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Observation of the new neutron-rich nuclide zosHg
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The new neutron-rich isotope Hg was observed for the first time in the reaction products from a
thick " 'Pb target bombarded by a 30 MeV/nucleon C beam. A high efficiency release, separation,
and collection of Hg products were of success with a good selectivity by using a special off-line gas-
phase thermochromatographic process followed by a liquid-liquid procedure which was developed in
the present work. The assignment of Hg was based on the identification of its P decay daughter

Tl observed in the periodically extracted Tl element sample growing in the separated Hg element
product solution. In the p spectra of the Tl samples a 2614.6-keV p activity with a half-life 191+so s
was observed, which could only be assigned to the daughter Tl of Hg P decay. The measured

Hg half-life was 42+yg min and the average production cross section for the energy of the C
beam ranging from 30 MeV/nucleon to 5 MeV/nucleon and the efFective target thickness of 670
mg/cm was deduced to be 1.1+o's tsb. Moreover, in the time-successive p spectra of the separated
Hg sample, a 473.5-keV p activity corresponding to the p transition of 4+ to ground state (5+) of

Tl was observed and found to have the same half-life as the Hg P decay within the error
range of the present work. A theoretical discussion for the obtained half-life of Hg is given.

PACS number(s): 21.10.Tg, 23.40.Hc, 27.80.+w

Half-lives of neutron-rich isotopes are of importance
in particular for astrophysical calculations on elements
synthesis in the Universe and the age of the Galaxy. We
noticed that there are considerable differences in the pre-
dicted values of half-lives from different authors [1—3], es-
pecially for some of the unknown neutron-rich nuclei in
the heavy mass region. For instance the predicted half-
lives for zosHg and 2o2Pt by Klapdor et al. [1] in 1984
were 8.05 h and 44 h, respectively, but other predictions
[2,3] for the two nuclides are much shorter. Experimental
measurement for the half-lives of those unknown neutron-
rich nuclides like Hg, thus, could provide a sensitive
check for the existent theories. The aim of the present
work was to search for the new nuclide Hg and to
study its half-life.

The difficulty in production of Hg results mainly
&om the few reaction processes available as well as the
small production cross section.

The multinucleon transfer reaction induced by inter-
mediate energy heavy ions on a Pb target is one of the
promising processes. Considering the broad energy range
over which the utilizable reactions would have an observ-
able cross section, a target with a thickness sufficient to
stop 30 MeV/nucleon i2C incident beam was used to in-
crease the yield. A serious difficulty associated with the
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thick target is the release and separation of the Hg el-
ements from the great variety of the products stopped
in the target. A special separation device [4] was de-
veloped and a periodic chemical separation technique,
the so-called radiochemical "milking" method, was em-
ployed.

A "tPb target of 980 mg/cm2 was irradiated by 30
MeV/nucleon i2C beam from the Heavy Ion Research
Facility Lanzhou (HIRFL) at IMP, Lanzhou, China. The
irradiation lasted 3 h, and the average intensity of the C
beam was 25 electrical nA.

After irradiation, the target was put into the graphite
box of the off-line Pb target melting device (see Fig. 1).
Then it was heated in vacuum, and the volatile Hg prod-
uct stopped in the thick Pb target was released from the
molten metal Pb, transmitted along a 60-cm transport
tube (P = 8 mm) by the helium carrying gas (99.99%)
with a flow rate of 1—5 ml/min, and collected at the tail
part of the transport tube. During this process, all prob-
able contaminations from other volatile products, such
as the elements At, Tl, Po, Pb, and Bi, were excluded
&om the collected Hg element sample by means of spe-
cial techniques to be described below, which were de-
signed according to the working principle of thermochro-
matographic element separation. In the present work we
managed the off-line Pb target melting device [4] in the
following manner.

(1) The temperature of the heating oven was kept
within 760—780 C, then the heated target material was
below 750 C; the Pb and Bi products were almost not
able to be evaporated at this temperature [5,6].

(2) The heating time was restricted to 20 min or less
so that Hg with its high release rate was thoroughly
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FIG. 1. A schematic view of the ofF-line melt thick Pb tar-
get thermochromatographic device: (1) target material, (2)
graphite box, (3) target oven, (4) heater of helical tungsten
filament, (5) thermocouple, (6) capillary, (7) needle valve, (8)
quartz wool, (9) Ta foil lined on inner surface of the transport
tube, (10) transport tube, (11) AgzO powder collector, (12)
cooler ring, (13) copper rod, (14) liquid N2, (15) p-n junc-
tion thermometer; A: The main vacuum chamber, B: the side
vacuum chamber, C: to a turbomolecular pump.
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cold point [4]. The use of this effective collector for Hg
vapor was an important means for ensuring a high col-
lection efficiency for Hg products.

