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Decays and masses of ' ' Ta and some neighboring nuclides
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a groups and y-ray transitions have been observed from nuclides produced in the bombardment of
Ca with ' I. Two weak a groups were assigned to ' ' Ta based on their measured half-lives and exci-

tation functions. With an unambiguous assignment of these two a groups the absolute masses of nu-

clides in two long a chains, for which ' ' Ta form links, can now be deduced with confidence. Abso-
lute masses are thus obtained for some nuclides very far from stability, including ones that are not bound

against ground-state proton emission. The simultaneous observation of a groups and y rays from other
nuclides produced in this bombardment also permitted the determination of the upper limits of six new

a branching ratios.

PACS number(s): 23.60.+e, 21.10.Dr, 27.70.+q

I. INTRODUCTION

The region of a-decaying nuclides just below the
Z =82 closed shell is of special interest for systematic
studies of atomic masses. Because a decay provides a
characteristic signature for identification, a large number
of very neutron-deficient isotopes have been identified for
each element in this region. In addition, the u-decay
mode also offers a simple but precise method for deter-
mining parent-daughter mass differences, which extends
even to the remotest nuclides. Thus the o.-decaying nu-
clides below the Z =82 closed shell form a region of
known relative atomic masses. Furthermore, these nu-
clides are frequently connected by several, sequential a
decays and they can therefore be organized in long decay
chains. Because the relative masses of the members of
these chains are known, their absolute masses can all be
deduced if the absolute mass of any one member is estab-
lished.

Most of the u-decay chains do not contain a nuclide
with a known mass. A large body of potentially interest-
ing mass data can therefore not be used to its fullest ex-
tent. Considerable effort has been directed in the past de-
cade towards establishing mass connections between
members of such decay chains and nuclides with known
masses [I—4]. The missing link is usually either a very
weak a-decay branch or a connection that can be ob-
tained through reaction or P-decay Q values.

The a-decay branches of ' ' Ta originally formed
two such missing links. Their nonobservation meant that
the masses of these two nuclides, as we11 as seven others
in their a-decay chains, were unknown. Recently, Runte
et al. [4] reported on the a decays of ' ' Ta for the first
time. However, their data were rather sparse and, fur-
thermore, the weak o. group assigned to ' Ta had previ-

Present address: Institute of Modern Physics, Lanzhou, The
People's Republic of China.

ously been assigned to ' Ta in a study by a different
group [5]. Such discrepancies in assignments of a groups
have occurred before in this region and they can be satis-
factorily resolved only by further independent investiga-
tions (see, for example, the case of rhenium isotopes [6]).

%e report here new results on the a decays of ' ' Ta.
The main emphasis of our work was to obtain conclusive
proof of the identity of the two a groups assigned to these
nuclides by Runte et al. [4]. Our approach to achieve
this goal was to compare decay data for these a groups
with data obtained simultaneously on the y decay of

Ta. The y rays from these two isotopes have previ-
ously been unambiguously assigned through studies with
isotope-separated samples from the ISOCELE-2 facility
[7].

Some of our data have already been presented in Ref.
[8]. In the present work, we describe in detail all our re-
sults on the decays of ' ' Ta as well as some findings on
the u groups, y rays, and a branching ratios of other nu-

clides produced in the bombardment of Ca with ' I.
The values obtained in the present, more detailed analysis
are in some cases slightly different from, and supersede,
the ones given in Ref. [8].

II. EXPERIMENTAL METHOD

The nuclides investigated in this study were produced
with a beam of ' I from the Chalk River Tandem Ac-
celerator Superconducting Cyclotron (TASCC) facility.
A 711 MeV beam was delivered by the cyclotron but the
energy of the incident beam on target was varied by the
insertion of a series of molybdenum degraders located im-
mediately in front of the target. The target was 1.1-
mg/cm -thick natural calcium.

The target chamber was electrically isolated from the
beam line and the beam current striking the back end of
the target chamber was integrated and recorded for
excitation-function measurements. After the beam
passed through the degraders, the mean charge state was
different from the 19+ state delivered by the cyclotron.
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Immediately before the beginning of each experiment, the
beam intensity was therefore measured with a Faraday
cup, which was inserted just before the target, and this
intensity was compared with the reading from the target
chamber to establish a normalization factor.

