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Abstract

Using on-line mass separation of evaporation
residues from heavy-ion induced fusion reactions,
the a-decay of very neutron deficient nuclei with
52 < Z < 55 -- including the recently identified new
isotopes !!'°Xe and !°®Te -- and 78 < Z < 83 was in-
vestigated. The results and the systematics of a-
decay energies and reduced widths are discussed.

1. Introduction

Very neutron deficient nuclei in the trans-tin
region represent the lightest a-emitters presently
known. The occurrence of o-decay in this region is
due to an enhancement of the o-decay energies as a
consequence of the expected double shell closure at
Z = N = 50. Experimental Qy-values and reduced a-
decay widths allow a first insight into the shape
of the mass-energy surface and nuclear structure in
the vicinity of the doubly magic nucleus '°°Sn.

Alpha-decay of tellurium isotopes was first ob-
served in 1965 by Macfarlane and Siivola') and later
by Bogdanov et al.?). Both groups investigated
evaporation residues from °°Ru(!®0,xn) reactions
using a helium-jet transport system. A variety of
very neutron deficient trans-tin isotopes®’ was
found in fusion reactions of the type
making use of high-intensity beams of heavy ions
which became available at the UNILAC in Darmstadt
about five years ago. The wide distribution of
residual nuclei and their complex decay behaviour
(B*/EC-decay, ground-state a-decay, B-delayed proton
and a-emission) makes selective detection technique;
indispensable. On-line mass separation combined with
a-spectroscopy and time-correlation techniques proved
to be a powerful method, leading to the identifica-
tion of fourteen isotopes which form a new island of
a-emission®~®

The region around Z = 82 has attracted much in-
terest since the observation of the odd-even stagger-
ing of n?clear charge radii in the light mercury iso-
topes’?®). The pronounced odd-even effect exhibited
by both o-decay energy and reduced width of these
isotopes?®»1?) is probably closely connected with the
systematic change of ground-state shapes between the

“odd and the even isotopes. Our experiments®!) on
the a-decay of very neutron deficient nuclei with
78 < Z < 83, especially the studies of lead and mer-
cury decays, should help to gain more information on
nuclear structure in this region.

®Ni(®°Ni,xpyn),

2. Experimental techniques

The experiments Yere performed at the GSI on-
line mass separator'?’ connected to the heavy-ion
accelerator UNILAC. Very neutron deficient trans-
tin isotopes were produced as evaporation residues
from reactions of 5 MeV/u 5°Ni ions on %®Ni targets
with a thickness of 4 mg/cm®. For the measurements
in the lead region, enriched targets of “22!%¢Nd
and '°7Ag were bombarded with 4.6-6.3 MeV/u beams of
“8Ti and ®“Kr. The recoiling reaction products were
stopped in a catcher (kept at a temperature of about
2400 °C), reionized, mass separated, and investigated
by o~-spectroscopy. .Using a modified version of the
FEBIAD ion source'?®) with a reduced volume of 2 cm®,
an intensity of, for example, 120 atoms/s was ob-
tained for the 1'°I beam. The thermal ion source!®)
used for the !!“Cs measurements yielded an intensity
of 700 atoms/s for this isotope.

Two arrays of surface-barrier detector tele-
scopes served for measuring proton- and a-decays
(for details see Ref. 5): Half-life and parent-
daughter correlation measurements were carried out
with two telescopes face to face at one of the count-
ing positions of a "windmill" system. For "in-beam"
measurements the mass-separated ion beam was implan-
ted into a thin carbon foil (12 ug/cm?) behind which
a telescope was placed. In order to allow efficient
time correlation measurements for short half-lives,
a 50 ym thick annular detector was put in close geo-
metry in front of the collector foil, the ion beam
passing through the central hole of the detector.

The linear signals from AE and E detectors were
stored event by event on magnetic tape by a PDP 11/45
computer. Discrimination between a-particles and B-
delayed protons which occur in the same energy region
was obtained by analysing AE signals in anticoinci-
dence or coincidence with E signals. With each event
the real time given by a 100 kHz driven scaler was
registered.

