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Isomer-to-isomer beta decay of ' Hf and the nucleosynthesis of ' Ta
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The direct beta-decay branch linking "Hf (t&&2=5.5 h) to ' Ta has been measured to be

f =(0.29+0.05+0.06)%%u. The relevance of this decay for the nucleosynthesis of" Ta is discussed.

PACS number(s): 23.40.Hc, 27.70.+q, 95.30.Cq, 97.10.Cv

I. INTRQDUCTION

The nuclide ' Ta bears the distinction of being
nature's rarest "stable" isotope. Furthermore, doubly
-odd ' Ta is the only nuclide not normally found in its
ground state. Though the short-lived ground-state ra-
dioactivity of ' Ta (t'[&2=8. 1 h, I"=1 ) was identified
in the 1930 s [1], the long-lived, high-spin isomer
remained undiscovered until 1954 [2,3], while its spin
(9 ) and placement (73+2 keV above the 1+ ground
state) were uncertain until about 1979 [4—6]. An impres-
sive lower limit has been established on the half-life of the
isomeric state (tP&2 ) 1.2X10' yr) against the y, P, and
electron-capture decay channels open to it [7]. This sta-
bility is principally due to the collective behavior of the
deformed rare-earth nuclei.

In addition to its unusual nuclear structure, ' Ta
presents itself as an astrophysical enigma. The principal
nuclear-astrophysical production mechanisms, which
seem so successful in explaining the abundances of the
neighboring heavy nuclei, fail to account for the observed
abundance of ' Ta, in spite of its rarity (0.0124% of nat-
ural tantalum). It is evident from Fig. 1 that ' Ta is

bypassed by the slow (s) neutron-capture process which
proceeds through the stable hafnium isotopes ' ' Hf.
Furthermore, since ' Ta is bracketed by the stable mass
A =180 nuclei ' Hf and ' W, it is shielded from the P
and P+ decay paths following the rapid (r) neutron-
capture process and the less-frequent p process which
successfully describe the neutron-rich and neutron-poor
nuclei, respectively. Any mechanism which does produce

Ta must successfully feed the high-spin isomer, since
the ground-state population is quickly transmuted to

Hf and ' W. Finally, the susceptibility of the isomer
to destruction in environments which might equilibrate it
with its short-lived ground state places constraints on a
possible production site.

Two attempts have been made in recent years to ac-
count for the solar-system abundance of ' Ta via a
two-step branch off of the s and/or r neutron-capture
process paths. Beer and Ward proposed that ' Ta may
be produced through a weak P-decay branch from

Hf, which is known to be populated in the s process
[8,9]. Yokoi and Takahashi have alternatively suggested
an s-process production mechanism involving excited-
state P decay of ' Hf followed by neutron capture on

t, &2=1.7 yr ' Ta [10]. This paper addresses the Beer
and Ward theory, shown as a dashed double line in Fig.
1.

A. Astrophysical production of ' Ta

The salient features of the Beer and Ward theory are
summarized in Fig. 2. An s-process contribution to the
abundance of ' Ta requires that (1) a fraction B of the
thermal (stellar) neutron cross section on ' Hf (I = —', +)
produces the I = 8 isomer of ' Hf, and (2) a fraction

f& of the resulting ' HP population beta decays to the
long-lived I =9 isomer in ' Ta. If f& proves to be too
small for an exclusive s-process solution to the produc-
tion of ' Ta, then the r process can make up the
difFerence, providing (1) a fraction f of the P decays of

Lu [I =(3,5+)] leads to the population of the
I =8 isomer in ' Hf, followed by step (2) above.
There are, in fact, two possible branch paths from ' Hf
to ' Ta: (a) the direct isomer-to-isomer, 214-keV-end-
point P transition fit, and (b) a weaker 113-keV-end-point

P decay f&
to an I =8+ level in ' Ta which readily de-

cays by y emission to the long-lived high-spin isomer. In
an earlier study [12] we measured the strength of the
weaker path to be ftI

=0.023%, and presented an upper
limit on the isomer-to-isomer path f&

~ 1.4%.
We can quantitatively write down the s- and r-process

contributions to the observed solar-system abundance of
Ta in terms of these P-branch ratios. Following Beer

and Ward [8], we express the s-process contribution by

*Present address: XonTech, Inc. , 6862 Hayvenhurst Ave. , Van

Nuys, CA 91406.
"Present address: Nuclear Science Division, Lawrence Berke-

ley Laboratory, Berkeley, CA 94720.

N, ,
[o*N,(A =180)](" a ) = Bftt, (1)

o "("oTam )No( isoTam)

where [o *N, ] is a slowly varying function of A obtained
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FIG. 1. Chart of the nuclides in the vicinity
of "Ta. The stable nuclei are labeled and
their solar-system abundances (relative to [Si]

10") are given. The stars (+) denote E-
isomeric states with half-lives greater than 1 s.
The s-process path (double solid arrow) follows
a well-defined path through the valley of beta
stability. The decay routes from r-processed
neutron-rich nuclei are shown by the dashed
lines. Beer and Ward proposed that "Ta
would be produced in the s and/or r process
through the isomer-to-isomer beta decay of

Hf (double-dashed branch).
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and is determined from the measured values in Table I to
be 1.24+0.06% [9]. This is not radically different from
the branching ratio of 0.9%%uo at thermal neutron energies.

Inserting these values into Eq. (1), we obtain

4+ „309
2+ 103

215.2
0+

2+
„

93
'0 F

tao W

180("Ta ) =(15.5+2.5)fp, 93.3
p+

180 Hf

(3)

FIG. 2. Production (nuclear-astrophysical) and decay (labo-
ratory) schemes of ' Hf . Allowed Gamow-Teller beta transi-
tions from the isomer compete with K-inhibited gamma transi-
tions to the ground-state rotor. We here describe a measure-
ments of f&, the direct isomer-to-isomer beta decay that popu-
lates ' Ta . This key branch is a gateway to the Beer and
Ward model for the production of ' Ta in the s and/or r pro-
cess. Level placements and branching ratios are taken from
Ref. [11].

where f& represents the sum of all possible P-branch
paths in a stellar environment from ' Hf leading to the
isomer of ' Ta . A pure 100% s-process production re-
quires f t3

=6.5+1.0%.
Two atomic effects due to the high degree of ionization

in the stellar environment conspire to enhance the
laboratory measured values of-the beta branches f& [9].
First, the empty I. shell blocks the internal conversion of

from a global fit to the neighboring "s-process only" nu-
clei [13—15]. An analysis by Kappeler et al. gives
[cr'N, ]=(5.53 mbX[Si]=10 ) at A =180 [16]. We as-
sign an uncertainty of 5% to this systematically derived
value.

The solar-system elemental abundances, No, are taken
from the values of Anders and Ebihara [17] listed in
Table I. The Ta abundance rests primarily on the
analysis of a single C1 chondrite, but is supported by
fractionation-corrected measurements in C2 chondrites
and ratio-scaled measurements of Zr in C1 and C2 chon-
drites. Anders and Ebihara give an uncertainty in the Ta
abundance of 10%.

In the absence of a direct measurement, the 30-keV
neutron-capture cross section for ' Ta was calculated
by Beer and Macklin using a statistical model [9]. Their
quoted uncertainty of 11% in the theoretical calculation
mainly reflects uncertainties in the level density.