A He-jet transport system with NaC1 aeroso1 was used
to bring the reaction products to a counting location in a
shielded room. The target material was evaporated onto
the vacuum side of a 2.7-mg/cm -thick molybdenum vac-
uum window at the entrance of the chamber. The ener-
getic reaction products penetrated this window and were
further slowed down in a second molybdenum degrader
and then thermalized in the interior of a 120-mm-long
target chamber which contained helium and NaC1 aero-
sol. The appropriate thickness of the recoil degrader was
investigated in a series of tests. It was found that a 7.4-
mg/cm -thick molybdenum degrader caused all target
reaction-products to stop well inside the He-filled target
chamber for all incident beam energies used in this work.
The NaCl-loaded helium was swept out of the target
chamber and transported through a 14-m-long teAon
capillary to the counting room in 370 ms. Samples of the
transported activities were collected on the tape of a
small tape-transport system and periodically moved to
the counting location. A 300 mm, 100-pm-thick
surface-barrier detector and a Ge(Li) detector were posi-
tioned in close geometry at this location. Eight sequen-
tial spectra of both n particles and y rays were recorded
from the two detectors.

The measured energies of the a groups are sensitive to
the energy loss sustained in the accumulated aerosol ma-
terial of each sample. In the present experiment, the en-
ergies of all visible a groups were therefore established
relative to that of the prominent and precisely-known
[9—11] 5035 keV a group from ' Tm which was pro-
duced in-beam. The energy dispersion was determined
from the well-known [9,10] a groups of ' Tm, ' Yb, and
150D

Possible background radiations from activities pro-
duced in reactions of the beam with materials other than
the calcium target were also investigated. The target was
removed, but all molybdenum degraders were present
and a11 other parameters were the same as in the subse-
quent experiments with the target in place. No a groups
were observed under these conditions and no y rays with
an energy similar to those reported from ' ' Ta were
found.

III. RESULTS ON THE DECAYS OF ' ' TR

Data were obtained at six different incident beam ener-
gies. Some of the e spectra obtained at these energies are
shown in Fig. 1. These spectra are quite complex, with
many unresolved 0. groups. A consistent approach was
therefore used in our analyses of all spectra. In fitting the
o. peaks, we used a common peak width for the line
shapes of all a groups in the same spectrum. Minor vari-
ations in the common width were found from spectrum
to spectrum and were accounted for by small changes in
the experimental conditions. Initially, all a spectra were
fitted with the minimum number of peaks required by a
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FIG. 1. a spectra from activities produced by ' I bombard-
ment of Ca. From top to bottom the six spectra were obtained
with bombarding energies of S40 MeV, 558 MeV, 598 MeV, 628
MeV, 670 MeV, and 711 MeV, respectively.

visual inspection of the data. Additional peaks were then
added if the agreement was poor.

All u groups that have been assigned to well-known
nuclides in Fig. 1 had to meet three criteria. First, the
energy determined for the a group had to be consistent
for a11 spectra in which the group was found and it also
had to agree with the literature value. This requirement
was especially important for the proper decomposition of
multiplets. Second, the half-lives determined for a partic-
ular a peak at all bombarding energies had to be con-
sistent with one another and in agreement with the litera-
ture value. Finally, the deduced production rates of a
proposed activity had to be consistent for all spectra ob-
tained with the same incident beam energy, and the exci-
tation function established for that activity had to be in
reasonable agreement with that computed with the ALIcE
code [12]. All significant a groups seen in Fig. 1 could be
assigned according to these criteria.

The 4884 and 4635 keV a groups were investigated in
more detail. Their energies agree with the two n groups
assigned by Runte et al. [4] to ' Ta and ' Ta, respec-
tively, and they are labeled accordingly in the figure. Our
data on these two n groups are not consistent with any
other known a emitters. Our main arguments for the as-
signment of these two n groups to ' ' Ta are based on
their measured excitation functions and half-lives.

The measured excitation functions for the 4884 and
4635 keV o. groups are shown in Fig. 2 together with
those of selected y rays from ' Ta and ' Hf. It is
evident from Fig. 2(a) that a mass-162 assignment to the



45 DECAYS AND MASSES OF ' ' Ta AND SOME. . . 1611

(a)

4
10

E

I—
an 10

C3

lX
UJ

10

~ il

~ Ta, 4884 keV e GROUP

Ta, 284.5 keV y RAY

0 %2Hf 173.9 keV y RAY

~ +3Ta, 4635 keV o GROUP

+~Ta, 449, 451, 628 kIV y RAYS

Q ~~3Hf 133.1 keV y RAY

10
I I

550 600
I I

650 700
I I I

550 600 650
I

700

BEAN ENERGY (NeV)

FIG. 2. Yields of ' "'Ta and ' ' 'Hf deduced from a and y-ray intensities. The y-ray yields have been corrected for known

branching ratios and detector eSciencies, ' the a yields are normalized to produce the branching ratios in Table III. In each part of
the figure the two smooth curves, intended only to guide the eye, are identical in shape.

