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Excitation functions and isomeric cross-section ratios have been measured for the
nuclei 198m,g Tl, 196m,g Tl, 198m,g Au and 196m,g Au, formed in fusionÄevaporation and
transfer processes in reactions of 6 He with 197 Au in the energy range 5Ä60 MeV.
The population probability of high- and low-spin states in the fusion reaction with
π
= 7+ , Jgπ = 2− ), as well as of the transfer
the formation of 198 Tl and 196 Tl (Jm
198
196
π
−
Au and
Au (Jm = 12 , Jgπ = 2− ), is compared with calculations
products
within the statistical model and with similar results from deuteron-induced reactions.
The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR.
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INTRODUCTION
The population of the ground and metastable states of nuclei, formed as reaction products, strongly depends on the acquired excitation energy of the residual
nucleus, its angular momentum distribution and on the type of particles emitted
during its de-excitation. The relative population of the ground and metastable
states depends on the orbital angular momentum  in the entrance channel of the
reaction. The emitted particles carry away different amount of energy and angular
momentum. The comparison of the measured isomeric cross-section ratios σm /σg ,
where σm is the cross section for populating the metastable state of a nucleus
and σg Å that for populating its ground state, with calculations within different
models [1Ä7] helps to estimate the spin associated with the reaction products,
produced in different exit channels. Hence, isomeric ratios deduced in different
nuclear reactions in a wide range of incident projectile energies provide important
information on the structure of a nucleus and on the mechanism of its production,
in particular on the distribution of the nuclear level density and on the spin of the
excited levels of the precursor.
There are different methods to determine isomeric cross-section ratios: online measurement of the decay from the ground and metastable states of the
studied nucleus [8] or off-line measurement of the yield of these states after accumulation in a nuclear reaction. The ˇrst of these methods allows a detailed
studying of the structure of the ground and metastable states during the process
of their production, but it is not efˇcient enough. In the second method, the ˇnal
products are accumulated using the maximum possible beam intensities, and consequently, it is characterized by high efˇciency. However, it is sometimes rather
complicated to determine the cross sections of the reaction products, because of
the cumulativity of their production. This method is preferable in cases when
radioactive beams of low intensity are used, and hence Å highest efˇciency is
needed. These requirements are met by the stack activation technique, which we
have already used in our experiments aimed to study the interaction of 6 He with
197
Au [9, 10].
At present, there is much interest in the investigation of reactions induced
by weakly bound radioactive nuclei with unusual nucleon distributions, which
strongly inuence the interaction process [9, 10 and ref. therein]. In the case
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of reactions induced by 6 He (a nucleus with a neutron skin), one can expect, as
a result of the greater mass of 6 He and its larger matter radius, an increase in
the admitted average angular momentum compared to reactions with 4 He. It is
probable that the interaction of 6 He brings forth in the residual nuclei a wider
angular momentum distribution and a higher average angular momentum. This
distribution, in turn, may affect the relative population of the metastable and
ground states in the evaporation residues compared to the case of fusion reactions
induced by normal stable nuclei, such as α particles, 6 Li, etc.
Although much experimental and theoretical effort [10 and ref. therein] has
been devoted to study how the structure of radioactive nuclei inuences the fusion
process at energies close to the Coulomb barrier, the data on the population of
high-spin states in reactions induced by exotic nuclei are rather scarce [8].
The main factors which govern the isomeric ratios are: 1) the distribution of
excitation energy and angular momentum in the compound nuclei, 2) the number
of de-excitation cascades and decay paths of each state, 3) the angular momentum
removed by the emitted particle or γ quantum at each step of the de-excitation,
4) the probability of population of the ground and metastable states after each
step of the de-excitation cascade, and 5) the spins of the isomeric-pair states.
When the projectile energy is high enough to populate states with different
angular momenta, the isomeric cross-section ratio tends to the limiting value of
(2Jm + 1)/(2Jg + 1) deˇned as the ®statistical weight¯. In calculating the isomeric
ratios for transfer products some assumptions have to be made for the energy and
the angular momentum of the transferred particle. When a low-energy particle
with a small angular momentum is transferred, the process of particle evaporation
will be suppressed and the number of steps in the γ cascade will be reduced.
The aim of the present work was to study the fusion of the loosely bound
nuclei 6 He with 197 Au leading to the formation of the compound nucleus 203 ’l.
For this purpose the population of the ground and metastable states of the residual
nuclei 198 Tl and 196 Tl, produced in the reaction 197 Au(6 He, xn)203−xn Tl, where
x = 5 and 7, was measured. The transfer reactions leading to the isotopes 196 Au
and 198 Au were also studied. A comparison of the isomeric ratios of these nuclei,
produced in reactions induced by 6 He and α particles will make it possible to draw
conclusions about the maximum imported angular momentum and the probability
of population of high-spin states in the residual Tl (7+ in 198m Tl and 196m Tl) and
Au (12− in 196m Au and 198m Au) isotopes.