The branching ratio for a Boltzmann-weighted distri-
bution of k T=30 keV neutron energies is given by
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TABLE I. Solar-system abundances and neutron cross sections needed to determine ' Ta produc-
tion in neutron-capture processes. Elemental abundances normalized to [Si]= 10 are taken from the
reviews of Cameron [19] and Anders and Ebihara [17]. Isotopic fractions are taken from Lederer and

Shirley. The cross sections are for a kT=30 keV Boltzmann distribution of neutron energies and are
mostly taken from the recent review of Bao and Kappeler [18]. A calculated cross section for unstable

Ta is included.

Elemental
abundance

Hf

Ref. [19]

0.17

Ref. [17]

0.176(12)

Isotopic
fraction

'7sHf 27.1%
'"Hf 13.7%%uo

'79Hf(n, y)'soHf-
Hf 35.2%%uo

(mb)
(Ref. [1))

310(10)
991(30)

13.5(6)'
175(5)

0. references

[18,9]
[18,91

[8]
[18,9]

Ta 0.020

0.15

0.0226(23)

0.137(10)

"Ta(t&/2=1. 7 y)
Ta 0.0123%

' 'Ta 999877%%u

'8 W 0.13%

W 26.3%

3250
1800(200)

2273"
3270

733(37)

669b
soob

274(8)

[10,20]
[18,9]
[20]
[21]

[18,22]

[18,21]
[10]

[18,23]

'Partial cross section for the production of "Hf .
Calculated.

the 57-keV transition, increasing the ' Hf partial half-
life against y decay by a factor of 1.4. Second, the nearly
empty E shell allows the possibility of bound-state beta
decay which significantly supplements the p-decay
strength into the continuum. We can then express the p-
decay enhancement-factor as

obtain F,'""(214)=1.4X(1+2.5)=4.9 and F;""(113)
= 1.4 X (1+9.0)= 14 for the 214- and 113-keV-end-point
p branches, respectively. We can then write
fp

=4.9fp+14f p, which can be inserted in Eq. (3) to ob-
tain

penh
S

N, (' Ta ) =76fp+220f p0
(5)

QI& (j ), 1+ gak (j)[nk /2(2k + I ) ]
j k

~PB
X 1+

~pc
(4)

where Ir(j ) is the absolute gamma intensity for the jth
isomeric (electromagnetic) transition, ak is the internal
conversion coefBcient, and nk is the mean electron num-
ber occupancy for the kth shell. Using the Stromgren
formula [24] we calculated 0& nk «2(2k+1) for the I.
and higher shells over the range of s-process pressures
and temperatures. Beer and Macklin used the formalism
of Bahcall [25] to estimate a bound-state-to-continuum
P-decay ratio A.ps /A pc =0.5. Results of a recent calcula-
tion by Takahashi [26) using the formalism developed by
Takahashi and Yokoi [27] show that Apii/A, pc for the
214-keV-end-point direct isomer-to-isomer decay varies
from 0.5 to 3.0 for the range of temperatures and densi-
ties considered. A similar calculation for a 110-keV-end-
Point P transition, yields Apii /A, pc values between 1.5 and
11.0. Plausible s-process conditions cover the range of
kT from 15 to 35 keV and densities from 100 to 10
g cm [28]. Using nominal values of kT =25
keV and p = 1000 g cm of He matter, we

Our previously measured value of fp =0.023'%1[12]can
only contribute approximately 5% to the observed abun-
dance of ' Ta. A laboratory value of fp--1. 3%%uo for the
direct transition is needed to account for the balance of
nature's ' Ta via the s process.

To extract the r-process contribution to the solar-
system abundance of ' Ta, it is necessary to determine
the fraction of ' Hf produced in the r process. Using
values from Table I, Beer and Macklin subtracted the s-
process component to show that 51% of ' Hf is popu-
lated by the r process. %e can numerically express the
r-process contribution to Ta as a product of the two p
branches:

18(' Ta ) =(1.2+0.2)X10f fp0

where here fp is the ' Hf branch under stellar condi-
tions valid for a post-r process. The stellar conditions for
the s and post r processes may be quite different. Since
the actual r-process site is unknown, we do not a priori
know what enhancement factors due to ionization we
should include. It is believed that the r process involves a
transient high-temperature spike of short duration
( & 100 s). If, for example, the r process takes place dur-
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ing the cataclysmic ejection of material by a supernova, it
is reasonable to suppose that the temperature and density
will be greatly diminished hours later when the ' Hf
decay of interest occurs. Therefore, we use the laborato-
ry value in our calculation: f&

=1.0ftt+1.0f tI
=ft3. We

have previously established a limit on the ' Lu branch of
f &0.026%%uo [29), which severely restricts any r-process
component. A 50%%u~ r-process contributi. on to the solar-
system abundance of ' Ta would require f&

~ 18%,
which is disallowed by Gallagher's previous limit [30].
We note, however, that our measured value of f differs
markedly from that of Eschner et a/. who found

f =0.46+0. 15% [31]. Attempts to reconcile this
difference by searching for a possible high-spin isomer of

Lu have been fruitless to date [32,33].

B. Nuclear structure of the isomers

value of 4.8. A 10%%uo admixture of the two-neutron
configuration in ' Hf ought to increase the p-decay
strength to ' Ta by a factor of 10. In his experimental
search for f&, Gallagher was motivated to measure this
mixing. The limit f& 3. 8%%uo (logft +5.4) established by
Gallagher in 1962 is consistent with a 10% broken-
neutron pair admixture [30].

II. EXPERIMENT

To measure the direct isomer-to-isomer transition, we
are left with no alternative but to detect the low-energy p
rays. %e are confronted by two formidable backgrounds:
(1) internal conversion electrons from the decay of

Hf, and (2) contamination with the 408-keV-end-
point p spectrum from the decay of ' 'Hf.

The so-called "rare-earth" nuclei (150& A & 190), to
which ' Ta belongs, lie far from any shell closures and
have large prolate deformations. Rotational bandhead
states are characterized by the Nilsson orbital quantum
numbers K [Nn~A], where K is the projection of the to-
tal angular momentum on the body-symmetry (3) axis

[34,35]. The I =K =9 isomer in odd-odd ' Ta is
formed by a spin-aligned coupling of the proton and neu-
tron quasiparticles —', [514]n and —', + [624],. The 8 iso-

mer in even-even ' Hf can be formed either by breaking
a proton pair and coupling the proton quasiparticles

[404] and —,
' [514] or by breaking a neutron pair

and coupling —', +[624]„and—', [514],. There are two ob-

served 8 levels in ' Hf, at 1147.4 keV (a 4.0 s isomer)
and at 1479.0 keV, which have been shown to be substan-
tial mixtures of just these two states [36—38]. By the
time two more neutron orbitals have been filled in ' Hf,
the low-lying 8 level (a 61.5 min isomer) is nearly a pure
broken proton-pair configuration [39,40]. The calculated
magnetic moments for the two configurations are quite
difFerent: p(8 )2„=+8.2@~ and p(8 )2„&0.2p, ~. On

the basis of its large measured magnetic moment of
p=(8.6+1.0))uz [41,42], the isomer in ' Hf ought to be

primarily a broken-proton pair (2m. ) configuration as in

Hf . However, the magnetic moment is not sensitive
to a small ( & 10%) admixture of the broken-neutron pair
(2v) state. Further, the neutron transfer reaction

Hf(d, p) successfully produces the isomer suggesting
that the admixture must be significant [43]. The higher-

lying, predominantly two-neutron 8 level has yet to be
identified.

