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PREFACE 

This is the fifth school-seminar on heavy ion physics at the JINR. 

Since 1975 the Laboratory of Nuclear Reactions of the JINR has been 
holding the school-seminars approximately once every three years, and in 
this sense they have become traditional. 

The topics of the school are also traditional. Its programme mainly deals 
with physics of interaction between complex nuclei in the non-relativistic en
ergy range. Research in many fields within this brunch of nuclear physics has 
taken fairly unique trends, as demonstrated by a great deal of representative 
international symposia and conferences held in different laboratories of the 
world each year. 

One should also add a large number of topical workshops, local conferences 
and other scientific meetings on selected issues of heavy ion physics. 

Naturally, the school-seminar at Dubna is not an isolated meeting with a 
predetermined status. Its goal is to attract prominent scientists and young 
physicists, representatives of different schools and trends, to allow immediate 
contacts between generations of active scientists in this field. These condi
tions, as we think, provide a good opportunity to get first-hand information 
on the most important events of the past 3 years and to get an idea of what 
is the line along which heavy ion physics is going to develop. 

There were 19 sessions within 6 days of work. The above task could 
hardly be completely fulfilled. And yet, we did not consider it wise to limit 
the range of interest in various fields like theory, experimental investigations, 
future projects of large accelerator complexes, original physical set-ups, etc. 

Oral talks included reviews and reported results of original work (a total 
of 76). 

Other activities were reported in posters (40). All reports are published 
in two volumes and distributed over sections covering general topics. 
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Volume 1 includes sections: 

• Light Exotic Nuclei 
• Heavy Nuclei 
• Nuclear Fission 
• Nuclear Spectroscopy 

Volume 2 includes sections: 

• Reaction Mechanism at Low Energies 
• Reaction Mechanism at Medium to High Energies 
• Radioactive Nuclear Beam Facilities 
• Experimental Developments 
• Miscellaneous 

We are grateful to all authors of the Proceedings for preparing their reports 
and submitting them for publication. 

We greatly appreciate the contribution of many staff members of the Lab
oratory of Nuclear Reactions and the JINR to the organization of the school-
seminar '93. 
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Yu.Ts.Oganessian — Chairman 
Yu.E.Penionzhkevich — Vice-Chairman 
R.Kalpakchieva — Scientific secretary 
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A.N.Mezentsev 
A.I.Romanov 
A.V.Yeremin 
E.N.Pankova 
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Study of Light Exotic Nuclei using Radioactive Nuclear Beams 

Isao Tanihata 
R1KEN, 2-1 Hirosawa, Wako, Saitama 351-01, Japan 

Recent development of secondary radioactive nuclear beams provided us 
new structure information such as the neutron halos, the isospin dependence of 
nuclear matter radii, and new soft modes of electromagnetic transitions in 
neutron rich nuclei. Here in this talk I present several new developments in 
studies on light neutron rich nuclei. First, I show the first experimental 
evidence of thick (~ 1 fm) neutron skins in 8He and in 6He. [1] I also point out 
that the neutron skin should be observed in general in unstable neutron rich 
nuclei based on the theoretical relation between the thickness of neutron skin 
and the difference between the neutron and the proton Fermi energies. Second, I 
show the recent measurements of proton elastic scatterings on ^Li and 8He and 
the inelastic scattering p(8He, 8He*)p'. [2] An excited state was clearly observed at 
3.6 MeV and the decay branching ratio ГбНе+2п/Гац >96% and Г4Не+4п/Га11 <4% 
were determined. [3] Optical model fitting of the angular distributions of these 
data, elastic as well as inelastic scatterings, will be shown. At the end, I present 
the first observation of 10He by an invariant: mass measurement of 8He +2n final 
state. [4] The importance of invariant mass spectroscopy for study of particle 
unstable nuclei will be pointed out. 

1. Revelation of Thick Neutron Skins in 8He and 6He 

How large difference can one see between the proton and the neutron 
density distributions in nuclei? It is a long standing question in nuclear physics. 
Although very accurate data have been accumulated, no definite evidence of a 
neutron skin was observed. However all the studies were limited on the nuclei 
on the line of stability. The present limit of the neutron skin in 2 0 8Pb, the best 
candidate among stable nuclei, is ARrms = Rn

Tms - Kp™5 & 0.1 fm. [5] However the 
radioactive beam's technique enabled as to expand the study into P unstable 
nuclei. In the following I show the first empirical verification of a thick neutron 
skin (-0.9 fm) in 6He and 8He. 
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Matter radii of He isotopes derived from the interaction cross sections 
showed a drastic increase of the rms radius from 4He (1.57 ± 0.05 fm) to 6He (2.48 
± 0.03 fm) and 8He (2.52 ± 0.03 fm). [6] It was not possible, however, to draw any 
quantitative conclusion about the difference of the density distributions between 
protons and neutrons only from these data. Concerning this problem, an 
important relation between the interaction cross sections and the nucleon-
removal cross sections was deduced by Ogawa, Yabana and Suzuki [7] by applying 
the Glauber model to a loosely bound system: Suppose that 6He is well described 
by a 4He core and two neutrons, then the interaction cross sections 0"j for 6He and 
4He and the two-neutron removal cross section a„2nof 6He with the same target, 
are related as, 

o-.2n№e) = o, № e ) - a, (4He). (1) 

Here they used the fact that 5He is particle unbound. This relation holds only if 
the 4He core in 6He is not modified from the free 4He. This relation, in turn, 
provides a way to test experimentally how well does a core persist in a nucleus. 

In the case of 6He, the data [6,8] satisfy the equality of Eq. (1); 

o.2n(6He) =189 ± 14 mb, and o,(6He) -a,(4He) =219 ± 8 mb, 

indicating that 4He remains intact as a good core in 6He. Where cross sections 
with С target at 800 A MeV were used. In the case of 8He, however, the relation 
did not hold at all; 

a.2n(8He) =202 ± 17 mb, and a,(8He) -c,(6He) =95 ± 9 mb. 

The 6He wave function is, therefore, strongly modified in 8He and thus has no 
identity as a core. Instead, the relation, 

c.2n(8He) +а_4П(8Не) = a, (8He) -oi (4He), (2) 

an extension of Eq. (1) under the assumption of the 4He core in 8He, hold well; 

o.2n(8He) +о.4П(8Не) =297 ± 19 mb and at (8He) -oi(4He) =314 ± 8 mb. 

Note here that both 5He and 7He are unbound. Therefore, 8He is well described 
by a 4He core and four neutrons orbiting around the core. 
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Fig. 1. Proton and Neutron density distributions in 6Hc and 8Hc nuclei. The solid curves show 
the distribution deduced from the interaction cross sections under the assumption that the 
4Не core is intact in 6He nor in 8Не. Dotted curves show the predictions of the RMF model. 

Under the assured assumption that the 4He forms a good core, the density 
distributions of nucleons in 6He and 8He have been deduced from afs for 4He, 
6He, and 8He on С target by the optical-limit calculation of the Glauber model. In 
the fitting, we used the density distribution of 12C obtained from electron 
scattering data. For He isotopes we assumed the harmonic-oscillator type density 
distribution with different size parameters for Is and lp orbitals. Firstly the size 
parameter of Is orbital was determined to fit o"|(4He). Then the size parameters of 
lp orbital in 6He and 8He were determined to fit 0[(6He) and o(8He), respectively. 
Here the center-of-mass motion of the core was taken into account assuming no 
strong correlation between the orbital neutrons. The resultant nucleon 
distributions of 6He and 8He are shown in Fig. 1. The distribution of neutrons 
extended far beyond that of protons, and the rms radius for neutrons, Rn

rms was 
much larger than that for protons, Rp™15; lRn

ms -Rp
rms) -0.9 fm for both 6He and 

8He. It was thus shown that these nuclei have thick neutron skins. It was not 
due to the halo effect of shallow binding neutrons as observed in "Li because the 
two-neutron separation energy is 2.0 MeV for 8He whereas it is only 340 keV for 
11 Li. An appreciable neutron halo appears only in a nucleus with an extremely 
small separation energy of the last neutron(s), i. е., 0.34 MeV for n Li , and 0.5 
MeV for лВе. The 6He case was more or less marginal however because the two 
neutron separation energy is about 1 MeV. 
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The density distributions of 
6He and 8He thus obtained were 
compared with predictions of the 
relativistic-mean-field (RMF) model. 
[9] As seen in Fig, 1, the RMF model 
reproduces the empirical density 
distributions for protons and for 
neutrons well , except at the central 
region where the p re sen t 
experimental data were not very 
sensitive. Stimulated by this success, 
the RMF-model calculations were 
extended to other nuclei. The results 
are shown in Fig. 2, in which the 
difference between the neutron and 
the proton rms radii (ARrms =Kn

rms 

- R p
r m s ) is plotted against the 

difference between the neutron and 
the pro ton Fermi energ ies 
(A£F = £p - ££) f o r e a c n nucleus. The 
values of ARrms for a wide mass range 
lie in gross on a straight line and 
increase monotonously with ДЕр, 
and the ARrms larger than 0.5 fm are seen for nuclei with AEF larger than 10 MeV. 
For stable nuclei (ДЕр ~0), the ARrms a r e smaller than 0.3 fm even for neutron 
rich nuclei, such as 48Ca and 208Pb, in consistent with the observations. [5] 

The physical content behind the plot of Fig. 2 is as follows. In a stable 
nucleus, neutrons and protons occupy orbitals up to almost the same Fermi 
energy, as illustrated by the dark shadow in the insert of Fig. 2. Then, if we 
assume that the nuclear potentials and the density distributions are self-
consistently determined and temporarily drop the small isovector potential as a 
sake of discussion, the proton and the neutron potentials are the same except for 
the Coulomb potential. Only the existence of the Coulomb potential makes the 
radius for protons slightly smaller. No thick neutron skin is, therefore, expected 
for stable nuclei even for the case of a large neutron excess. In addition, the 
isovector potential hitherto neglected acts attractively for protons and 
repulsively for neutrons in neutron excess nuclei and tends to make the 
difference of the density distributions even smaller than discussed above. On the 

-0.51 1 1 1 1 1 
•20 -10 0 10 ДЕр (MeV) 

Fig. 2. The ndius difference ARrms=Rn
rms-Rp

rnis 

for protons and neutrons in a nucleus, as a function of 
the Fermi-energy difference, ДЕр=Еп-Еп, obtained 
by the RMF model. The empirical values for 6He 
and 8He are shown by the shaded areas of which 
horizontal length has no meaning since the AE's is 
not known. The insert shows the nucleon occupation 
in a self-consistent potential. The dark area 
indicates the occupation in a stable nucleus. The 
lightly shaded area shows the extra neutrons that 
contribute to a formation of neutron skin in neutron 
rich nuclei. 
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other hand, neutrons are filled up to higher orbitals for P unstable nuclei. 
Therefore the difference of radii is expected. It is therefore not relevant to plot 
the skin thickness against just by the neutron excess. Instead, the Fermi energy 
difference, AEpis an appropriate quantity because it actually reflects the orbital 
sizes of the last filled proton(s) and neutron(s). In a beta-radioactive nucleus far 
from the stability line, AEF becomes large and thus a large difference is generally 
expected between the proton and the neutron radii. 

F2 __ F3 

Q . 0 Q I I Q . 2 

5m 

2. Elastic and Inelastic scattering of "Li and 8 He on proton target. 

Recent 
development in the 
intensity of radioactive 
beams enabled us to 
s tudy elastic and 
inelastic scatterings of 
neutron rich nuclei on 
proton target. In 
RIKEN the separator 
called the RIPS (see Fig. 
3) provide the 1 J L i 
beam of 5 x 104 / s and 
more for 8He. With 
this intensity, these 
exclusive reactions can 
be studied with high 
accuracy. For these 
inverse k inema t i c 

measurements, the energy resolution of the experiment is not determined by the 
energy broadening of the secondary beams but determined by the energy 
resolution of detected proton. As long as we use thin target we can obtain a good 
energy resolution independent of a secondary beam resolution. 

Although a neutron halo is observed in ^ Li from study of high-energy 
collisions, elastic scattering is expected to provide more detailed information 
about the structure of the halo. 

fT Beam 

Fig. 3. Radioactive beam separator (RIPS) at RIKEN. 
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Figure 4 shows the 
experimental setup for the p("Li, 
1lU)p measurement. Recoil proton 
was detected by position sensitive 
SSD with strip electrodes. The "Li 
emitted in the forward direction 
was detected by a counter telescope 
consists of SSDs and plastic 
scintillation counters. The detector 
system was essentially the same for 
the measurement of p(8He, 8He)p 
and p(8He, 8He*)p' except that the 
forward detector was replaced by a 

magnetic spectrometer that 
consists of a dipole magnet, drift 
chambers, and scintillator 
hodoscope (shown in Fig. 13). 
Because none of these particles has 
any particle stable excited states, 
detection of p and "Li (or p and 
8He) ensure the detection of the elastic 
scattering. 

Let us see the "Li scattering first. 
Figure 5 shows a scatter plot between 
scattering angles of "Li and proton. We.see 
the concentration of events along the locus 
of elastic scattering. The spectrum is very 
clean. The result of the elastic scattering 
angular distribution is shown in Fig. 6 
together with the proton elastic scattering of 
other Li isotopes (6Li, 7Li, and 9Li). The 
cross sections are similar for 6Li, 7Li, and 
9Li; absolute values are almost same and 

Plastic Scintillator 

Telescope В 

Vacuum Chamber 

81 strip detector 
Telescope P 

Telescope L 

MWPC1 

MWPC2 

9,11 Li 

' CH2 target 
(95 rrtgfcm6] 

Plastic scintillators 

MWPC3 

Fig. 4. The experimental setup for the measuring 
elastic scattering cross sections of the 'Li +p and 
"Li+p collisions. 

во -60 

J 
-80 

-90 

Иш 
'йШщк 
• -у.фт& 

Щ::: 
Щ" •'-'•• 

0 2 4 
6,ab("Li) (dcg.) 

Fig. 5. A two-dimensional scatter plot 
between the 1 1 Li and proton in 
coincidence. The dotted line indicates the 
kinematic locus of the elastic scattering. 

diffraction minimum systematically shifts to smaller angle for heavier isotope 
reflecting the increase of the matter radii. For "Li, however, cross section is 
smaller by 50 % compared with other isotopes. 
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Fig. 6. Angular distributions of proton clastic scatterings of 6,7,9,11 y, 6y, 
7Li and 9Li distributions show systematic tendency but ^Li cross sections 
arc smaller in all scattering angles. 

Optical potential fitting of the data was reported by two groups. In the first 
one [2], a global parameter set was used as a starting point. Although this 
parameter set was determined from reactions with mass number larger than 40 
(10], the parameter set without any modification fit the data amazingly well as 
seen in Fig. 7-(b) where an angular distribution is plotted as a ratio to the 
Rutherford scattering cross section. However it fails to reproduce the ^Li cross 
section (the dashed curve in Fig.7 -(c)]. Two different approaches were applied to 
reproduce the data. One is to change the parameters of the imaginary part of the 
potential. As shown by the dotted line (set A) in the Fig. 7-(c), reasonable fit was 
obtained. The other is, contrarily, to change the real part of the potential. It also 
gives good fit to the data equally as shown in the solid line (set B) in the figure. 
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The largest difference between this potential is the 
depth of the real potential and the diffuseness of 
the imaginary potential. The set A has long tail in 
the imaginary part of the potential while the set В 
has very shallow real potential. The shallow 
potential is considered to reflect the break up 
process. Because of the extremely small 
separation energy of the valence neutrons in 11Li, 
the polarization potential is reflected as the 
repulsive force in the real potential. Because 
these two extreme selections of parameter sets can 
fit the data equally well, one can imagine that 
many other different sets of parameters can 
reproduce the data. Therefore no unique optical 
potential can be obtained by this method. 

In the second paper, more intuitive method 
was applied. [11] Here the optical potential was 
separated into two parts. One is the potential from 
the core (9Li) and the other is that from the 20 40 60 
neutron halo. The optical potential of *Li is first R g 7 p j ^ e h r t i f scattering 
determined by the fitting of 9Li -f p data using the cross sections of Li isotopes as a 
initial values of parameter from the global ratio to the Rutherford scattering r ° cross sections. 
potential. Final fit is shown in Fig. 8 . 103 

Then an imaginary potential, that has 
the same shape as the density 
d i s t r ibu t ion of neu t ron halo 
determined from interaction cross 
section measurements [12], is added for 
11 Li. Then the depth of the potential is 
treated as the fitting parameter. As seen 
in the Fig. 9, reasonable fit to the data is 
obtained. With slight adjustments of "" 2 0 . 3 0 4 0 5 0 6 0 

. , . , . . 6crn (degree) 
the other part of the potential the fitting Fig. 8. 9Li + p c r o s s sed&mtSm ш ы l i ne is t h c 
becomes excellent. Therefore, a model result of the global optical potential. The solid 
, , , . , , , , ,, . ,. ... , line is the one after a slight adjustment of thc 
that includes halo effect explicitly also parameters to fit the data. 
reproduces the data well. 

80 

1СГ _i • u 
70 
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Summarizing the optical model 
fitting, it is obvious that one can not fit 
the data with a normal optical 
potential parameter. However it is not 
clear whether it is really necessary to 
take into account the halo structure to 
reproduce the data. In particular It is 
not clear whether the effect of breakup 
process is essential or the halo density 
is essential. We therefore need more 
microscopic models such as a folding 
model with proper wave functions to 
understand the situation. 

40 50 60 70 
8cm (degree) 

Fig. 9. Angular distribution of the proton clastic 
scattering of ^Li. The broken line is the result 
with the core potential fitted to 9Li data plus 
the halo potential. The solid line shows the 
optical model fit obtained after a modification 
of halo potential to get the best fit. The dot-
dashed line is the fit obtained by modifying only 
the core. 

"-2 2 6 10 14 18 
7 * 

-2 2 6 10 14 18 
E*8He,MeV E*8He,MeV 

Fig. 10 Spectra of protons from: A: p(8He,p); 
В: р(8Но,р6не); С: p(8He,pn); D: p(8He,pn6He); 
E: p(8Hc,p7He); F: p(8He,pn4Hc). Curves show the 
phase space modified by the n+^He final state 
interaction at the 7He state. 

64 72 80 

ebA B ,deg 
Fig. 11. Two dimensional 
distributions of protons from 
A: p(8He,p8He) and В : p(8Hc 
,p6He) . С shows a joint 
distribution. 
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Now let us see the data on 8He. Figure 10 shows an inclusive proton 
distribution as a function of excitation energy of 8He. One can see strong peak for 
the ground state reflecting the elastic scatterings. At around 3.7 MeV is a peak 
that corresponds to an inelastic scattering to a 8He excited level. When protons 
are detected in coincidence with 8He, only the peak corresponding to the elastic 
scattering is seen. These events lie on the locus of elastic scattering kinematics 
as shown in Fig. И-А. The angular distribution is shown in Fig. 12 and it can 
be fitted by the optical models with similar distribution used in the skin analysis 
as shown by the solid line in the figure. 

When protons were detected in coincidence with 6He, the elastic peak 
disappears and the peak at the excitation energy of 3.6 MeV dominates the 
spectrum. A scatter plot between proton scattering angle and energy shows that 
these events lie on the kinematic locus of an inelastic scattering as seen in Fig. 
11-B, and thus shows the conclusive detection of an excited state in 8He. The 
excited state of 8He was studied by several experiments [13,14], but present 
measurement provides the highest statistics data and the excitation energy agrees 
well only with the most recent measurement [14]. We also observed this level 
by an independent method, the invariant mass measurement with 6He and 2n 
coincidence, and the result is perfectly consistent with inelastic scattering data. 
The determined excitation energy is 3.6 ± 0.2 MeV and Г < IMeV. 

This state is also seen in , 00° 
the several other coincidence 
conditions p+n, p+6He+n, and 
p+7He, where 7He is identified 
by the invariant mass of the 
detected 6He+n system, (see 
Fig. 10) However this level is 
not de tec ted when a 
coincidence includes 4He as 
shown in Fig. 10-F. Because 
both 6He+n+n and 4 H e + 4n 
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Fig. 12. Angular distributions for the 8He+p clastic and 
channels are open, it indicates inelastic scattering (A and В respectively). Curve in -8 
that the small branching to shows the coupled channel calculation for Jn = 2+. 
4He+4n, namely Г4Не+4п/Пога1 <4%. The angular distribution of the inelastic 
scattering to this state is shown in Fig. 12-B. In the figure a coupled channel 
calculation of the angular distribution based on the assumption that this level 
has spin parity of 2+ is shown by the solid line. The data is consistent with this 
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calculation where deformation parameter (3=0.3 is assumed, 
possible spin-parities such as 1+ have not been tested yet. 

However other 

3. Invariant mass spectroscopy and the first observation of 10He. 

The invariant mass spectroscopy provides a unique opportunity for 
observing unbound states. This method has two advantages; first the mass (or 
excitation energy) is determined fully by the energy-momentum of particles in a 
final state so that the mass resolution is independent from the energy resolution 
of the incident beam and thus it is suitable for the secondary beam application. 
Second a thick target can be used because one detects only high energy particles. 
In the present experiment the thickness of the target was 390 mg/cm so that it is 
an order of magnitude thicker than the target used in the elastic scattering 
measurements. Therefore it is more sensitive to a production of small cross 
section. 

Neutron 
walls 

Fig. 13. The experimental setup for invariant mass measurements at RIKEN. 

The experimental setup at RIKEN RIPS facility is shown in Fig. 13. It has a 
magnetic spectrometer for detecting charged particles, this is the one also used in 
8He(p,p) and (p,p') measurements, and 5 layers of neutron walls consists of 
plastic scintillation counters o f 6 x 6 x l l 0 cm3. Invariant mass spectrum of 8He 
+2n final state from ^Li fragment is shown as a function of excitation energy 
from 8He +n+n (E*8He,?.n) in Fig. 14 in which detector acceptance is corrected. 
The spectrum is shown for CD2target. It shows a pronounced peak at 1.2 MeV 
with a small background at higher excitation energies. The phase space 
calculation of three body final state including final state interactions (FSI) are 
shown by the curves in the figure. 
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Neither of them reproduce a peak near 
the observed one but reproduce the 
shape at higher excitation. Therefore the 
peak is attributed to the 10He state. This 
peak is observed for С target and also for 
D target, which is obtained by subtracting 
the С target data from the CD2 target 
data. The width of the spectrum is 
determined totally by the present 
experimental resolution thus we can 
determine the upper limit of the width 
as Г<1.2 MeV. However this width is 
already small enough to reject the 2si/2 
orbital for the valence neutrons. 
Similar measurements are made for 6He 
+2n and 6 H e + n final s t a t e s . 
Corresponding spectra are shown in Fig. 

0 1 2 3 4 5 
E8He-n-n > MeV 

Fig. 14. Invariant mass spectra of 8Hc+n+n 
and 8He+n from CD2 (4u,2n 8He) reactions: 
Curve groups show: 1: FSIs n+n & 8He+n; 2: 
FSI 8He+n and FSIs 8Hc+n & n+p; 3: FSI n+n 
and FSIs n+n & n+p. 

15 in which an excited state of 8He and 
7He are clearly observed. The excitation energy of 8He agrees with the one 
obtained by (p,p') measurement, indicated by the arrow in the figure, shown 
before. The 7He energy 0.45 ± 0.05 also agrees well with the known energy that is 
indicated by the arrow in the figure. 