1. EXPERIMENT
The 6 He beam was produced at the accelerator complex for radioactive nuclei
DRIBs at FLNR, JINR. This complex is a tandem including the cyclotrons U400
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and U400M [11]. The maximum energy of the accelerated 6 He ions was about
10 MeV/A, the intensity reaching 2 · 107 pps [9, 10].
The yields of the fusion reaction evaporation residues and of the transfer reactions were performed by the stacked foil activation technique [9, 10]. The
stack, consisting of gold foils of different thickness (from 13.5 to 50 μm),
was placed in the scattering chamber in front of the magnetic spectrometer
MSP-144 [12], which was used to measure the initial and residual energy of
the beam (after passing the target stack), as well as the energy incident on each
successive target (or, what is the same Å the energy exiting the previous one)
by inserting the targets into the stack one after another. The 6 He-beam energy at
each cross-section point was taken as the average of the ion energy upon entering
and exiting the respective target foil, while the corresponding energy spread was
determined mainly by the energy loss of the beam particles in that foil. In addition, the 6 He energy and energy loss for each layer in the stack were calculated
using the code LISE [13] and then compared with the measured values. The given
technique made it possible to measure the excitation functions for the production
of the Tl and Au isotopes in a wide energy range. A detailed description of the
experiments can be found in [9, 10].

2. ANALYSIS OF THE EXPERIMENTAL DATA
After each irradiation (the data were taken in four different runs), the
γ activity, induced in the individual gold foils, was measured off-line using
four HPGe detectors. The energy resolution for the transition Eγ = 662 keV was
1.2 keV and the efˇciency reached ∼ 5 % for different detectors. For the analysis
of the γ spectra, the program DEIMOS-32 was used [14]. The identiˇcation of
the radioactive residues from the interaction of 6 He with 197 Au was performed
according to the γ-transition energies and the half-lives of the Tl isotopes (for
the fusion evaporation reaction) and of the Au isotopes (for the transfer reaction).
The decay data (energies, absolute intensities and half-lives) taken from [15],
used for identiˇcation and determining the yields of the Tl and Au isotopes, are
given in Table 1.
A typical γ spectrum, measured during 0.5 h about 2 h after the irradiation
of one of the gold targets, is shown in Fig. 1. The absolute cross sections for the
formation of the reaction products were calculated taking into account the relevant
beam dose and time factors, the target thickness and the decay characteristics of
the identiˇed isotopes using the formula:
σ=

S·λ
,
I · N · ε · Iγ · (1 − e−λ·t1 ) · e−λ·t2 · (1 − e−λ·t3 )

(1)

where S is the number of counts in the photopeak for the time of γ-spectrum
3

Table 1. Spectroscopic data [15] for the studied reaction products
196,198
Au in their ground and metastable states
Residual nucleus
196g