3. Experimental results and discussion

3.1 Trans-tin region

The results from ?~decay measurements are com-
piled in Table 1 !*7!7), They include the recently
identified®) new isotopes '!%Xe and !°®Te as well as
improved decay data®) (compared to those of Ref. 5)
for 108,110Tg  110,112,1137 " 1115112ys = gpq 1lbcg,
The new results will be discussed in the following.
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Summary of a-decay

Table 1

measurements

in the trans-tin region

Nuclide Ty, ) Ey Pg.st.a D) W,
(s) (keV)

106Te | (601 18) x 1076 | 4160 £ 30 S 3.7 + 1.6
107Te | (3.6%8:8)x107%| 3833 + 15D | 0.7 £0.3D 1.7 + 0.7
108Te | 2.1 % 0.1 3320 + 20 ©) | 0.68 + 0.12 4 2.8 1.0
199Te | 4.1 + 0.2 3080 + 15 9D | [3.9 =+ 1.3 x 10727 | 3.8 + 1.8
110Te | 18.6 + 0.8 2624 + 15 ©) | [7.6 x 107¢]

tiog 0.65 £ 0.02 3444 + 10 ©) | 0.17 + 0.04 1.5 = 0.5
T 12,5 0+ 0.2 3152 + 10 4) | [4.6 x 107%]

12p 13,42 £ 0.11 2880 + 30 ©) | [5.0 x 107%)

31 5.9 +0.5 2610 + 40 ©) | [3.3 x 1077]

1oye |0.2 1) 3737 + 30 fo.5] D)

111%e |0.74 £ 0.20 3480 + 30 ©) | [0.048]

0.89 + 0.20 3580 + 30 ©) | [0.26]

l2xe [2.7 £ 0.8 3210 + 20 ©) | [2.9 x 1073]

113%e | 2.8 + 0.2 2985 + 15 4) | [5.9 x 1075]

114cs | 0.57 + 0.02 8 | 3239 + 30 ©) | (1.8+0.6) x107* 8) | 0.8 F 0-°

a) From Ref. 5 except for the nuclides !°®Te, '!°I, 1!%Xe, !!!Xe and '!'“Cs.

b) Values in square brackets are from alpha-particle transmission calcula-
tions according to Rasmussen (Ref. 14), assuming W, = 1.

c) As the determination of the branching ratio via parent-daughter rela-
tionships is not accurate, the predominance of alpha-decay Py gt.q Vv 1
was deduced from a comparison between the measured half-life”and the
predicted value of 1 s from the gross theory of beta decay (Refs. 15, 16).

d) From Ref. 5.

e) ﬁe?eazurements with generally improved precision compared to those of

ef. 5.

f) Assuming equal decay probabilities for alpha and beta decay, the half-
life predicted for the latter being 0.4 s from the gross theory of beta
decay (Refs. 15, 16).

g) From Ref. 17.

At mass 110 the improved counting statistics

allowed a further investigation of the two a-lines
which appear in the a-spectrum shown in fig. 1 above
the '!°T g-1line, and which had alread¥la been pre-
liminarily assigned to the decays of !!°Xe and
The latter assignment could be confirmed by a time-
correlation analysis. Using the in-beam detector
system with the additional annular detector as des-
cribed in Section 2, the time differences between
the events in the 3737 keV line and the first fol-
lowing events in the 4160 keV line were analysed.
The resulting distribution of time differences is
shown in Fig. 2. It includes ''cross correlations'
between the two opposite detectors as well as '"self
correlation', that means detection of correlated
events in one and the same detector. The occurrence
of truly correlated events, showing up at time dis-
tances which are 10° times shorter than the mean
time distance of the random distribution, clearly
proves the parent-daughter relationship of the two
lines. From the correlation peak the half-life of
196Te was determined to be 60*39 ys.