HLi+d1 3000 

2000-

1000-

2. 3 4 5 6 "1 0 1 2 
E*8He>MeV E 6 H e . n , M e V 

Fig. 15. Invariant mass spectra from reactions: A:d(^Li, 2n6He); B: dC^Li, n^He). 
Curves correspond to final state interaction ^He+n (A) and phase space (B). 
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As shown in these examples, the invariant mass spectroscopy is a powerful 
tool for studying unbound excited states and unbound nuclei. It actually is the 
best tool, at present, to study nuclei beyond the dripline as demonstrated by the 
observation of 10He. It can also be used in the proton rich side. Such a possibility 
is summarized in Fig. 16 for both limits of the nuclear chart. Study of 12»13Li, 
15,16,17,18Ве beyond the neutron drip line and 6Be, 10N beyond the proton drip 
line would be the possibilities in near future. 

Production of nuclei beyond the drip lines 

1. Invariant mass spectroscopy 
»*Ie: »U •> «lle + n + n 
"Li : HB«.> "IJ + n + e 
'«B« ! "B •> "Bo+n + n 
l*Be : leB •> l4!le + n + n + n t n 

2. Transfer reactions 
(d.1ffc)re«ctIoii 

"LiW, ЭНеЯЧк. HBe<d.*Hi!)HJ 
(6$) miction 

"U(d,p)l4.i, .... 

3. Transfer reactions 
(p,d) taction» 

«Qp,d)«C. ... 
(d,n) reactions 

»Qd,n)">N, ... 

4. Invariant mass spectroscopy 
•Be -> a + p+p 

Fig. 16. List of the reactions for study of nuclei beyond the drip lines. 

Transfer reactions could also be used to study those nuclei beyond the drip 
line. Transfer reactions provide more information than the invariant mass 
spectrum, if they are detected, because angular distributions can be studied in 
detail. We can also utilize the selectivity of the reaction by applying an 
appropriate reaction. In particular, (p,n) and (d,n) reactions have advantage in 
proton rich side because very low energy neutron can be detected without the 
energy loss problem in the target that determine the energy resolution for 
detection of a charged particle final state. 

И» 

ШШкШ1Ш 
j(p.JHc)| 

njj 

(d.p) 

<p.3He)(d,3l|c) 



16 

References 
[I] I. Tanihata, D. Hirata, T. Kobayashi, S. Shimoura, K. Sugimoto, and H. 

Toki; Phys. Letters В 289 (1992) 261. 
[2] С. Moon et al., Phys. Letters В 2888. S. Hirenzaki, H. Toki, and I. Tanihata, 

Nucl. Phys. A 552 (1993) 57. 
[3] Kruchatov-RIKEN collaboration, A. Korcheninnikov, et al., Submitted for 

the publication, RIKEN preprint RIKEN-AF-NP-156. 
[4] Kruchatov-RIKEN collaboration, A. Korcheninnikov, et al., Submitted for 

the publication, RIKEN preprint RIKEN-AF-NP-155. 
[5] C.A. Whitten, Jr., High energy Phys. and Nucl. Structure, ed. D.F. Measday 

and A.W. Thomas (North-Holland, Amsterdam, 1980) p.419: G. Igo et al., 
Phys. Lett. B81 (1979) 151: 
S. Shlomo and R. Schaffer, Phys. Lett. B83 (1979) 5. 

[6] I. Tanihata, T. Kobayashi, O. Yamakawa, S. Shimoura, K. Ekuni, K. 
Sugimoto, N. Takahashi, T. Shimoda and H. Sato, Phys. Lett. B206 (1988) 
592: I. Tanihata et al., Phys. Rev. Lett. 55 (1985) 2676: I. Tanihata et al., 
Phys. Lett. B160 (1985) 380. 

[7] Y. Ogawa, K. Yabana and Y. Suzuki, Nucl. Phys. A539 (1992) 295. 
[8] T. Kobayashi, et al., Phys. Rev. Letters 60 (1988) 2599 
[9] D. Hirata, H. Toki, T. Watabe, I. Tanihata and B.V. Carlson, Phys. Rev. C44 

(1991)1467. 
[10] R. L. Varner, W. J. Thompson, T. L. McAbee, E. J. Ludwig, and Т. В. Clegg, 

Phys. Rep. 201 (1991) 57. 
[II] S. Hirenzaki, H. Toki, and I. Tanihata, Nucl. Phys. XSSI (1993) 57. 
[12] I. Tanihata et al., Phys. Letters В 287 (1992) 307. 
[13] A. V. Belozyorov, C. Borcea, Z. Dlouhy, A. M. Kalinin, Nguyen Hoai Chau, 

and Yu. E. Penionzhkevich, Preprint of JINR, Dubna, 1987, E15-87-733. 
D. Kolbert, H. G. Bohlen, A. S. Dem'yanova, B. Gebauer, J. C. Jacmart, 
W. von Oertzen, A. A. Ogloblin, S. B. Sakuta, E. Stiliaris, M. Wilpert, and 
Th. Wilpert, Jahresbericht 1989, HMI-B 482, p. 47. К. К. Seth and B. Parker, 
Phys. Rev. Lett., 66 (1991) 2448. 

[14] H. G. Bohlen, Proceedings of International Symposium on Structure and 
Reactions of Unstable Nuclei, Niigata, Japan, 17 - 19 June, 1991, Edited by K. 
Ikeda and Y. Suzuki (World Scientific), p. 83. 



17 

Spectroscopy of Neutron-Rich Light Nuclei with 
Multi-Nucleon Transfer Reactions 
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A b s t r a c t . Multi-nucleon transfer reactions have been used to measure 
the masses and excited states of 13Be, 10Li and eHe. The total widths of 
the resonances have been used to estimate the l-value of the last neutron 
and to make preliminary / '-assignments. 

1. Introduction 

Neutron-rich light nuclei have attracted strong interest, because some special struc
ture properties appear in the light mass region, for instance the neutron-halo of nLi 
or the Be-anomaly, which consists in the inversion of the 1/2" - l / 2 + -levels in 9Be 
and llBe. In this mass region the structure depends strongly on the binding in sub
systems of nucleons like a-clusters, and the energy gain by pairing is often crucial 
to stabilize a nucleus against particle decay. The He-isotopes represent a good ex
ample for this case: the odd He-isotopes with N>Z are particle unstable (A=5,7,9), 
whereas the even isotopes are particle stable (A=4,6,8). For the same reason nLi 
is just bound, but it has a very low binding energy for the last neutron pair (0.34 
MeV). This gives rise to a very extented density distribution of these neutrons, the 
neutron-halo. There is further interest in the level schemes and properties of these 
nuclei to understand their structure. 

Our spectroscopic work concerns the measurement of energy levels of the particle 
unstable nuclei 13Be, 10Li and eHe and our method of investigation consists in the 
use of two-body reactions, where resonances of the unbound recoiling system are seen 
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u0 + 9#e 
u0 + "Be 
17F + 10Li 
12N + 10Li 

+2n 
+2n 

+2n 

-2p 
-2p 
-3 P 
- lp 

in the spectrum of the outgoing particle due to energy and momentum conservation. 
The nuclei of interest are formed in a direct reaction with the transfer of several 
nucleons, the mechanism is discussed below in more details. 

2. Measurements 

2.1. Method 

The measurements have been performed at the Q3D-magnetic spectrograph at 
VICKSI. The following reactions have been studied: 

Incoming Outgoing Exchanged nucleons 

1) UC -> 9Be, 337 MeV, 
2) UC - > 1 3C, 337 MeV, 

3) 13C - > «Be, 336 MeV, 

In these reactions the neutrons are stripped to the target and protons are picked-
up to produce the neutron-rich nucleus, as indicated on the right. The use of a 
14C-beam has the advantage, that the Q-values are less negative as compared to 
corresponding reactions induced by 13C, e.g. Q0 = -34.58 MeV for BBe(uC,uO)°He 
and Q0 = -49.47 MeV for eBe(1 3C,1 30)9tf e. 

The reaction products were identified in the focal plane of the Q3D-spectrograph 
by the measurement of the energy-loss, the energy and time-of-flight. The position 
spectra were transformed to a scale of laboratory energy. The typical energy reso
lution of 400 keV is mainly due to target effects (target thickness ~400 fig/cm?). 
Horizontal and vertical openings of the entrance aperture are 4° and 2°, respectively. 

2.2. Characteristic features of spectra 

It is important to understand the typical contributions to the observed spectra. An 
illustration is given in fig. 1 with the reaction 9Ве(13С7,150)7Яе. The ground state 
resonance of 7He is clearly observed, but in addition the ejectile excited states of l s O 
(J* = 5 /2 + at Ex = 5.24 MeV and 6.86 MeV), which are broadened by the -y-emission 
in-flight, and a smooth, broad continuum. The latter distribution can be attributed 
to a particle decay in-flight of highly excited i eO* into 1 Б 0 + га, and the observed 
shape can be calculated as the decay of a resonance in i eO at 22 MeV with a width of 
2 - 3 MeV; this is a strong component of the giant dipole resonance. This sequential 
decay process consists of the formation step 9Be(l3C,160')eHe and the decay step 
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И / О' — > "О + п, where the lsO-nucleus is detected in the focal plane. This type of 
continuum distribution is present in all spectra of heavy-ion induced transfer reacti
ons, if only the ejectile is registered, and it deviates usually from the normal phase 
space distribution, which does not include final state interactions or resonances. The 
observed shape can only be fitted in a reliable way, if a large range of excitation 
energy is measured as in fig. 1. The correct description of the continuum is impor
tant, if the positions and widths of resonances of the two-body channel should be 
extracted, which are sitting on top of this background. 
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Fig. 1: Spectrum of the 9Be(13C,lsO)7#e-reaction. 

3. Spectroscopy of 9 He 

The spectroscopy of the particle unstable nucleus 9 # e with a two-body reaction can 
be performed with the double-charge-exchange on *Be. Spectra of the reactions 
(тг-,тг+) and (13C,130) have been published [1,2]. We used the 9 Be( 1 4 C, 1 4 0) 9 #e-
reaction to study the resonances of this nucleus. This is a four-nucleon transfer: two 
neutrons are stripped and two protons are picked up. In the spectrum shown in fig. 2 
small contributions from target contaminations 12C and i eO are already subtracted 
(spectra have been measured separately on these). 

The ground state resonance has been calibrated with the "C(1 4C,1 40)- reaction, 
a mass excess of M.E.= 40.94(10) MeV was obtained for 9Яе. This value is slightly 
higher than the result of K.K. Seth et al [1], but the errors are still overlapping. A 
one-neutron separation energy of Sn= -1.27 MeV is deduced. Further resonances are 
observed at 2.48 MeV, 4.31 MeV, 5.25 MeV (E«, = E' - Sn, E' excitation energy). A 
many-body continuum is rising at about 3 MeV above the neutron threshold. It con
sists of two contributions: the decay of i eO* - > uO + 2n and 17Om - > " O -f 3n 
the continua extend down to the thresholds of these partitions. 
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The contribution of the decay u O * — > l*0 + n is very small, because the popula
tion of lsO-states requires a three-nucleon transfer, whereas the strong ie0-channel 
is populated by the direct two-proton pick-up. 

т—i—i—r-

9 B e ( 1 * C , 1 * 0 ) 9 H e 

Qo=-34.58(10)MeV 3 3 7 MeV 

[MeV] 

Fig. 2: Spectrum of the вВе("С,мО)9Яе-геасиоп. 

ERe5[MeV] 1.27 
E* [MeV] 0.00 
Гехр [MeV] 0.30(7) 

2.48(8) 
1.21(8) 
0.85(10) 

5/2+®2+ 

4.31(8) 5.25(8) 
3.04(8) 3.98(8) 
0.30(15) 0.30(10) 

Fig. 3: Schematic picture of the structure of 9#e-resonances as estimated from the 
measured excitation energies and widths (see text). 

The observed resonances correspond to different neutron configurations, the protons 
are bound in the inert 42Ге-соге. Since two neutrons are added to the open shells, 
we can estimate the structure of the observed resonances as shown schematically in 
fig. 3. An important information about the l-value of the resonance can be deduced 
from the observed total width, which is obtained by unfolding the line width with 
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the experimental resolution. It-matrix calculations have been performed to deduce 
the most probable I-values for the measured resonances: 

E„, = 1.27 MeV: £=1; 2.48 MeV: Ы\ or 0; 4.31 MeV: fc=2; 5.25 MeV: 1=2. The 
proposed configurations in fig. 3 are based on these ^-assignments. The resonance at 
2.48 MeV has probably £=1, because the matching conditions strongly suppress £=0 
resonances in this transfer reaction. 

т 1 1 1 r 

6cm 

Fig. 4: Two-step calculation for the eI?e(14C,,140)9#eJM,-reaction; the cross sections of 
single steps are shown in the upper part and the result of the two-step calculation is shown 
in the lower part. The contributions of the different intermediate channels (12Сдл,, 12<72+, 
16Og,,.) are shown separately. 
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The measured cross section of the ground state transition is 30 nb/sr at 0«m = 
13" ($iab = 5.4е). We have performed two-step calculations in order to understand 
the reaction mechanism in a better way and to reproduce the cross section by assu
ming the following two reaction steps: 

(1) two-proton pick-up and 
(2) two-neutron stripping (or vice versa). 

1. step 2. step 
(a) в Ве("С,"0) т Яе + тНе{хЮ,хЮ)9Не 
(b) >Be("C,l1C)nBe + иВе{"С,иО)'Не 

The first step in each reaction, (al) and (bl), respectively, has been measured (fig. 4, 
upper part) and the spectroscopic factors of the contributing transitions have been 
determined experimentally, S(al) and S(bl), These spectroscopic factors have been 
used also in the second step, the strength factor is then given by S(al,a2)= S(al)S(bl) 
and S(bl,b2)= S(bl)S(al). The two-step calculations have been performed with the 
code Jupitor 5 [3], the result is shown in the lower part of fig. 4. The calculation is in 
quantitative agreement with the measurement. The main contribution comes from 
the intermediate channel of the "C-2+-state. The good agreement confirms, that 
the spectroscopic strength is maintained also in the second step. This is plausible 
also from the fact that the neutrons and protons move in opposite directions in this 
transfer process, a correlated movement would be unprobable in this case. 

4. Spectroscopy of 13Be 

The spectroscopic studies on the 13£e-nucleus have been performed in a similar way 
as on 'He with the reaction l3C(uC,uOy3Be, Еш = 337.3 MeV [4]. A spectrum 
is shown in fig. 5 (upper part) together with a spectrum on nC (lower part), which 
was measured for calibration purposes. The lowest resonance is observed as a narrow 
line with a cross section of 90±30 nb/sr. From the measured Q-value of this line, 
Q = -37.02(5) MeV, a mass excess of M.E. = 35.16(5) MeV is deduced. "Be is then 
particle unstable with respect to the one-neutron emission by S„ = -2.01 MeV. A 
second resonance is observed 3.12 MeV higher and there are indications of a third 
resonance at 6.5 MeV with a significance of 2.5 a. 

Since l3Be consists of 4 protons and 9 neutrons, we would expect the last neutron to 
occupy the 2sl/2-shell, but this is strongly contradictory to the observed line width 
of 0.3(2) MeV for the lowest resonance. The width is in good agreement with 1 = 2, 
worse with / = 1 and excludes I = 0. If the Be-anomaly exists also in l3Be, then 
the 2sl/2-shell is fully occupied and the last neutron is placed into the lpl/2-shell. 
But there are other reasons, why we did not observe the l/2+-resonance: the cross 
section is very low and we probably do not see it due to the overall low counting 
rate. Structure calculations of Lenske [4] predict the l/2+-state as the ground state 
of i3Be and a 5/2+-state as the first excited state. Assuming that the observed re
sonance corresponds to a state with J* = 5 /2 + , we would expect only one count in 
the spectrum for a l/2+-state from the ratio of the spin weighting factors for the 
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transitions to the l /2 + - and 5/2+-states. The statistics improved by a factor of ten 
would be needed to prove the existance of the l /2 + - resonance. We can draw the 
preliminary conclusion from our results, that the sequence of states follows probably 
the normal order of the shell model and there is no Be-anomaly in l3Bc, 
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Fig. 6J Spectrum of the "C("C,140)13Se-reaction at eLab = 5.4° (upper part) and of 
the 12C("C,140)"J3e-reaction (lower part). 
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6. Spectroscopy of , 0Li 

The mass excess of 10Li has been meajured by Wilcox et al. [5] with the result 
M.E.= 33.83(25) MeV; the quoted error of 250 keV is rather large. Another mass 
measurement has been reported by Amelin et al. [6], but the resulting mass excess 
value is 0.65±0.15 MeV lower than that of ref. [5]. Since 10Li is an odd-odd nucleus 
with Z=3, N=7, we expect a low lying 1 + / 2+-doublet resulting from the coupling 
(я-1рЗ/2 ® i/lpl/2] and a l - / 2"-doublet from [7rlp3/2 ® v2sl/2]. We used the fol
lowing two reactions to study l0Lii 
(1) eBe(1 3C,"JV)1 0Li, E W = 336.4 MeV, and 
(2) l3C {uC,vF)l0Li, ЕЬ о Ь= 337.3 MeV. 
The results are published in ref. [7]. 

4.05 MeV 
С 

9Be( 1 3C, 1 2N) l oU 
336 MeV 
3.3°-4.3° 

4 2 0 
Ex [MeV] 

Fig. 6: Energy spectrum of the 9i?e(13C,"JV)10It-reaction. Contributions from llC- and 
160-contaminations are indicated by ' С and 'O', respectively. 

A spectrum of reaction (1) and the corresponding decomposition into background 
contributions and resonances is shown in fig. 6. The results and preliminary spin as
signments can be summarized as follows. The lowest resonance is found at an energy 
of 0.42 MeV above the neutron threshold, it is considered to be the ground state. 
The mass excess is M.E.= 33.445(50) MeV and the total width Г = 0.15(7) MeV. 
This value supports an l=\ assignment for the last neutron orbit, and an J* = 1 + 

assignment is obtained with the strong Nordheim-rule. In the decomposition of 
the spectrum a second resonance is obtained at E ,„ = 0.80(8) MeV, or at E* = 
0.38(8) MeV with respect to the ground state. The width Г = 0.3(1) MeV is in good 
agreement with 1=1 and it is assigned as the 2+-member of the doublet with the 
structure [7rlp3/2 ® v l p l / 2 ] . A third resonance at E z = 4.05 MeV is considered 
as the main £=2-strength due to Г = 0.7(2) MeV, it is assigned as a 2~-resonahce. 
The energy region just above the neutron threshold, where Amelin et al. observed a 
rather large strength, is covered here by the strongest line on 12C, as can be seen in 
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fig. 6. In the angular region, where the two lines could be separated by the different 
kinematics of the two reactions, the statistics is unfortunately too low. 

Recently new data on 10Li have been reported [8], where again large contributi
ons were observed in the threshold region. The fragmentation of lsO has been used 
in this reaction, and spectra of the relative velocity of emitted 9Li and of one neu
tron were measured in coincidence. Both particles were detected at в^ь = 0°> a* 
the maximum energy shift (forward or backward) in the decay of 10Li - > 9Li + n. 
The analysis performed by the authors included a line close to the threshold, E r „ = 
50 keV, and a resonance at 0.80 MeV, but no line at 0.42 MeV, which is the stron
gest resonance in our spectrum. Therefore we repeated the analysis of their spectrum 
including all three lines and obtained the strength distribution of 10Zi shown in the 
upper part of fig. 7. The low-lying strength rises sharply at the threshold, the shape 
was parametrized by a Lorentzian with a position at E r e j = 0.03 I/eV and a half 
width at half maximum of 75 keV. 
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Fig. 7: The upper part shows the strength distribution in 10Li as a result of our fit to the 
spectrum of relative velocity of Kryger et al. [8] assuming resonances at 0.42 MeV and 
0.80 MeV and decaying strength close to the threshold. In the lower part the 10£t-spectrum 
measured by Amelin et al. [6] is unfolded with the same assumptions. 
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A similar analysis has been performed also with the spectrum of ref. [6], the 
result is shown in the lower part of fig. 7. The parameters for the line shapes are 
the same, only the height has been adjusted. Since the experimental resolution is of 
the order of 0.5 MeV, the fit can be performed only with fixed positions and widths 
of the lines (there still remain some counts not covered by the fit on the right of 
the threshold, which can be explained only by a worse resolution). We obtain the 
following relative strengths of the lines normalized to the resonance at 0.42 MeV: 

Ert. ref. [8] ref. [6] ref. [7] 
[MeV) 
0.03 • 1.2(2) 1.7(5) 
0.42 1.0 1.0 1.0 
0.80 0.6(4) 0.6(6) 0.4(2) 

The strength at the threshold can be explained only with the orbital angular mo
mentum 1=0 for the neutron. Structure calculations of Lenske [7] show a rising 
l=0-strength at the threshold. However, it is not a resonance, but only a final state 
interaction. The question, whether it is a resonance or not, can be answered only 
with high-resolution data. The three-proton pick-up, which we have measured (re
action (2)), can not contribute to this question, because the neutron remains in its 
lpl/2-orbit (in 1. order), therefore the relative £—0 cross section is much smaller 
than in the reactions reported in refs. [6,8]. 

5. Summary 

Multi-nucleon transfer reactions can be used to study particle-unstable light nuclei 
far from the valley of stability. We have investigated the resonances of eHe with 
good resolution and observed four low-lying resonances. Preliminary ^-assignments 
for the unbound neutron could be made using the measured widths, and J'-values 
could be proposed. The observed cross section could be understood in terms of a 
two-step mechanism, where a pair of protons is transfered to the projectile and a 
pair of neutrons to the target. The mass excess of 13Be has been measured for the 
first time, it is unbound by 2.01(5) MeV. The measured line width favours a spin 
assignment of 5 /2 + or 1/2", a l/2+-state is not observed. If it exists, it is probably 
not seen, because the cross section is very low and the width of the resonance is large. 
New results were obtained for 10Li. Significant £=0-strength was observed by Kryger 
et al. [8], who confirmed similar findings of Amelin et al. [6]. The question remains 
open, whether it is a resonance close to the threshold or only final state interaction. 



References 
[1] К. К. Seth ct a/., Phys. Rev. Lett. 68 (1987) 1930 

[2] H. G. Bohlen et al., Z. Physik A - Atomic Nuclei 330 (1988) 227 

[3] H. Lenske et al., Phys. Lett. 122B (1983) 333 

[4] A. N. Ostrowski et al., Z. Physik A - Atomic Nuclei 343 (1992) 489 

[5] K. H. Wilcox et al., Phys. Lett. 59B (1976) 142 

[6] A. I. Amelin et al., Yad. Fizika 52 (1990) 1231 

[7] H. G. Bohlen et al., Z. Physik A - Atomic Nuclei 344 (1993) 381 

[8] R. A. Kryger et al., preprint 1993, to be published in Phys. Rev. С 



28 

CURRENT SITUATION AND SOME NEW APPROACHES IN 
STUDYING OF EXOTIC NUCLEI 

A.A.Ogloblin 

Russian Scientific Center — Kurchatov Institute 

1 Neutron drip-line 
The desire of nuclear physicists to reach the nucleon drip-lines is similar to the aspiration 
of the ancients to find the limits of the world. Intuitively manhood always had a feeling 
that at least in the process of moving far enough from the known environment the chances 
to come to exotics greatly increase. The problem in "nuclear geography" seems to be an 
eternal one. Though the proton drip-line could be established more or less reliable the 
neutron drip-line can be reached presently only in the region of the lightest nuclei and no 
means to go further are foreseen. Strictly speaking one can determine the drip-line only in 
the case when nucleon-unstable nuclei are identified or it is shown that they do not exist 
even as very broad states. 