100—

1 I

40t a(12&[, xn) " Ta

4884 keV a group is appropriate especially when the
good agreement between the excitation function for this
a group and that of the 284.5 keV y ray, unambiguously
assigned to '6~Ta by the ISOCELE separator group [7], is
taken into account. Similarly, it is shown in Fig. 2(b) that
the 4635 keV a group originates from mass 163. The
lower-energy y rays attributed to ' Ta by the ISOCELE
group [7] were found in our work to be partially obscured
by y rays of nearly the same energy from the decays of

Ta and ' ' 'Lu. Our excitation function correspond-
ing to y rays from ' Ta was therefore taken to be the
weighted average of the 449, 451, and 628 keV y rays.

Further support for our assignments is seen in Fig. 3.
The excitation functions of the 4635 keV, 4884 keV and
the well-known 5149 keV (' 'Ta) a groups are shown in
this 6gure together with the predicted yields according to
the ALIcE code [12]. The measured excitation functions

I"
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I I
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BEAM ENERGY (MeV)

I

700 TABLE I. Decay properties of ' ' 'Ta.

FICx. 3. The data points represent the measured excitation
functions for the 4635 keV (' Ta), 48S4 keV (' Ta), and 5149
keV (' 'Ta) a groups. In all cases, the data have been normal-
ized to have an average peak value of 100. The curves show the
ALIcE predictions of the cross sections for these isotopes, nor-
malized in the same manner. The calculated values incorporate
the broadening effects due to the finite target thickness as well
as beam straggling in the molybdenum absorbers.

E (keV)
T 1 y2 (S)

T]'„(s)

Present
work

4884(5)
5. 1(11)

3.60(15)

'Reference [4].
bReference [7].

162T

Literature

4880(10)'
5(3)'

3.5(2)

Present
work

4635(7)
10(2)

11.2(16)

163Ta

Literature

4630(10)'
10.9(14)'
10.5(18)
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FIG. 4. Half-life curves obtained for ' ' 'Ta radiations in one experiment accounting for about 30% of all our decay data.

exhibit the trend expected for adjacent masses and they
also agree fairly well with the predicted shapes.

The preceding arguments determine the parent mass
numbers for the 4884 and 4635 keV a groups; the specific
isotope responsible can now be established by half-life
comparisons. Possible elements are restricted to Ta, Hf,
and Lu since the compound nucleus in our reaction is

Ta. Some of our measured half-life data are shown in
Fig. 4. It is seen in Fig. 4(a) that our measured half-life
for the 4884 keV a group agrees well with that measured
for the 284.5 keV y rays from ' Ta. It disagrees strongly
with those of Hf and Lu, which are 37.6 s and 1.4 m,
respectively. Our measured half-life for the 4635 keV a
group, shown in Fig. 4(b), agrees well with that of the 449
and 451 keV y rays from ' Ta, but disagrees strongly
with those of ' Hf and ' Lu, which are longer than 40 s.

We assign the 4884 keV a group to ' Ta and the 4635
keV a group to ' Ta based on our excitation-function
and half-life data. Our assignments confirm those of
Runte et al. [4], and thus contradict the previous ' Ta
assignment of Schrewe et al. [5]. Qur measured decay
data for ' ' Ta are given in Table I together with those
that have been obtained elsewhere. The agreement is
generally good and the uncertainties have been reduced
in many cases. The a-particle branching ratios for

Ta were also deduced and are reported in Sec. IV.

IV. OTHER RESULTS

During the course of these experiments, we also ob-
tained large amounts of data on the decays of many other

nuclides. For the most part, our results agree with those
obtained from several earlier experiments. In a few cases,
we were able to extract new information and in some oth-
ers our data can be used to confirxn or cast into doubt the
only previous result. This section details those of our
findings that fall into these last two categories.

Some of the information obtained on the decays of
neutron-deficient tantalum, hafnium, ytterbium, thulium,
and lutetium isotopes is shown in Table II. The results
presented for the lightest tantalum isotopes seen in our
study &6o—i6zTa, represent the first confirmation of the
only previous values found in the literature. In general,
there is good agreement between the two sets of data and
in many cases we were able to reduce the uncertainties.

Observations of the decay of ' Ta were first reported
in 1982 [22,23]. The most complete study of this nuclide
has been performed by Hild et al. [13]and was published
in 1989. Our data for the most intense y rays from the
decay of ' Ta agree well with those of Hild et al.

