&2

——5.7
min activity of ' Lu is the E =3 state, then the 1+
state must lie above it.

Beyond the circumstantial evidence discussed here,
there is no direct evidence supporting the existence of a
high-spin isomer in ' Lu. Takahashi et al. reported a
2.5+0.5 min P activity with a 3.3+0.1 MeV endpoint. '

This was interpreted as the P decay from a low spin i-so-

mer ( I+?) directly to the ground state of ' Hf, but it has
not been confirmed by subsequent P and y experiments.
Zychor et al. specifically searched for evidence of high-
spin Lu isomers in a y-ray singles experiment following
the bombardment of 'W with ' Xe and reported null re-
sults for half-lives greater than 2 min. '7 The following
paper of Lesko et al. describes an investigation tailored
to search for isomers of ' Lu with the properties
described here. Their null results for half-lives greater
than 10 sec lessens the likelihood that an isomer can be in-
voked to explain the discrepancy between the present re-
sults and those of Eschner et al. '

ASTROPHYSICAL IMPLICATIONS

In the absence of a high-spin isomer of ' Lu, our mea-
sured limit on f clearly excludes an r-process origin for

Ta . The existence of an isomer would change this
conclusion. Little is known about the site of the r process
which accounts for the nucleosynthesis of half of the ele-
ments heavier than iron and all of the actinides. 3 To
achieve the high density of neutrons necessary to create
the very neutron-rich progenitor matter probably involves
a thermal transient to peak temperatures of (1—3))&10
K. The post r process is characterized by a rapidly falling
temperature during which time nuclei P decay back to the
valley of P stability. ' Lu is probably reached within the
first minute when the temperature remains high. Thermal
equilibration of the high-spin isomeric and low-spin
ground states will be mediated by higher lying states of in-
termediate spin via processes which include photoabsorp-
tion, Coulomb excitation, and positron annihilation. As
the temperature continues to fall, this communication link

eventually will be broken, freezing out the isomeric popu-
lation. ' Lu would still be hindered from making direct
isomeric transitions to the ground state because E- and
I-shell ionization would block the internal conversion
channel. (For example, al ——10 for a 50-keV M3 transi-
tion. ) Thus the p-decay branch of 's0Lu would be signi-
ficantly enhanced. (f = 100%.) Finally, the continuing
drop in temperature increases the survivability of the
high-spin isomers of ' Hf and ' Ta against the same
processes responsible for the thermalization of 'sDLu. 24

The P-decay yields of the isomeric and ground states of
Hf, and consequently the r-process production of

's Ta, are sensitive to the time-integrated thermodynam-
ics of the post r process. Therefore it may be possible to
combine future detailed nuclear structure data for ' Lu
with the observed solar abundance of ' Ta to place con-
straints on the time-temperature history of the post r pro-
cess. Ultimately, such constraints may aid in the deter-
mination of the r-process sites itself.

CONCLUSION

We have measured the fractional population of ' Hf
following the P decay of ' Lu tobe f =0.005+0.018%,
in disagreement with the positive value reported by
Eschner et al. We believe that our measurement, which
employs a simpler technique and yields a null result with
a much smaller statistical uncertainty, is the correct value
for the 5.7 min activity of ' Lu. Astrophysically, f is
too small to account for the observed abundance of ' Ta
by straightforward r-process production. We have shown
that the experimental discrepancy can be reconciled if the
multinucleon transfer reaction of Eschner et al. popu-
lated a high-spin, short-lived isomer in ' Lu. Further,
the existence of such an isomer may substantially enhance
the resultant nucleosynthesis of 's Ta~. With more com-
plete nuclear structure information, it may be possible to
establish constraints on the post-r-process astrophysical
environment. Clearly more work is called for in the
understanding of the doubly odd A =180 nuclei and in
the pinpointing of the r-process site before the origin and
fate of 'saba is known.
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