The neutron drip-line could be drawn (Fig.l) up to "Be and with some reservations 
up to 260. Two main questions arise: 

1. What are the properties of the neutron-stable nuclei near the drip-line? 
2. What happens beyond the neutron drip-line? 

2 Giant neutron halo 

One of the most interesting discoveries of the latest few years was the observation of so 
called giant neutron halo in some light nuclei (1]. The giant neutron halo means a large 
diffuse zone filled with neutrons only around some core. The existence of a halo leads to 
some observables: appearance of a narrow group in the transverse momentum distribution 
in the fragmentation reactions, extremely large electromagnetic dissociation (EMD) cross-
sections and for some nuclei - abnormally large radiuses. Historically the observation of 
the large radius was the first fingerprint of a halo but later it became clear that two types of 
halos could be considered [2,3]: one connected with overall increase of nuclear dimensions 
(we shall call it the 1st type, and n Li, n B e , "Be, , 7B could be attributed to it), the other 
corresponds to normal nuclear dimensions (halo of the 2nd type of which cHe, 8He belong). 

The difference between two extreme cases of halos ("Li and 8He) is clearly seen in 
Fig.2. The 1st type of a halo results from very low binding energy of the valence neutrons, 
the 2nd - from abnormally small core which in the case of eHe and 8He is alpha-particle. 
The physical reason in both cases is the same, that is the conservation of a core which is 
not destroyed by the outer neutrons. 

The survival of the core is not a trivial effect. It is well known that normally proton and 
neutron density distributions practically coincide mainly due to the role of the symmetry 
energy. So for the first time in nuclear physics there was observed decoupling of neutron 
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and protoa density distributions. This phenomenon really allow to call these nuclei exotic 
because they represent completely new objects. 

A few questions should be answered: 
1. What is nuclear response or level structure of these nuclei? 
2. What are neutron correlations in proton-free region? 
3. How exotic nuclei behave in nuclear reactions? 
4. How wide exotic nuclei are distributed, in other words what is the "geography" of 

exotics? 

3 Soft collective excitations 

The two types of new collective excitations due to the core-halo interaction were predicted: 
soft mode of giant dipole resonance [4] and strong softening of isovector giant monopolc 
resonance [2,3]. > 

Large cr(EMD) leads to the conclusion that the dipole strength should be concentrated 
not only in the region of traditional GDR but also at much lower excitation energies. The 
soft mode of GDR means a new type of nuclear movement — oscillations of a core inside 
the halo. This original idea [4] is nicely supported by the observed increase of CT(EMD) 

with the halo thickness [2]. Such behaviour means the dependence of the cross-section on 
the value of the dipole moment which could be produced in the process of this movement. 

However, this systematics could be explained without assumption that real oscillations 
of the core take place inside the nucleus. A direct break-up can occur, and new data on 
disintegration of n Li [5] support the latter alternative. On the other hand, the data on 
eHe indicate rather to the existence of low-lying broad level (Fig.3). In a recent experi
ment [6] on eLi(7Li,7Be)eHe reaction the dipole transitions were observed including one at 
about 6 MeV excitation energy. The position of the bump seems to agree with calcula
tions [7] which predict the soft component of GDR in the same region. In any case the 
situation looks contradictory or at least not unique. Inelastic scattering experiments (with 
radioactive beams) are highly desirable. 

4 Neutron correlations 

The neutron halo provides unique possibility to study neutron-neutron correlations in 
proton-free region. The "Li fragmentation data indicates strongly to the existence of 
dineutron correlation in this nucleus. More elaborate information was obtained about 
eHe from the analysis of the decay spectra of its first excited state [8]. The neutron 
density distribution reveals two main configurations [9]: a "cigar" one (two neutrons on 
the opposite sides of the alpha-particle core) and a "dineutron" one (the distance between 
the two neutrons is much less than that between their center of mass and the alpha-
particle). It is important that the origin of these correlations is pure kinematical so that 
n — n interaction influences only the relative strength of the both configurations. One can 
expect the similar behaviour for the other p-shell exotic nuclei. 
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б 8Не — a piece of neutron matter 
It is evident that of special interest from this point of views 8He nucleus. It is the only 
known nucleus which has /'more than two neutrons inside the halo. So "He represents a 
real peace of neutron matter, the object to study which nuclear physicists dreamed for a 
long time. A rich combination of neutron correlations is expected. Some of them [10] are 
shown ic Fig.4. 

The first reliable information about the excited states of 8He was obtained recently 
[11). 2+ state was observed above the thresholds for one, two and four neutrons decay. So 
the population of this level allows in principle to study multineutron correlations in the 
same way as it was done for eHe. The soft dipole mode and very strong softening of IGMR 
were also predicted. All this makes the structure studies of 8He very important. 

6 Nuclear interactions of exotic nuclei 
This is practically unstudied problem. There exist only some attempts to understand the 
behaviour of elastic scattering of nuclei with large neutron excess or, more widely, the 
isospin dependence of nucleus-nucleus potential. 

One can speak about two components of this phenomenon. The first is the isospin 
dependence in its strict sence, the origin of which is the symmetry energy. It plays no im
portant role in the scattering of normal nuclei but could be significant in the interaction of 
nuclei with large neutron or proton excesses. A new approach to this problem is connected 
with the study of nuclear, or, perhaps, Coulomb rainbow in the elastic scattering of the 
isobar projectiles on the same target. For details and first results see [12]. 

Another component is determined by structure changes made by large neutron excess. 
In particular, the influence of the giant neutron halo on the potential is especially inter
esting. Calculations [13-15] predict new effects both in real and imaginary parts of the 
optical model potential but experiments are only beginning. 

7 Does the proton skin exist? 
As to the "geography" of exotic nuclei one can expect the appearance of the giant neutron 
halo in most nuclei at the neutron drip-line. An interesting and much less clear question 
is if a proton halo can exitft. 

The Coulomb interaction shortens the tail of the wave-function of the valence proton, 
so it is difficult to expect that the halo of the 1st type could exist. The example of 8B [16] 
which has an extremely low proton binding energy (0.14 MeV) but quite normal radius 
confirms this statement. However, the proton halo of the 2nd type cannot be excluded (in 
this case it is more reasonable to speak about proton skin). 

As it was shown [8,9] the 6Be decay features are similar to those of 6He. This means 
that though 6Be is particle-unstable and formally it is impossible to speak about proton 
density distribution, p — p correlations in 6Be are of the same type as n - n ones in 6He. 
In this sence the effect of a proton halo really takes place. 

If the double magic nucleus , 6 0 is not deformed by extra protons some rudimentary 
proton halo could exist in such nuclei as !0Mg and "Si . An experiment is planned [17] 
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to check this idea. It is based on the assumption that for halo nuclei a simple relation 
between the total cross-section and nucleon-removal cross-sections should be fulfilled [18] 
in Glauber approximation. 

8 Beyond the neutron drip-line. Problem of 10He 

Let us now turn to the nuclear systems beyond the neutron drip-line. Until now there were 
observed only nine neutron-unstable nuclei. The most of information was obtained about 
nuclei emitting one neutron. Their time of life is rather well explained by the penetrability 
of the centrifugal barrier. Data on SH and eH which if exist have 3- and 4-body decay 
correspondingly are controversial and additional experiments are needed. Pure neutron 
systems 3n and An were not observed even as broad resonances. For detailed review of the 
situation concerning multineutrons and Hydrogen isotopes see [3]. 

A special interest attracts 10He. Due to the abnormal behaviour of the neutron binding 
energies in He isotopes, that is the increase with the neutron number, there were some 
speculations that l0He could be even particle-stable. After observation of 9He strong 
arguments appear that though ,0He should be unstable its instability is not too large. For 
example, Garvey-Kelson predict ions give 1.3 MeV for the decay energy. 

What is completely unclear is the width of ,0He. It could be very large if simple two-
body decay by di-neutron emission is predominant. On the other hand , 0He decay is a 
3-body one and strong suppression of the width could take place in some approaches [19]. 

One could speculate a little further and consider two extremely different configurations 
of , 0He which lead to different widths. One of them corresponds to the situation when six 
neutrons outside the alpha-particle core destroy it so that two protons are "swimming" in 
a neutron soup. Another possibility is that the alpha-particle core still remains. 

Several experiments directed to the search of 10He were announced. However, most of 
them have two important drawbacks which are typical to the present state of investigations 
of nuclei beyond the drip-line. 

First, very complicated reactions are used and this leads to extremely low cross-sections. 
As a rule statistics in such experiments is very low which is especially dangerous in the 
case of broad resonances. Secondly, the measurements are inclusive. Normally, only the 
recoil nucleus is detected so the searched state of unknown nucleus is kinematically not 
completely determined. This is not very serious disadvantage when one deals with narrow 
states but again could lead to errors for broad ones. 

9 Riken — Kurchatov experiment 

It is clear that a significant step forward could be done only with usage of radioactive 
beams. If the exotic nuclei are used as projectiles some important advantages appear: 

1. Practical 4»r-geometry for fragmentation reactions and for inverse kinematics mea
surements on very light targets (say, Hydrogen isotopes). 

2. The possibility to form some nuclei under interest in very simple nuclear reactions 
with large cross-sections. 

A new approach was tested very recently [20,21]. The experiment has two aims: 
1. To study the excited states of 8He in inelastic scattering 8He+p using 8He beam, 
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2. To search the nucleus , 0He via interaction of u L i with Carbon plus Deuterium 
target. 

Two reactions were anticipated: 
a) nLi(d,3He)10He proton pick-up reaction in inverse kinematics, 
b) n Li fragmentation with formation of resonance system 8He-f-n + n. 
The experimental set-up is shown in Fig.5. 
Two types of measurements were taken. Both of them are illustrated by the example 

of inelastic scattering. 
The first one uses thin target and is connected with measurement of recoil spectra 

(Fig.6). In the upper part of Fig.6 the inclusive proton spectrum of 8He+ 1H interaction 
is shown, Besides the ground state of 8He which corresponds to the elastic scattering the 
excited state at about 3.8 MeV was observed. This excitation energy practically coincides 
with that measured in [11]. 

In the lower part of Fig.6 there are shown proton spectra in coincidence with decay 
products of 8He (6He or 4He). The ground state is, of course, not observed. The excited 
state at 3.8 MeV is seen in 6He+p coincidences but not in "'He+p ones. Some structure in 
both channels appears at higher excitation energies (at about 6 and 10 MeV) where soft 
dipole and isovector monopole giant resonances were predicted. However, these results 
should be considered as very preliminary because the statistics is not very high and so 
more detailed analysis is necessary. 

In the second type of experiment the invariant masses were measured and this allowed 
to use thick targets (Fig.7). In order to determine 8He excitation energies 6 He+n + n 
coincidences were measured. The left column in Fig.7 represents raw data, the right one 
- corrected for neutron efficiency. The 3.8 MeV state is clearly seen and some peculiarity 
at about 6 MeV again could be imagined. Higher excitation energies are not available due 
to the fast reduction of the neutron geometrical efficiency. 

This method is universal in the sence that it allows to look for resonances in different 
combinations of emitted fragments. In the lower part of Fig.7 there are shown coincidences 
spectra corresponding to formation of particle unstable states of 7He (the ground state lies 
in the continuum) and 6He. 

10 First observation of unstable 10He 
The last approach was used in the search of 10He [21]. Carbon-deuterium and pure Carbon 
targets of 300 mg/cm2 thickness were bombarded by "Li beam and the invariant mass in 
the channel 8He+n 4- n was measured. The result is represented in Fig.8. 

A clear resonance corresponding to the formation of l0He was observed. The decay 
energy is ф=1.2±0.3 MeV and the width Г <1.2 MeV. The effect was observed at both 
targets and this shows that both mechanisms: fragmentation and probably proton pick-up 
contribute to the formation of 10He. 

11 Conclusions and perspectives 
It was demonstrated that the usage of the beams of light radioactive nuclei with large 
neutron excesses opens new rich possibilities in synthesis of nuclei beyond the neutron 
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drip-line and studying the structure of exotic nuclei. The following table represents a list 
of read tons which could be used for search of some particle-unstable nuclei in the same 
way as it was described above: 

BEAM 

«He 
8He 
"Li 
"Be 
i s B 

FRAGMENTATION 

(d,3He) 

5H 
7H 

13Li 

and 
(d,p) (d,a) 

eH 
12Li' 
l sBe 12L5 
i 6 B 

'Information on 12Li contains in the data obtained in the experiment with u L i beam [21]. 
Proton inelastic scattering on 6He, n L i and 14Be seems to be the most efficient way to 

solve the problem of the soft dipole mode in these nuclei. 
Some of the measurements mentioned above are planned by Kurchatov - Riken collab

oration. 

References 
[i 

[2: 

(3 

и: 
к 
[б: 

[7 

к 

[ю: 

[п 

[12: 

[13 

I.Tanihata et al., Phys. Lett. 160B (1985) 380; P.G.Hansen, B.Jonson, Europhys. 
Lett., 4 (1987) 409. 

A.A.Ogloblin, 4th Int. Conf. on Nucl.-Nucl. Collisions, Kanazava (1991), Contr. Pa
pers, p.276. 

A.A.Ogloblin, Proc. Int. Conf. on Exotic Nuclei., Foros (1991), 36. 

K.Ikeda, INS Report, JHP-7 (1988). 

K.Ieki et al., Preprint MSUCL-851, (1992). 

S.Sakuta et al., to be published in Europhys.Lett. (1993). 

Y.Suzuki, Nucl. Phys., A528 (1991), 395. 

O.V.Bochkarev et al., Sov. J. Nucl. Phys., 46 (1987) 7. 

M.V.Zhukov et al., Europhys. Lett., 13 (1990) 703. 

A.A.Korsheninnikov, M.V.Zhukov, 3rd Int. Conf. on Rad. Nucl. Beams, Michigan, 
24-27 May 1993, Abstracts, p.36. 

H.G.Bohlen, Proc. 6th Int. Conf. on Nucl. far from Stability, Bernkastei-Kues, 1993, 
p.265. 

A.S.Dem'yanova et al., Nucl. Phys. A553 (1993) 727. 

,G.R.Satchler et al., Nucl. Phys. A522 (1991) 621. 



34 

[14] Takigawa, priv. com. 

(15] S.A.Goncharov, A.A.Ogloblin, Yad. Fyz. 56 (1993) 40. 

[16] I.Tanihataet al., Phys. Lett. B206 (1988) 592. 

[17] L.V.Chulkov, GSI-SIS Proposal, exp. SI 16. 

[18] Y.Ogawa, K.Yabana, Y.Suzuki, Niigata Prepr. NIIG-DP-91-3. 

[19] A.A.Korshenmnikov, B.V.Danilin, M.V.Zhukov, Nucl. Phys., in press. 

[20] A.A.Korsheninnikov et al., Preprint RIKEN-AF-NP-156 (1993). 

[21] A.A.Korsheninnikov et al., Preprint RIKEN-AF-NP-155 (1993). 



35 

N = Z 

Й9С 

22, N °N 

С «t *fc! !22c 
' льгч*1 ' • 

I 4 ^ ~ I ~ ~ I ~ • 
3 Л 5 б 7 8 9 10 11 12 13 К 15 16 17 1й 19 

NEUTRON NUMBER 

GIANT NEUTRON HALO (1st TYPE) 

Ф 
® 
~ 3 n -

8B 

в 

GIANT NEUTRON HALO (2nd TYPE) 

NEUTRON UNSTABLE 

NOT EXIST 

POSSIBLE PROTON HALO 

PROTON UNSTABLE, p - p CORRELATIONS 

Fig. 1 



NEUTRON DENSITY DISTRIBUTIONS 

Rrms(8He) = 2.52 Я 

Rrms(4He) = 1.57 

Rrms(11Li) = 3.19 
Rrms(9Li) = 2.32 

, vGNH^Z, 

Ъ£<','л<-

Fig. 2 



37 

SOFT DIPOLE MODE .IN 6He 

JOOO 

£*> 25 20 /5 40 S 
-M«f f I I J L 

2000-

С 
3 о и 

10W 

<0<r 

1Л 

E АО* 

•a 
О •a 

40' 

6U(7Li,76c)6He 
£„=6.0 MeV 

\ ^ ' 

©Ц.М. 
30 

Fig.3 



38 

Configuration in fig. 1 corresponds to the most symmetrical position of four vectors in a 
space. Two others, which are of "tetra-neutron type", can be obtained from the first configurations 
with the help of simple reflections. 
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INVESTIGATION OF VERY NEUTRON-RICH 
ISOTOPES OF THE LIGHTEST ELEMENTS 

Yu.E. PENIONZHKEVICH 

Flerov Laboratory of Nuclear Reactions, 
Joint Institute for Nuclear Research, 

Dubna, Russia 

ABSTRACT 

The results of the investigation of properties of extremely neutron rich nuclei 
of the lightest elements obtained by the collaboration Dubna (U-400) — Caen 
(GANIL) — Berlin (VICKSI) are presented. Along with this, elastic scattering 
of the secondary beams of6He, sHe, °Li, uLi as well as the fission of209Bi 
nuclei by eHe ions were studied. Experimental information on the properties and 
structures of neutron-rich nuclei of the lightest elements and on the mechanism 
of their interaction with target nuclei was obtained. 

1. Experimental investigation of extremely neutron-rich nuclei 

The investigation of extremely neutron rich nuclei of the lightest elements, which are in 

extreme states with respect to isospin, allows to obtain information on the nuclei on the 

limits of nuclear stability where completely new properties — neutron and proton halo, 

exotic decays, new types of systematics of nucleon binding energy versus the number of 

neutrons — are predicted. 

Of special interest in this connection are isotopes of the lightest elements — hydrogen," 

helium, lithium and beryllium. The instability of these nuclei is determined mainly by the 

emission of nucleons. Different states of nuclei, unstable with respect to nucleon decay, 

may be grouped into three categories: 1 — radioactive nuclei with r > 10~12 sec; 2 — 

quasistationary states of nuclei, nuclear states which are energetically unstable with respect 

to nucleon decay and living long enough in the nuclear time scale (10~12 — 10 - 2 2 sec); 3 

— unstable nuclei with т < 10 -22 sec. Thus, the problem of studying the properties of 

extremely neutron-rich nuclei of the lightest elements may be reduced to the problem of 

their production, mass measurement and measurement of their decay characteristics as well 
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as to the investigation of their interaction with other nuclei. This last problem can be solved 

by the production of beams of these nuclei of sufficient intensity. 

A series of experiments on the mass-spectroscopy of the lightest nuclei near the neutron 

drip line was carried out at the Flerov Laboratory of Nuclear Reactions (JINR, Dubna) in 

collaboration with the Hann-Meitner Institute (Berlin) and the Institute of Atomic Energy 

(Moscow), The so called binary reaction method was used. Such reactions having two 

product-nuclei in the exit channel allow to define the properties of one partner by using the 

energy spectrum of the other one. This method is used when the investigated product is in 

the unbound state. In the joint FLNR-HMI-IAE experiments energies of the ground and 

excited states of 8He, 9He, 10Li, n Li , 13Be were determined. For 8He nuclei the first excited 

state with the spin J=2+ and an energy of 3.70 ± 0.06 MeV and Г = 0.2 ± 0.05 MeV was 

obtained [1]. This state of the 8He nucleus can undergo decay with the emission of several 

neutrons which is of interest for the study of the so called neutron clusters. 

The mass-excess value for the nucleus 9He was obtained (M.E.=40.94(10) MeV) and 

its first excited states determined. It follows from these data that the nucleus 9He is more 

stable than it has been predicted. This fact gives ground for a more optimistic look at the 

problem of existence of the 10He nucleus. Experiments aimed at its production were started 

in Dubna in the reaction 9Be(1 80,1 7Ne), at RIKEN in the reaction with secondary beams of 
uLi(d(nLi,3He)1 0He and will be continued at the HMI in the reaction 9Be(14C,13O)10He). 
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of 1 4 0 corresponding to the nucleus of n Li . One can see a peak corresponding to the ground 

state of n L i (M.E.=40.3(0.09)) and several events in the region of 1.1 MeV. Unfortunately, 

insufficient statistics does not allow an unambiguous conclusion about the presence of the 

resonance energy in this region. One can observe in this spectrum a resonance at an energy 

of ~ 5.0 MeV. There are plans to continue experiments in this direction not only for nuclei 

of "Li but also for , 4Be and , 7 B. 

1 Elastic scattering of radioactive nuclei of He and 
Li 

As known, experiments on the elastic scattering of nuclei give information on the shape 

and value of the nuclear potential as well as on the parameters of nuclei themselves. On 

the U-400 cyclotron in Dubna beams of radioactive nuclei of 6He, 8He and 9Li with energies 

of 57, 43 and 86 MeV, respectively, were obtained and their elastic scattering was studied. 

Within the frame of the quisiclassical approximation on the basis of the obtained experi

mental data the value of the grazing angle Qgr (at the Q}T angle the ratio (T/<TR=0.25) was 

defined. Thus, from the values of the grazing angles obtained in this way the effective inter

action radii were defined ( / ?c~ ( z ' | ? e ) ( l - t - c s c - ^ n . It is well known that at the energy 

of incident ions E/A~5-10 MeV/n the effective interaction radius Rc and the strong absorp-

R Г 
fm 

2.5 

2 .0 

Fig.2 

1.5 

1.0 J_ _L 

tion radius R,nt coincide. In ref.[3] a simple ratio Rint = Rc = 
was obtained. From this ratio on the basis of experimental Rc va 

г0(А\/3 + А\'3)+2,72} 
ues the r0 values and half 

density radii were defined. Fig.2 presents the dependence of the obtained value of the radii 
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on the mass number. These data arc in a good agreement with the results of ref.[4]. One 

can see that the radii of heavy isotopes of helium cannot be described by the dependence 

A1/3 with the same parameter r0. 

In the joint Dubna-GANIL experiments the elastic scattering of "Li (29 MeV/n) on the 

nuclei of 28Si [5] was studied. The dependence of the u Li and 7Li clastic scattering ratio on 

the angle is shown in fig.3. One can see that the angular distributions for the two nuclei 

differ strongly. In contrast to the case of 7Li at the scattering of uLi no sharp decrease of the 

scattering cross-section with respect to the angle was obtained. Thus, at the processing of 

the data using the optical model this brought about the necessity of introducing a strongly 

increased parameter of diffuseness of the potential real part which is explained in principle 

by the presence of a neutron halo in this nucleus. 