Using this procedure, very pure element-separated Hg
samples were obtained. Many preliminary tests were
done. At Grst no difFerence in the weights between the
heated target material and the initial one was found by
using a balance of 0.02 g sensitivity, implying the evap-
orated Pb was less than yppp of a total target weight.
A p activity analysis indicated that most of the radioac-
tive isotopes of Bi and Pb element products were still
detained in the heated Pb block while a small part was
evaporated and stopped within the quartz wool (see Fig.
2). We observed the depositing of the volatile element
products other than Hg along the transport tube by
putting a Ta foil with a thickness of 30 pm on the in-
ner surface of the tube. As an example, an exponential
decaying distribution of Tl element products along the
tube is also shown in Fig. 2. In the collected Hg sam-
ple, no contaminations &om Bi, Pb, Po, and Tl element
products could be found. Figure 3 shows a portion of the

volatilized, while the volatilized quantity of the other el-
ements like Bi with very low release rates was kept at a
low level [5,6].

(3) A deep cold point was formed at the tail of the
transport tube by means of a copper rod stretched into a
liquid nitrogen vessel. The temperature of the connect-
ing part with the rod was decreased to —10——20 C; all
of the released volatile products other than Hg were con-
densed completely before reaching the deep cold point,
and deposited along the transport tube.

(4) A special Ag20 powder collector was put at the

C

60-

C

100 300

OCr

ll

I

I

OC

I

400

Cl
O
Al

Cg
P4

P4~it ~ t
l gg) [

~ t

500

C

oc
lA

I

106-

4J ~4

CC

So-
V)
Ol

Ph Hg

6 106 -&y0
:-

10 -~y

g 10

102 -ry

10' —
~y

~~I=
60 Cm

FIG. 2. The activity distribution of Bi and Tl element
products after ending an evaporation procedure (see text).
The label isotopes Bi(374-keV 7 line) and Tl(368-keV p
line) were produced in the thick Pb target during the target
irradiation. The decaying corrections were done for the p
activities measured at different segments of the device: (1)
target piece after heating, (2) quartz wool, (3) transport tube,
(4) cooler ring.
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FIG. 3. A comparison of a direct gamma-ray spectrum
Pb-Di of the Pb target to a spectrum Pb-Hg of the separated
Hg sample in the AgqO Slter after separation in the melting
device. The gamma rays were labeled with their energies and
the related isotopes.
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comparison between the p spectrum Pb-Di obtained by
measuring directly a small fraction of the irradiated Pb
target, and the Pb-Hg obtained by measuring the Ag20
collector after the gas-phase separation of Hg products.
It can be seen that the intense p lines observable in Pb-Di
spectrum corresponding to the p activities of some iso-
topes such as Bi, Pb, Tl, and so on,
which were near the most probable mass of each isotopic
chain respectively, disappeared in the Pb-Hg spectrum.

A 2osHg isotope label test [4] showed that the total
eKciency for the Hg element collection by this device
was as high as 95—98'%%uo.

a. Identification of the daughter 2M Tl from 2esHg P
decay by means of a radiochemical "milking" method. Af-

ter the gas-phase separation, the Ag20 collector was put
into 7M nitric acid containing 20 mg of Hg carrier. AgCl
was precipitated by the addition of HCl, and the result-
ing solution was 6M in HC1. The Hg yield in this pre-
cipitation step was 90%%uo. Tl carrier was added, and a
Tl fraction was extracted into an equal volume of ether.
This extraction was repeated once every 7 min (please
note that the first extracted sample was discarded). The
period of 7 min was chosen according to the equilibrium
time of the growth and decay for the possible Tl from

Hg decay, which is 2.2 times the 3.05-min half-life of
the daughter Tl [7].

For each extracted Tl sample, four p-ray spectra (2048
channels for every one) were recorded, corresponding to
four successive time intervals of 105 s, respectively.

The total 36 p spectra were obtained from nine ex-
tracted Tl samples. The start time of measuring the p
spectra of the extracted Tl sample was 90 min after the
end of target irradiation.

A 100-cm HPGe detector with a FTHM of 2.2 keV for
1.3 MeV gamma rays in a low-background lead chamber
was used, where only five counts were recorded at 2614.6
keV during a 6-h background measurement.