Tl

196m

198g

+

344.9

2

7

505.2
695.6

6
41

Tl

5.3 h

2−

675.9

11

587.2

52

2

332.983
355.684
426.0

22.9
87
7

9.6 h

12−

147.81
168.37
188.27

43
7.6
37.4

2.69 d

2−

411.8

96

180.31
204.10
214.84

50
40.8
77

Tl

Au

Au

Au

198m

2

1.84 h

Au

+

7

1.87 h
6.183 d

−

−

12

2.27 d

Tl and

Eγ (keV) Iγ (%)

1.41 h

196m2

198g

−

Tl

198m
196g

Jπ

T1/2

196,198

measurement t3 , λ Å the decay constant of a given isotope, t2 Å the time
elapsed between the end of irradiation and the start of the γ-activity measurement,
t1 Å the time of irradiation, N Å the target thickness in atoms/cm2 , I Å the
beam intensity in unit time (pps), Iγ Å the absolute intensity of the given
γ transition (%), and ε Å the γ-detector efˇciency for the given γ line.
The isotopes 198 Tl, 196 Tl, 198 Au and196 Au were identiˇed both in their
ground and metastable states. If the decay of the metastable state leads to population of the ground state, the independent yield of the latter is calculated by
taking into account the contribution of the precursor (the isomer) by means of the
formula:


S
−
k
·
σ
·
A
λd
br
p
I·N ·ε·Iγ
,
(2)
σd =
(1 − e−λd t1 ) · e−λd t2 · (1 − e−λd t3 )
λp · λd
A=
×
λd − λp


(1 − e−λp t1 ) −λp t2
(1 − e−λd t1 ) −λd t2
−λp t3
−λd t3
×
·
e
·
(1
−
e
)
−
·
e
·
(1
−
e
)
,
λ2p
λ2d
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Fig. 1. A typical off-line γ spectrum for one gold target, measured about 2 h after the
irradiation with a 40-MeV 6 He beam; g and m denote γ transitions from the ground and
metastable states, respectively

where σp , σd are the cross sections for formation of the parent (the metastable)
and the daughter (the ground) states, respectively; λp , λd are their decay constants,
kbr Å the branching ratio in the given decay scheme.
Since the isomeric ratios are determined by the ratio of the cross sections for
populating the metastable and the ground states of a nuclide in a nuclear reaction,
the main contribution to the error comes from statistical errors in calculating the
number of counts in the photopeaks.

3. EXPERIMENTAL RESULTS AND DISCUSSION
In the reaction 197 Au(6 He, 5n)198 Tl, both the ground (198g Tl) and the metastable state (198m Tl) are populated. The energy dependence of the respective
production cross sections is shown in Fig. 2, a, together with the isomeric ratio
σm /σg in Fig. 2, b. The isomeric ratio σm /σg for 196 Tl was also measured, but
only at two energies higher than 50 MeV (see Table 2): the deduced values are
almost equal and are close to the maximum value of σm /σg , obtained for 198 Tl.
It is noteworthy that the experimental isomeric ratios for 198,196 Tl are somewhat
smaller than the values following from the relation (2Jm + 1)/(2Jg + 1).
The calculations of the isomeric ratio for 198m,g Tl, performed within the
statistical model, are shown in Fig. 2, b. It is assumed that the reaction proceeds
5

Fig. 2. a) Experimental excitation functions for the 197 Au(6 He, 5n)198 Tl reaction:
• Å ground state (2− ), ♦ Å metastable state (7+ ); b) isomeric ratio for nucleus 198 Tl.
The lines denote calculations within the statistical model using the density level parameter
a = 20 MeV −1 and two values of the spin-cutoff parameter σ0 : 5.3 (solid line) and
5 (dashed line), respectively [16]