2 Fission of Bi nuclei by a secondary beam of 6He 

On the secondary beam of 6He from the U-400 cyclotron in Dubna the energy dependence 

of 209Bi nuclei fission cross-section was investigated. Fig.4 presents the excitation function 

of the 215At nucleus fission in reactions with 6He ions. We have also shown here for the sake 

of comparison the energy dependencies of fission cross-sections of 213At and 2 l 2Pu nuclei 

obtained in reactions with 'He ions [6]. Of special interest here is the large energy shift 

(~15 MeV) between the thresholds of the fission reactions ,|He+20913i and 6Hc+209Bi. This 

effect can be explained by the difference in the Coulomb fusion barriers, by the difference in 

the fission properties of the produced compound nuclei of 213At and 2 I5At, by the difference 

of the angular momenta introduced into the compound nucleus at the same energy of 

incident ions. The analysis of these factors on the basis of the statistical model showed that 

the most preferable explanation is the one connected with a strong increase of the angular 

momentum of the fissioning nucleus in the case of the 6He ions. Nevertheless, further 

studies of the process of fisruon with radioactive beams are necessary, and in particular the 

comparison of the cross sections of fission and of angular distributions of fission fragments 

for several input channels leading to the same compound nucleus (for example 1 8 70s+6He, 
1 8 90s+4He, 187Re+9Li). cr}i, (E) and W(6) will mainly depend on the difference in lcr of 

the compared reactions or on the structure of 6He. Similar experiments are planned for the 

U-400M cyclotron in Dubna, on which the primary ion beam intensity of ~ 1013 pps was 

achieved at the 47r-detector FOBOS for registration of fission fragments. 
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Soft Dipole M o d e in t h e 6 # e Nucleus from t h e S tudy of t he 6Li(7 Li7 Be)6Hc 
React ion a t Small Angles 

S.B. Sakuta, A.A. Ogloblin, O.Ya. Osadchy, Yu.A. Glukhov 
Kurchatov Institute, Moscow, Russia 

S.N. Ershov and F.A. Gareev 
JINR, Dubna, Russia 

One of the most interesting discoveries in the structure of the light nuclei was the obser
vation of the giant neutron halo [1] in the nuclei пЫ, пВе, ыВе and 17B. Recently convincing 
indications have been obtained that such structure is also realized in the GHс and 8He nuclei, 
in which the compact tightly bound a core and two or four valence neutrons, respectively, can 
be distinguished. 

From the presence of a halo in eHe some features associated with the exotic nuclei have 
been expected, in particular the possible appearance of collective states similar to giant reso
nances but at much lower energies than in normal nuclei [2]. Particular interest was sparked 
off by the prediction of a soft dipole mode in nuclei with two weakly bound valence neutrons 
which may have been observed [3] in nLi at excitation energy about 1 MeV. A soft dipole mode 
in 6Hc has been suggested at excitation energy 5-f-7 MeV [4, 5] and a remarkable softening of 
the giant isovector monopole resonance (at excitation energy about 13 MeV) has also been 
predicted [6]. 

The most natural way for the observation of the soft collective modes in exotic nuclei is 
their inelastic scattering on the hydrogen target in the inverse kinematics conditions. The low 
intensity of such beams however does not make the job easy and the corresponding experiments 
are only in progress. Among the exotic nuclei e / / e is the only one which allows more simple 
way of study - the excitation of the indicated states in the. charge-exchange reaction of the 
(n,p) type on 6Li. 

The aim of this work was to search for the low-lying collective states of 6 # e , in particular 
a soft dipole mode, via the reaction 6LiCLiJ Be)BHe. The main problem here is that the 
quest must be conducted in the continuum region where it is difficult to separate the wide 
resonances from the background. Some indication on the possible existence of the low - lying 
dipole resonance was obtained in the (n,p) reaction at Д,=60 MeV [7] in which a wide bump 
was observed at Ex ~ 7 MeV. However these measurements have not been made at small angles. 

The measurements were carried out at the isochronous cyclotron of the Kurchatov Insti
tute. The energy spectra of the 7Be nuclei were taken in the angular range 0° -j-10° at £ = 8 2 

MeV by a magnetic separator MASE [8]. Fig.l shows the measured energy spectrum for the 
7Be nuclei at the angle 0|аь = 3.5°. The curve 1 corresponds to the four - particle (7Be,a,2n) 
phase space distribution normalized to the experimental spectrum at the excitation energy of 
6He of about 22 MeV. The result of its subtraction from the measured spectrum is also shown 
(the curve 2). The form of the experimental spectra at small angles ( 0 < 5°) strongly deviates 
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from the simple phase space estimate. Besides of the 0 + ground state and the 2 + resonance, 
three broad structures appear to be present at excitation energies 6, 12 and 19 MeV, in agree
ment with what was observed [7] in the reaction 6Lt(n,p) 6#e. The bump at Ex « 6 MeV (Г « 5 
MeV) falls in the energy region predicted for soft dipole transitions. The angular distributions 
for transitions to the ground state (0+) and resonances at 1.8 (2+), 6, 12 and 19 MeV were also 
measured. 

Theoretical angular distributions, which include the sum of the transitions to the ground 
(J* = |~ ) and first excited (Ex = 0.43 MeV, J" = j ~ ) states of 7Be were calculated in the 
framework of the microscopic DWBA assuming that a direct one - step reaction mechanism 
dominates. In the case of transitions to the excitation region about 6 MeV the comparison 
of theory and experiment allows the transferred angular momentum to be determined. The 
satisfactory description is obtained only assuming a dipole excitation. It is well seen from Fig.2 
which shows the angular distribution and DWBA calculations for the bump at Ex = 6 MeV. 
Calculations correspond to the transferred angular momentum L = 0 (dashed line), L = 1 
(solid line) and L = 2 (dot - dashed line). 

Calculating the strength of El transitions in 6Li with the wave functions used to describe 
the dipole charge-exchange reaction makes it possible to obtain the value of the wave function 
normalization, necessary for exhausting the energy weighted sum rule (EWSR). Comparison 
of this value with the normalization used for describing the absolute charge-exchange reaction 
cross sections gave for the dipole strength an estimate of about 13% of the EWSR. 

Thus, studying the charge-exchange reaction 6Li(7Li,7 Be)6He at 82 MeV we observed 
broad noticeable structures in the excitation spectra of 6 Я е . The structure at Ex as 6 MeV 
(Г « 5 MeV) has the angular distribution of the dipole type and can be associated with the 
predicted soft dipole mode. At present time the nature of the excitations at Ex = 12 and 19 
MeV are being analyzed. 
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Fig.l The energy spectrum of 7Be nuclei from the reaction eLt(rLt,r Bc)eIIc at the angle 
of 3.5* and 7Li beam energy of 82 McV. The curve 1 is the calculated distribution of the four-
particle phase space (r#e,a,2n), while 2 is the experimental spectrum with subtraction of the 
distribution from four-particle phase space estimate. The distribution 2 has been approximated 
(smooth curve) by four Gaussians with the ccntroids at Ex ~ 1,8, 6, 12 and 19 McV, In the 
hard and soft parts of the spectrum the two pronounced peaks from the reaction (7Li7 Be) on 
the hydrogen in the target arc observed. 

Fig.2 The angular distributions and DWBA calculations for the bump region at Et ~ 6 
McV of e / /e nucleus in the reaction eLiCLi,7 Be)6He. Calculations correspond to the trans
ferred angular momentum L — 0 (dashed line), L = 1 (solid line) and L = 2 (dot - dashed 
line). 
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CROSS-SECTION MEASUREMENTS OP e He-INDUCED FISSION 
OF BISMUTH 

N.K.Skobclcv, SM.Lukyanov, O.B.Tarasov, A.S.Fomichcv, LDavid, V.P.Pcrclygin, 
Yu.E.Pcnionzhkevich, R.Wolski, G.N.Ivanov, V.B.G&l'msky 

Flerov Laboratory of Nuclear Reactions, 
Joint Institute for Nuclear Research, Dubna, Russia 

Experiments with the use of secondary radioactive beams allow one to investigate atomic 
nuclear structure near the neutron and proton drip-lines. In particular, at present, a scries 
of experiments on studying the properties of neutron-rich nuclei such as, 6 Я е , 8 # e , "Lz, 
llBe, uBe, 17B has been carried out. Furthermore, the available intensities of secondary 
radioactive beams allow one to study the properties of exotic nuclei using for this purpose 
nuclear reactions on such beams. Up to now experiments on measuring total interaction 
cross-sections [1] and also on elastic scattering of the exotic nuclei e # e , 9Li [2] and nLi [3] 
have been carried out. 

In spite of numerous data about neutron-rich He isotopes at present there is no inam-
biguous opinion concerning the existence of a neutron halo in 6 # e and 8 Яе nuclei. So, on 
the one hand, there is an assumption that in a 6 # e nucleus there are а 4 Я е core and two 
neutrons [4]. On the other hand, there is an assumption about the existence in 6llc of a 
neutron skin [5]. Irrespective of model considerations, estimates show that for the 6 Яе nu
cleus a difference of 1 fm should exist in the mean-root-square radii of neutron and proton 
density distributions [5]. The extended distribution of the neutron density and the excita
tion of a soft mode in the eHe nucleus can lead to a decrease in the fusion barrier and, as 
a consequence, to an increase in the fusion cross-section near the Coulomb barrier. The 
much higher value of the angular momentum involved in the 209Bi interaction with the eHe 
nucleus in comparison with 4 Я е also can lead to a change of the fusion cross-section value, 
which in its turn affects the fissility of the compound nucleus. 

On the other hand, the relatively low value of the separation energy of the last two 
neutrons (S2 n = 0.97MeV) for e # e can lead to its break-up in the field of the target nucleus 
thus reducing the fusion cross-section. 

From this point of view the investigation of fusion cross-sections and heavy nuclei fission 
using а 6 Я е - Ь е а т is of interest. 

In the present work, cross-sections for the fission of 209Bi induced by a secondary beam 
of e # e and by 4 # e are measured in analogous conditions. The 6 Яе beam was produced 
in the UB (20 MeV/A)-primary beam interaction with a thick rotating tantalum target 
[2]. The produced 6 Я е nuclei were separated from the other reaction products with the 
help of dipole magnets (Fig.l). The use of an aluminium degrader (100/i) in the focal plane 
between the two dipoles allows one to get a relative purity of 95% of 6He with an intensity 
of about 250-300 pps. The 6 Я е beam with an energy of 56 MeV, having an energy spread 
of 2.5%, irradiated a stack of bismuth targets separated by mylar (lavsan) detectors for 
fission fragment registration and by aluminium absorbers for degrading the energy of 6 Яе. 
The 209Bi targets were prepared by vacuum metal deposition on Al backing. The uranium 
contamination in such a target assembly was less than 10~7 atom/atom. 

In figure 2, the fission cross-sections measured in the reactions 4,eHe + 209Bi are pre
sented. Solid lines are drawn to guide the eye. For the case of 4 Яе , open squares present 
data taken from ref.[6], stars are data obtained in the present work. 
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can be seen that the measured cross-sections of the fission of 209Bi induced by 6 / / c arc 
significantly higher than the corresponding a-particle-induced fission cross-sections. 

A special interest here is the large energy shift between the thresholds of the fission 
reactions 4 Я е +2 0 9 Bi and °tf e +209 Bi. This effect can be explained either by the difference 
in the Coulomb fusion barriers, or by the difference in the fission properties of the produced 
compound nuclei 2l3At (in the reaction 4He+709Bi) and 2l6At (in the reaction 6tf e+ 2 0 9 Bi), 
and also by the difference of the angular momenta introduced into the compound nuclei at 
the same energy of incident ions. The analysis of these factors on the basis of the statistical 
model showed that the most preferable explanation of this difference is the one connected 
with a strong increase of the angular momentum of the fissioning nucleus in the case of the 
6 He beam. 

Nevertheless, further studies of the process of fission with radioactive beams are necessary 
and in particular the comparison of the cross section of fission and of angular distributions 
of fission fragments for several input channels leading to the same compound nucleus (for 
example ™РЬ+в He and 20BPb+4 He or ia7Os + 6 He, 180Os + 4 He and 187Де + 6 Li). In this 
case <rjis{E) and W(0) will mainly depend on the difference in £Cr °f the compared reactions 
or on the nuclear structure of eHe. 
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MICROSCOPIC INVESTIGATION OF M U L T I N E U T R O N 
SYSTEM 12Li. 

A.M. Gorbatov, P.Yu. Nikishov, V.L. Scopich, 
A.Yu. Raduk, A.Yu. Khazov 

Tver State University, Russia 
The microscopic description of the quantum systems implies the exact nu

merical solution of the many-body Schrodinger equation 

ЯФ = ЕФ , H = f + V (1) 
which incorporates the parameters of the realistic NN-interaction, and there 
are no other parameters. In the case of bound states the hyperspherical 
harmonic expansion method seems to be one of the most efficient / 1 / . The 
last decade was very successful in developing the method. Suffice it to say 
that the following problems were solved: 

1) the potential harmonics of any generation for arbitrary number of par
ticles were constructed / 2 / ; 

2) the exact numerical solution of the differential set of equations for the 
hyperradial coefficients was found / 3 / ; 

3) the elaborate theory of the direct and inverse pairing correlation oper
ators was created to deal with the strong short-range repulsion and intensive 
tensor components of the realistic potential / 4 / . 

Table 1: 4H isotope. 

J*T 

,E(MeV) 

T (MeV) 

2-1(1) 

2,68 

1.3 

0-1(1) 

3.87 

2.9 

1-1(1) 

3.84 

2.4 

1-1(0) 

4.86 

> 6 

The method has already been applied to a great variety of nucleon systems. 
We now give the summary of the results pertaining to the topic of the present 
seminar / 5 / . 

We first consider the spectrum of the 4H isotope.We find four quasista-
tionary states. The corresponding quantum numbers, energy positions and 
widths are shown in Table 1. 
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As it is seen, the calculated characteristics for the first level are in good 
agreement with experimental data. The similar study has been carried out for 
all other hydrogen p-shell isotopes.lt gives no evidence in favour of existence 
of distinct quasistationary states in this region. 

Table 2: Helium isotopes. 

5He 
6He 
7He 
8He 
9He 
10He 

n 

1 

2 

3 

1 

1 

1 

J*T 
3 - 1 
2 2 

0+1 
3 - 1 
2 2 

0+2 
1-5 
2 2 

0+3 

AE 

-

1 

1.5 

2 

-

-

ujtheor 

27.3 

29.4 

28.9 

31.1 

28.3 

28.1 

E"P 

27.4 

29.3 

28.8 

31.4 

-

• -

We now go off to the helium isotopes.In Table 2 the calculated values of the 
binding energies (Elhecr) are compared with those of the experimental ones 
(Eezp) (hereafter all energies are given in terms of Mev). The integer n denotes 

Table 3: Lithium isotopes. 

6Li 
7Li 
8Li 
I0Li 

"Li 

n 

2 

3 

1 

Ь 

1 

J*T 

1+0 
3 - 1 
2 2 

з-з 
2 2 

2+2 
3 - 5 
2 2 

plheor 

32.1 

39.4 

44.6. 

44.4 

45.7 

Eeip 

32.0 

39.2 

45.3 

44.5 

45.5 

the degeneracy of the grand orbital Kmin and AE is then the gain in binding 
due to this degeneracy. The contents of the third column are the total angular 
moment J , parity 7r and isospin T. There is a good fit to the experimental 

http://isotopes.lt
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data, thus the complicated behaviour of the energy as a function of the mass 
number A can be reproduced in the microscopic approach. Beyond A=8 the 
energy E decreases. This means that the heavy isotopes 9He and 10He are 
predicted to be unstable. 

The analogous calculations have been made for the lithium systems (see 
Table 3). The results are in good agreement with experiment except for 9Li. 
The appreciable underbinding in this case may arise from truncating the basis. 
We have used only 3 out of 8 ground harmonics. Those with more than one 
p-shell nucleons of the state J = \ have been neglected in order to avoid 
tedious calculations. 

In order to examine the loosely bound nucleon systems from a microscopic 
point of view,the relevant approach has been developed / 6 / and used to de
termine the structure of wavefunction of the light nuclei 6Li, 6He and n Li / 7 / . 
The main characteristics for the 6Li are given in Table 4. 

Table 4: 6Li isotope. 

6Li 

w, % 

28.6 

r>APF Km 

2.01 

Rm 

2.45 

R%p 

2.45 

It is seen, that the contribution w of the cluster mode 4He + D to the 
normalization condition amounts up to 28.6% (first column). If this mode is 
neglected we find the matter radius (column two) much smaller than the ex
perimental one (column three). The final result for the matter radius (column 
four) is in excellent agreement with the experiment. 

The similar information for n Li isotope is shown in Table 5. 

Table 5: "Li isotope. 

nLi 

w, % 

33.6 

TfAPF 

2.50 

Rm 

3.17 

nexp 

3.17 

The contribution w of the cluster mode 9Li + n + n is even greater then 
in the previous case. The fit to the experiment is excellent again.The radial 
distribution of the point mass density in u L i is shown in Fig. 1. The dot
ted line corresponds to the radial density of the pure collective motion, the 
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dash-dotted line - to the dineutron channel 9Li + 2n. The analysis of the 
mechanism underlying the halo-effect shows that this is formed by a heavy 
core nucleus and a loosely bound light fragments of a cluster mode. The long-
tailed structure of u Li wavefunction can clearly lead to anomalous structure 
of adjacent isotope 12Li. We now investigate this problem more closely and, 
to begin with, answer the question whether there exist bound states. The na
ture of these bound states is expected to be purely collective since the cluster 
modes contain either unbound trineutron (9Li+3n) or three neutrons of the 
democratic channel (9Li -f n + n -f- n) with unfavourable proportion of the 
attractive even or repulsive odd components of the NN-interaction between 
them. 

We now carry out the examination of the collective motion in detail. At the 
first stage we restrict our consideration to the ground approximation (Л" = 
К mm) of the hyperspherical harmonic approach. The wavefunction of this 
approximation is written in the form 

Фо = р-^л-л)12ФЛр)и^кт^ИЛА--Л) (2) 
where p is the hyperradius of a system of A nucleolus, J is its total moment 
(hereafter z-component Jz is omitted since it is always assumed to be equal 
to J) . The parity 7Г of the system 12Li is negative. Since it is uniquely denned 
by the grand orbital Л'„„г, = 9 it is dropped in cqn (2). The isospin T is 
dropped as well. It is equal to 3 due to the closed neutron p-shell in the 
ground harmonic U{Q-SA-:\) of 12Li. Given a ground harmonic С/(П:м-.ч), we 
can construct the second order differential equation which contains the initial 
NN-potcntial V through the Wj 

{ u + ^ ^ o - ^ + ^ _ Е ) ш = o ( з ) 
d'2 K0(KQ + 1) 

dp2 p1 

where E is the energy of a system, к0 = Л'Ш1„ + ( З Л - 6 ) / 2 and Wj is the mean 
value of V on a hyperspherc with respect to the ground harmonic, namely 

Wj=<UI<min\V\UKmin> (4) 

The kinetic barrier together with Wj form a rather attractive well(we call 
their sum an effective potential) 

WJ" = Wj+ К°{Щ,+ X) 
^ (5) 

so that the spectrum of the eigenvalue problem (2) contains a discrete part. 
The main aim is now to solve this problem simultaneously for n Li and 12 Li. 
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By comparing their spectra one can deduce the nuclear stability of the latter 
system. To do so we should calculated the right-hand side of eqn (4) which 
involves integration over many dimensional angles Г2зл_з. Since the difference 
between the ground states of both systems is expected to be rather small the 
noncentral components of the potential V should be taken into consideration. 
We write V in the form 

A 

v = £ *fa')' (6) 
where 

v(ij) = Yl<№, (?) 
XflT 

*Г(У) = vr(Pij)Pg(i№(iJ), (8) 

*Г(У) = ^{Pij){Z{aiPii){ajPii) - ( а ^ ) ) Р ; ? ( у ) , (9) 

W ) = «?Л/»ц)('у. * + S i )^ r (u) , (10) 
Here pij = Г{ — fj, v£T(pij) are the radial parts of the NN-potential. Here

after we use the well-known softcore GPT potential /8 / .On one hand, it is 
rather soft, hence, adequate to the rough ground approximation, on the other, 
it has been successfully tested using a lot of stable s- and p-shell nuclei / 9 / . 
We now proceed to describing the ground harmonic which enters eqn (4). It 
contains closed proton and neutron s-shell, closed neutron p-shell, one pro
ton in p-shell and, finally, one neutron in sd-shell. Thus, the grand orbital 
Kmin is 72-fold degenerate. This large degeneracy can be easily reduced us
ing physical and mathematical reasons. The physical reasons are based on 
the well-known property of the spin-orbital components (10). In order to ob
tain the lowest energy level one should put the p-proton in the state with 
the maximum possible value of the orbital moment L\ = 1 and the moment 
J\ = | and the sd-neutron - with Li = 2 and 3i = | . This gives the max
imum spin-orbit splitting (effect of the first order) due to the interaction of 
one nucleon with the closed shells. Ultimately the quantum number J of the 
ground state is determined by the second order effect, which comes from the 
interaction between two nucleons beyond the closed shells. In order to find it 
we make the addition of the single particle moments J\ and Ji into states with 
J = 1 — 4.Thus we neglect the state with J = 0 and the effects of degeneracy 
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of J alike. The averaged potential (4) (it depends clearly on J ) can be written 
in the form 

Wj = *£ an
XflT(p) C"Xfir, (11) 

71,1/iT 

where CxflT are the numerical coefficients depending on J (they are given in 
Table 6), the functions of the hyperradius а^т(р) are defined by the integrals 

'UP)-rfr + DSff-t-.)/'"^"*)"-»-X'(,-№, № 
which contain the radial parts of the potential. The behaviour of the effective 
potential (4) is shown in Fig.2. It is seen that the deepest well belong to 
11 Li. An appreciable difference between the curves belonging to different 
isotopes gives evidence against nuclear stable 12Li. Four lines of 12Li do not 
intercept inside the effective range of the hyperradius, the line corresponding 
to J = 1 being the lowest. This means that the required quantum numbers 
of the 12Li ground state are J*T = 1_3. The effect of degeneracy can only 
strengthen this results. Indeed the degeneracy n of J = 1 is greater (n = 4) 
than that of J = 2,3,4 (correspondingly n = 3,2,1). In terms of the ground 
approximation this means that each equation (4) should be replaced by the 
sets coupled second-order differential equations. On account of the variational 
principle the spectrum of the lowest level obtained by solving these sets is 
found to be lower than that in Fig.2, the distanses between the levels being 
enlarge. In order to obtain the binding energy itself one should extend the 
expansion of the wavefunction (2) up to the potential harmonics / 9 / . But 
they can only make the effective potentials more attractive and not change 
the relative positions of the curves, so that our conclusion about J is model 
independent. In order to examine the reliability of our results we amplify 
the central components of the potential vj!T(pij) (8), using the enhancement 
parameter Л, i.e. 

<{Pij) -> A«H/>y) (13) 
to make the system bound even in the ground approximation (we used this 
procedure when studying the pure neutron systems /10/ ) . 

The experimental energy of n Li occurs at A = 1.25. The energies obtained 
for this value are shown in Fig.3. It is seen that the order of the levels remains 
the same despite the strong destortion of the attractive wells. 

Thus, the study of the ground approximation for 12Li isotope is completed. 
We can think of it as a collective mode in the problem of neutron scattering 
on nLi,which is to be investigated in the future. The cross-section for this 
reaction can bring out the quasistationary states of 12Li if they exist. 
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Produc t ion of Л Hypernuclei wi th a 
Large Neu t ron Excess and a N e u t r o n Halo 

L. Majling 
Laboratory of Theoretical Physics, JINR, 141980 Dubna, Russia 

and 
Institute of Nuclear Physics, Acad. Sci., Rez/Prague, Czech Rep. 

We discuss the strangeness and double charge exchange (SkDCX):(K~, 7r+) 
reaction as a source of the neutron rich nuclei. 

At present hypernuclei are widely produced in the controlled way by a 
simple strangeness exchange reaction 

1Г+П—>Л + тг-, AZ(K'-,ir-)*Z. 

The missing mass spectrum of emitted pions (at a fixed angle) was recognized 
as a convincing signature of hypcrnuclcus production [1]. 

There are many examples of the stabilizing role of the A hyperon: 
• stable hypernuclei with an unstable nuclear core: \He = s\* bHe [2], 
• bound excited state of A-hypernuclei with a particle unstable nuclear core: 

^Lf(5/2+; 2.02MeV) = sA * 62л(3+0; 2.2МeV) [3]. 