The P decay of the Hf 8~& ~
component to the 9

isomer involves the hindered transition
—', +[624],~—', +[404]„which is seen in the P decay of

Yb and in the electron capture of ' 'W with logft
values of 6.5 and 6.7, respectively. A logft of 6.4 is ob-
served in the analogous P decay of ' Hf . The P de-

cay of the Hf 8[& )
component to ' Ta, on the other

hand, involves the unhindered transition
[514] ~—', [514] . Fast logft values of 4.7 and 4.4

are seen in the decays of the odd mass nuclei ' Yb and
' 'Os. Neighboring ' Hf is observed to decay to the 7
level in ' Ta at 1162 keV via this mode with a logft

A. Design

The dominant electromagnetic decay mode of the
t, ~2 =5.5 h ' Hf isomer yields an average of 3.0 y rays
and 1.5 internal conversion electrons as the nucleus
"spins down" through the ground-state rotational band
(Fig. 2 and Table II). The electron spectrum of ' Hf is
often characterized as a "picket fence" because of the
nearly equal energy spacing between 9 strong lines rang-
ing up to 500 keV. The lowest energy conversion lines
from the 57-, 93-, and 215-keV transitions are the strong-
est and span the range of energy in which we can look for
a 214-keV-end-point p spectrum. The valley between the
LM93 and K215 peaks necessarily contains scattered
events from the K215 and all higher energy conversion
lines. In our experiment to measure f&, the high resolu-
tion afforded by a magnetic spectrometer was sacrificed
for the opportunity to veto conversion electron events.
This is possible because of the inherently high y multipli-
city in the cascade decay of ' Hf . Each conversion
electron has an associated x ray and on average 3y rays
in coincidence with it. An electron from the p decay of

Hf directly to ' Ta, on the other hand, travels
unaccompanied by any other detectable radiation.

Our experimental setup is shown in Fig 3. A thin
Hf source was mounted about 1 cm from the front

face of a solid-state detector thick enough to stop 400-

~ ~g~, igsaurce ey gy ~
~ I%a i' Q a i /~
7.x7. 6 ~ ~,7.6X 76

gg 8 // Y g ///, ///
~%':-'- EEEi.~X&iZ&R;,„.—

FIG. 3. Experimental setup. The ' Hf source was mounted

in close geometry to a surface barrier (electron) detector. These

were surrounded by a 4n array of NaI (gamma} detectors to

veto electron-gamma coincident events.
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TABLE II. Absolute gamma and conversion-electron line intensities for ' Hf . The intensities

(1000=100%)are mostly taken from the work of Christams and Cross [44]. Since conversion electrons

from the L, M and higher shells are unresolved in this experiment, we show summed intensities and

weighted energies for the "LM" lines. Measured and theoretical rejection factors E„,defined in Eq. (7)

for some of the electron lines are given. The theoretical factors are obtained using the approximate y-
detection efficiencies listed in the upper-right column.

y line

HfKx
y57
y93

y215
y332
y443
y501

Total events/Decay

E, (keV)

55.
57.53
93.33

215.24
332.28
443.16
500.69

363
535
175
815
944
921
148

3.801

lese

190
111
40
16.5
5.6
0.363

IeLm

308
635

74
16
5.3
3.1
1.041

&N.r (%)

50
50
61
89
91
89
89

IC, line

K93
LM57
LM93
K215

LM215
K332

LM332
K443

LM443
K501

LM501

E, (keV)

28.0
48.6
85.1

149.9
206.8
266.9
323.6
377.8
434.4
435.3
492.8

190
308
635
111
74
40
16
16.5
5.3
5.6
3.1

FmeRs
rej

464~60
325+100
210+60
220+100

Ftheor
rej

447
948
474
250
124
141
70

163
81

107
53

keV electrons. The source-detector assembly was mount-
ed inside a 4v array of NaI scintillators to catch the y
rays in coincidence with the conversion electrons. The
solid-state electron detector consisted of a
"transmission-type" Si surface barrier detector with an
active area of 300 mm and a depletion depth of 712 pm.
The front surface electrode was a 40.1 pg crn thick Au
layer and the back surface electrode was the same thick-
ness of Al. The 4m NaI scintillator array consisted of an
annular detector 30.0 cm long X21.5 cm outer diameter
with an 8.9 cm inner diameter, and two 7.6 cm X7.6 cm
crystals which closed the ends of the annulus. The an-
nulus has an inner wall Al thickness of 0.81 mm while the
7.6X7.6 NaI crystals were enclosed in 0.51-mm-thick
chrome-plated Al cans. Since we wanted our NaI array
to have a threshold below the 55-keV Hf EC x rays, we
found it necessary to operate the annular crystal's six
phototubes in the dark noise. A valid annulus signal was
taken to be a coincidence between the summed output of
tubes 1, 3, and 5 and the summed output of tubes 2, 4,
and 6.

Surface barrier events were routed according to wheth-
er there was a coincident NaI event (VETO route) or not
(NO VETO route). Electronic noise and electron strag-
gling established an effective low-energy threshold of 35
keV. Above this threshold there were two "valleys" in
which we could look for the P spectrum: (1) between the
LM57 and LM93 peaks at about 55 keV, and (2) between
the LM93 and K215 peaks at about 110 keV. We shall
henceforth refer to these energy regions as the

LM57-I.M93 and LM93-1215 valleys, respectively.
The t, &z

=5.5 h ' HP' source is most readily made in
the ' Hf(n, y) reaction with a thermal neutron source.
The neutron cross section for production of the isomer is
0.4 b. Any isotopically enriched ' Hf source also con-
tains residual quantities of the other hafnium isotopes
and (n, y) production of several other hafnium radioac-
tivities is possible. Of particular concern to our study is
the t, &z =42.4 d ' 'Hf activity which is produced in the

Hf(n, y) reaction with a thermal neutron cross section
of 14 b. As is apparent in Fig. 4 and Table III, ' 'Hf de-
cays by p emission to two excited states in 's'Ta which
subsequently cascade to the ground state by y emission
with a multiplicity of about 2. The electron continuum
spectrum has p end-point energies of 405 and 408 keV,
about twice as large as the end-point energy of the ex-
pected ' HP' p-decay branch. The 133-keV transition is
highly converted and the energy of the strong K133 and
I.M133 internal conversion lines unfortunately happen to
fall in the two "valleys" (LM57 LM93 and LM93--%215)
in which it is possible to look for the 214-keV p spec-
trum. The ' 'Hf conversion lines and continuous p spec-
tra form a major source of background, complicating our
search for f&.

The general method of dealing with the ' 'Hf back-
ground is to accumulate spectra over a several day period
and subtract the longer-lived ' 'Hf component. The sub-
traction proves to be substantial and a primary source of
statistical and systematic error. To extend our veto tech-
nique to include the beta continuum from the ' 'Hf de-
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TABLE III. Absolute gamma and conversion-electron line intensities for ' 'Hf. Intensities
(1000=100%}from Ref. [11 have been adjusted to guarantee proper line summing. The unresolved
133-, 136-, and 137-keV conversion transitions are combined in the lower table. Computations of F„,
explicitly include the P groups and the r, ~z

= 17.8 ps metastable state in "'Ta.

y line

Ta KX
y133
y136
y137
y346
y476
y482
y615
Total events/Decay

E (keV)

57.
133.0
136.2
136.9
345.8
476.0
482.0
615.5

328
408

55
28

135
15

810
2.5
1.781

204
66
28

5.4
2.4

22
0.5
0.328

IeLM

318
22
11.1
2.2
0.6
4.0
0.1

0.358

NaI (%)

50
75
75
75
92
89
89
84

IC, line

K133
'

K136 ~

K137
LM133 '