The nuclides ' ' 'Hf were first identified as a-
particle emitters in 1973 [14,15]. Qur measured half-lives
and a-particle energies agree with the first observations,
but with some improvement in accuracy for data on
' 'Hf. Two y rays from the decay of ' 'Hf have also been
reported by Bruchertseifer et al [16], but th.eir relative
intensities were not given. The 135.8 keV y ray is clearly
seen in Fig. 5, but we have no indication of the 180 keV y
ray in our data (see limit in Table II). Qur results for the
half-life and excitation function of the 135.8 keV y ray
support a ' 'Hf assignment.

The decay of ' Hf has been studied by Schrewe et al.
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[1]who assigned one a group and three y rays to the de-
cay of this nucleus. Our results agree with this previous
study. A detailed study on the decay of ' Hf has been
published by Hild et al. [13]. Our data for the most in-
tense y rays from this nuclide are in agreement with the
earlier study.

The isotopes ' ' ' Lu were discovered quite some
time ago [18,19,24]. In our study we have contributed
the first confirmation of the a branching ratio of ' Lu,
the half-life of ' Lu, and the half-life and a-decay energy
of ' Lu. With the exception of the half-life of ' Lu, our
results are in good agreement with the earlier measure-
ments.

We have confirmed the one previous determination of
the a-decay energies of ' Yb and ' Tm. Our measured
value for the half-life of ' Tm agrees with that reported
by Aguer et al. [21] and disagrees with the earlier value
of Toth et al. [20].

We have deduced the a branching ratios for nine nu-
clides, six of them for the first time, from the data ob-
tained in our experiments. In one case, that of ' Lu re-
ported in Table II, the branch was determined from the
ratio of its observed a particles to those observed from

Ta, its parent. This was possible in our case because
the direct production of ' Lu was very small and, fur-
thermore, after its transportation to our counting loca-

tion, its short half-life had reduced this directly-produced
Lu activity to insignificance compared with that

"milked" from the longer-lived ' Ta.
In the remaining eight cases, shown in Table III, we

have determined the a branching ratios by comparing the
intensities of a- and y-ray groups from the decay of the
same nuclide. Unfortunately, the absolute y-ray intensi-
ties have not previously been established for any of the
eight. Consequently we quote all a branches based on
the assumption that the strongest transition in the corre-
sponding y-ray spectrum accounts for 100% of the total
decay intensity. As such, the quoted a branching ratios
must be regarded as upper limits.

The reduced a widths shown in the last column of
Table III were calculated from the data shown in other
columns of the table. The fact that in most cases the
widths have a value of the order of unity, which is normal
in this area of the chart of nuclides, leads us to conclude
that in those cases the relative y-ray intensities shown in
the table are reasonably close to the as-yet-unknown ab-
solute intensities. In two cases, ' Ta and ' Lu, the re-
duced widths are much greater than unity, presumably
indicating that the absolute y-ray intensities are much
weaker than the reported relative ones. This is consistent
with our observation (exemplified in Fig. 6), and that of
Runte et al. [4], that the y rays from the decay of ' Ta,

0
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FIG. 5. y-ray spectrum observed with a bombarding energy of 711 MeV and a tape-cycling time of 16 s. The prominent 135.8 keV

y ray is assigned to ' 'Hf. A 180 keV y ray previously assigned to the decay of this nuclide is not visible.
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TABLE II. Selected decay data of Ta, Hf, Lu, Yb, and Tm isotopes.

Isotope
Literature
reference

Half-life

literature
(s)

Present
experiment

(s) Radiation
literature

(keV)

Energy
Present

experiment
(keV)

literature
(%)

Intensity'
Present

experiment
{%)

160Ta

161T

162Ta

164T

159Hf

160Hf

161Hf

162Hf

164Hf

156I U

157L

159L

158Yb

Tm

[4,11]
[4,1 1]
[4,7]

[13]

[11,14]
[11,14]
[14,15]

[16]

[13]

[11]
[11,17]

[18]
[19]

[20,21]

1.7(2)
3.00(15)
3.60(15)

13.5(5)

5.8(9)
13.0(15)
16.8{8)

4.4(3)
9.2(35)

26(3)

1.2(3)
2.7(2)
3.5(2)

14.9(2)

5.6(5)
=12

17(2)

37.6(8)
111(8)

0.18(2)
5.5(3)

12.3(10)
99{12)
39(3),25(4)

a
a
y
y
y
y
y
y
y
a
a
a
y
y
a
y

5400(6)
5149(5)
284.5(2)
443.8(2)
210.8(3)
376.4(3)
605.3(4)
816.2(4)
861.7(4)