A substantial progress in the hypernuclear physics is expected in the nearest 
future when new facilities such as KAON (Canada), CEBAF (USA), and ф-
factory DA$NE (Italy) start to operate. Then it will be possible to study 
more complicated reactions, for example, two steps strangeness and double 
charge exchange reaction [4]. There are two paths how to arrive at the Anp~2 

state: 
either K~ + p —> A + тг°; 7г° 4- p —• п + 7г+ 

or K~+p—• тг+ + 5Г; Е " + р — • n + A. 

In a process of this type one may produce a 

hypernuc leus w i th a large n e u t r o n excess [5]. 

One can estimate the binding energy (B\) of the new hypernuclei easily. As 
the dependence of B\(A) is very smooth, it is sufficient to extrapolate the 
experimental data. The net result is presented as a chart of hypernuclei. 

Few comments are in order: 
1. All Л-hypernuclei produced in a SkDCX reaction (marked by ф) are new. 
2. The possibility of production of very HEAVY HYPERHYDROGEN isotope 

7
AH is also predicted. 
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Chart of light Л hypcrmtclci 

with binding energies B\ and 
particle instability thresholds. 
Unstable core is marked by x. 
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In the hypernuclei with a neutron halo core [6] (дЯе, \He) even excited 
states are bound and one can study the structure of the neutron halo 
in detail. The simplest hypernucleus of this kind, \He, may be produced in 
one-step reactions: 

7ЩЪК+)АНе or 7Li(K-,n°)7
AHe. 

The current calculations [7] indicate that the doublet of excited states f+> 
I (E « 1.80 MeV) are populated sufficiently and located well bellow the 
neutron threshold (2.92 MeV). Both the excited states are on the edge of 
being isomeric [8]. 

As the valence baryons are neutral, the 7 transitions 

5+ M\ 3+ M\ 1 + . , 5+ кг 1 + 

_ — > _ — > _ a n d / o r - — > -
2 2 2 / 2 2 

are extremely sensitive functions of the ™Pj component (sin 9j) in the neutron 
halo wave functions: 

|2+1 > = cos 02 |31A> > +sin 02 \33Pi > ; 

|0+1 > = cos 0O |31S0 > +sin 0O |33Po > • 

The value of sin2 0j ranges from « 0.05 to и 0.29 according to the model 
used [9]. In this situation detection of the 7 -quanta [3] in the reaction 

7Ы{ЪК+у)\Не or 7£г(/Г,7Г07)лЯе 

will be of a great value. 
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T H E S T R U C T U R E A N D PROPERTIES OF F E W - B A R Y O N 

SYSTEMS IN T H E £17(2) S K Y R M E MODEL 

V.A.Nikolaev, R.M.Nikolaeva, O.G.Tkachev 
Joint Institute for Nuclear Research, Dubna 

1 Introduction 
The large amount of recent interest in the Skyrmc model [1] in the the

ory of strongly interacting particles is a consequence of the hope that meson 
effective Lagrangians can bridge the gulf between quantum chromodynamics 
(QCD) and the known theory of nuclear structure. 

Although everyone believes that the physics of any known nucleus is also 
described by the QCD Lagrangian, no one has been able to obtain the basic 
properties of nuclei in terms of the quark and gluon fields. The dynamics of 
the quark and gluon fields becomes difficult to analyze in low-energy quantum 
chromodynamics, owing to the large coupling constant. 

The search for a small parameter in QCD led 't Hooft to the idea of con
sidering QCD with a large (tending to infinity) number of colors Nc. Witten 
showed that if the limit Nc —* oo exists, then QCD will be a theory of effec
tive local meson fields with local interactions of order iV"1. Moreover, in this 
limit the baryon masses prove to be of order iVc, while the number of colors 
completely drops out of the equations determining the size and structure of 
the baryons. 

It is well known that nonlinear theories can have solutions corresponding to 
localized objects of finite size - solitons [2]- with the analogous dependencies 
on the coupling constant. Therefore, the Witten result leads to the picture 
of baryons as the solitons of an effective meson theory. This picture does not 
require any further reference to the quark origin of the effective Lagrangian. 
A theory of just this type was proposed in the study by Skyrme in 1961-1962 

[1]. 
On the other hand, we have the problem of studying the structure of 

baryons, baryons systems and their interactions, which can be obtained the
oretically by expanding the effective meson Lagrangian. 

Nonlinear chiral theories naturally lead to soliton sectors. Already at 
the classical level, chiral solitons are very similar to hadrons. They carry a 
definite, rigorously conserved topological charge. This localized charge is a 
good candidate for baryon number. Chiral solitons are extended, strongly 
interacting objects. They are very massive compared with the masses of the 
fields involved in the Lagrangian. 

These features plus the rich spectrum of generated states make chiral dy
namics a very attractive theory for low-energy phenomena in strong interac
tion physics. 

Restricting ourselves to the simplest model of this type - the Skyrme 
model, we probably cannot hope for good quantitative agreement with the 
experimental data, but we can obtain a qualitatively good description of the 
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fundamental regularities characterizing a system of strongly interacting parti
cles which would support the idea that baryons are the solitons of the effective 
meson Lagrangian. 

The Skyrme model gives us straight way for constructing a system with an 
arbitrary baryon charge. Wc have to look for solitons of classical fields with 
the corresponding topological charge and then to quantize solitonic degrees 
of freedom to obtain an object with nuclear quantum numbers. 

The most impressive results were obtained in the calculations of minimal-
energy solitons for configurations with topological charge 2,3,4,5,6 by numeri
cal methods [3]. Recently a variational ansatz was proposed independently in 
[4]. This ansatz obeys the symmetry conditions formulated in [5], [6] and, be
ing very simple, gives the possibility to do one more step in analytical analysis 
of the problem and to take vibrational modes, for example, the monopole one, 
into account in a simple way. This analyses gives a natural explanation of the 
origin of the ansatz from [7] and also gives some new solutions. Among them 
we have solutions that we may interpret as compound nuclear states including 
antibaryons and meson-like states composed of skyrmion-antiskyrmion pairs. 

In this paper we present the results of our variational calculations of the 
classical soliton structure in the framework of the original 517(2) Skyrme 
model for baryon number В < 12. After the quantization procedure these 
solitons are to be identified with nuclei. 

2 Generalized Ansatz for the Static Solutions. 
Here we follow our paper [8] with some modifications. In variational form 

of the chiral field U: 
U(r) = cosF(r) + i(r • N) sinF(r). (1) 

we use more general assumption about the configuration of the isotopic vector 
field N : 

N = {со*(Ф(<£, в)) • 8in(T(0)), 8т(Ф(ф,.0)) • sin(T(9)), cos(T(6))}. (2) 

In eq.(2) Ф(ф), Т(9) are some arbitrary functions of angles (в, ф) of the vector 
r in the spherical coordinate system. 

3 Mass Functional and Solutions for Static Equations. 
Let us consider the Lagrangian density С for the stationary solution: 

£ = й . Tr(LkLk) + 3^2 • Tr [L4, L,] \ (3) 

Here Lk — U+dtU are the left currents. 
The variation of the functional L = J Cdf with respect to Ф leads to an 

equation which has a solution of the type 

Ф(0, ф) = к(в) • ф 4- Const 
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with a constrain 

дв зт2Т(в)-зтв дк{-в) 

дв = 0. (4) 

It is easily seen from eqs. [8] that function k(9) may be piecewise constant 
function (step function) in general case, Moreover k(9) must be integer in any 
region 6m < 0 < tfro+i, where 9m, 9m+\ are successive points of discontinuity, 
The positions of. these are points determined by the condition 

Г(0т) = т . т г , Г(тг) = /-7г (5) 

with integer m, as follows from eq.(4). 
Now we have the following expression for the mass of the soliton 

M^j-^lat-Ai + brBi + Ci], (6) 

where 7 = ir • Fv/e and x = F* • e • r and the а.{,Ъ{ and Ai,B{,Ci are some 
integrals of T, T', F, F' on в and x. The functions F4(x) and T,(0) have to 
obey the equations [8] in arbitrary space region with given number k. 
4 Baryon Charge Distribution, Soliton Structure and Masses of 

Classical Solitons 
Now consider more carefully the structure of solitons. For that purpose 

let us calculate the baryon charge density 

^ ( 0 = ~2^2^o^Tr(X / < L,L / ( ) . (7) 

The straightforward calculation gives 

Б. 1 sin2F dF sinT dT d$ 
Jo(r>e) = - w ' ~ ^ , 1 7 ' l w ' l e ' d j ( 8 ) 

Equation (8) immediately results in the expression for the corresponding topo
logical charge 1 

В = -n • £(-irfcm . (9) 
m=l 

In [8] we have investigated toroidal multiskyrmion configurations with 
baryon numbers В = 1,2,3,4,5 and more complicated nontoroidal (includ
ing antiskyrmions (5)) configurations: В = 0 (S - S, 2S - 25, 35 - 35), 
В = 1 (5 - 5 - 5), В = 2 (25 - 25 - 25), В = 3 (35 - 3~5 - 35). As was 
pointed out in [8] the quantum states of the S - S — S type (k — 1, / = 3) 
should experimentally appear as compound nuclear states in the interaction 
of a stopped antiproton with a deuteron. So we have unusual possibility to 
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TABLE 1 

The lowest masses of the s o l i t o n s 
for t opo log i ca l s e c t o r s with B<12. 

В 
M 
в 
M 

1 
11.605 
6 

66.701 

2 
22.458 
8 

89.310 

3 
34.585 
9 

103.08 

4 
45.536 
10 

113.12 

5 
56.118 
12 

134.45 

include antinuclcons in the compound state structure in the same manner as 
nucleons. 

In Table 1 are presented the lowest masses of skyrmions with 1 < В < 12. 
From Table 1 one see almost linear dependence of the classical masses on 

the baryon charge. Such a dependence strongly differs from M ~ B(B + 1) 
[9] that may be obtained for the hedgehog ansatz. The calculated solitons 
have very complicated structure and only some of them have simple toroidal 
structure. These solitons could be interpreted as nuclear physical states after 
being quantized. Some of them could have isomer states. Such isomers could 
differ by their form. In conclusion we have to note that our ansatz leads to 
stable solitons with even baryon charge as well as to solitons with odd ones. 

5 Effective Hami l t on i an in t e r m s of collective var iables 
Let us obtain the effective quantum - mechanical Hamiltonian by the 

method of introducing Bogolyubov collective variables [10]. We restrict our
selves to configurations with a symmetric distribution of the energy (mass) 
density in the (x, y) plane. This mean that from the class of all solutions con
sidered, characterized by the numbers J, n, {k}[, we choose only the solutions 
(k{ ф\) satisfying the conditions 

k{ = fc/+i_,-, i = l , . . . , ( / - l ) / 2 for o d d / (10) 
ki — —Ar/_|_i_», г = 1 , . . . , 1/2 for even / . 

For such configurations no additional difficulties arise with the separation of 
the center-of-mass motion. These configurations exhaust almost the entire 
class of nucleus-like states. 

Now the chiral fields are considered to be time-dependent and of the form: 

(V(f, t) = esp{iV • Iij{t) • Nj(R~lxk) • F(xe" A )} (11) 

where R(t) and I(t) are the spatial and isospin rotation 3x3 matrices, and 
X(t) is the time-dependent parameter of the dilatational vibrations. 

Calculating the Hamiltonian and requiring that the conjugate moments 
corresponding 

Л . ^ « « ^ ( Г 1 ) * ' ,tf = -leVk (R-1) Rkj. 
2 2 V / t'Jb 
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satisfy the canonical commutation relations, we arrive at the expression [11] 

The depending on the internal quantum variables part H\ of the Hamiltonian 

Q2 1 1 (qb.f.V . Q0 rpb.f.£;b.f. / п ч 

IS 

l 
+2 LOi 

for odd / and ь а (*оч [ Ь й ^О'• <"> 
for even /. 

It is seen now, that in the general case there is not a connection between 
the third spin and isospin components in body fixed system as it was for pure 
toroidal solutions. We have to note that such a coupling holds for the regions 
(0m-i>0m): 

5 ^ = fcmQ-(fcmn3 - ^з) , T^ =-Qm (kmQ3 - Щ) . (15) 

6 Compressibility of skyrmion matter 
It is commonly assumed that the breather mode corresponds to nuclear-

matter density oscillations and characterizes the compressibility of nuclear 
matter. In Ref. [12] this interpretation was proposed also for the Roper 
resonance. In this version the nucleon bag radius is assumed to be a dynamical 
variable, and the energy of the Roper resonance corresponds to the first excited 
state of the quantum radial motion of the surface. The bag energy as a 
function of the bag radius R plays the role of the potential energy of the 
motion "along" the collective variable R. 

An interpretation of the Roper resonance as an excitation of the breather 
mode of solitons of the chiral field in the Skyrme model has recently been pro
posed [13]. The remarkable feature of this model is the unity of the descrip
tion of nucleons and nuclei as topologically nontrivial solitons. The dynamical 
variables in terms of which nucleons and nuclei are described are the boson 
fields satisfying the Euler-Lagrange equations corresponding to the chirally 
invariant Lagrangian. Topologically nontrivial configurations of these fields 
are interpreted as baryons. Configurations which are topologically equivalent 
to the vacuum correspond to mesons. 

These arguments suggest that the nucleon breather mode becomes the 
nucleus breather mode. 
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Let us formulate our goal more explicitly by considering the simpler case 
of the breather mode of a piece of nuclear matter. In general there is no single 
definition of the incompressibility К of a finite system with mass number A. 
The incompressibility can be defined, for example, as the second derivative of 
the energy per particle, with respect to the radius R at the equilibrium point 

am RQ 
(16) 

However, in order to estimate this expression we need to know the dependence 
of the energy E on the radius R. On the other hand, the scale transformation 
r —* \r applied to the single-particle ground state wave function leads to the 
so-called "scaling incompressibility" 

КА = Щ 
2ffl(E/A) 

d\2 A=0 
(17) 

For the incompressibility К of the soliton we find К = M, which is equal to 
the soliton mass. 

It follows from our discussion that the nucleon breather mode is trans
formed into the nucleus breather mode. In other words, these two phenomena 
have the same origin. It seems that so far the Skyrme model is the only model 
in which this idea is realized. Although the calculated frequencies (see Ta
ble 2) obey the dependence hu> ~ £ - 1 / 3 , they lie considerably higher than the 
energy of the giant monopole resonances calculated in traditional approaches. 
For example, in the hyperspherical-function method [14] the energies of the gi
ant monopole resonances lie in the range from 20 to 35 MeV for mass numbers 
4 < Л < 1 6 . 

TABLE 2 

The f requencies hw of the b rea th ing mode 
in l i g h t systems ( in u n i t s of eFT). 

В 
hoj 

1 
0.31 

2 
0.27 

3 
0.24 

4 6 
0.2J 0.20 

8 
0.18 

9 
0.17 

12 
0.15 

In principle, in heavy nuclei there must /o 0+ vibrational modes, since 
there are at least two dimensional parameter» in the problem. These are the 
nuclear radius R and the diffusion parameter b. The compressibilities and, 
accordingly, the frequencies corresponding to time variations of R and b are 
different. Of course, these two modes are not mutually orthogonal, but this 
is not important for us. 

In light nuclei one might also expect the existence of a hard and a soft 
breather mode. However, at first glance, in light nuclei one of the dimensional 
parameters becomes meaningless. But it is precisely in such nuclei that the 
non-pointlike nature of the nucleon becomes important. We again have two 
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dimensional parameters, the nuclear radius and the nucleoli radius, which 
become comparable in this range of mass numbers. 

Some indications of the existence of narrow 0+ resonances in light nuclei 
at energies of about 45 MeV have been obtained in experiments on neutron 
and deuteron scattering on helium nuclei [15]. 

7 Conclusion 
The variational approach to the problem of seeking nucleus-like solitons is 

reviewed. The solution of this problem is the first step in the construction of a 
nuclear model of chiral solitons. The structure and some properties of solitons 
with the quantum numbers of the lightest nuclei in the original Skyrme model 
are discussed. Theoretical analysis reveals the exclusiveness of each individual 
state, which is manifested both in the structure of the classical solitons and in 
the strong dependence of the effective Hamiltonian on the topological sector. 
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Elastic scattering of exotic nuclei 
Joint Institute for Nuclear Research 

F.A. Gareev, S.N.Ershov, G.S.Kazacha, E.F.Svinareva 
S.Yu.Shmakov and V.V.Uzhinski 

1 Introduction 
Historically, nuclear physicists preferred projectiles that were as simple as possible, the focus 
was only on one of the reaction partners, the target. This attitude was obviously also linked to 
a limited ability to produce qualitative beams of heavier nuclei in the early light-ion era. With 
the heavy-ions a more democratic treatment of the two reaction partners became a necessity 
and focus has been shifted to the projectile with the occurrence of exotic radioactive beams. 

With increased ambitions for a quantitative understanding of quasielastic reactions, such as 
charge-exchange or nucleon-transfer, a qualitative description of the projcctile-ejcctile partners 
of the collision is also called for. One hopes that the very nature of exotic beams will enhance 
fundamental aspects of such reactions and thus will serve as an extreme testing ground. The 
reduced intensity of such beams obviously does not make the job easy. 

The recent progress in the light radioactive beam technique provides unique possibilities to 
study the nuclear structure near the neutron drip line. The " Li nucleus is partially interesting, 
the existence of a neutron halo having been experimentally proved. Apparently, the 6 / / e nucleus 
is another candidate for a neutron halo nucleus which has properties similar to llLi (abnormally 
large electromagnetic dissociation cross section, a very large radius in the nuclear scale, twofold 
component momentum distribution of a-particlcs for fragmentation of 6 / / e on light targets [1]). 

The experimental studies of the "L t + p [2] and uLi + 2 8 Si [3] elastic scattering are in 
the very beginning, experiments of the 6 / / e + p clastic scattering are also in progress. These 
studies will certainly probe the extension of the halo, but being a highly integrated (inclusive) 
observable, elastic scattering may not carry much information on the detailed halo-structure of 
the exotic nuclei such as nLi, reaction processes (for example, two-neutron transfer reactions 
/>(" Li,9 Li)l or uC(uLi,9 Li)uC [4]) being better candidates. Discussions of the latter made, 
however, in standard theoretical approaches rely on elastic channel information for their optical 
potentials. The main ingredient in the conventional treatment of elastic scattering is the single 
particle densities evaluated in some nuclear models. 

Details of the nLi density are still somewhat a matter of debate. The situation is more clear-
cut for 6 Я е , also a halo-like nucleus. Contrary to nLi the existing experimental data for N-N 
and N-or scattering allow us to extract the corresponding potentials and hence we can calculate 
reasonably correct wave functions for the system N + N + a in the framework of the microscopic 
three-body approach [5]. In ref. [6] the calculated wave functions and corresponding densities 
were tested against a variety of weak and electromagnetic data as well as nucleon- induced 
quasielastic reactions (p,p'), (n,p) and (p,n) on 6Li as a target. An additional possibility 
to test the resulting wave functions is to compare GLi and 6 Яе elastic scattering on proton 
and nucleus targets; the structures of these nuclei are comparable in a global sense (in the 
framework of a three-body model) but differ in the correlations of the extra nucleons which 
may be examined experimentally. Therefore, we carry out a comparative analysis of elastic 
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scattering оГ СЫ and 6 / / е , пЫ and 12C on proton and nucleus targets at intermediate energies 
within the framework of the optical potential model and Glauber approach. The main aim 
of this talk is to describe the theoretical procedure and to discuss the effect of the halo-like 
structure of GlJc and n Li on elastic scattering. 

2 Optical model analysis of nLi elastic scattering on 
28Si at E /A=29 MeV 

To elucidate the behavior of interaction potentials for exotic nuclei, recent data from elastic 
scattering of secondary uLi (29 MeV/A) and 7Li (25.4 MeV/A) beams on 2&Si measured at 
Ganil [7] (Ganil-Dubna collaboration) are useful. The corresponding angular distribution for 
7 Li is shown in Fig.l. It is in qualitative agreement with measurements at lower projectile 
energies [8]. All they have shapes typical of stable nuclei scattering in the Fraunhofer diffrac
tion region - the ratio cr/ац decreases with increasing scattering angle. The use of the thick 
target, the angular resolution 60 и 1.5° and the lack of separation between elastic and inelastic 
scattering results in a flattening of the diffraction structure of the spectra in Fig.l. For the case 
ofn Li (Fig.2.) the behavior of experimental data is unusual - the ratio 0-/07? is almost constant 
in the measured range of angles or has some tendency to decrease with increasing scattering 
angle. Furthermore, or fan exceeds for nLi the one observed in an analogous distribution for 
the clastic scattering of the loosely bound nuclei 6Li [9] and 9Be [10] on ^Si at approximately 
the same energies of relative motion. 

The analysis of the elastic scattering was carried out in the framework of the conventional 
optical model using the standard Saxon-Woods form, 

U{r) = VCou,(r) - Vf(xR) - iWfixj), 

'f(xi) = (l + exp[(r-Ri)/ai])~1, 

where Л,- = r,/l^/3 while VCoui(r) is the Coulomb potential of the uniformly charged sphere. 
Potential parameters were fitted by the x2 method for the best description of the experimental 
data. 

We estimated the inelastic cross section in the framework of the DWBA, with an inelastic 
form factor chosen as derivative of the optical potential 

with faRv^foRw = 1-21 fm [11]. In Fig.l the results of the calculations are compared with 
experimental data for the scattering of7 Li. The geometric parameters of the optical potential 
were taken from the global parametrization [8], and the potential depths V and W were fitted 
(see table 1). From the calculations it follows that the contribution from inelastic processes is 
important except for very forward angles and that the experimental data can be described by 
usual optical potentials. 

Table 1. Parameters of the optical potentials for 7Li -f28 Si at 29MeV/A 
N V RR aR W R, ai < rR >V2 < r) > ' / 2 aR tfjN 
С 226.75 1.286 0.853 37.26 1.739 0.809 ~~Ш bM \Ш. Т0~ 
[S] 114.2 1.286 0.853 29.75 1.739 0.809 4.38 5.08 1700. 10.4 
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Table 2. Parameters of the optical potential for uLi + 285г 
V RR aH W fif a, < r\ >^2 < г] > ' / 2 стн x

a/JV 
204.48 0.5S5 1.737 8.23 2.18 0.425 6.604 5.36 1445.2 1.84 

In the case of nLi the situation is different. The calculations based on the usu.il optical 
potentials cannot give a reasonable description of the experimental data. Fig.2 shows the clastic 
cross section of nLi calculated with the optical potential from the global paramctrization [8]. 
The description of the experimental data can be obtained only with an anomalous large value 
of surface diffuseness of the real part of the optical potential. The available experimental 
data for a rather narrow angle range only do not allow a detailed study of possible optical 
potential parameters. Therefore, only one example of possible potentials is given in Table 2. 
The corresponding elastic cross section, contribution from inelastic one, calculated in the same 
way as for the 7Li case and the total cross section are shown in Fig. 2. As pointed out above, 
a striking peculiarity of the nLi optical potential (see tabic 2) is the unusual large value of 
surface difFuseness of the real part which apparently is a reflection of the "neutron" halo in 
the nLi density distribution. The r.m.s. radius of the real potential in this case is about 
6 fm, and in the strong absorption region the potential has a refractive character. Further 
important information about the scattering nature may be obtained from a near-side/far-side 
decomposition of the elastic cross section [12]. The decomposition for the UL£ elastic scattering 
is shown in Fig.3. The crossover point of the near-side and far-side components is close to 0 ~ 2° 
and the region of difTractive oscillations occupies the angular range up to ~ 8°. At larger angles, 
the far-side component dominates the elastic cross section. In the case of 7Li scattering the 
crossover point is near 8° and the region of diffractive oscillations spreads up to nearly 20°. The 
smoothness of ст/стд in the llLi case at angles larger than 0 > 10° may be connected with a 
stronger manifestation of nuclear refractive properties in halo nuclei. The elastic cross section 
for the potential given in table 2 has characteristics of rainbow scattering [13]. Of course, it 
does not mean that clear rainbow scattering features are revealed in the nLi scattering: the 
appearance of this effect depends on the transparency of the nuclear potentials. For a more 
definite answer, it is necessary to have the experimental data for the nLi scattering in a wider 
angular interval, both the exponential fall-off of the clastic cross sections and the diffractive 
oscillations at small angles. 