LM136,
LM137

K346
LM346

K482
LM482

K615
LM615

/3408

E, (keV)

69.0

124.8

280.5
337.8
416.7
772.2
548. 1

607.5

298

351

5

2

24
4.6
0.5
0.1

920

Fmeas
rej

19.2+2.9

9.5+0.6

5.3+0.9
1.7+0.4

7.66+0.26

Ftheor
rej

7.94

5.89
2.79
2.35
0.84
0.82
0.00
7.13

cay, we note that 93% of the P strength directly feeds the
I =

—,
'+ level in ' 'Ta at 615.2 keV or excitation. This

level has a half-life of 17.8 ps. The two subsequent y-ray
transitions are in delayed coincidence with the beta rays.
To render the beta rays eligible for vetoing, we intro-

I

2 42.4d

l81

3+
1372

l+
2

5+
2

133

I7. 8~sec

482

g+
2

7+
2

137

l8I T
FIG. 4. The decay scheme of '"Hf. The gamma cascade is in

delayed coincidence with most beta rays because of the metasta-
ble (t

& z2
= 17.8 ps) level at 615.2 keV of excitation in "'Ta.

duced a digital time delay within the microprogrammable
branch driver (MBD) in the on-line data acquisition in-
terface.

B. Procedure

A 0.6S mg sample of Hf02 isotopically enriched to
89% ' Hf with 8% ' Hf content was bombarded at the
University of Washington reactor (P= l.2 X 10'
neutrons cm s ') for 2 h to produce about 6 p,Ci of

Hf . The activated sample was counted 2 h later with
a Ge(Li) detector at the University of Washington Nu-
clear Physics Laboratory to verify that there were no
short-lived contaminants. A thin source was prepared by
first dissolving the fine granules of the oxide in 1 ml of
hot, concentrated HF acid, and then drying a few 100 pl
of this solution on a 50 pg cm carbon foil premounted
on a 1-mm-thick plastic backing. The HfF4 salt residue
stuck to the carbon foil and was left uncoated. From the
spot size and measured activity we calculated a source
thickness of 20 pg cm

The Si detector was mounted on the front face of one
of the 7.6X7.6 NaI. There was enough clearance be-
tween the 7.6X7.6 NaI and annulus inner wall to route a
microdot cable to the enclosed Si detector, as well as a
Aexible hose to purge the enclosure with dry nitrogen.
The N2 purging procedure was necessary to retard the
contamination of the surface barrier detector with HF
vapor emanating from the source. With the N2 purge
operating, the source was mated to the detector in a fixed
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and reproducible position about 1 cm from the surface
barrier face. Finally, the source-detector assembly was
installed in the annulus and counting was begun.

Pulses from the surface barrier detector were amplified
and fed into an analog-to-digital converter (ADC} and
into a single-channel analyzer (SCA). The SCA was used
to start a time-to-pulse-height converter (TAC). The
TRUE START output from the TAC (verifying that the
TAC had a valid start) was used as the logical GATE to
the surface barrier ADC. If the logical GATE was re-
ceived, the surface barrier signal was promptly convert-
ed, but then latched onto by the MBD for approximately
100 ps while the MBD watched for the conversion of the
TAC ADC. An SCA on the logically OR-ed signal from
the NaI array was used to stop the TAC. The TAC was
strobed a fixed 75 ps after each start. If a TAC STOP
signal was received during this time, the TAC ADC con-
verted and the digitized Surface Barrier signal was routed
into the VETO route and passed to a PDP-11 computer.
Otherwise, if the MBD time delay expired without a con-
version of the TAC ADC, the signal was passed on to the
computer in the default NO VETO route. With ap-
propriate delays for the START and STOP signals, it was
possible to place the prompt peak in the TAC time spec-
trum at a nominal position of 5 ps, leaving 70 ps avail-
able for delayed vetoing. To keep the accidental veto rate
small, it was necessary to use a source with an activity of
no more than a few kHz.

One-hour-long runs were commenced about 6 h after
the activation. The experiment was terminated after
about 40 h when the surface barrier detector succumbed
to the effects of HF poisoning. Finally, the source was
recounted with the Ge(Li) to check for possible long-lived
contaminants.
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FIG. 5. Routed surface barrier electron energy spectra.
Shown are spectra accumulated in the first 7 h (A7) and last 7 h

(Z7) of the 36-h experiment.

C. Results

The surface barrier spectra for the VETO and NO
VETO routes collected during the first 7 h and last 7 h
are displayed in Fig. 5. Hereafter, we shall refer to these
four spectra as VET(A7), NOV(A7), VET(Z7), and
NOV(Z7), respectively. The centroids of the various con-
version line peaks were identifiable and remained con-
stant in energy throughout the experiment. From the
E215, E332, and E443 lines we obtained an energy cali-
bration and measured the detector resolution to be about
12.8 keV FWHM. This resolution was not good enough
to resolve the conversion lines of the L, M, and higher
shells. A correction for energy loss through the N2 gas
(approximately 5 keV for the @215 line) was included so
that the energy scale (2.97 keV/channel) in Fig. 5
represents the electron energy actually deposited in the
surface barrier detector. The LM57-LM93 and LM93-
E215 valleys each had a width of 5 channels or 15 keV.

The TAC spectra from the first and last 7 h, TAC(A7}
and TAC(Z7), are shown in Fig. 6. The prompt peak had
a width of 200 ns and decayed away with a predominant
5.5-h half-life. The delayed P-y coincidences to the right
of the prompt peak persisted throughout the course of
the experiment and had a measured slope that matched
the ' 'Hf (17.8 ps, —,'+) activity. In TAC(Z7), 30% of all

the TAC events were attributable to this 17.8-ps delayed
component. The TAC was calibrated with a pulser in the
experimental setup. The TAC "livetime" was measured
to be 75.4+0.2 ps. If the TAC received a STOP signal
during this time (VETO event), the total MBD dead-time
was 94+1 ps. If no STOP signal was received„ the MBD
dead-time averaged 137 ps. The fraction of NO VETO
events accidentally routed into the VETO route dropped
from 6% to 3% during the course of the experiment.

Since the NaI array had an overall efficiency of 99%
for vetoing HP" conversion electrons, the 5.5-h com-
ponent of the decay curve given by the TAC STOP signal
yielded the absolute ' Hf activity. From a At to this
curve, the total number of ' Hf decays in the standard
A7 set of runs was measured to be Xo(A7)=5.47X10
events.

The Ge(Li) spectra of the activated sample proved it to
be very pure. We found y-ray activities due to the
known Hf isotopes, and a small trace of Na contamina-
tion. At the conclusion of the experiment, we produced a

Na source by activating a few mg of Na2CO3 at the UW
reactor. We acquired a spectrum of this P-y source in
the same geometry and setup as above. The small correc-
tion for this Na contamination is described in Sec. III.
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FIG. 6. TAC time spectra between surface-barrier electron
events (STARTS) and NaI gamma events (STOPSj. The prompt
peak has a predominant 5.5-h component while the tail to the
right persists with a long half-life. The time slope of the tail
matches the 17.8-ps half-life of the metastable state in the decay
of "'Hf.

III. ANALYSIS

A "first" limit on the beta branching ratio f& was es-
tablished by taking the ratio of counts on either side of
the LM93 peak in the NOV(A7) spectrum to the strength
of the LM93 line in the corresponding VET(A7) spec-
trum. Using the normalized shape of a 214-keV end-
point beta spectrum for an allowed transition as given by
Konopinski [45], we obtained f&~ 1.3%. This "first"
limit does not include any subtractions other than the im-
plicit rejection due to the NaI NO VETO routing. It is
already an improvement over Gallagher's limit of 3.8%%uo

and underscores the advantage of our technique.