5088(6)
4779(6)
4599(7)

135.8(3)

4305(9)
122.4(3)
153.6(3)
314.2(4)

5563(8)
4995(6)
4417(10)
4059{12)
4452(8)

5413(5)
5148(5)
284.4
444.0
210.7(3)
376.5(5)
605.0(5)
815.7(6)
862.5(5)

5095(5)
4777(5)
4600(10)

135.6
180.0

4308(10)
122.1(3)
153.3(3)
313.7(4)

5568(5)
4996(5)
4420(10)
4069{10)
4450(10)

100
40(3)
92
18.6(21)
14.6(17)
9.9(18)

13.4(16)

100
(6

207(23)'
100
61(9)
91(12)

100
=40

92.0
23.0(20)
14.0(10)
8.0(10)

10.0(5)
12(1)
2.3(6)

210.6( 198)
100{80)
46.0(90)

100(25)
6(2)

'Absolute intensities for all a groups as well as y rays from ' Ta. Relatiive intensities for all other y rays. With the exception of"Lu, our a branching ratio measurements are reported in Table III.
Absolute intensity taken from Hild et al. [13]and all other y rays normalized to this value.

'The intensity of this y ray is arrived at by the subtraction of a contribution from a ' Lu y ray of nearly the same energy. Conse-
quently the second strongest y ray has been used for normalization.

originating from a 4+ ~2+~0 cascade in ' Hf, are
easily seen in the spectrum, whereas those of the odd-
even nucleus ' Ta were not seen by Runte et aI. and only
weakly observed in our experiments. It thus appears that
the P decay of ' Ta is fractionated among many states or
has a sizeable ground-state to ground-state branch.

V. DISCUSSION

%ith these results, the a-decay chains including ' Ta
and ' Ta are now firmly connected to nuclides with
known absolute masses. The absolute masses of all nu-
clides in these two chains can therefore be deduced; they

TABLE III. Measured a branching ratios.

Nuclide (keV) (keV) Ref.

y ray used for normalization

(%)

a branching ratio
present experiment literature

(%) (%) Reduced width'

162T
163T
161Hf

Hf
158L

159L
158Yb
155T

4884
4635
4601
4308
4666
4417
4059
4452

284
449+451

136
174
358
151
253
227

100
60+70
100
100
100
100

3.3
100

[7]

[1]
[18]
[18]
[18]
[21]

0.081( 13)
0.28(4)
0.29(5)
0.0063( 14)
0.91(20)
0.15{3)
0.0021( 12)
2.1(3)

0.065{14)

0.0087(7)'

0.44
11.7
3.6
1.9
2.5
8.8
0.76
3.1

'Given in units where ' Po=1.
Reference [4].

'Reference [1].
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TABLE IV. Deduced mass excesses.

Nuclide

'"Ho
154T

158L

162T

166R

170Ir

"4Au

E
(keV)

4956(3)
4666(4)
4883(5)'
5372( 10)
6025(5)
6626(10)

Refs.

[10,11]
[17,26]b

[4]
[6]

[9,27,28]
[29]

Mass excess
(keV)

—62 214(159)
—54 701(159)
—47 488(159)
—40 056(159)
—32 126(159)
—23 531(159)
—14 324(160)

Nuclide

151H

155T

159L
163T
167R

171Ir
175A

179Tlm

(keV)

4451(7)'
4419(7)'
4633(6)'
5136(8)
5910(5)
6438(8)'
6560(20)
7200(10)

Refs.

[20]
[18]
[4»]
[6]

[27,28,30]
[29,31]
[29,32]
[29,32]

Mass excess
(keV)

—63 719(60)
—56 724(61)
—49 767(61)
—42 592(62)
—34 905(62)
—26 428(62)
—17 224(63)
—8 090(66)
—7 435(64)

'Includes our measured a-decay energy, given in Tables I and II.
Includes our value for the a-decay energy of '"Lu, 4666(7) keV.

'a decay populated 190 keV excited state in " Ir [29].

are shown in Table IV. We have started our evaluation
at ' ' 'Ho, with mass excesses taken from the evaluation
of Wapstra et al. [25]. We have updated the information
already known on the a-decay energies of other members
in these chains with our results, shown in Table II, where
applicable. So far, including the two a-decay chains dis-
cussed here, four chains have been linked to nuclides with
a known mass; they are shown in Figure 7. They provide
a good opportunity for the exploration of systematic
trends.