3 Microscopic approach to elastic proton scattering on 
nuclei in optical model 

The description of nucleon elastic scattering on nuclei in the framework of the microscopic ap
proach contains a large number of assumptions where at least some require a better justification 
from the first principles. In the intermediate-energy region (Ep > 100 McV) the description 
is somewhat simplified, implying a fewer approximations and a corresponding increase in the 
reliability of the theoretical analysis. 

Therefore, we restrict ourselves to investigation of the elastic proton scattering on atomic 
nuclei at energies larger than 100 MeV. In this energy region the dynamics of the quasielastic 
process may be described as a single-step transition and the theoretical analysis is carried out 
in the framework of the distorted-wave impulse approximation (DWIA). The elastic scattering 
is defined by the optical potential which in the impulse approximation has two ingredients: 

1. the structural information contained in the single-particle density distribution; 

2. the effective interaction between the projectile and target nucleons. 

http://usu.il
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In addition, it is necessary to take into account the identity of the nucleons in the collision part
ners which brings nonlocality to the reaction amplitude. For calculations of this amplitude, 
nonlocal densities would, in principle, be needed. The contribution of exchange knock-out 
amplitudes can, however, be approximated in the pseudopotential approach [14]. In that ap
proximation, the nonlocal amplitude is reduced to a local one; hence, the local densities can be 
used in our cross section calculations. 

The optical potential used for calculating elastic scattering was computed in a pf-folding 
model [15] (in the following simply "folding-model") where p is the single-particle matter den
sity of atomic nucleus. The central part of the optical potential was derived from the S=0, T=0 
component of the NN forces. It is well known (16, 17] that, in this channel, there are essential 
corrections due to the influence of the nuclear medium which creates the p dependence of the 
effective NN forces. The p dependence of the effective forces was introduced in the evaluations 
of the optical potentials by a simple prescription suggested in ref.[16]. The spin-orbital part of 
the optical potential was evaluated without a /^-dependent (f • s) component of the t-matrix 
interaction. As an example, Fig.4 shows the comparison between experimental data (ref. [18]) 
and theoretical calculations for elastic proton scattering on eLi at Ep= 185 MeV. The dashed 
line corresponds to calculations with the t-matrix interaction describing the free NN scatter
ing (ref.[15]) while the solid one takes into account medium effects. Our results correspond to 
microscopic calculations of elastic scattering with ingredients tested against weak and electro
magnetic data as well as nuclcon-induccd quasielastic (p,p'), (n,p) and (p,n) on 6Li as a target 
discussed in [6]. On the whole, we have reasonable agreement with experiment. 

As far as the comparison between elastic cross sections on 6Li and 6He is concerned, the 
use of free NN interaction or other recipes for introducing the p dependence practically does 
not change the relative differences. 

The single-particle matter densities of 6 / / e and 6Li were calculated within the framework of 
the hyperspherical function method using the a+ N+ N model with conventional aN and NN 
potentials. The elements of the method and some results arc outlined in Rcfs.[5, 6]. In Fig.5a 
the calculated matter densities of 6Li and 6He are shown. One may notice that p for 6 # e is 
larger than for 6Li for asymptotic values of г and, as a consequence, the opposite situation 
holds at smaller values of r. 

The radial behavior of the calculated optical potentials changes systematically with increas
ing projectile energy: the real attractive part of the potential decreases and the repulsive core 
becomes bigger at higher energies. As an example, the optical potentials for protons at Ep=100 
MeV are given in Fig.6. The difference in nuclear structure gives some changes in the optical 
potentials. As a consequence of a more loose structure at distances г > 3 fm, the absolute value 
of the 6 # e potentials is greater than for 6Li. And vice versa, at small г the core is somewhat 
more pronounced in the case of 6Li. 

In Fig.7 the resulting elastic cross sections are shown. At the very forward angles, the 
Coulomb interaction dominates and, naturally, the cross section on 6Li is greater than on 6 / / e . 
At intermediate angles, the cross sections are close to each other. If we switch off the Coulomb 
interactions, theoretical cross sections for proton scattering on 6Li and 6He become very similar 
in this region of angles. At larger angles (0 > 20°) the cross section on 6Li is again greater 
than on 6He and the difference between them increases with scattering angle. Therefore, the 
differences in the structure of the target nuclei are displayed most clearly at large angles. 

It is interesting to investigate the sensitivity of the elastic cross section to modifications of 
the densities. A cut-off of the density at г > 4 fm gives a negligible contribution to the elastic 
cross section while the region from 3 fm up 4 fm exerts some influence on the cross section 
at small angles. In Fig. 8a the real part of the potential for the p+ e f fe elastic scattering at 
25p=100 MeV is compared with that calculated with densities cut at r = 3 fm. In Fig. 8b the 
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corresponding cross sections are shown. It is clear that the neglect of the outer part of the 
density modifies the potential surface, which is reflected mainly in the cross section form for 
angles 0 < 20°. 

Fig.5b shows the contributions to the total densities from the a-particlc core and outer 
nuclcons. The outer nuclcons in eLi and fl//c have different spatial distributions and correlations 
which influence the part of the single particle distribution of these nuclei determined by the 
«-particle, The total density at distances r < 2.5 fm is mainly determined by the nucleons of 
the core while at distances from 2.5 fm up to 3.5 fm it is determined both by the nuclcons of the 
core and outer nuclcons. The influence of the difference of the a-particle spatial distribution in 
°Li and e / / e due to different correlations of the outer nuclcons in these nuclei can be displayed 
in the clastic scattering of protons on the a-particle core from eLi and e / / e . Fig.7d shows 
that the difference at large angles and the value of the effect is comparable with that at the 
scattering on Ы and He, 

As is seen, the process of elastic scattering at intermediate energies shows up some, although 
not pronounced, sensitivity to the correlation of the valence nucleons. 

It is very interesting to estimate the elastic cross sections for proton scattering on nLi. For 
the nLi matter density we will use three different nuclear structure models. In the first, in 
the same spirit as for A = 6 nuclei, the hyperharmonic three-body model for nLi with °Li 
core is used. The second one (ref.[19]) is a simple three-body cluster oscillator shell model 
approximation (COSMA) with parameters fixed by nLi geometrical characteristics. The third 
one (ref.[20]) is a self-consistent shell model in the framework of the theory of finite-fermi 
systems. The potential of an average field and nucleon distributions are calculated by the 
density functional method. The resulting densities are presented in Fig.9a. The behavior of 
the density in the asymptotic region is different in all models reflecting different structures of 
the neutron halo. At small distances the most remarkable distinction is connected with the 
core and in the self-consistent shell model the density is lower as compared with the other 
calculations. But in the intermediate region (from r ~ 2 fm to ~ 4 fm) densities are similar 
for all models. The corresponding proton elastic cross sections for Ep= 100 MeV are given in 
Fig.9b. The meaningful distinctions are seen only at large angles, confirming the sensitivity to 
difference in the density behavior at small distances. 

At last, we can state that in proton elastic scattering at intermediate energies it is difficult 
to comprehend the structure of neutron halo that must be revealed at small angles. But 
the influence of outer nucleons on the core can be investigated at large angles. As follows 
from our calculation, the studies of neutron halo effects have perspectives at lower energies 
where reactions become more peripheral and cross sections for the pn-scattering increase. As 
a consequence, the contribution from neutron halo reveals more clearly. 

4 Elastic scattering in Glauber approach 
It is well-known that a good description of the hadron-nucleus and nucleus- nucleus interac
tions has been obtained at high energies in the Glauber multiple-scattering theory [24]-[26]. 
Recently a reasonable description has also been achieved of nucleus-nucleus elastic scattering 
at 30 MeV/A and higher energies within the optical limit of the Glauber model [27]. This 
argues the Glauber approach to be a possible tool for investigating the halo structure of the 
exotic nuclei in the elastic scattering in the intermediate and lower energy region. We will 
briefly discuss the main points of the Glauber multiple-scattering theory and results obtained 
within this framework. Various approximations to this approach will also be briefly discussed. 

As known, the Glauber approximation is based on the following assumptions: 
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• rectilinear propagation of the htidron inside the nucleus 

• additivity of phase shifts 

• "freezing" of the motion of the nuclcons in the nucleus 

These assumptions while being well justified at high energies arc questionable at interme
diate ones. Nevertheless, wc attempt to determine the applicability of this approach for the 
intermediate energies considering its straightforward generalization with minimal corrections. 

The clastic scattering amplitude of a hadron on a nucleus in the Glauber approximation is 
given by 

FhM = ^I</V(',s,<1 - № - 7 0 - ^ i ) i ^ i2 *г* • • • ̂  (i) 

Here b is the impact parameter, к the wave number of the incident particle, q = к — k' the 
wave vector transfer (q = 2ks'm0/2, where 0 is the scattering angle). The quantity f(b) is 
the so called profile function or the NN elastic scattering amplitude in the impact parameter 
representation. 

The squares of nuclear wave functions modules can be written as follows: 

\Фл\2=8(£Ъ/Л)1[рл&,ъ) (2) 

At large mass number A of the nucleus expression (1) has the form 

FhA(q) = ^ A ' ( T ) J dHc^Hl - CXP[-AJI(&- s)PA(Z,*)d2s<lz\). (3) 

The function K(q) is called the center of the mass correlation factor. If рл = . / tj j 3 / 2 C ^ * * , 
then 

Л' ( ,1=ехр(Я^ 2 / .1Л) (4) 

This factor has the same form in the oscillator model for the nucleus. 
As is seen, K(q) —» 1 for A —• oo. The Glauber amplitude in (his ease coincides with the 

expression for the amplitude in the folding-model using the t~matrix of the free NN scattering. 
For finite nuclei it differs both by the factor K(q) and the phase expression. 

The "folding-model" uses the single particle density defined by 

1 A 

РА{Г) = j £ | ФА I2 «Pr, . . . d3rAS(r - rj). 
i=i 

It has a Gaussian form for the parametrization (2) 

,л 1 r -r2A , 

The Glauber approximation deals with the density р~л describing a nuclear system as a more 
"loose" nucleus than the real one. Therefore the "folding-model" predicts the diffraction max
ima and minima to be positioned at some greater angles than the Glauber approximation does. 
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It also predicts a steeper decrease of the cross sections versus scattering «ingle chic to absence 
of the K{q) factor1. These differences can be minimized by introducing the matter corrections 
to the J-matrix or the effects of dynamic polarization, Both these corrections arc strongly 
model-dependent. The Glauber approach gives, in this sense, a regular method for taking them 
into account. 

In the calculations presented below, we use, for a / / c and °Li, proton and neutron distribu
tions (pp

A and />л) calculated in [5, C]. For nLi the self-consistent shell model density [20] was 
used. The squares of the wave functions were represented in the form (2) by fitting рр

л and 
p\. It should be noted that in this representation nontrivial correlations of the halo neutrons 
have been lost. Their influence on the differential cross sections, as calculation shows, is small 
and docs not affect the results. The ordinary nucleus nC was described in the oscillator model 
with the parameter obtained from the elastic formfactor data. 

The amplitudes of pp— and pn— interactions over the pion production threshold were 
parametrized in the form [28] 

//Viv(<7) = -r^/v/vO - t»c*"" . (5) 

Below the threshold the amplitudes arc assumed to be isotropic. The cross sections of the 
pp— and pn— interactions were calculated according to ref. [29] 

Fig.10 shows the calculations of the elastic scattering differential cross sections of °//e, r'Li, 
nLi and l 2C nuclei on protons, As is seen, the Glauber model is in good agreement with the 
experimental data on " Li +p at 60McV/A. The description of r'Li + p is of lesser quality. This 
may be due to the neglect of the Pauli principle and spin dependence of the NN—amplitude. 
Л simplistic treatment of the Pauli principle [21] practically docs not affect the cross section 
of the nLi + p but sizably decreases the cross section of the r>Li 4- p both at small and large 
scattering angles. Л correct inclusion of the Pauli principle requires much more details of the 
wave function and essentially complicates the calculations. Therefore, we restricted ourselves 
to this result at the present stage of investigation. 

Л larger difference between the cross sections for 6 / / c —c Li and " L i —n С at small angles 
at low energies is explained mainly by the difference of the pp— and pn— cross sections that at 
СОЛ/е'/ is about 86mb. Therefore, the presence of the neutron on the e / / e periphery instead of 
the proton in 6Li is revealed already in the total cross sections. At higher energies, when the 
pp— and pn— cross sections practically coincide, the main differences in the cross sections for 
6He and 6Li is due to slightly different nucleus sizes. A large difference of nLi and UC cross 
sections at large angles is due to the different density behavior of ll Li and l2C at small r. 

In the large angular region, the order of distinction of the cross section 6 / / e —6 Li and 
tlLi—t2C weekly depends on the energy and increases with the transferred momentum. Taking 
into account the small intensity of the radioactive beams, we find that just the experimental 
study of the clastic scattering of exotic nuclei at energies GQMcV/A and lower is of particular 
interest. 

For nucleus-nucleus elastic scattering the amplitude is a straightforward generalization of 
that for hadron-nucleus scattering 

FAB{4) = ^KAWBW JПе^{\ - ехр[-Ф(Ь)]}. (6) 

A regular method ("tree" approximation) for the FAB calculation was suggested in [30]-[33]. 
This approach includes as partial cases the known Czyz-Maximon approximation [34] and "rigid 
projectile" approximation [35, 36]. 

' I t does not take place for nucleus-nucleus scattering (see below). 
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ЛИ these approaches encounter a number of difficulties when investigating scattering of the 
neutron halo nuclei which have essentially different proton and neutron distributions. 

To avoid the problems, we use a method suggested in paper [38]. This method consists in 
the direct Monte Carlo evaluation of the multiple integrals of the Glauber theory. The method, 
in principle, allows arbitrary paramctrization of INN and рл,рв-

To compare the results obtained in various approaches, we have calculated differential elastic 
cross sections for nucleus-nucleus scattering at several energies and projcctilc-targct combina
tions. 

In Fig.ll calculations of the differential elastic cross sections for the 4 # e +1 2 С reaction 
at energy 3A2MeV/A are shown. It is seen (Fig.lla) that the Czyz-Maximon approximation 
overestimates the cross section and gives incorrect positions of the diffraction minima and 
maxima. The folding-model, Czyz-Maximon approximation without taking into account K{q), 
gives a better result. The description can be improved by a tuning of the nuclear density, 
as was done in [27], but the success for a more correct approximation is not guaranteed in 
this case. More substantiated "rigid projectile" and tree approximations give, at the same 
time, reasonable results without neglecting the center-of-mass correlations (Fig.llb). Taking 
into account corrections for the finiteness of the mass numbers of colliding nuclei, the radii of 
NN—interactions, etc. can improve these results (see, i.e., [32]). 

Summarizing the results presented, we conclude that various approximations to the Glauber 
theory give close results in the region of the first diffraction maximum. At large scattering 
angles, various approaches give different results. 

Similar conclusions can be drawn from the calculations of the 12C+12C scattering at various 
energies (Fig.12). In addition, we notice an increase in the accuracy of the predictions of the 
Czyz-Maximon approximation (with the center of mass correlation disregarded). Unfortunately, 
an increase in statistical errors hampers the direct Monte-Carlo evaluation of the cross section 
at the energy SOMeV/A beyond the first diffraction minimum and ambiguities of the solution 
of the tree approach equations prevent us from presenting the tree approximation and Monte-
Carlo results. Therefore, the applicability of the Glauber theory at such low energies requires 
further investigations. 

In Fig.13 the Monte-Carlo calculations of the elastic scattering of the nuclei 6 # e , 6Li, llLi 
and nC on.the nucleus U,C are presented. The picture looks like the one of scattering on 
hydrogen but less distinct; at low energies one can expect a total cross section difference to 
be of an order of ~ 10% in comparison with ~ 30% for the scattering on hydrogen. The 
differences in the large-angle region are greater for the nLi and X2C scattering (Fig.l3b,d). 
Thus, for investigation of geometrical characteristics of halo nuclei, experiments at low energies 
on the hydrogen target are preferable. 

As is seen, the theoretical analysis of elastic scattering in the first-diffraction-maximum 
region is relatively model-independent and can be carried out practically without free parame
ters. Therefore, the clastic scattering data on exotic nuclei and the corresponding Glauber-like 
approaches can be considered an effective tool for studying the neutron halo structure. 

At higher transferred momenta theoretical uncertainties are larger. The reason for the dis
crepancy may be both uncertainties of the approximations to the Glauber theory and drawbacks 
of the Glauber approach itself. The results of the direct evaluation of the Glauber expressions 
using the Monte-Carlo method [38] show, that for correct description of. the data the Glauber 
approach should be modified. The most important correction due to the deviation from the 
eikonal propagation could be taken into account by using the optical potential reconstructed 
from the Glauber phase shifts [25] which can be used in the conventional distorted wave ap
proximation by properly taking into account the distortions in the relative motion of colliding 
nuclei due to the Coulomb-f nuclear forces [27, 40]. Nevertheless, our preliminary results in the 
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standard Glauber approach seem to be very promising in describing both the absolute value 
and the functional dependence of elastic scattering without free parameters. 

5 Conclusions 
In the present talk we display very preliminary results in the description of clastic scattering of 
exotic nuclei in various approximations. As we have demonstrated, the clastic scattering will 
be able, in principle, to give the accurate information about integral properties of the neutron 
halo structure. Both theoretical and experimental investigations of the subject considered are 
in the very beginning and a further systematic study is desirable. 

We thank J.S.Vaagen for a critical reading of the manuscript and stimulating discussion of 
the problem. We are also grateful to J.S.Vaagen, B.V.Danilin, S.A.Fayans, D.V.Fcdorov and 
M.V.Zhukov for useful discussion. 
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Figure 1: Comparison of the experimental data (triangles) with the theoretical calculations for 
the 7Li scattenng on 2aSi at the energy 177.8 MeV. Long-dashed line - elastic cross section 
calculated with the optical potential from Table 1; short-dashed - inelastic cross section; solid 
- sum of elastic and inelastic cross sections; open circles - elastic cross section calculated with 
the potential from [8]. 
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Figure 2: Comparison of the experimental data (dots) with the theoretical calculations for 
the uLi elastic scattering on 2 85i at energy 319 MeV. Long-dashed line - elastic cross section 
calculated with the optical potential from Table 2; short-dashed - inelastic cross section; solid 
- sum of elastic and inelastic cross sections; open circles - elastic cross section calculated with 
the potential from [8]. 
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Figure 3: The ncar-sidc/far-sidc decomposition of the clastic scattering uLi+wSi at the energy 
319 McV. Solid line, long-dashed and short-dashed are elastic cross section, near-side and far-
side contributions, respectively. 
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Figure 4: Comparison between theoretical proton elastic cross sections on 6Li at Ep= 185 MeV 
and experimental data(ref. [32]). Calculation with free MV-interaction is shown by dashed 
line and with density dependence taken into account - solid line. 
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calculated with full density (solid line) and for density cut at r=3 fin (d<ashcd line); b) the 
corresponding clastic cross sections. 
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Figure 12: The differential elastic cioss sections for UC+12C reactions at various energies 
(pointed in the pictures) within the framework of various approximations to the Glauber theory. 
The experimental data (full circles) are from [39]. 
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Figure 13: The differential elastic cross sections for eHe+12C, «Li+12C (a, b) and " L t + " C , 
"C+"C7 (c, d) at various energies (pointed in the pictures). The points are the experimental 
data (41] for llLi+"C. 
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The experiments with secondary beams have shown the necessity to assume a larger radius 
of nuclei such as nBe, nLi, ыВе and 17B [1,2] than one would expect if an usual nucleon 
density distribution takes place in these nuclei. The study of the elastic scattering is a very 
efficient tool to provide information about the nucleon density distribution. 

The first investigations of the elastic scattering using beams of 6Hc [3,4], BHe [3],7J3e [5], 
BLi [6], 9Li [3,7] and nLi [8] were carried out, recently. The last experiment [8] has been 
performed on GANIL facility using a primary beam of ?80(76MeV/n) which has bombarded a 
Be (960 mg/cm5) target backed by a 2900 mg/cm2 carbon layer. The intensities of secondary 
beams of u Li(29 MeV/n) and 7Li(25.4 MeV/n) separated by means of the LISE 3 spectrometer 
have reached 150 pps and 1000 pps, respectively. The outgoing fragments have been identi
fied by their energy loss and time of flight [8,9]. The scattering particles were measured by 
Si position-sensitive strip detectors as well as by solid state nuclear track detectors CR-39 [3,10]. 
A schematic view of the detector setup is shown in fig.l. 
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The aim of the presented paper is to compare the elastic scattering of nLi ions on a 2aSi 
target with that of 7Li ions. 
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The measured angular distributions for 7Li is in qualitative agreement with the measure
ments at lower energies. However, for the case of nLi the behaviour of experimental data is 
quite unusual - the ratio (I/<TR is almost constant in the measured angular range. It lies higher 
than the one observed in the elastic scattering of weakly-bound nuclei eLi [11] and °Be [12] on 
2SSi at approximately 'he sarr з relative energies. 

The analysis of the elastic scattering of 7Li and nLi was carried out in the framework of 
the optical model. As the inelastic events were resolved by the detection system, an estimation 
of the inelastic cross section for the excitation of the 2 + (1.78 MeV) state in i8Si ( made in 
the framework of DWBA) was added incoherently to the elastic one . From the calculations it 
follows that the contribution due to inelastic processes may be important at large angles. 

The 7Li experimental data shown in fig.2 can be described very well using usual optical 
potential [9]. 

Fig.2.Differential cross section of 
the 7Li elastic scattering on 2BSi at 
energy Етц=25.4 MeV/п. Compari
son of the experimental data with the
oretical calculations. 
Long-dashed line - ae[ with use of op
tical potential [9]; 
short-dashed line - a,ne/ ; 
solid line - oei + °~inet ! 
dotted line - at\ using potential [13]. 

In the case of nLi the situation is different. The calculations based on the usual nuclear 
potentials cannot give a reasonable description of the experimental data. In fig.3 an elastic cross 
section of nLi (dotted line), calculated with the optical potential from global parametrization 
[13] is shown. Better agreement with the experimental data can be obtained only using an 
anomalously large value of surface diffuseness of the real part of the optical potential (long-
dashed line). The contribution from the inelastic scattering and the total cross section are 
also shown. The unusually large value of surface diffuseness of the real part is apparently a 
reflection of the "neutron halo"in the uLi density distribution. 

The coupled channel (CC) optical potential was calculated in the semimicroscopic double 
folding model using a density and energy dependent effective interaction (DDM 3Y). The 
nuclear density of 285t was constructed by the standard Hartree-Fock calculation using the 
Skyrme II parametrization of the effective interaction. The same procedure was performed in 
calculation of the nLi "no halo" density. For the "halo" density of nLi, we took the data from 
Bertsch et al [14]. As can be seen in Fig.4 significant differences appear at using various density 
distributions for nLi. At practically the same normalization of the effective interaction and at 
the same total reaction cross section, the halo density (solid line) reproduces the data better 
than the no halo density (dashed line). 
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Fig .3 . Differential cross section of 
the nLi elastic scattering on 28Si at energy 
Enu=29 MeV/n. For symbols see fig.2. 
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Fig.4. The anjjular dependence of the а/сц 
experimental ratio and results of the CC cal
culation of the nLi scattering on 28Si. 