The cumulative spectrum by summing all the 36 p
spectra in the energy range around 2614.6 keV is given
in Fig. 4. It is obvious that the 2614.6-keV p ray cor-
responding to the main p ray in Tl decay is the most
intense one. By summing respectively the nine spectra
recorded during the same 105 s interval in each series of
four p spectra, we formed four cumulative p spectra. The
four 2614.6 keV p activities obtained from the four cumu-
lative p spectra are shown in Fig. 5. After a least-squares
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FIG. 4. A portion of the 2048-channel gamma-ray spec-
trum by summing the 36 individual spectra showing the re-
gion near the 2614.6-keV line from Tl decay.
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FIG. 5. The decay curve of the STl daughter of Hg

p decay.

fitting to the data, a half-life of 191+5O s was obtained
for the 2614.6-keV p ray, which is in agreement with the
known 3.05-min half-life of Tl. Based on the gas-phase
thermochromatography separation, the p transition en-

ergy, and the half-life of the p ray, it is reasonable to
attribute the 2614.6-keV p activity to the daughter Tl
of 2MHg P decay.

b The . assignment of the new neutron rich iso-tope

Hg and its half-life. Due to its short half-life of 3.05
min and the selective separation and collection for Hg
products in the special melting Pb target device, the
20 Tl identified above was surely not produced directly
in the reaction. In addition, as described above and in
Fig. 2, the Bi element product could not be transmit-
ted into the Ag20 collector, so the Tl could not come
&om Bi o. decay either. Based on the observation of

4Bi in the Pb target (Pb-Di spectrum in Fig. 3) and
the lack of 2e4Bi in the Ag20 collector (Pb-Hg spectrum
in Fig. 3), together with the expected 2s4Bi/2i2Bi ratio
in the Pb target, we estimate that the 2614-keV peak in
the p-ray spectrum of the Tl sample (Fig. 4) contains
less than one count from Tl produced as the daughter
of Bi a decay. Therefore the 2614-keV p peak shown
in Fig. 4 could only come from 2osHg P decay. So far
we have undoubtedly demonstrated the production and
observation of the new neutron-rich isotope Hg.

It is obvious that the variation of the intensities of the
2614.6-keV p ray from each milking Tl sample with the
corresponding extraction time reaected the time decay of
the new neutron-rich nuclide Hg. The variation of the
intensity of the 2614.6-keV p ray obtained in this way
and the least-squares fitting curve are shown in Fig. 6.
The half-life of Hg was thus determined to be 42+&2
min. The average production cross section of Hg was
deduced to be 1.1+0'5 pb for the energy range &om 30
MeV/nucleon to 5 MeV/nucleon of C beam and an
effective target thickness of 670 mg/cm2.

c. The decay p activity analysis of 2esHg by measuring
directly single p spectra from the thermochromatograph
ically separated Hg sample. We have studied the decay
p activity analysis of Hg by measuring directly single
p spectra from the separated Hg sample for which the
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FIG. 6. The decay curve of the new neutron-rich nuclide

Hg from the intensity of Tl in each of the successive
milking.

so-called "milking" method was not employed. The en-

ergy levels of some lower excited states and the angular
momentum for 2ssT1 had been extensively studied by n-

p coincidence measurement with a ~ Bi source [8]. In
the single p spectra measurement of the separated Hg
product sample, some intense p lines corresponding to
the transitions between difFerent energy levels of 2osT1

should be observed in the P decay of 2 sHg as long
as Hg could be produced with a cross section large
enough (see below) and its half-life would be appropriate
to the experimental arrangement. A p line of 473.5 keV
corresponding to the transition from the 4+ state at 473
keV to the 5+ ground state was observed. The decay
curve of the 473.5-keV p activity was given in Fig. 7,
which gave a half-life of about 45.6 min, being consistent
with the Hg half-life value determined in this work by
the "milking" method within the error range.

Based on the results given in Fig. 2, a total reduced
rate of Bi product of at least 10 may be deduced over
the distance kom the graphite box to the Ag20 collector
if we assume an exponential decay along the transport
tube. In the p spectra of the Ag20 sample, we did not
find the 374-keV p ray &om Bi p decay, still less the
727.3 keV kom Bi, the former was the one of the more
intense gamma rays &om the p decay of Bi, being the
most probable isotope in the Bi element product chain.
As the isotope Bi would be produced only with an
extremely weak cross section in the C+"~ Pb reaction,
the decay of Bi could not produce the growth of the
observed Tl. Moreover, since the 473.5-keV p ray is
as weak as 0.13% of 2614 keU from the p decay of Bi
[7], the observation of the more intense 473.5-keV p line
measured from the separated Hg sample (see below, Fig.
7) is also a strong argument against 2~2Bi contamination.