Table 2. Experimental cross sections σm , σg , and the isomeric ratio (σm /σg ) for the
196
Tl nucleus, produced in the 197 Au(6 He, 7n) reaction at 60 and 57.4 MeV
Elab , MeV σm , mb
σg , mb
σm /σg
60 ± 1.2 549 ± 66 292 ± 65 1.88 ± 0.18
57.4 ± 3.7 465 ± 9 251 ± 55 1.85 ± 0.13

in the same way as it has been described in [1]. The usual relations for the
excitation energy dependence of the level density parameter (a) and of the angular
momentum () were applied [16]. The value of the level density parameter was
ˇxed, while the spin-cutoff parameter σ0 was varied, so as to obtain the best
agreement with the experimental isomeric ratios. It is seen from the ˇgure that
for 198 Tl for incident energies up to 45 MeV the experimental and calculated
values of σm /σg practically coincide and increase until they reach a maximum.
The value σ0 = 5.3 better ˇts the data. The increase with bombarding energy is
expected since higher  waves are involved and the average spin of the compound
6

nucleus increases. With the further increase of the projectile energy (above 45Ä
50 MeV), the experimental σm /σg ratio decreases, strongly differing from the
theoretical calculations, but remains larger than 1 in the used energy range.
This behaviour may be due to the opening of competing reactions, including the
6n-evaporation channel and pre-equilibrium processes, accompanied by neutron
emission. The emission of neutrons, before equilibrium is attained, has been
observed as retardation of the ®tails¯ of the excitation functions at high energies
[10 and ref. therein]. In Refs. [17, 20] the decrease of the isomeric ratio with
the increase of the projectile energy has been attributed to the probability of
pre-equilibrium processes.
The isomeric ratio for 198m,g Tl, obtained in different α-particle-induced reactions [17Ä19], varies from 1 to 5. For this reason it is impossible to draw
unambiguous comparative conclusions with respect to the present data. Nevertheless, from our data on the isomeric ratios for the nuclei 198m,g Tl, produced
in the fusion of 6 ¥ with 198 Au, it follows that the population of metastable
states in this reaction (in spite of the higher excitation energy of the compound
nucleus) is of the same order of magnitude as in the case of α-particle-induced
reactions [17Ä19].
The data that we have obtained conˇrm the conclusions made in [8]. Here,
the isomeric ratio for the 3n-evaporation exit channel 209 Bi(6 He, 3n)212m,g At
(J π = 9− and J π = 1− ) was measured and an increase in the isomeric ratio with
increasing energy of the 6 He projectile was observed. Its value was in agreement
with standard calculations and in the maximum of the excitation function it was
lower than the limit deˇned by the statistical weight.
The isomeric ratios strongly depend on the transferred orbital angular momentum, while the dependence on the number of evaporated neutrons by the
compound nucleus is rather weak [7]. In the range of the incident 6 ¥ energies used in the present experiments, the best agreement between the calculated
and experimental isomeric ratios for the 196 Tl and 198 Tl nuclei was obtained for
average imported angular momenta between 5 and 22 η (depending on the incident energy). It has been shown in [7, 8, 17] that the same values are reached in
experiments with 3 ¥, 4 ¥ and 6 ¥ beams.
The cross sections for producing 198 Au in the metastable and ground (198m Au
198g
Au) states in the 6 ¥ + 197 Au reaction as a function of difference between
and
the incident energy and the Coulomb barrier, Ecm Å Bc , in the
c.m.-system, are shown in Fig. 3. The shape of the excitation function of 198 Au
provides evidence that 198m Au and 198g Au are produced in direct reactions as
transfer products; for this reason it is not possible to interpret them using the
statistical model. In the same ˇgure, the excitation functions for the formation of
198
Au in the ground and metastable states in deuteron-induced reactions [21Ä23]
are plotted for comparison. It can be seen that the two reactions leading to 198 Au
have their maxima at the Coulomb barrier. However, the cross section in the case
7