A. NaI veto

We define the term "rejection factor" to be a ratio of
VETO-route electron events to NO VETO route events.
We can express the rejection factor, F„;,for the ekth
conversion electron of the ith transition in terms of the

B. ' 'Hf subtraction

Since the half-lives of the multicomponent decay spec-
tra are well known, a mechanistic approach can be used
to subtract the long-lived ' 'Hf activity from the short-
lived ' Hf activity. The composite electron energy
spectrum N, (E) for a particular run i can be written in
terms of a number j,„of"pure" energy spectra N (E)
with known half-lives t, &z

=ln2/k,
Jmax

X;(E)= g f;,N (E)
j= 1

(9)

and nk is the internal conversion coefficient for the kth
atomic shell. The first sum in Eq. (8) is taken over all
possible branch paths BP from the parent radioactivity
(isomer) to the daughter (ground state) and includes the
sell [j j of transitions for each path with intensity fBp.
The second sum is taken over all possible permutations of
the set [j j of electron and gamma transitions. The rejec-
tion due to K x rays is explicitly included in Eq. (8).

It is evident from Eqs. (7) and (8) that each conversion
line possesses its own (different) rejection factor. There-
fore we cannot simply subtract a scaled-down VETO
route spectrum from the NO VETO route spectrum to
search for the underlying beta continuum. Furthermore,
the total efficiency of the surface barrier detector is large
(16.0%) and we must consider sum lines. Since the col-
lection of a sum line event requires the conversion of two
transitions in the ' Hf cascade, there will be one less y
ray available for vetoing, and thus a smaller rejection fac-
tor. We shall perform a proper subtraction of the conver-
sion electron spectrum later in Sec. III F.
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where
—g. t&(i) —A, .[t&(i)—t&(i)]

f, ="f„„,{i)e '' (1—e ' ' '
)

Jmax

NJ(E)= g fJ 'N;(E) .
i=1

(10)

is just the fraction of the jth "pure" activity in the ith
time window (t, (i),t2(i)) relative to the spectrum which
could be obtained in the time interval (0, 00 ). Note that
N, (E) is normalized as "detectable" events in the absence
of electronic dead times. If spectra in j,„separate time
windows (or runs) are accumulated, the square fraction
matrix can be inverted to obtain the pure spectral com-
ponents as a linear combination of the experimental runs:

The various rate- and route-dependent dead times associ-
ated with the TAC suggest separate treatment of the NO
VETO and VETO routes. When a correction for ac-
cidental vetoing (which weakly "couples" the NO VETO
fraction matrix to the VETO fraction matrix) is included,
we obtain the "pure" spectral components for the
t&&2=5.518 h and 42.4 day half-lives in the VETO and
NO VETO routes:

VET(5.5 h) 1.000
NOV(5. 5 11) 0
VET(42d) —0.026
NO V(42d) 0

—0.065
1.065
0.002

—0.028

—1.017
0

1.017
0

O.O47
'

VET(A7) ~

—0.065 NOV(A7)
—0.046 VET(Z7)

1.063 NOV{Z7)

The matrix has been normalized so that VET(5.5 h)
=VET(A7)-I other spectra}. The remaining spectra
represent their expected contribution to the first 7 h.
This allows us to compare the VET(A7) and NOV(A7)
spectra with their "subtracted" counterparts.

The resultant spectra are shown in Fig. 7. All of the
Hf lines have canceled out in VET(42 d) and NOV(42

d). What appears to be a residual of the LM133 line in
VET(5.5 h) is, in fact, the sum peak of the LM93+LM57
conversion lines. More importantly, the ' 'Hf LM133
and %482 line have canceled out to within statistics in
NOV(5. 5 h). Subtraction of the contaminant LM133 and
E133 lines allows the LM93 and E215 line to stand up
and be counted. The continuum intensity has been sub-
stantially reduced without "oversubtraction. " In the two
valleys where we can look with the greatest sensitivity for
the 214-keV-end-point P continuum, the number of
counts has been reduced by about 60% to 405+45 and
185+34 counts, respectively. If these counts were due
entirely to the 5.5-h beta spectrum, then f&

=0.7%.
To this point, we have only used the "inner" and

"outer" runs, or about 30% of our data. To check the
validity of this subtraction, we examined decay curves in
detail. Properly normalized decay curves were generated
by dividing the number of counts in an energy window of
a given spectrum for a given run by the duration of the
run (in hours) times the route-specific live-time fraction.
The run data were then fit with the sum of two decaying
exponentials. The decay curve of any energy window in
the surface barrier VETO-route spectrum (or of any time
window in the TAC spectrum) was well fit by allowing
only the magnitudes of the 5.5-h and 42.4-d half-life com-
ponents to vary. Figure 8(a) shows two such fits with
y =1.8 and 1.5 to VETO-route events —above a thresh-
old energy of 100 keV, and falling in the LM57-IM93
window —respectively.

In contrast, the NO VETO route fits for the same ener-
gy windows in Fig. 8(b) have relatively poor chi squares.
Several runs have higher count rates than statistical Quc-
tuations would allow. For example, the low-energy

count-rate of the eighth data point was two times greater
than the rates of its neighbors, suggestive of an intermit-
tent "noise flash" problem. Possible mechanisms result-

ing in sudden increases in the NO VETO-route count rate
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FIG. 7. Subtracted components of the routed surface-barrier
electron energy spectra. An offset of 10 counts/channel is add-

ed to show that there is no "oversubtraction. " Arrows in the
5.5-h spectrum mark the two "valleys" between the peaks where
we searched for the 214-keV-end-point beta spectrum.
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electron peaks should scale with the "noise" continuum.
As described above, this was shown not to be the case.
Furthermore, the complete cancellation without oversub-
traction of the LM133 peak in the NOV(5. 5 h) spectrum
provides reassurance regarding long-term efficiency
drifts.

A two-component decay curve (with fixed 5.5-h and
42-d half lives) was fit to the energy-window counts over
a full set and several subsets of all the runs. As expected,
the set of points consisting of the 6rst 7 and last 7 runs
yielded a 5.5 h component that matched the number of
counts obtained by integrating the same window in the
NOV(5. 5 h) spectrum. As shown in Table IV, the 5.5-h

component never falls more than one statistical standard
deviation from this value, even when the full data set is
included. We measured the variance in the number of
counts for the set of fits to be 22 and 10 counts for the
two valleys. We use these one-sigma values as a measure
of an additional statistical uncertainty inherent in the
' 'Hf subtraction due to our "noise flash" problem.

C. Na subtraction

Z7

101 I I I I

400 10 20 30
t (hours)

FIG. 8. Decay curves of various energy windows for the sur-

face barrier spectra. Shown are fits to the LM57-LM93 valley
(45—60 keV) and above the LM93 line (100—750 keV) in both
the VETO and NO VETO routes.

50

are (1) break downs in the surface barrier detector, and
(2) time variations in the overall NaI veto efficiency.