Results of experiments performed recently at NSCL MSU [15] for the пЫ + 1 2 С system 
have shown a strong enhancement of the ratio сг/сгд for nLi as compared with n C +1 2 С 
Considerable changes in optical potential parameters were also necessary in this experiment to 
reproduce the uLi data. 

References: 

1. Tanihata I. Nucl. Phys. 1988, A488, p.113. 
2. Saint-Laurent M.G. et al. Z.Phys. 1989, A332, p.457. 
3. Skobelev N.K. et al. Izv. AN SSSR ser.fiz. 1990, 54, p.2218. 
4. Smith R.J. et al. Phys.Rev. 1991, C43, p.761. 
5. Yamagata T. et al. Phys.Rev. 1989, C39, p.873. 
6. Brown J. et al. In "Proceedings of the first Conf. on Radioactive Nuclear Beams'' 

Edit by Meyers W.D., Nitschke J.M. World Scientific, Singapore 1990, p.372. 
7. Skobelev N.K. et al. Z.Phys. 1992, A341, p.315. 
8. Lewitowicz M. et al. Proceed, of the Int.Conf.on Exotic Nuclei (Foros, Crimea, 1991) 

Edit by Penionzhkevich Yu.E. and Kalpakchieva R. World Scient., Singapore, 1992, p.429. 
9. Lewitowicz M. et al. Preprint GANIL P - 9 2 - 2 0 1992, and references contained therein. 
10. Tretyakova S.P. et al. Nucl.Instr. and Meth. 1984, 221, p.371. 
11. Nadasen A. et al. Phys.Rev. 1989, C39, p.536; 1989, C40, p.1237. 
12. Zisman M.S. et al. Phys.Rev. 1980, C21 , p.2398. 
13. Cook J. Nucl.Phys. 1982, A388, p.153. 
14. Bertsch G.F. et al. Phys.Rev. 1989, C39, p.1154. 
15. Kolata J.J. Phys.Rev.Lett. 1992, 69, p.2631. 



95 

P-N INTERACTION AND MASSES OF NUCLEI WITH 
Z>N 

I.Kh.Lemberg, M.P.Avotina, K.I.Erokhina, N.A.Voronova 

Russian Academy of Sciences, loffe Physico-technical Institute, St.-Petersburg 

Abstract 
An analysis of discrepancies between mass values M(Z,N) of nuclei with Z>N cal

culated in different approaches in the case of nuclei whose masses are known from an 

experiment and in the case of nuclei far from the line of /3—stability makes possible to 

separate the group of approaches best suited to predict M(Z,N) values. The common 

property of these approaches is that they employ one or another relation linking the mass 

of initial nucleus known from the experiment and the mass of the mirror nucleus with 

Z>N. The use of these approaches significantly reduces the mass values scatter of nuclei 

with Z>N -bated-in-Atomio-Data-and*Nuclcar Datar^ablesy-yia&rNa. 

1. Introduction 

Mass values calculated in macroscopic-microscopic model may be presented as a sum 

of macroscopic component (Mjpj,) evaluated for a spherical shape, and microscopic one 

(Mmicro) which takes into account the nonuniform distribution of single-particle levels and 

the ground-state deformation. 

We calculated [1] masses of nuclei with Z>N using the assumption [2] that Mmiero(N,Z) 

is a smooth function of NpNn , where Np and N„ are numbers of valence protons and 

neutrons. It follows that for mirror nuclei M(Z,N)m,„.0=M(N,Z)micr(,, where the first 

argument denotes the number of protons in the nucleus and the second argument stands 

for number of neutrons. 
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Accepting that M(Z,N)m)cro=M(N,Z)eip—M(N,Z),p/„ where M(N,Z) is the experimen

tal mass of initial nucleus, we obtained 

M{Z,N) = M{ZtN)aph-)-M{N1Z)exp-M{N,Z)ai>h (1) 

in which M(Z,N) is the calculated mass of nucleus with Z>N. 

Mass values of nuclei with Z>N were calculated in [1] using values M,p/, presented 

in [3]. Last ten years the macroscopic-microscopic model has got a further development. 

The macroscopic component of nuclear mass was calculated by Moller at al. [4] using 

the finite-range droplet model. This model comparing liquid drop one takes into account 

contribution to nuclear mass of more subtle effects associated with the deviations of 

neutron and proton densities from constant bulk values, and the deviations of the effective 

boundaries of the neutron and proton distributions from a common surface. The new 

feature also incorporated into [4] are new expressions for average pairing strength and p-n 

interaction. 

In our new calculations of masses of nuclei with Z>N the values of Mip/, were derived 

using the expression for Miph given in [4]. We extend our calculations of M(Z,N) values 

to many additional nuclei that were not considered in [1]. In present work we calculate 

the mass values of all nuclei with Z>N, presented in the last update [5] of atomic mass 

predictions excluding those for which the values M(N,Z)exp of initial nuclei are not known. 

A total of 494 calculated mass values for nuclei with Z>N are presented in [5]. For the 

lack of evidence on M(N,Z)erp values for some nuclei, we calculated the values of M(Z,N) 

only for 451 nuclei. 

To facilitate calculations the database was organized containing all known data for 

M(Z,N) and M(N,Z) values obtained by different authors and experimental values of 

M(Z,N)„P and M(N,Z)erp given in [5]. The programs were designed to calculate M3p/, val

ues in the frame of different macroscopic-microscopic model versions [3,4,6]. Expressions 

of the average pairing strength are the same in [4] and [6] but the macroscopic component 

of mass in [6] was calculated using the liquid drop model and not the droplet one as in [4]. 

In reference [5] along with the results of other authors theoretical mass values cal

culated by Comay [7], Janecke [8] and Masson [9] are presented. In these papers the 

relation 
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Z-N 

M(Z,N) = M(N,Z) + ^2[M{N + itN + i - 1) - M(N + i - l,N + i)) (2) 
f = i 

is used. The first argument in brackets stands for the number of protons, while the 

second one for the number of neutrons. 

Generally mass differences appearing in the sum (see eq.(2)) are derived by equating 

them with the Coulomb energy difference of isobars with T r = l / 2 and |T2 | = - l / 2 . Masses 

of isobars wi th |Tx t=l /2 and A<59 are known from experiment. Unlike Comay [7] and 

Masson [9], Janecke [8] calculated mass values of these nuclei directly using experimental 

mass values to evaluate mass differences in the sum. 

M(N,Z) values are deduced in [7,8] by solving homogeneous difference equations. The 

calculated inaccuracies of M(N,Z) values increase as one departs from the region of beta-

stability and as it follows from equation (2) the error of M(N,Z) passes into the error of 

M(Z,N). 

We have calculated root mean square deviation (S) of the M(N,Z) values listed in [7] 

to experimental data M(N,Z)erp for all 451 nuclei with Z>N for which the evidence on 

M(Z,N), M(N,Z) and M(N,Z)esp values is presented in (5,7] and obtained £=0.56 MeV. 

Such is an extent of errors in M(Z,N) values given in [7] which are due only to the 

errors of calculated M(N,Z) values. We have improved M(Z,N) values calculated in [7,8,9] 

employing the equation 

M(Z, N)" = M{Z, N) - M{Ny Z) + Mexp{N, Z) (3) 

The refined values M(Z,N)" (with references Comay*, Janecke*, Masson") are of im

mediate interest themselves. They are used further when comparing M(Z,N) values cal

culated in different works. 

Masson [9] solving inhomogeneous partial difference equations takes into consideration 

Coulomb energy and nuclear isospin dependent symmetry energy as inhomogeneous terms. 

In this work the parameters for the Coulomb energy and its displacement are the same 

as in [8]. Though the equation (2) as such, is not utilized to calculate M(N,Z) values, 

nevertheless it remains valid. This is evident from the fact that values of d=M(Z,N)— 

M(N,Z) remain the same if one uses mass values listed in [8] or in [9]. It immediately 
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follows for the nuclei with Z>N that M(Z,N) values listed in [9] can be refined using 

equation (3) in the same way as mass values listed in [7] and [8]. 

2. The results and their discussion. 

In column 3 of Table 1 are listed mass values of nuclei with Z>N, which were calcu

lated in our approach by means of equation (1). The values Mjp/, which appear in (1) 

were calculated using the expression given in [4]. The values M(N,Z)erp and their errors 

according [5] are given in column 2. In some cases we used refined or new values of 

M(N,Z)eiP [10,11,12,13] published recently. In these cases the corresponding references 

are given. The values M(Z,N)" obtained in Comay", Janecke* and Masson* approaches 

are listed in column 4, 5 and 6 for comparison. Values M(Z,N)" of nuclei with A>60 

are identical in Janecke" and Masson" approaches. As it was mentioned before M(Z,N)" 

values of nuclei with A<60 are different in these two approaches. 

M(Z,N)" values given in the table 1 essentially refine the results [7,8,9] especially in 

the case of nuclei far from stability. Because of the lack of the place we did not include 

this table in the paper but we used obtained data presented in the discussion that follows. 

In Table 2 are presented root mean square deviations (6) which characterize the dis

crepancies between theoretical mass values established in various works and experimental 

ones. The number of known from the experiment mass values of nuclei with Z>N to 

which predicted values are compared, is equal to 95. We excluded from consideration 2SP, 

mass value of which, given by Wapstra et al [5], amounts 22.08 (40) MeV. It differs from 

the values calculated in all works considered in the Table 1 by 2 MeV or more. Such a 

large discrepancy between calculated and experimental mass values of nuclei with Z>N 

was not found in any other case. Values of 6 presented in Table 2 were calculated using 

the results of 12 various approaches, which include eight ones given in [5] and besides 

our approach and approaches labelled Comay", Janecke", Masson*. As the data of Table 

2 suggest, all approaches presented in Table 2 may be classified under two groups. Ap

proaches l-r8 belong to the first group. The agreement with experimental data in this 

group (6=0.19-r0.31 MeV) is much better than for approaches Ю-т-12 (6=0.94-1.5 MeV) 

belonging to the second one. Approach 9 occupies an intermediate position. 

The S values calculated using results obtained in our approach and the results obtained 

in [4] amount 0.31 and 1.3 MeV correspondingly. Hence the application of our approach 



99 

essentially improves mass values prescriptions for nuclei with Z>N comparing the data 

reported in the initial macroscopic-microscopic model [4]. 

Naturally the 5-values depend not only on errors peculiar to the specified theoretical 

approach but they depend also on experimental ones. 

If we restrict ourselves to 69 nuclei for which the combined error of mass values 

MfZ.NJeip and M(N,Z)„P is less or equal to 0.15 MeV than the ^-values which char

acterize the discrepancy between the predicted and experimental mass values fall in the 

range 0.09—0.30 MeV for various approaches of the first group. 

Table 2. Root mean square deviations (6", MeV) of theoretical mass values of nuclei with 

Z>N calculated in various works to experimental ones. 

N 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

Approach 

Janecke* [8] 
Comay* [7] 
Masson* [9] 
Janecke* [8] 
Comay [7] 
Masson [9] 
Our work 
Pape, Antony [14] 
Tachibana [15] 
Satpathy [16] 
Moller, Nix [6] 
Moller et al. [4] 

* 

.19 

.21 

.21 

.23 

.27 

.31 

.31 

.29 

.46 

.86 
1.5 
1.3 

*»See eq. (3) 

Division of all considered approaches into two groups is preserved if the mass values 

calculated in various approaches are compared not with experimental ones but to one 

another. For 95 nuclei with Z>N when compared the results of any one of the first group 

approaches with the results of the remaining approaches belonging to the same group, 

the ^-values lie in the range O.l-j-0.4 MeV and they turn out in the range О.Эч-1.6 MeV 

when compared with each of approaches which belong to the second group. 

The relative possibilities of various approaches describing mass values of nuclei with 

Z>N can change as the nucleus moves away from the line of beta-stability. 
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The analysis of discrepancies between mass values predictions given in various ap

proaches for all totality of nuclei with Z>N including the nuclei far from line of beta-

stability offers some possibilities to identify the approaches more appropriate in the case 

of nuclei far from stability. 

We calculate the values of 8 by comparing among themselves the mass values pre

dicted in various approaches. These values are presented in Table 3. We took into the 

consideration all totality of nuclei for which in [5] are given along with M(Z,N) values 

calculated in one or another approaches the M(N,Z)exp values too. Here are also shown 

the number (n) of nuclei used while comparing different approaches. The masses only of 

213 nuclei with (Z-N)<6 are calculated in [8]. The identity M(Z,N)* values of nuclei with 

A>60 calculated in [8] with the values calculated in [9] makes possible, using the results 

of [9], to calculate M(Z,N)* of 313 nuclei in Janecke" approach and to make use of them 

to evaluate f-values when comparing Janecke* approach with other approaches. 

Referring to Table 3 one can see that in the case when M(Z,N) values calculated in 

various approaches for the totality of nuclei with Z>N are compared between themselves, 

the same division of all approaches into two groups is valid as in the case when M(Z,N) 

values calculated in different approaches were compared with experimental ones. The 

values of 8 which describe the discrepancies between M(Z,N) values calculated in any 

approaches belonging to the first group are in the range 0.1-0.8 MeV and in the range 

1.0 MeV or more when various approaches are compared with any approach of the second 

group. 

We have stated before that the approaches 4, 5, 0 are less realistic than their refined 

versions 1, 2, 3 (Janecke*, Comay* and Masson*) and this feature must especially manifest 

itself in the case of nuclei far from stability. For this reason one can exclude approaches 

4, 5, 6 from consideration and hence it follows that actually values of 8 describing the 

discrepancies between the approaches belonging to the first group fall in the range O.l-r-0.6 

MeV. 

As regards the second group of approaches, it is worthy of note the large values of 8 

which characterize the discrepancies between Satpathy, and all remaining approaches. As 

it is seen from the data in Table 3 the values of 5 derived by comparison the results of 

Tachibana approach with ones obtained in other approaches are growing as the nuclei far 

from stability are included in consideration. In this case values of 6 are large enough to 

assign Tachibana approach to the second group. 
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When comparing the results of various approaches between themselves we establish 

the existence of well defined division of all considered approaches into two groups. Mass 

values of nuclei with Z>N evaluated in any one of approaches belonging to the first group 

difFer comparatively little from ones obtained in other approaches incorporated in this 

group, whereas mass values calculated in any approach belonging to the second group 

differ greatly comparing ones calculated in each of other considered approaches. The 

composition and properties of these group are the same as ones defined by comparison 

of calculated mass values and experimental ones. This circumstance allows us to con

sider the approaches of the first group namely Comay*, Janecke", Masson", our approach 

and approach of Pape and Antony [14] as the most reliable with respect to mass values 

description of nuclei with Z>N. All five above mentioned approaches share the common 

property that they use or another relation linking the masses of mirror nuclei and besides 

that the experimental value M(N,Z)exp is taken as a mass of the initial nucleus. The 

minimal discrepancy (£=0.26) occurs when comparing values of M(Z,N) calculated in our 

approach and in Pape and Antony one. Somewhat larger (£=0.40 MeV) is the discrepancy 

between results obtained in our approach and Comay' one. 

Although the authors [7,8,9] use the same expressions [17,18] to calculate the Coulomb 

energy displacement, nevertheless its values which are equal to M(Z,N)-M(N,Z) (see equa

tion (3)) actually are not equal. 

Let us introduce the quantity D,=M(Z,N)limilr—M(Z,N)1>min for each of nuclei with 

Z>N, whose masses are presented in [5], M(Z,N),,mar and M(Z,N)i,min denote the maximal 

and minimal mass values of nucleus i which has been derived in one or another approach 

considered in [5]. The root mean square value 

fi=(i>?/") 
calculated'taking into account all nuclei with Z>»N presented in [5] is 5.2 MeV. Even 

if we exclude from consideration the results of Satpathy deviating widely from the results 

obtained in other approaches, then nevertheless the value of D is equal to 2.1 MeV. The 

scatter in data may be significantly diminished if we restrjct our consideration to five 

above mentioned approaches for which one would expect better accord between theory 
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and experiment than in the other considered approaches. In this case the spread of mass 

value predictions is greatly reduced and D amounts 0.6 MeV. 

Table 3. Root mean square values (£;*, MeV) which characterize the differences 
of masses M(Z,N),- and M(Z,N)* calculated in different approaches "i" 
and "к" and numbers of nuclei (n) used when comparing mass values. 
Indices i and к are the same as N in table 2. 

i к 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 

.00 
213 
.28 
213 
.12 
213 
.14 
213 
.51 
213 
.37 
213 
.44 
213 
.49 
213 
62 
213 
5.72 
150 
1.22 
201 
1.09 
201 

4 

.28 
213 
.00 
433 
.37 
313 
.30 
213 
.57 
433 
.56 
313 
.41 
433 
.51 
433 
1.22 
157 
7.24 
157 
1.30 
310 
1.11 
310 

3 

.12 
213 
.37 
313 
.00 
313 
.19 
213 
.54 
313 
.45 
313 
.50 
313 
.60 
313 
.99 
310 
7.03 
157 
1.35 
285 
1.14 
285 

4 

.14 
213 
.30 
213 
.19 
213 
.00 
222 
.54 
222 
.50 
222 
.46 
213 
.50 
213 
.62 
222 
6.02 
159 
1.20 
210 
1.08 
210 

5 

.51 
213 
.57 
433 
.54 
313 
.54 
222 
.00 
474 
.64 
328 
.65 
435 
.75 
435 
1.22 
388 
7.51 
171 
1.55 
334 
1.33 
334 

6 

.37 
213 
.56 
313 
.45 
313 
.50 
222 
.64 
328 
.00 
328 
.65 
313 
.72 
313 
1.05 
325 
7.41 
171 
1.33 
300 
1.17 
300 

7 

.44 
213 
.41 
433 
.50 
313 
.46 
213 
.65 
435 
.65 
313 
.00 
454 
.26 
454 
1.43 
373 
7.31 
157 
1.51 
310 
1.29 
310 

8 

.49 
213 
.51 
433 
.60 
313 
.50 
213 
.75 
435 
.72 
313 
.26 
454 
.00 
454 
1.52 
373 
7.37 
157 
1.46 
310 
1.28 
310 

9 

.62 
213 
1.22 
371 
.99 
310 
.62 
222 
1.22 
388 
1.05 
325 
1.43 
373 
1.52 
373 
.00 
391 
7.03 
171 
1.35 
319 
1.15 
319 

10 

5.72 
150 
7.24 
157 
7.03 
157 
6.02 
159 
7.51 
171 
7.41 
171 
7.31 
157 
7.37 
157 
7.03 
171 
.00 
171 
5.93 
166 
5.78 
166 

11 

1.22 
201 
1.30 
310 
1.35 
285 
1.20 
210 
1.55 
334 
1.33 
300 
1.51 
310 
1.46 
310 
1.35 
319 
5.93 
166 
.00 
334 
.52 
334 

12 

1.09 
201 
1.11 
310 
1.14 
285 
1.08 
210 
1.33 
334 
1.17 
300 
1.2.9 
310 
1.28 
310 
1.15 
319 
5.78 
166 
.52 
334 
.00 
334 

In more detail the differences between masses of nuclei with Z>N predicted in the 

above more appropriate approaches can be estimated from the data shown in Table 4 in 

which the distribution of nuclei over mass difference A=M(Z,N)our—M(Z,N)t is given. 

(Here mass values predicted in our approach and in some other approach are labelled 

"our" and "k", respectively). For reference in Table 5 are shown the results obtained by 

comparing mass values calculated in our approach and approaches which do not belong 

to the group of ones best suited to describe the mass values of nuclei with Z>N. 
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Table 4. The distribution of nuclei over mass differences AM(Z,N)our—M(Z,N)*, 
Mass values predicted in our approach and in other one belonging to 
the group of more appropriate approaches are labelled "our" and "k" 
correspondingly; n is a full number of nuclei used when comparing the 
masses calculated in our approach and in approach labelled "к". 

A.MeV 

Д <-0.8 
-0.8< Д <-0.6 
•0.6< Д <-0.4 
-0.4< Д <-0.2 
-0.2< Д <0.0 
0.0< Д <0.2 
0.2< Д <0.4 
0.4< Д <0.6 
0.6< Д <0.8 
0.8< Д <1.0 
1.0< Д <1.2 

Д<1.2 

Janecke* (8] 
n=213 

0 
0 
0 
0 

13 
65 
49 
42 
27 
15 
2 
0 

Comay* [7] 
n=433 

0 
0 
0 
0 

53 
155 
102 
58 
35 
20 
9 
1 

Masson* [9] 
n=313 

0 
0 
0 
1 

27 
81 
71 
55 
37 
27 
13 
1 

Pape, Antony [15] 
n=451 

0 
3 

34 
127 
175 
68 
34 
13 
0 
0 
0 
0 

•'See eq. (3). 

For all approaches belonging to the first group the values of Д exhibit a regular trend. 
In isobar nuclei they change with the atomic number Z in a way close to the linear one. 
When comparing our and Pape and Antony results the values of Д decrease with A, go 
through zero at A^43 and become more and more negative with an increase of A. Some 
tendency of decreasing Д with A appears also when comparing masses calculated in our 
approach and Comay* one. In this case values of Д for all isobars with A>52 decrease 
with A and large values of Д (in the range 0.54-0.78) appear only if (Z—N)>10. 

The problem of the further refinement of mass prescriptions given by above mentioned 
more appropriate approaches need special consideration. In connection with this it would 
be important to elucidate the cause of the systematic diminishing with A the values 
of A=M(Z,N)eur—M(Z,N)P^A and the origin of the differences between M(Z,N)" values 
calculated in Comay* and Janecke* approaches. 
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Tabic 5, The same as Table 4 but approaches "к" do not belong to the group of more 
appropriate approaches, 

Д, MeV 

Д <-3,0 
-3.0< Д <-2,5 
-2,5< Д <-2.0 
-2.0< Д <-1.5 
-1.5< Д <-1.0 
-1,0< Д <-0.5 
-0.5< Д <0.0 
0.0< Д <0.5 
0.б< Д <1.0 
1.0<Д <1.5 
1.5<Д <2.0 
2.0< Д <2.5 
2.5< Д <3.0 

Д >3.0 

Tachibana [15] 
n=373 

0 
0 
2 
0 
2 

15 
59 
87 
50 
51 
39 
27 
24 
17 

Satpathy [16] 
n=157 

0 
0 
1 
2 
4 
9 

16 
26 
21 
16 
5 
2 
3 

52 

Mollcr, Nix [6] 
n=310 

0 
0 
4 

12 
23 
33 
43 
43 
48 
28 
18 
15 
28 
15 

Moller ct ai. [4] 
n=310 

1 
0 
2 
8 

26 
30 
50 
'45 
47 
43 
17 
21 
15 
3 
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Abstract 

The rising interest to the "hot" fusion reactions leading to the production of trans-
fermium nuclides is determined by a number of reasons. Particularly one can mention 
the follows: 

• the possibility of obtaining data on the properties and characteristics of the decay 
of new nuclides with Z > 106, which are impossible to obtain in the reactions 
of "cold" synthesis (for example, nuclides with the number of neutrons close to 
N = 162 [1]); 

• the promising character of the results of measuring the number of neutrons emit
ted before fission ( see for example [2] ) which enables to hope for the experimen
tally accessible cross section values of the evaporation residues formation; 

• the general interest to the study of the heavy ion fusion mechanism and to the 
formation of heaviest nuclei, stability of which in their ground state relatively to 
the fission is caused by shell corrections only. 