26Te.
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Fig. 1 Alpha spectrum obtained at mass 110 from the

AE detector in anticoincidence with the E detector
of the in-beam telescope. The counting time amounted
to 25 h with an average °°Ni beam intensity of

1.6 x 10'! s7!. The positions of possible fine
structure in the decay of 1107 are indicated by
arrows.
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Fig. 2 Distribution of time differences between 0O-
decay events of 110%e and !°®Te. The peak at longer
time differences is due to random correlation, where-
as the ''%%e » !%%Te correlation is characterized by
a 60 us half-life.

The o-energies for !!°Te a?d Y197 are in agree-
ment with earlier measurements®) but could be deter-
mined with higher precision. Even though the !!°I
a-line contains about 10° counts, there is no clear
evidence for fine structure in this decay. The
branching ratio Py, st.q =0.17 +0.04 for ground-state
a-decay of '!°T was derived from a new measurement
with the in-beam detector at mass 114, where !!°I is
observed as a-decay daughter of 11%Cs (Fig. 3). The
measured intensity of ''°I o-decays was corrected by
25% for the loss of activity due to the recoil range
in the collector foil exceeding the implantation
depth. The non-observation of the !''*Xe a-decay,
which is expected on systematical grounds to occur
at an energy of about 2.8 MeV (see Fig. 3), results
in an upper limit of about 107° for the a-branching
ratio.

At mass 111 a 9.7 h measurement was performed
with the in-beam telescope, resulting in more pre-
cise values for the a-energies and half-lives for
the ''!'Xe o-lines at 3480 keV and 3580 keV. The low-
energy member of the doublet is now free from the
1197 contamination which had obscured this line in
earlier experiments®). Both a-lines had been shown
to be time-correlated with the decay of the 3.6 ms
197Te daughter®). Their half-lives were measured by
periodically interrupting the mass-separated ion-
beam using an electrostatic deflector device. Since
the values of 0.74 * 0.20 s for the 3480 keV a-line
and 0.89 = 0.20 s for the 3580 keV a-line are not
significantly different, it still remains unclear
whether the two transitions arise from isomerism
}? 111¥e or the feeding of two final states in

Te.

A discussion of the experimental results pre-
sented in Table 1 within the systematics of Qy-values
and reduced decay widths, is of interest for testing
mass-formulae predictions in a region far off from
stability and for predicting the properties of
neighbouring, yet unknown, isotopes. However, one
has to keep in mind some restrictions. There is no
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Fig. 3 Alpha spectrum obtained at mass 114 from the
AE detector in anticoincidence with the E detector
of the in-beam telescope. The spectrum was accumu—
lated during a 7.4 h run with the thermal ion source
at an average °°Ni beam intensity of 1.6 X 10t g7,
The position of the expected !'“Xe o-line is indi-
cated by an arrow.

experimental evidence so far on whether the observed
o-transitions connect two ground states or whether
isomeric and excited states are involved. Further-
more, the systematic behaviour of mass differences
(Qy-values) permits only an indirect test of mass
formulae. On the other hand, one can obtain masses
for far-unstable nuclei (e.g. !'“Cs, '!°I, 1°%Sb) by

linking Qy-values to known mass excesse515’2°).

A comparison of the measured Qy-values with the
predictions from mass formulae?!»22) gives best over-
all agreement, with a standard deviation of about
0.2 MeV, with the droplet-model of Myers and of Hilf
et al. (see Fig. 4). This agreement has an interest-
ing aspect. A decomposition of the theoretical Qy-
values into a droplet and a shell-correction part
shows that for the Te isotopes, for example, about
90% of the Qy-value arises from the shell-correction
term. Therefore the agreement with the experimental
data within 0.2 MeV is a strong indication for the
expected double-shell closure at Z = N = 50.