One suspected source of intermittent random noise is
HF vapor poisoning of the surface barrier detector. It
was noted that there was an interruption of the N2 purge
prior to the eighth run. Examination of the residual en-

ergy spectrum of this run (formed by subtracting one-half
each of the 7th and 9th runs) showed that the noise was
distributed approximately exponentia11y, extending to
several hundred keV in energy and that the LM93 and
LM133 peaks statistically canceled to zero. It is worthy
of note that the shape of the 408-keV-end-point beta con-
tinuum in the NOV(42 d) spectrum matched the shape in
the VET(42 d) spectrum, which we know must be free
from the "noise flash" spectrum. Since the Z7 runs were
chosen in a nominally flat (only small deviations from the
norm) time region. This observation limits the size of a
low-energy "noise flash" component which might have
been oversubtracted from the NOV(A7) spectrum.

The NO VETO count rate is sensitive to small changes
in the NaI veto efficiency (due to gain changes in the pho-
totubes, for example). If the increase in NO VETO rate
arises from variations in the veto efficiency, then known

The electron spectrum of Na is a featureless continu-
um due to its 1390-keV-end-point beta spectrum. In our
experimental geometry, we measured the intensity fall by
a factor of 2.5 between 100 and 600 keV. Two coincident
high-energy gamma rays (1369 and 2754 keV} resulted in
a rejection factor F„,=10. The matrix of Eq. (11) only

partly subtracts out the intermediate half-life (15.02 h}
Na component. We normalized the experimentally

measured Na spectrum to the A7 set of runs using the
Ge(Li) counts of the 1369-keV gamma line.

Below 100 keV, the VETO route has a Na contribu-
tion of 18 counts/2. 97 keV, which is less than 1% of the
valley continuum intensity in Fig. 7. In the LM57-LM93
and LM93-F215 valleys of the NO VETO route, the

Na strength was 2.2 and 2.0 counts/2. 97 keV corre-
sponding to 11 and 10 total counts, respectively. The

Na contribution was only significant above 500 keV
where it accounted for 50%%uo of the measured continuum
strength between the known sum peaks. We verified that
decay curves for high-energy windows possessed a 15-h
component. We calculated that the continuum associat-
ed with the sum peaks was an order of magnitude less
than the experimentally measured continuum at these en-

ergies. To conservatively include the possibility that the
geometry was not well reproduced, we consider the mea-
surement described above to be a lower bound on the

Na contribution. The upper bound is then defined by
the high-energy continuum limit and we assign the NO
VETO valley contributions to be 16+1+5 and 15+1+5
counts in Table IV.

D. Electron detector response function

Monoenergetic electrons from a discrete-line source
can Mg6ler scatter both into and out of a detector, depos-
iting less than their full energy to produce a featureless
backscatter tail [46]—[51]. Further, the ratio of total
scattered events to peak events is approximately a con-
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TABLE IU. Accounting of surface-barrier electron counts in the energy valleys on either side of the
LM93 peak. Equivalent values for f& in the right-hand columns are traced through the two subtrac-
tions.

Window

Spectrum/Run

VET(A7)
VET(5.5 h)
NO V(A7)
NOV(5. 5 h)

Valley:
Energy (keV):

I
LM57-LM93
[47.6-62.4]

(counts)

88000+300
75750+320

1091+33
405+45

II
LM93-K215
[95.0-109.9]

(counts)

20730+150
16360+160

585+24
185+34

I
(%)

1.50
0.56

II
(%)

1.87
0.59

NO VETO-route time-decay curve fits:
All 33 runs
Less 8th run
A7+ Z7
Odd No. runs
Even No. runs

Variance of Set

5.5 h component
420+39
394+39
408+43
392+51
455+60
409+22

186+29
171+29
197+32
186+39
184+43
183+10

NOV(5. 5 h) 405+50 185+36 0.56 0.59

Na Contaminant 16+6 15+6

Absolute P normalizations
1% P214(Konopinski)
1% P(Eos4)
1% P(LM93 Convol. )

1%P(%215 Convol. )

1% P(I|.'392 Convol. )

Adopted 1% P214

6460
584
866
725
792

725(20%%uo)

3750
348
367
313
346

313(20%%)

0.80
1.19
1.00
1.09
1.00

1.11
1.17
1.00
1.10
1.00

Global fit to VET(5.5 h): LM93 scaled (y'=28. 0)
singles less LM93
LM93 Line
doubles

Na Contam.
Fit sum:
Deficit counts

19 768
52 000
3 438
150

73 355
395

8 493
I 957
7 807
139

18 396
—2 036

stant with respect to the incident electron energy. For a
well-collimated beam of monoenergetic electrons in vacu-
um and perpendicularly incident to a Si detector, the
fraction of backscattered events has been experimentally
determined to be 13.4% [51]. The geometry used in our
experiment is more extreme since the surface barrier
detector subtends a substantial fraction of 4~ (10.7%)
and numerous scattering media exist close to the detector
including the centimeter of nitrogen gas through which
the electrons must pass. Most electrons impinge on the
detector surface at oblique angles (up to 45 ) with in-
creased likelihoods that they will scatter out.

To experimentally determine the electron response
functions of our Si surface barrier detector, two conver-
sion line sources were prepared and placed in the same
geometry as the ' Hf source. Both " Sn and ' Ce de-
cay by electron capture to the first excited states of" In

and ' La at 391.7 and 165.8 keV, respectively. The " Sn
source was found to be contaminated with the P emitter

Sb. The ' Sb contribution was estimated and sub-
tracted by convoluting the theoretical P spectrum, nor-
malized by the Ge(Li)-measured 427.9-keV gamma
strength, with the first-order "Sn response function.
The resultant " Sn spectrum is shown in Fig. 9(a). If the
plateau between 100 and 300 keV is assumed to continue
down to 0 keV, then the total tail-to-peak ratio is 0.91.
The '39Ce spectrum shown in Fig. 9(b) was obtained with
somewhat poorer resolution. We have subtracted out the
strong E; x-ray contribution at 34.2 keV to show that the
plateau is essentially Oat down to the noise threshold.
Tests with the ' Ce source demonstrated that the total
tail-to-peak ratio was sensitive to the source-to-detector
distance.

To augment these experimental measurements of the
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TABLE IV. (Continued).

Window

Spectrum/Run

Valley:
Energy (keV):

I
LM57 —LM93
[47.6-62.4]

(counts)

II
LM93 —K215
[95.0-109.9]

(counts)
I

(%)
II

(%)

Global fit-1 to NOV(5. 5 h):
singles less LM93
LM93 line
doubles

Na Contam.
Fit 1 sum:
Deficit counts

No. p214, LM93 unconstrained (y, =1.21j
63+6
161+9
21+3

16
261
144

41
6

48
15

110
75

Global fit-2 to NOV(5. 5 h):
singles less LM93
LM93 line
doubles

Na Contam.
P214

Fit-2 Sum:
Residual p214 from fit 2

LM93 scaled (y'=1.09)
65+10

84
14

22+5
234+43

419
220+55

42
3

32
20
100
197

88+37

0.32

0.31

0.32

0.28

Global fit 3 to NOV(5. 5 h):
singles less LM93
LM93 Line
doubles

Na Contam.
P214

Fit-3 sum:
Residual P214 from fit 3

LM93 unconstrained (g„=1.05)
52+6

109+12
20+3

16
201+33

398
208+52

34
4

45
15
86
184

87+37

0.28

0.29

0.27

0.28

response function, theoretical spectra were generated
with the Electron-Gamma-Shower Monte Carlo code
EGS4 [52]. We used a Los Alamos version of the code for
cylindrically symmetric geometries and introduced rou-
tines for low-energy electrons as suggested by Rogers
[53]. As inputs to the EGS4 code, we measured the experi-
mental geometry including all absorbing and scattering
media within range of the electrons. The EGS4 code pro-
pagated monoenergetic electrons randomly into 4m sr.
Spectra of the electron energy deposited in the region
defined by the Si medium were accumulated and were
then convoluted with a Gaussian to mock up the detector
resolution. Simulated electron spectra for " Sn and ' Ce
are displayed in Fig. 9. In general, the EGS4 code success-
fully reproduced the peak shift due to energy loss and the
qualitative shape of the backscatter tail, but failed to
yield a large enough tail-to-peak ratio by 15 to 35%.
This discrepancy probably springs from difficulties in
modeling the precise geometry and in properly account-
ing for the Mdller scattering in the code [52—54]. We
further showed through use of the code that backscatter-
ing into the Si detector was a strong function of the
thickness of the high-Z HfF4 source. Thus an uneven
distribution of source thickness could enhance
conversion-line tails. The calculated spectra show a drop
off' at energies below the experimental low-energy thresh-

old. This is important for summed spectra, which we will
discuss in the next subsection.