The two previously well-established chains [1—3] were
both built on even-even nuclides and the absolute masses
of their members have already been used to study the
trend of two-proton separation energies. With the addi-
tion of the chains including ' ' Ta (characterized by
N =Z+16 and N =Z+17, respectively) it is now possi-
ble to study the trends of one-proton (S~) and one-
neutron (S„) separation energies. The derived, experi-
mental values are shown in Fig. 8 together with predic-
tions from a number of atomic-mass formulas [33].

10000

8000

%2Ta h
X 4 6, 0 +2Ta 163Ta

X X

%4Ta

0 +~Hf

~ ~3Hf

~ "4Lu

Lu

x background

—4000

6000

I—

CD
LJ

4000

163Ta ~ "'Ta x

—3000

—2000

2000
I

300
I

400

I

500

ENERGY {keV)

I

600 700

FIG. 6. y-ray spectrum observed with a bombarding energy of 628 MeV and a tape-cycling time of 6 s. The y rays from the decay
of ' Ta show up prominently whereas the ones from ' Ta are very weak.
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a Isotope with known mass

O Alpha decaying isotope
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FIG. 7. Chart of nuclides displaying the known a-emitting
isotopes in the region of interest as we11 as the four a-decay
chains whose members have a known absolute mass.

It is seen in Fig. 8(a) that the predicted S~ values for
the even-even N =Z+16 series are generally below the
experimental values, but that the opposite trend holds
true for the odd-even N =Z + 17 series. However, it
should be noted that if the relevant pairs of S values
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FIG. 8. (a) The data points show the proton separation ener-
gies deduced from the experimental mass excesses of the three
a-decay chains. The uncertainties are about the size of the
points. The lines show the predicted values from a number of
mass formulas indicated in the upper right-hand corner of the
figure. Symbols including dots are used for formulas based on
recursive relations, whereas symbols without dots denote for-
mulas based on liquid-drop-model approaches with shell correc-
tions. (b) Same as (a) but for neutron separation energies. The
uncertainties are about twice the size of the points.

from the two series are added to produce a two-proton
separation energy, then the predictions scatter randomly
around the experimental values. Thus, it appears that the
systematic disagreement between predicted and experi-
mental S values seen in the figure may be due to the ex-
perimental values rather than the consistent failure of all
theories. The common link in the deduction of the S
value of the two series is the a-decay chain containing

Ta. If all members of this chain had mass excesses that
were 300 keV smaller than the quoted experimental
values, then the S data points for the N=Z+16 series
would move down by that amount and those of the
N =Z+17 series would move up. A better agreement
between predicted and experimental S values would then
be achieved and the good agreement for the S2 values
would remain unchanged.

Since the a-decay chain including ' Ta is comprised of
odd-even nuclei, it is natural to suspect that for one
member, the a-decay branch, presumed to be a ground-
state connection, actually feeds an excited state. Howev-
er, if that were the case, the mass excesses of all heavier
members would increase and thus the systematic
disagreement between predicted and experimental S~
values would become worse. Furthermore, if a nuclide in
the rniddle of the decay chain had such an excited state
branch then in Fig. 8(a) a discontinuity would be present
in the experimental S values at that point. It is also
worth noting that even though the last a decay in this
chain is quite complex, with isomeric states in both
parent and daughter, a thorough study of a-y coin-
cidences by Liang et al. [34] has unraveled the a decays
of both isomers in ' 'Ho.

The most probable cause of the systematic discrepancy
between theory and experiments seen in Fig. 8 is a 300
keV overestimate in one of the QEC measurements that
tie the lightest nucleus in the ' Ta cz-decay chain, viz.

Tb, to a stable nuclide with a precisely known mass.
There are known problems in the P decay of ' Tb itself.
The QEc measurement of Tidemand et al. [35] and the
value deduced from the reaction study of Gyufko et al.
[36] differ by 160 keV [35]. The relative position of the
two isomers in ' Tb differ by as much as 180 keV in the
studies of Liang et al. [34], Tidemand et al. [35], Gyufko
et al. [36], and Alkhazov et al. [37], and these studies do
not agree on which state is the ground state.

The neutron separation energies shown in Fig. 8(b)
show the effect of the N=82 shell for the lightest
member of the N =Z + 17 series. The predicted S„
values are generally somewhat higher than the experi-
mental ones but the discrepancy is less than that for the
proton separation energies. The neutron separation ener-
gies shown are for members of the ' Ta a-decay chain
and if the mass excesses of all members were 300 keV
lower, the data points would move up by the same
amount. The experimental S„values would then be
above the mean of the predictions by about the same
amount that they are now below it. However, one should
bear in mind that the members of the ' Ta a chain, also
involved in the deduction of these neutron separation en-
ergies, are all odd-odd. It is in this chain, then, where it



DECAYS AND MASSES OF ' ' Ta AND SOME. . . 1617

is most likely that an error could follow from the attribu-
tion of an a group to the ground state of the daughter in-
stead of an excited state. Thus, the S„values shown in

Fig. 8 should be considered somewhat less reliable than
the S values.