of the 6 ¥ beam is much higher. This can be due to the fact that the neutron
separation energy for 6 ¥ is much lower than for the deuteron.
The isomeric ratio for the isotope 198 Au, together with the corresponding
cross sections of its production in the ground and metastable states, are shown in
Fig. 4. As can be seen from the ˇgure, the production of the isomer compared
to that of the ground state is less probable. This may be due to the fact that one
neutron transferred to the target nucleus brings in a comparatively low angular
momentum, and thus considerably decreases the probability of populating the
metastable state (12− ) in the 198 Au nucleus. It can be seen from the presented
data on the cross section of fusionÄevaporation and transfer reactions measured
with deuteron and 6 He beams, that the positions of the maxima of the excitation
functions for the ground and metastable states differ. As a rule (see, for example,
[1, 7]), the excitation function for the metastable state peaks at higher incident
energy compared to that of the ground state.
The dependence on (Ecm − Bc ) of the isomeric ratios for 198 Au, σ(198m Au)/
198g
Au), obtained in reactions with deuteron and 6 ¥ beams, is presented in
/σ(
Fig. 5. In the case of the 6 ¥-induced reaction, the dependence extends further
down below the barrier region.
The excitation functions for the ground and metastable states of 196 Au, produced after one-neutron stripping in the 6 He + 197 Au reaction, are given in Fig. 6.

Fig. 3. Excitation functions for one-neutron transfer in the reactions 6 He + 197 Au, leading
to formation of isotope 198 Au in the ground and metastable states (• Å 198g Au,  Å
198m
Au), as a function of difference between the incident energy and the Coulomb barrier,
Ecm − Bc , in the c.m.-system [10]. Data for 198 Au from the 197 Au + d reaction (◦ Å
198g
Au, Δ Å 198m Au) are plotted for comparison [21Ä23]

8

Fig. 4. a) Excitation functions for one-neutron transfer through the reaction 6 He + 197 Au,
producing 198 Au in the ground 2− (•) and in the metastable 12− (♦) states; b) associated
isomeric ratios (◦) for 198 Au

Fig. 5. Measured isomeric ratios for nucleus 198 Au, formed in the reactions:
6
He + 197 Au Å present work (•), and 197 Au + d Å [22] (◦), as a function of difference
Ecm − Bc

The associated isomeric ratios are shown in the lower part of the ˇgure. In this
reaction, in the used energy range, the isomeric ratio changes weakly. However,
its value is higher than in the case of 198 Au. Obviously, this is connected with
the transferred angular momentum: when the 6 He projectile knocks out a neutron from the target nucleus the transferred angular momentum is higher than
9

Fig. 6. a) Excitation functions for one-neutron removal in the interaction of 6 He with
197
Au, leading to the ground 2− state (•) and to the metastable 12− state (◦) in 196 Au;
b) corresponding isomeric ratios () for the 196 Au nucleus

when a neutron is added. During the collision of 6 He with the 197 Au nucleus,
a large amount of energy and momentum is transferred, which, in turn, leads to
the escape of a neutron from the target nucleus and increases the probability of
populating the metastable state in the residual excited 196 Au nucleus.
Summarizing our results, we should point to the following:
• Isomeric ratios have been measured for fusionÄevaporation products
(196,198 Tl) and for transfer products (196,198 Au), produced in 6 ¥-induced
reactions.
• The isomeric ratios for 196,198 Tl, produced in the 6 He + 197 Au reaction,
are close in absolute value to those obtained in 4 ¥-induced reactions.
• The isomeric ratios for fusion reactions followed by the evaporation of 5
to 7 neutrons exceed by 1Ä3 orders of magnitude the ratios obtained for
neutron transfer products.
• In the case of transfer reactions, the isomeric ratios for 196 Au and 198 Au
show different incident energy dependence and differ in absolute value: in
the case of neutron removal from 197 Au the isomeric ratios are higher than
for the transfer of a neutron to 197 Au.
10
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