We used EGS4 code to generate electron spectra for
each conversion line listed in Table II and III. For all
but the LM57 case, 8.2+0.4% of the EGS4 electrons con-
tributed to the "full-energy" peak in the active zone of Si.
Another 5.0% of the electrons fell in the backscatter tail,
independent of the initial electron energy. To correct for
the tail-to-peak ratios actually observed, we rescaled the
computed tails up to 7.8% while maintaining their ener-

gy distribution. The strong, low-energy LM93 line was
treated separately. As can be seen in the VETO-route
spectrum of Fig. 7, the valley to the left of the LM93
peak has an order of magnitude more counts in it than
the valley to the right, and must therefore be dominated
by the backscatter tail attached to the LM93 peak. To
simulate the observed plateau-to-peak ratio, we found it
necessary to double the calculated tail contribution to a
value of 10.0%.

Beta spectra for the expected 214-keV end point al-
lowed transition from ' Hf to ' Ta, and, for the 408-
keV-end point, ' 'Hf decay were generated with EGS4
from a binned "ideal" distribution [45]. However, the ad
hoc correction to the tail-to-peak ratio should result in a
skewed increase in the low-energy component of these
beta spectra. We generated three other mock 214-keV-
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where n;(E,. ) and n, (E~ ).are the differential energy spec-
tra (response functions) for the ith and jth transitions of
the cascade per decay. Note that since the integrated
tail-to-peak ratio is nearly 1 for single electron spectrum,
the tail-to-summed-peak ratio becomes about 3 for sum-
line spectra n; . The phase-space construction of Eq.
(12}is such that if n, (E) approaches a constant as E goes
to 0, then n, ~, (E}~E for low energies. If n;(E) ~E, as
suggested by the EGs4 modeling, then n;~ (E}~E at the
lowest energies in the sum-line spectrum. Thus the con-
tribution of the sum-line spectra to the lowest-energy val-
leys (below the LM93 peak} must be small compared to
higher-energy valleys.
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FIG. 9. Conversion-line source spectra for " Sn and "Ce.
Shown are the experimentally-measured energy spectra and the
Bos'n-generated response function, smoothed by the 12.8-keV
detector resolution.

end-point p spectra by convoluting the ideal spectrum
with the response function given by the LM93, E215,
and "Sn E392 lines. These different determinations
agreed with each other at the 20%%uo level between 30 and
180 keV. The contributions of each generated p spec-
trum to the LM57-LM93 and LM93-E215 valleys
defined earlier are given in Table IV, normalized to
1.00% of the total number of ' HP decays in the A7
time bin. We have chosen to use the 1% p spectrum
based on the convolution of the E215 line which yields to
725 and 313 counts respectively in the LM57-LM93 and
LM93-E215 valleys. We interpret the differences in nor-
malization as a 20% systematic uncertainty which will
carry over to the determination of f&

K. electron line summing

Since the total efficien of the surface barrier detector
is large (16%), we must consider electron line summing
for the high-multiplicity ' Hf cascade. We can express
the sum-1ine differential energy spectrum by

m,.~.(E)= I n, (E;}n (E E, }dE, — .(12)
I

Response functions n;(E) were generated for each con-
version line in the ' DHf spectrum by smoothing the
tail-corrected EGs4 model A . singles curve was created
by first summing the response functions, normalized to
the absolute intensities as given in Table II, and then con-
voluting it with the 12.8-keV detector resolution. A
small correction was made for summing out of the singles
line strength. The full-energy peaks of the VET(5.5 h)
spectrum are well-reproduced (to within the uncertainties
in the conversion-line magnitudes) by the singles curve in

Fig. 10 even when the absolute activity of the source is
used as the normalization. However, the singles curve ac-
counts for less than half of the number of counts in the
valleys between the peaks. A properly normalized dou-
bles curve was generated by summing each of the possible
sum-line combinations n, ~ (E) and again convoluting the
result with the Gaussian detector resolution. Finally we
added the Na spectrum, normalized as described ear-
lier. The singles and doubles curves were globally fit to
the VET(5.5 h) spectrum between 40 and 500 keV. As
seen in Fig. 10, the doubles curve does an excellent job of
filling in the valleys and, with the fixed Na continuum,
we11 represents the data for energies in excess of the
highest-energy single conversion electron. The chi square
per degree of freedom (g) for this two-parameter fit

equals 30, which means that the average discrepancy be-
tween the EGS4-generated theoretical curve and the data
is about 10%%uo. Much of the excess chi square exists near
the low-energy LM57 peak (whose centroid lies below the
low-energy noise threshold at 35 keV) where the EGS4
code is of questionable reliability. The fit required a dou-
bles component 17% above the absolute normalization.
This might be explained by either an inAation of the total
detector efficiency (from 16.0% to 18.2%) or of the tail-
to-peak ratio or possibly by electron-electron angular
correlation. In spite of these problems, the global fit is
remarkably good.

For each y transition listed in Tables II and III, we
calculated the total efficiency of the NaI array with the
EGS4 code and used Eqs. (7) and (12) to determine rejec-
tion factors. These proved to be much larger
(F„&) 1000) than the measured values, perhaps due to in-

complete light eolleetion in the annular NaI detector.
We therefore adjusted the low-energy end of the y
efficiency curve within the "annulus-only" envelope until
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FIG. 11. Global simulation of the '"Hf electron energy spec-
tra in both the VETO and NO VETO routes. Shown are the ab-
solute normalizations given in Table III.

FIG. 10. Global simulation of the "Hf VETO-route elec-
tron energy spectrum. General agreement with the data was
achieved across the entire spectrum.

the computed NO VETO rejection factors agreed with
the measured values of Tables II and III. Simulations of
the VET(42 d) and NOV(42 d) spectra are shown in Fig.
11. The LM133 peak is promptly rejected by a factor of
10, due primarily to coincidences with the 482-keV line.
Likewise, the beta continuum is rejected by a factor of 8.
To mock up the effect of the 17.8 ps half-life, 7% of the
408-keV-end-point beta decays were assigned to be multi-
plicity =1 events. To within a normalization factor, the
manufactured spectra in Fig. 11 do a reasonably good job
of reproducing both the conversion-line and P com-
ponents of the VETO- and NO-VETO-route spectra.
The match is not as good as the VET(5.5 h) simulation, in
part because the absolute branching ratios in Table III
are not we11 known.