In conclusion, the smooth trends seen in Fig. 8 for the
experimental separation energies lends confidence to the
u-decay assignments for the four chains involved. There
are indications that the mass excesses of all members of
the ' Ta a-decay chain are consistently too high by
about 300 keV. Such a discrepancy cannot be due to
feeding of an unknown excited state by the cnain a-decay
branch from a member of this chain. The most likely ori-
gin of the discrepancy is an error in a QEc measurement,
possibly for ' Tb.

Three of the nuclides in the ' Ta a-decay chain, ' Tl,
Au, and ' 'Ir, have proton separation energies of

—943(69), —811(65), and —216(65) keV, respectively.
They therefore join a small group of 12 nuclides, which
have been shown conclusively to be unstable towards

ground-state proton emission. It is also evident that oth-
er known nuclides, which differ from these by the remo-
val of neutron pairs, such as ' Au, ' Ir, and ' Ir, also
have negative proton binding energies, although the actu-
al values are not yet known.

Another interesting example of possible proton emis-
sion is the isomeric state in ' Tl. The S value for

Tl, —1598(66), is quite large. If the proton-decay
mode of this isomer were not hindered, the partial half-
life would be less than a microsecond and the proton
branch close to 100%. However, only its a-decay mode
has been observed [29,32] and the measured half-life of
1.4 ms indicates that its proton decay is strongly hin-
dered.

Further experiments will undoubtedly link other +-
decay chains in this region to nuclides with known mass.
Such studies provide a unique view of the masses of nu-
clides very far from the stability line and a valuable con-
straint on the prediction of the masses of less accessible
exotic nuclei.

[1]U. J. Schrewe, E. Hagberg, H. Schmeing, J. C. Hardy, V.
T. Koslowsky, K. S. Sharma, and E. T. H. Clifford, Phys.
Rev. C 25, 3091 (1982).

[2] L. Spanier, S. Z. Gui, H. Hick, and E. Nolte, Z. Phys. A
299, 113 (1981).

[3] W.-D. Schmidt-Ott, R. Kantus, E. Runte, U. J. Schrewe,
and R. Michaelsen, Phys. Rev. C 24, 2695 (1981).

[4] E. Runte, T. Hild, W.-D. Schmidt-Ott, U. J. Schrewe, P.
Tidemand-Petersson, and R. Michaelsen, Z. Phys. A 324,
119 (1986).

[5] U. J. Schrewe, E. Hagberg, H. Schmeing, J. C. Hardy, V.
T. Koslowsky, and K. S. Sharma, Z. Phys. A 310, 295
(1983).

[6] U. J. Schrewe, E. Hagberg, H. Schmeing, J. C. Hardy, V.
T. Koslowsky, and K. S. Sharma, Z. Phys. A 315, 49
(1984).

[7] C. F. Liang, P. Paris, M. G. Porquet, J. Obert, and J. C.
Putaux, Z. Phys. A 321, 695 (1985).

[8] E. Hagberg, X. J. Sun, V. T. Koslowsky, H. Schmeing,
and J. C. Hardy, in Proceedings of the 5th International
Conference on Nuclei far from Stability, Rosseau Lake,
Ontario, Canada, 1987, edited by I. S. Towner, AIP Conf.
Proc. No. 164 (AIP, New York, 1988), p. 41.

[9] S. Della Negra, C. Deprun, D. Jacquet, and Y. Le Beyec,
Ann. Phys. (Paris) 7, 149 (1982).

[10]J. D. Bowman, R. E. Eppley, and E. K. Hyde, Phys. Rev.
C 25, 941 (1982).

[11]S. Hofmann, W. Faust, G. Miinzenberg, W. Reisdorf, P.
Armbruster, K. Giittner, and H. Ewald, Z. Phys. A 291,
53 (1979).

[12] M. Blann, University of Rochester Report No. UR
NSRL-181 (1978).

[13]T. Hild, W.-D. Schmidt-Ott, V. Freystein, F. Meissner, E.
Runte, H. Salewski, and R. Michaelsen, Nucl. Phys. A492,
237 (1989).