Macfarlane and Siivola!) pointed out that a
kind of "'superallowed" a-decay, resulting in a large
reduced a-width, might be observed for very neutron
deficient Te isotopes which have their '‘valence"
neutrons and protons in the same single-particle
level. In order to calculate reduced o-decay widths,
one has to know the energy, the half-life and the
branching ratio of the decay. The reduced widths W,
given in Table 1 were calculated according to the
formula Wy = Ay/P, where Ay is the partial transition
probability for a-decay and P t?e barrier penetra-
bility for s-wave a-particles!*). Comparing the Wy-
values of the even-even emitters '°%Te and !°®Te with
the body of existing data for heavier nuclei
(Fig. 5) %223727) | it can be seen that they follow
the general trend of the systematics, i.e. they in-
crease with decreasing neutron number between two
shell closures. There seems to be no evidence for
an additional enhancement of Wy for the tellurium
isotopes.
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Fig. 4 Comparison of measured o-decay energies Qy
(circles) with predictions according to the droplet
model of Myers and of Hilf et al. (Ref. 22) (dashed
line). The experimental Qy-values are obtained from
the o-particle energies by including a recoil
correction.
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Fig. 5 Reduced width Wy (normalized to 2'2po) for

the s-wave ca-emission of even nuclei as a function
of the neutron number of the c-emitter. The proton
number of the emitter is indicated. Experimental
data are from Ref. 23, but include the more recent
Refs. 5 and 24-27.

3.2 Lead region

In the lead region a-energy spectra obtained
from mass-separated samples are generally more com-
plex than those in the trans-tin region. The as-
signments of a-energies to specific nuclei are based
on the mass number, determined unambiguously by the
magnetic separation, and on a-decay systematics. The
o~-spectrum measured at mass number 183 (Fig. 6) may
serve as an example. At lower energies, one observes
the known o-lines of !®%Au, and of '®°Hg and its a-
decay daughter '7°Pt. The new lines occurring at
higher energies are then assigned to higher-Z iso-
bars, where the highest possible Z-value is given by
the projectile-target combination -- in this case

837
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Fig. 6 Alpha spectrum obtained at mass 183 measured
with a 200 mm® surface-barrier detector in the in-
beam position. The spectrum was accumulated for 2 h
at an average '°Ti beam intensity of 2 x 101! s7!
The target was a 3 mg/cm? thick foil of “2Nd en-
riched to 93.4%. The inset shows the grow-in decay
pattern for 18371 (the energy window is indicated by
arrows) measured during 21 min with two 450 mm® de-
tectors of the deflection device.

82. Supported by the a-energy systematics for thal-
lium and lead, we assigned the o-lines at 6343, 6378
and 6449 keV to '®°T1 [confirming earlier unpublished
data!®)] and those at 6715 and 6798 keV to !®°Pb.
These assignments have been further confirmed by pro-
ducing '®°T1 instead of !°°Pb as compound nucleus.
Then the lines at 6715 keV and 6798 keV disappeared
while the other lines were still observed. In a
similar way a-lines of 6632 keV and 6820 keV from
reactions of “®Ti on !“2Nd and of ®“Kr on !°7Ag were
assigned to '®“Pb and !®°Bi, respectively. The decay
prgperties of the new isotopes are summarized in
Table 2.

Table 2

Decay properties of the lightest known
Bi, Pb and T1 isotopes

Isotope Eq I3) T56

(keV) %) (s)
188R5 6820 + 20 85+ 9
7005 + 25| 15+ 9

183ph 6715 = 20 92 = 0.6 £ 0.3
6798 + 25 8 *

184pp 6632 + 10 0.55 * 0.06

18311 6343 + 10 83 % 0.053 + 0.004
6378 + 15 16 * 0.052 + 0.006

6449 + 15| 1.0 = 0.3

a) Relative intensities
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The surprisingly short half-life observed for
'83T] might be explained if we assign it to an iso-
meric % state which is de-excited predominantly by
an E3-transition to a %% state. On the basis of
systematics of % and %% levels in !857201T1 28)
the expected lifetime of the %~ isomer would be of
the order of the measured one.

For 1857188ph and 1845185,187T] = the existing
data?® %2} were confirmed, except for '®¢Pb, where
the measured half-life of 4.79 = 0.05 s is consider-
ably shorter than the value of 7.9 + 1.6 s given by
Gauvin et al.?®°)., A shorter half-life in turn in-
creases the reduced o-width for this isotope*).