In the same manner, the ' Hf F„,factors were used
to generate singles and doubles spectra for the NO VETO
route. To these were added the p spectra from the Na

contaminant and ' Hf f(3 branch. We then used our
chi-square 6tting routine to globally fit the sum of these
simulated spectra to the NOV(5. 5 h) data spectrum be-
tween 40 and 720 keV. When the magnitude of the 214-
keV-end-point p spectrum was fixed to 0 (f11=0), the
smallest y„which could be achieved was 1.21 (fit 1 in Fig.
12 and Table IV). If the parent distribution correctly
modeled, then the integrated chi-square-probability dis-
tribution of this global fit is only P( &y„)= 1.7% due to a
substantial discrepancy (40%) in the low energy valleys.
When a positive p spectrum was added as a fitting param-
eter, the g dropped to a value of 1.0S [P( & g„)= 15%].
Examination of this fit (fit 2 in Table IV) showed that the
p spectrum absorbed fully half of the counts in both the
LM57-LM93 and LM93-K215 valleys. To account for
the possibility that an improper rejection factor has been
used for the LM93 line relative to the other NO VETO
lines, the magnitude of the singles LM93 peak with its as-
sociated tail was allowed to vary independent of the other
singies and doubles lines. In the resulting fit 3 (Fig. 12
and Table IV) the LM93 contribution increased (60% rel-
ative to the other singles lines) without significantly
draining the beta strength. In this fit, the g fe11 to 1.04
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[P( )y„)=30%%uo].

Both fit 2 and fit 3 statistically agreed with each other.
Half of the counts in each valley belonged to the 214-
keV-end-point beta spectrum. Concentrating on the
LM57-LM93 valley, about 100 counts of the 405+50
could be attributed to the nearby LM93 line. Another 50
counts could be explained by the backscatter tails of oth-
er singles spectra. Only 20 counts came from the doubles
spectrum. As discussed earlier, the "Na contribution
amounted to only 16 counts. This left a residue of over
200 counts which was fully accounted for by the globally
fit P spectrum. Since the NOV(5. 5 h) valleys contained
both statistical and systematic errors, we used the aver-
age of the beta residual (defined to be the difference be-
tween the data and the fit values less the beta component)
to obtain

NII(LM57-LM93) =215+55 counts,

N&(LM93-F215) =87+37 counts .

Using the adopted 1% Pz, 4 normalizations from Table
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FIG. 12. Global simulations of the ' Hf NO VETO-route
electron energy spectrum. Iu fit 1, we assume zero P spectral
strength and allow the LM93 strength to vary. A large (40%%uo)

discrepancy between the data and the fit is apparent in the low-
energy valleys. In fit 3, an excellent fit is obtained when the P
component contributes about 50/o to the LM57-LM93 and
LM93-E215 valleys.

IV, we can write down the laboratory beta branching ra-
tio as

fp(LM57-LM93) =(0.30+0.07+0.06)%,

f (LM93 E215)=(0.28+0. 12+0 0.6)%,
where we have included the 20% normalization uncer-
tainty as a systematic error.

IV. DISCUSSION AND CONCLUSION

We have measured the direct isomer-to-isomer P-decay
branch of ' HP to ' Ta by (1) vetoing electron events
from a Si surface barrier detector in coincidence with
gamma rays detected in a 4n NaI array, (2) subtracting
the t, &2=42 d ' 'Hf component from the predominant
5.5-h ' Hf component, and (3) subtracting the conver-
sion line component from the electron energy spectrum.
Our final result, statistically combined over the two val-

leys,

fp
= ( 0.29+0.05+0.06 )%

is more than a factor of 10 times smaller than the only
previously published limit [30]. The statistical and sys-
tematic uncertainties are conservatively estimated. Our
measurement of f& corresponds to a partial half-life of 76
d and an isomer-to-isomer logft value of 6.4+0.2. This
is consistent with an allowed-hindered P transition and
suggests that the structure of ' Hf is a nearly pure
broken-proton configuration. (Upon completion of our
effort, we learned of an experiment by Barden who mea-
sured f&=0.22+0.05% [55]. This value is in statistical
agreement with our results. )

We summarize the status of the Beer and Ward model
for the production of ' Ta in Fig. 13. The s- and r-
process contributions to the solar-system abundance of

Ta are used as the abscissa and ordinate. If the abun-
dance of ' Ta is fully accounted for by neutron capture
processes, then it can be plotted somewhere on the
N, +N„=NO line connecting the points (0, 1) and (1,0).
We use Eqs. (5) and (6) to write down linear solutions for
laboratory values of f and f& and overlay this grid on
the abundance coordinates. Our measurement of f& with
its associate uncertainties coupled with our previous mea-
surement of f defines region (a) in Fig. 13. If we let the
enhancement factor of Eq. (4) vary over the range of
values allowed by possible s-process environmental condi-
tions for both the s and the r processes, the larger region
(b) is formed. Finally, the remaining uncertainties in the
nuclear and geophysical inputs to Eqs. (1) and (6) are ac-
knowledged by expanding the X, +%„=CAVO line into re-
gion (c).

The lack of an overlap between region (a) and the
X, +X,=NO line, and even between the less-restrictive
regions (b) and (c), suggests that another mechanism is
needed to explain the solar-system abundance of ' Ta .
Between a fourth and a half of No(' Ta ) can be pro-
duced, almost entirely in the s process. However, all of
our calculations [Eqs. (1)—(6)] have implicitly assumed
that the isomers of ' Hf and ' Ta will not be rapidly
equilibrated with their respective ground states via pho-
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todeexcitation in the hot s-process environment. Such an
eventuality would block the production of and/or lead to
the destruction of any ' Ta made via the Beer and
Ward path. Laboratory experiments have not located
any iota lying ( ~-2. 5 MeV) threshold states which might

FIG. 13. Status of the Beer and Ward theory for the produc-
tion of ' Ta. Fractions of the observed solar-system abundance
of "Ta produced in the s and r processes are used as the
abscissa and ordinate of the plot. Superimposed are solutions to
Eqs. (5) and (6) for laboratory-measured values of f& and f as-

suming nominal s-process environmental conditions. Region (a)

represents 68% confidence limits on our experimental measure-

ments. Region (b) further includes the possible range of
enhancement factors F,'"" defined in F.q. (4) for other plausible

stellar conditions in the neutron-capture processes. Region (c)
represents uncertainties in the remaining input physics (abun-

dances and neutron cross sections). Lack of an overlap between

region (a) and the N, +N„=NO line, and even between the less-

restrictive regions (b) and (c), force us to conclude that the Beer
and Ward model cannot quantitatively account for all of the"Ta found in nature.

form a direct communication link between the isomeric
and ground states in ' Ta [56-59]. The case for photo-
deexcitation of ' Hf is unexplored. On the basis of a
theoretical investigation [60], we believe that much of the

Ta created mill be equilibrated with the short-lived
ground state unless the production occurs at rather low
temperatures (kT(18 keV). We thus conclude that the
Beer and Ward mechanism fails to account for the sparse
abundance of ' Ta in the Universe.

There is no lack of alternative production schemes
however. Yokoi and Takahashi have proposed another
s-process branch involving excited-state f3 decay from

Hf to ' Ta (t, &~
=1.7 yr) followed by neutron capture

[10]. Hainebach, Schramm, and Blake have considered
interstellar spallation [61], while Harrison invokes a I
process that uses preequilibrated high-energy gammas as
a source for photodisintegration reactions [62,63]. Re-
cently, Woosley et al. have incorporated ' Ta nu-

cleosynthesis in their description of the v process [64].
The observed abundances of ' Ta and ' W probably
place severe constraints on the site of the s-process and
other stellar (and interstellar) environments [10]. Until
the experimental challenges are met, however, the origin
of ' Ta must remain an unsolved and tantalizing puz-
zle.
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