[14]K. S. Toth, R. L. Hahn, C. R. Bingham, M. A. Ijaz, and
R. F. Walker, Jr., Phys. Rev. C 5, 2010 (1973).

[15]D. A. Eastman and I. S. Grant, Nucl. Phys. A20$, 119
(1973).

[16]H. Bruchertseifer, B. Eichler, J. Estevez, and I. Zvara, Ra-

diochim. Acta 47, 41 (1989).
[17]G. D. Alkhazov, L. Kh. Batist, E. Ye Berlovich, Yu. S.

Blinnikov, Yu. V. Yelkin, K. A. Mezilev, Yu. N. Novikov,
V. N. Pantelejev, A. G. Poljakov, N. D. Schigolev, V. N.
Tarasov, V. P. Afanasjev, K. Ya. Gromov, M. Jachim, M.
Janicki, V. G. Kalinnikov, J. Kormicki, A. Potempa, E.
Rurarz, F. Tarkanyi, and Yu. V. Yushkievich, Z. Phys. A
291, 397 (1979).

[18]G. D. Alkhazov, E. Ye. Berlovich, K. A. Mezilev, Yu. N.
Novikov, V. N. Pantelejev, A. G. Poljakov, K. Ya Gro-
mov, V. G. Kalinnikov, J. Kormicki, A. Potempa, E.
Rurarz, and F. Tarkanyi, Z. Phys. A 295, 305 (1980).

[19]E. Hagberg, P. G. Hansen, J. C. Hardy, P. Hornshoj, B.
Jonson, S. Mattsson, and P. Tidemand-Petersson, Nucl.
Phys. A293, 1 (1977).

[20] K. S. Toth, R. L. Hahn, and M. A. Ijaz, Phys. Rev. C 4,
2223 (1971).

[21]P. Aguer, G. Bastin, C. F. Liang, J. Libert, P. Paris, and
A. Peghaire, J. Phys. (Paris) 38, 435 (1977).

[22] C. F. Liang, P. Paris, D. Bucurescu, S. Della Negra, J.
Obert, and J. C. Putaux, Z. Phys. A 309, 185 (1982).

[23] B. Eichler, H. Bruchertseifer, J. Estevez, T. Cruz, and I.
Zvara, Radiochem. Radioanal. Lett. 53, 161 (1982).

[24] R. D. MacFarlane, Phys. Rev. 137, B1448 (1965).
[25] A. H. Wapstra, G. Audi and R. Hoekstra, At. Data Nucl.

Data Tables 39, 281 (1988).
[26] K. S. Toth, Phys. Rev. C 27, 889 (1983).
[27] C. Cabot, S. Della Negra, C. Deprun, H. Gauvin, and Y.

Le Beyec, Z. Phys. A 287, 71 (1978).
[28] U. J. Schrewe, W.-D. Schmidt-Ott, R.-D. V. Dincklage, E.

Georg, P. Lemmertz, H. Jungclas, and D. Hirdes, Z. Phys.
A 288, 189 (1978).

[29]J. Schneider, Report No. GSI-84-3 (1984), p. 1.
[30] A. Siivola, Nucl. Phys. A92, 475 (1967).
[31]C. Cabot, C. Deprun, H. Gauvin, B. Lagarde, Y. Le

Beyec, and M. Lefort, Nucl. Phys. A241, 341 (1975).
[32] J. R. H. Schneider, S. Hofmann, F. P. Hessberger, G.

Miinzenberg, W. Reisdorf, and P. Armbruster, Z. Phys. A
312, 21 (1983).

[33]P. E. Haustein, At. Data Nucl. Data Tables 39, 185 (1988),



1618 HAGBERG, SUN, KOSLOWSKY, SCHMEING, AND HARDY 45

and references therein.
[34] C. F. Liang, P. Paris, P. Kleinheinz, B. Rubio, M. Piipar-

inen, D. Schardt, A. Plochocki, and R. Barden, Phys. Rev.
Lett. B 191,245 (1987).

[35] P. Tidemand-Petersson, E. Runte, W.-D. Schmidt-Ott,
and U. J.Schrewe, Z. Phys. A 320, 405 (1985).

[36] R. Gyufko, D. Rychel, M. Steck, C.-A. Wiedner, R. L.
Parks, and S. T. Thornton, Phys. Lett. 1508, 335 (1985).

[37] G. D. Alkhazov, K. A. Mezilev, Yu. N. Novikov, N. Gan-
bataar, K. Ya. Gromov, V. G. Kalinnikov, A. Potempa, E.
Sieniawski, and F. Tarkanyi, Z. Phys. A 310, 247 (1983).