For '82718%H4g and 1785179pt  g-branching ratios
were determined from comparison of the intensities
of parent and daughter activities in the same spec-
trum (see Fig. 6). Our results for '782179pt and
18%Hg agree with the literature values®?’ whereas
the values for '®%:!8%Hg deviate substantially from
those given in Ref. 33. The literature values were
deduced from a comparison of the intensities of K
X-rays and a's and include an estimated correction
for the contribution of K X-rays due to internal
conversion. The uncertainty in the correction term
in cases where the decays are not sufficiently known
probably explains the observed discrepancy.

The reduced o-decay widths derived from a-
energies and half-lives from Refs. 9 and 33, and the
new o-branching ratios for !'82:183,18%g are
0.8 0.1, 1.0 * 0.1 and 0.6 + 0.2, respectively!!).
The behaviour of reduced widths of H }sotopes was
earlier discussed by Hornshgj et al.?®’) and Hagberg
et al.®). The revised width for '®?Hg means that
for the even isotopes a regular behaviour in Wy is
established when going from '®2Hg to '®°Hg (see
Fig. 5). The effect of nuclear deformation on the
barrier transmission in a-decay was discussed by
Rasmussen and Segall®*). Since this effect was not
included in our calculation of the penetrability, it
appears likely that the observation of larger widths
for 181,183,185y a5 compared to their even neigh-
bours is related to the ground-state deformation of
these nuclei.

3.3 Search for proton radioactivity

With '!'%Cs and '!'°I one has reached the last
proton stable isotopes of these elements according
to the predictions of most current mass formulae® ).
The high yields for such extremely neutron deficient
isotopes obtained from heavy-ion reactions (see
Section 2) offer good conditions for search experi-
ments aimed at finding proton decay from the ground
state. In this region of medium-mass nuclei a proton-
decay encrgy of a few hundred keV, which could be
gained by just crossing the drip line, would be suf-
ficient to give a detectable decay branch. However,
the main experimental problem in the direct detection
of proton radigactivity lies in the small '‘observa-
tion" window®S), defined by the lowest detectable
branch on one side and by the shortest detectable
half-life on the other side. Owing to the lower and
narrower Coulomb barrier for protons, this windoy is
much smaller than for a-decay. D'Auria et al.?®®
performed a search for ''3Cs at the ISOLDE mass
separator and estimated the observation window to
540 < Ep < 650 keV, corresponding to the conditions
Pp > 10% and Tl/2 > 5 ms.

*) The low !°®Pb width discussed in Ref. 23 is based
on an estimated a-branching ratio which seems to
be too small in view of the revised a-branches for
188ph and !°°Pb 27) and needs further investiga-
tion. See K.S. Toth et al., contribution to this
Conference.

All attempts to detect proton radioactivity from
113Cs and !'°°I remained unsuccessful so far. However,
the non-observation of any activity of ''3Cs points
to a consi?erable half-life decrease due to proton-
decay3®237), 1In the case of '°°I the short (80 ms)
partial half-life for ground state a-decay, estimated
from systematics®) could just as well explain the
non-observation. For antimony one might expect an
additional effect due to the Z = 50 shell closure
which could move the drip line somewhat towards
higher mass numbers. The result of an alpha-proton
correlation study for the decay of !'°I » 196Sh was
negative, however.

For heavy elements such as bismuth, proton-decay
energies of approximately 1 MeV are required to give
an observable decay branch. Thus, although the new
isotope '®®Bi lies beyond the predicted proton drip
line, its possible proton-decay branch is presumably
far too small to be detected. The main difficulty
in the production of very neutron deficient isotopes
in this region is found in the increased competition
of fission in the de-excitation of the compound nu-
cleus. One can hope, however, that further develop-
ments of heavy-ion-based on-line systems such as mass
separators and velocity filters will offer good
chances for the possible study of ground-state proton
emission. The recent work by Hofmann et al.3®) in-
deed gives support to this optimism.
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