But it should be mentioned that the recorded 2614.6-
keV p activity in the "milking" method was contami-

nated by a weak p line of ~s2Au (branching ratio 0.64%,
Tqy2

——5.03 h) with the same energy. This is because the
~s2Au growing in from the decay of s2Hg (T&~2

—4.9
h) during the 7-min interval was extracted into the ether
organic phase along with the Tl. ~s2Au accounted for s
of the total counts in the 2614.6-keV peak for the first
105-s interval. Appropriate corrections were made in the
decay curve analysis.

In addition, the possible contamination from U or
Th in the AgC1 precipitation or the liquid-liquid ex-

traction step was eliminated by performing the milking
procedure without any activity.

According to the prediction of Klapdor et aL [1], the
half-lives of 2o2Pt and 2 sHg should be longer than those
of their lighter neighbors of even-even neutron-rich nu-
clides o Pt (Tq~2 ——12.5 h) and 2osHg (8.15 min), re-

spectively. The half-life of 2o2Pt was reported recently to
be 43.6+15 h [9], which agrees with the prediction of 44
h for 2o2Pt half-life by Klapdor et al. [1]. The prediction
for Hg was also supported by the present work. Al-
though the measured half-life of 42 min for Hg is much
shorter than the predicted 8.05 h, it is much longer than
the known half-life of Hg. The long half-life obtained
for Hg might be explained as follows.

As we know, Hg has magic number of neutrons, N =
126, while Hg has two neutrons above the energy gap.
In the P decay of these isotopes, difFerent transitions are
involved.

The decay of 20sHg proceeds mainly [10] to the ground
(0 ) and second excited (1 ) states of 2 sTl. These are
first forbidden transitions of a p&~2 neutron to a s&~2 pro-
ton or a dsg2 proton (angular momentum changes not
more than one unit, and parity changes as well), with
transition energies of 1.3 and 1 MeV, respectively. The
log ft values are 5.4 and 5.2, exceptionally low in compar-
ison with typical values of the first forbidden (nonunique)
transitions, from 6 to 8 [11].

However, the spectrum of the Tl levels which can
be found in Ref. [12] is different. Among these states,
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the majority cannot be fed in the P decay due to high
forbiddenness. None of its states can be fed by first for-
bidden decay. Fermi transitions to 0+ states should be
very strongly retarded by the isospin-selection rule. It

seems that the Hg ~ Tl decay rate is defined by
the 0+ ~ 1+ Gamow-Teller transitions. Predictions for
proton hole/neutron particle (relative to zosPb) 1+ states
in o Tl are as follows:

Con~g ~3/2 ~5/2 ~3/2 81/2 81/2 ~3/2 ~1/2 ~1/2 d3/2 ~3/2
E (MeV) 2.242 2.430 2.688 2.857 3.301

where E is the Tl excitation energy.
As mentioned in Ref. [13], for the zosHg ~ zosT1 de-

cay, the atomic mass predictions lead to a decay energy

Q between 0.56 and 3.85 MeV. If Q is low enough, the
relatively long half-life of Hg would result, since the
decay probability of P decay depends very dramatically
on the energy available. Besides, even though transitions
to all five levels listed above are allowed by spin and par-
ity selection rules, in the simplest shell-model they are
forbidden due to the change of the quantum number n
(the proton and neutron states belong to different major
shells), and two of them also due to the change of the or-
bital angular momentum (Ref. [14]). Within this model,
these transitions are excluded also by the fact that in the
ground state of the parent Hg nucleus the d5/2, sq/2,
and da/2 neutron orbits are empty while the d3/2 pro-
ton orbit is fully occupied. The latter is of importance
for three transitions out of five. These hindrances also
contribute to the reduction of the decay rate.

In summary, the half-life of Hg cannot be predicted
accurately without a more accurate Q value. The rela-
tively long half-life measured in this work is not unusual
once one considers that only highly hindered transitions

I

are possible.
The measured Hg production cross section 1.1+o'5

pb is quite low, but it is still larger than expected ones if
considering the reaction Q value of —39.4 MeV. Besides
the rare transfer reaction, the direct double charge ex-
change may also be the main reaction process contribut-
ing to the Hg production, especially for the higher part
of the incident beam energy [15].

We have synthesized and unambiguously identified
the new neutron-rich isotope Hg. The off-line Pb
target-melting-thermochromatographic technique, which
was developed in the present work, has proved to be suc-
cessful in the separation and collection of Hg element
products from a thick Pb target. The measured 42+z2-
min half-life of Hg provides important information for
checking the models of P-decay theory.
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