The issue of the "extra-push" effect manifestation in the asymmetric combinations 
leading to the "hot" fusion of nuclei [3,4,5] has also become now a matter of animated 
discussions. 

And finally, one can not disregard the problem related to the fact that the experi
mental possibilities of the "cold" synthesis reaction have been exhausted to a consid
erable extent and the experimentally obtained cross section values for the formation of 
nuclides with Z > 106 do not inspire the experimentalists [5]. 

Introduction 
Lead- and bismuth-based fusion reactions were used successfully to synthesize the heaviest 
transfermium elements [6,7]. The advantage of these reactions is that only slightly excited 
- C — ; ; ; '• 
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compound nuclei at bombarding energies close to the fusion barrier are produced. This is a 
consequence of the double magic structure of 508Pb. Low-excitation energies were considered 
to be the reason for the survival of fragile heavy nuclei against prompt fission. In the 
eighties, experiments on the synthesis of heavy elements led to the discovery of the new 
elements with Z = 107, 108 and 109 [6,7]. Further advance on this way to heavier elements 
seems to be very difficult. The drop of the cross-sections towards higher Z indicates that 
the limits of this method were reached almost by using experimental techniques presently 
available. The question arises whether more asymmetric target-projectile combinations, i.e 
the use of actinide targets, would help to overcome these difficulties. The asymmetric systems 
fuse with higher probabilities at the Bass barrier, but, at the same time, the excitation 
energies of the compound nuclei increase from 20 MeV, which is typical for cold fusion, 
to 40 - 50 MeV. This increase of the excitation energy reduces the survival probability of 
heavy compound nuclei. In the review papers (6,7] the cross-sections obtained in "hot" and 
"cold" fusion reactions were compared. The data for hot fusion reactions were measured 
for 4n-evaporation channels in the course of synthesis of Z = 102-106 nuclei using actinide 
targets; experimental data on ln-evaporation cross-sections were obtained in more symmetric 
target-projectile combinations leading to Z = 102-109 nuclei. This comparison showed a 
considerable advantage for producing nuclei with Z>104 via cold fusion reactions. However, 
the problem still deserved a more detailed investigation as the existing data for the "hot" 
fusion reactions leading to Z > 102 nuclei were rather scarce. 

The goal of our experiments was to obtain the new data on the cross sections of the evapo
ration residues formation in the "hot" fusion reactions of 236{/(22/Ve,4 — 6n), M277i(26Mff,4 — 
6n) leading to the 2S8I02 compound nucleus and 2 3 6(/(2M/,5 - 6n), 732Th(31 P,5n) leading 
to the 263105 compound nucleus. Earlier three reactions: UC +2*e Cm [8], ,5/V +™ Am 
[9], and , e O +2 4 2 Pu [10] leading to the 2sa 102 compound nucleus have been investigated. 
Thus the chosen projectile-target combinations add to the set of asymmetric "hot" fusion 
reactions in which the 2S8102 compound nucleus is formed. The change of the arithmetic 
mean fissility parameter [11] in these combinations is determined by different configurations 
of the reaction entrance channel. This enables to reveal the fusion barrier dependence upon 
the entrance channel asymmetry and the influence of this dependence on the cross sections 
of different fusion-evaporation reaction channels. 

For the second step, we wanted to proceed to more fissile compound nuclei. We in
vestigated the 23ei/(27/l/,5n-6n) and 232TA(3,P,5n) reactions to compare the cross-sections 
with the previously studied 209Bi(S0Ti,ln-2n) reaction [12]. These reactions led to the same 
evaporation residues (ER) 2S7105 and 258105. The experiments with the use of r r Al and 3 1 P 
beams were carried out in the collaboration with GSI Darmstadt and Comenius University 
Bratislava groups ( see for example [13]). 

1 Experimental set-up 
The experiments were carried out on the extracted beam of the U-400 cyclotron of the 
FLNR, JINR. The separator of nuclear reaction products VASSILISSA [14] was used. 

The separator (see Fig. 1) was designed for experiments which imply the observation of 
heavy ion reaction ER. The fusion reactions leading to the formation of neutron-deficient 
nuclides with Z > 83 were the subject of our studies [15] including the reactions being of 
interest for the synthesis of the heaviest nuclei with Z > 100 [16]. 

The ER's were separated from projectiles by an achromatic system composed of three 
electric dipoles [14]. Two triplets of electromagnetic quadrupole lenses provide the focusing 
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of recoil nuclei on a detector system. Recoil nuclei emerging from the target at zero angle 
with respect to the beam direction are accepted by the separator within a solid angle of 10 
msr. The distance from the target to the focal plane is about 12 m. 

The detector system consisting of two (start and stop) time-of-flight detectors and an 
array of silicon detectors has been developed and installed in the separator focal plane. Thin 
plastic foils (80 mm in diameter) emitting secondary electrons and microchannel plates for 
detecting these electrons are exploited in both timc-of-flight detectors. The typical time 
resolution of about 0.5 ns was obtained for slow (full energy 10-20 MeV) recoil nuclei having 
mass numbers of about 200. The value of 99.95% has achieved for the detection probability 
of such recoil nuclei by making use of a single timing detector. After passing the time-of-
flight detectors, recoil nuclei are implanted in an array of detectors assembled on the basis 
of separate position sensitive silicon strips, Eight such strips having each the (8 x 64) mm 
sensitive area compose the detector array with rectangular surface of (67.5 x 64) mm. The 
typical energy resolution is about 45 keV for 5.3 MeV a-particles. Position resolution is 
obtained close to 0.5 mm in each strip. 

The transport efficiency of the separator for ER's produced in (HI,xn), (HI,pxn) and 
(HI,axn) reactions was determined for a number of asymmetric projectile-target combina
tions. The efficiency values ez„, epxn and eozn were derived from the yield ratios of known 
reactions products obtained in the separator focal plane and in a catcher foil inserted behind 
the target. Alpha-spectra of the short-lived nuclides were measured for the catcher foil by 
in-beam spectroscopy methods. The measurements were performed for target thickness (ui() 
ranging from 0.1 to 1 mg/cm2. The examples of the obtained results are displayed in Fig.2 
for (HI,xn) reactions induced by 22Ne, **P and *°Ar. Fig.2 shows the experimentally mea
sured yields of ER's (exn x wt). The results of the calculations which take into account ER's 
angular, energy and charge distributions, are shown for the same figure for a comparison. 
One can see from the figure that calculated and experimental values of the VASSILISSA 
transport efficiency coincides rather well. The accuracy of our computer simulation is very 
important for the predictions of the experimental conditions for the study of reactions leading 
to formation of the transfermium elements. 

For each experiment, we performed the measurement of the separation efficiency several 
times in properly chosen conditions providing the accuracy within a factor of 1.5. This 
enabled us to obtain with the same accuracy the data on the total reaction cross-sections 
for ER's of Z > 83 compound nuclei (15]. 
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Figure 2: Transport efficiency for different projectiles as a function of target thickness. 
Calculated efficiency (lines) are shown for a comparison 

The suppression factor of the scattered beam-like ions detected in the separator focal 
plane was obtained ranging from 10" to 10" for the energy E < 0.1xEbeam-

The rotating wheel targets synchronized with the cyclotron beam modulation (f=150 
Hz, 25% duty factor) as well as the separator detection system are capable of sustaining the 
heavy ion beam currents up to 3 p/iA. This enables us to carry out the actinide target based 
experiments on the synthesis of transfermium nuclei expecting the observation of a single 
mother-daughter a — a—correlation event per day for the reaction cross-section 100 pb [13]. 

2 Experiment 
The average beam intensity of 2,Ne, MMg, ,7Al and 31P ions varied between 0.5 and 1.0 p/iA. 
The silicon detector array installed in the focal plane of the separator allowed for the reliable 
identification of the а и - а и Ю 2 isotopes having the production reaction cross-sections of > 1 
nb on the basis of a few their a—decays within a day of irradiation. This cross-section limit 
was reduced to 0.1 nb due to the position sensitivity of the detectors and mother-daughter 
correlations for 25T-258105. Spontaneous fission (SF) branches «associated with J52102 and 
?58105 were also observed. The a-decay branching ratio of u9Fm b 0 = (32.8 ± 8.5)% was 
obtained from the ratio of the number of its a-decays to that for the parent JS3102. Fig.3 
presents some examples of the measured a—spectra. 

3 Results and discussion 
3.1 The results 
In Fig.4 the obtained cross-section values for the four to six neutron evaporation reaction 
channels are presented in the reference to the excitation energy of the JS8102 compound 
nucleus. In Fig.5 the results are presented for the production cross-sections of the 35T,258105 
ER's of the 2e3105 compound nucleus formed as the result of the fusion of 27Al with 736U 
and 31P with "'ГЛ. The given errors contain the contributions due to the statistics and 
uncertainties in the target thicknesses, beam integral fluxes and the separation efficiency. 
The upper cross-section limits correspond to a single event detection. 
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Figure 5: Comparison of the cross-sections obtained for the ER's 3S7,2S8105 produced in the 
reactions 77Al +2 3 6 U and 3 , P +232 Th (this work) and b0Ti +2 0 9 Bi [12]. 

3.2 Discussion of the results for the ER's of the 258102 compound 
nucleus 

In Fig.4 the data of other authors are also shown which give the excitation curves for the 4n 
and 5n evaporation reactions obtained in the target-projectile combinations leading to the 
258102 compound nucleus: " С +2 4 6 Cm [8] and I 6 0 +2 4 2 Pu [10]. Figure 4 displays also the 
calculated thresholds for the (4-6)-neutron evaporation reactions and the Bass barriers [17] 
for the investigated target-particle combinations. This has been done to attract attention 
to the following circumstances. Firstly, the 4n-reaction is deeply sub-barrier one for the 
reactions considered here. The differences in the excitation energies for the Bass barriers and 
the 4n-reaction threshold is about 20 MeV. Secondly, for the reactions induced by the i e 0 , 
nNt and 26Mg ions the excitation energies of the 258102* compound nucleus corresponding 
to the Bass barriers increase at the transition from oxygen to magnesium by 3 MeV only. 
At the same time at the transition from i e O to 22Ne and 26Mg a substantial decrease of the 
production cross sections is observed, especially for the 4n-channel. 

Figure б demonstrates the behavior of the cross sections for the 4n and 5n-reaction 
channels in dependence on the projectile atomic mass number. For the 4n-reaction the 
given cross section values correspond to the compound nucleus excitation energy of 45 MeV. 
In the case of 26Mg +2 3 2 Th we used for this ( E*=45 MeV ) cross section the 4-times 
increased experimental value which was obtained at the excitation energy of 55 MeV. This 
factor has been taken from the 4n excitation function for the , 2 C +2 4 6 Cm reaction. The 
obtained value may be regarded as an overestimated one as it does not take into account 
the decrease of the fusion cross section near the barrier of the reaction 26Mg + 2 3 2 Th. For 
the case of the 5n-reaction channels, the experimental data for the maximum cross section 
values arc presented in Fig.6. One can see from the figure that the factors of the decrease of 
the production cross sections at the transition from , 6 0 to 26Mg are about 6-10 for the 4n 
channel and 3-5 for the 5n channel. Unfortunately, there are no data on the 6n-evaporation 
channel for the reactions with UC and 1 6 0 ions. Consequently it is impossible to carry out 
a direct comparison of the cross sections. We note, nevertheless, that the maximum cross 
section values for the 6n-channel obtained in the reactions with 22УУ*е and 26Mg ions are 
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Figure 6: The. behavior of the cross sections for the 4n and 5n evaporation channels for the 
reactions leading to the ,58102 compound nucleus in dependence on the projectile atomic 
mass number. 

about the same as those for the 5n-channel. Thus one can assume that the lowering of the 
cross section values at the transition from oxygen to magnesium ions will be smaller for the 
6n channel than for the 5n-channe]. 

A comparison of the experimental data for the maximum cross-section values with results 
of two different calculations [18,19] presented in Table 1 illustrates the situation. Both 
calculations are based on the statistical model, and in each case the model parameters were 
derived from the best description of a large set of experimental data on the production 
cross-sections of the ER's with Z > 98. The data set includes the heavy ion fusion reactions 
occurring on the targets ranging from lead to californium. 

In the model of (18) a semiempirical parametrization is used for the Г„/Г/ dependence 
on Z and A of the compound nuclei, their excitation energy and angular momentum. The 
model describes well the cross-sections for the 6n reactions but it predicts, compared to our 
experiments, to high values of the maximum cross sections for the 4n and 5n channels of 
the reactions nNe+2XU and KMg+*3*Th. A much better agreement was achieved by the 
reduction of the diffuseness parameter in the Woods-Saxon potential, this reduction being 
equivalent to the increase of the fusion barrier by 4-7 MeV relative the Bass barrier. In 
principle, such an increase of the barrier does not contradict the notion of the "extra-extra 
push" model [3,4,5,11]. 

In the other approach to the cross section calculation [19] based on the ALICE code.a 
semiempirical parametrization is performed for the "effective" values of the fission barrier. 
The results of the calculations show a rather good agreement with the 6n reaction data and 
reproduce well the experimentally observed drop of the 4n and 5n reaction cross sections in 
the transition from " 0 to nNe and KMg projectiles without a need to increase the fusion 
barrier. ., 

The conclusion emerging from [19] appears to us to be more natural. Indeed both of 
the reactions, with a We and 26Mg, are sub-barrier for the 4n and 5n channels. At these 
conditions, even a small variation in the barrier parameters, the location of the maximum 
and the shape of an excitation function can affect strongly the calculated maximum cross 
section. One may assume that the model [18] could not fit the experimental cross sections 
due to the extreme difficulty to escape large errors in the relevant calculations. Therefore 
we come to the conclusion that our data do not show any evidence of a manifestation of the 
"extra-extra push" barrier for the reactions listed in Table 1. 
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Tabic 1: Comparison of experimental and calculated excitation energies and maximum cross-
section values for (HI,xn) reactions leading to the formation of the2S8102 compound nucleus 
( a- for the 2a2Th(26Mg,4n) reaction extrapolated to 45 MeV from higher excitation energy 
cross-section value (see fig.4) is given). 

4n 5n 6n 
Reaction x% 

«a +"e Cm гШГ 

1 в 0 + 2 4 2 pu 0 i 6 9 8 

2J N» J-236 Ne +2 3 6 U 0.721 

Kh4„ i 332 Mg+™Th 0.735 
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3.3 Fissility estimations 
The obtained experimental data allow for the estimation of the Гп/Г<0| values at the initial 
stage of the deexcitation process of the 258102 compound nucleus. In ref.[20] the produc
tion cross sections were measured for the 252102 nuclide formed via the 356102 compound 
nucleus in the reaction шРЬ{4аСа,4п). The maximum cross section value obtained in those 
experiments was estimated as 20 nb. It should be noted that the 4n-reaction in this case is 
not a sub-barrier one. The value of the fusion reaction cross section in the maxima of the 
252102 nuclide yield for iBCa, 22Ne and 26Mg reactions are about the same and is estimated 
as (500-600) mb. In our experiments, leading to the 258102 compound nucleus, maximum 
production cross sections of the 6n-reaction channel for the 252102 nuclide are estimated as 
15 nb for the 22Nc and as 8 nb for the 26Mg induced reactions. Thus, the averaged over the 
two first stages of the 258102 compound nucleus deexcitation cascades < Г„/Г,0< > value is 
evaluated as 0.7-0.9. The normalization of the experimental cross sections on the reduced 
wavelength of the projectile particle decreases this value of < Гп/Гы > by the factor of 
1.5-1.7 only. This result may be considered as an indication of that the high excitation 
energy of the compound nuclei obtained in very asymmetric heavy ion reactions is not a 
severe restriction in the production of the heaviest ER's. 

Though at a more qualitative level, similar inferences follow from the comparison of the 
results for the reaction 27Al+236 U given in Fig.5 and the data for the reaction 5 0 Г{+ 2 0 9 Bi 
[12]. For both the reactions, the production cross sections of the same evaporation residues, 
i.e. 257,258105 are obtained. The two groups of the data points (5 and 6 neutron evaporation 
for4he "hot fusion" reaction 27Al+236U and 1 and 2 neutron evaporation for the "cold fusion" 
reaction S0Ti: +2 0 9 Bi are close to the cross section maxima for the element 105 produced 
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in the two investigated reactions, At lower excitation energies the production of 26° 105 in 
On and 4n channels, respectively, is strongly hindered by the Coulomb barrier. At higher 
energies an increasing fission probability lowers the cross sections in both cases. Although 
the excitation energy of the ae3105 compound nucleus for the uranium-based reaction is 
by about 40 MeV higher than that of the 2SD105 compound nucleus for the bismuth-based 
reaction, the neutrons evaporation reaction cross sections are only about a factor of ten lower 
in the case of the "hot fusion" compared to that of the "cold fusion". 

4 Conclusion 

o(nb) 
10J 

104 

10> 

102 

Ю" 
100 
10-lr 
10-3 

96 

• 

1 

• 4n, e«p, 
• 3D, «p. 
• 6n,*u. 
a 4o, ulc. 
ч 5n,c*lc. 
о бо, cite. 

У О 

s 
о 

100 104 108 112 

Figure 7: Maximum cross section values from calculations and experiment for reactions 
"C+^U» 0+aMtf и Mg+™Th,"AI+™U>' Nc+™Cm» N.e+™Cf and "Mg+™Cf. 

The analysis of the measured cross-sections with the use of the "Ne,™ Mg,i7 Al and 3lP 
projectiles did not reveal any evidence of a hindrance to fusion at the ion bombarding energy 
close to Coulomb barrier. Calculations making use the modified version of the statistical 
code ALICE [19] describe rather well all the existing data for fusion reactions for which the 
mean arithmetic fissility parameter xm ranged from 0.68 ( , 2C+M8Cm) to 0.773 (3lP-f"2Th). 
On this grounds, we extrapolated the calculations to the fusion reactions leading to Z=106-
110 nuclides in the vicinity of the neutron number N=162 ( see Fig.7 ). These extrapolations 
demonstrate the reasonability of the experiments aimed at the production and investigation 
of these nuclides. The best reactions, from the point of view of their cross-sections, appear 
to be nNt +™ Cm -»270 106', ™Mg +ш Cm -»™ 108% "Ne + " 9 Cf -»871 108' and 
mMg +2"9 Cf -*"5 110*. Some improvements of the kinematic separator VASSILISSA will 
enable us to carry out the experiments in this region of the compound nuclei. 

The authors express their gratitude to Drs.E.A.Cherepanov, Yu.A.Muzychka and B.I.Pustylnik 
for the calculations and for the useful discussions. 
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Empirical Analysis of Production Cross Sections for 
Highly Fissile Nuclei Formed in Heavy Ion Hot 

Fusion Reactions 
R. N. Sagaidak, A. N. Andreyev, V. I. Chepigin, A. P. Kabachenko, 

0 . N. Malyshev, G. M. Тег-Akopian, A. V. Yeremin 
Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Russia 

Various theoretical and semi-empirical calculations were carried out to choose optimum 
target-projectile-energy combinations for the production of the heaviest nuclei via the (HI,yn) 
reactions [l]-[3]. We tried to approach this problem on the basis of systematic trends in the 
experimental cross section values at maxima of excitation functions for highly fissile and highly 
excited nuclei. The data obtained by our group [4]-[6] recently and the earlier results for the 
actinide:based systems (see most of refs in [1, 3, 4]) were used in the analysis. 

According to [7] we proceeded from the simplified formula for the cross sections of (HI,yn) 
reactions: 

cyn(E) = *(*Ilim)2-S(E')-P(E) (1) 

The first factor тг (#//,,„ )2 with 1цт ~ 15 for highly fissile nuclei [8] describes the formation 
of a fused system with no hindrances acting. The survival probability S(E") is caused by 
fission losses in the evaporation cascade. This factor depends on fissility of heavy nuclei. A 
dynamical limitation in the entrance channel due to the increasing repulsive Coulomb forces is 
characterized by the fusion probability p{E). We examined the dependences of the experimental 
reduced cross section values: 

ayn= сгуп{Е)/ж(Х1«т)2 (2) 

for у = 4,5 on the weighted mean fissility parameter [9j: 

xm=gx + (l-g)xefj (3) 

For the parameters x and xe// see formulae in [9]. 
Figure 1 shows the <ryn values as a function of the xm for the investigated 4n and bn 

reactions. The g = 2/3 scaling has been chosen as proposed in [9, 7]. A rather bad scaling 
is clearly seen especially for the bn reaction data. We varied the g parameter to improve the 
scaling. A rather good scaling (within a factor of 3) was obtained for the 4n reaction data with 
<7=0.85±0.025. For the 5ra reaction data the best scaling (within a factor of 6) was achieved 
with <7=0.925±0.025. The results are shown in Fig.2. Both dependences were fitted by the 
exponentials in the form: 

< 103 ^yn>= exp[a + 6(0.7 - xm)} (4) 

with a and 6 as the fitting parameters (shown in the figure). 
We compared also the value of compound nucleus excitation energy at the excitation func

tion maximum for the investigated 4n and 5ra reactions, E*a, with the compound nucleus 
excitation energy at the fusion barrier [10], Е'(Ввазз)- As a result strong correlations are 



120 

observed between these values for the <1n reactions. The correlations are observed for the 5n 
reactions at Е'[Вца„) > 40 MeV, as it is shown in Fig.3. The dependencies were fitted by 
the form: 

< £ ; п > = а [ Д * ( Я в п « ) - 3 0 Г + /?, (5) 
where a , ft and 7 arc the fitting parameters (shown in the figure). 

0.65 0.70 0.75 0.80 
xm=2/3x+ l/3xe/f 

0.85 0.60 0.65 0.70 0.75 0.80 
Xrn=2/3x+ l/3xeff 

Fig . l . Reduced experimental cross section values for the (III,yn) reactions as a Junction of 
the weighted mean fissility parameter [9]. 
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Fig.2. Reduced experimental cross section values for the (HI,yn) reactions as a function of 
the modified weighted mean fissility parameter leading to the best scaling of the data. 

The obtained systematics (4),(5) along with (2),(3) can be used to estimate the production 
cross sections and the maximum cross section projectile energies for the formation of highly 
fissile nuclei via actinide-based ( Я / , 4 —5n) reactions. These estimations for some combinations 
are listed in the Table along with the results of calculations [l]-[3]. The values Eyn in MeV 
of the projectile energy corresponding to the maximum of the excitation functions and those 
of maximum cross sections <ryn in pb are given. Possible deviations of our extrapolated cross 
section values from the real ones is estimated to be within a factor of 3 for the [HI, An) reactions 
and within a factor of 6 for the ( # / , 5 n ) reactions. 
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35 40 45 50 
E*(BDass)/McV 

30 35 40 45 50 

E*(BBWB») / MeV 

Fig.3. Systemalics of experimental excitation energy values at the cross section maxima for 
the (HI,yn) reactions as a function of the excitation energy at the Bass barrier [10]. 
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HOT FUSSION REACTION CROSS-SECTIONS 
Yu.A.Muzychka, B.I.Pustylnik 

FLNR, JINR, Dubna, Russia 

During recent years, the interest to "hot" fusion reactions, using actinide targets, in which 
compound nuclei with excitation energy of 40-50 MeV are produced, has increased [1]. At 
present there is a great amount of experimental data on cross-sections of such reactions with 
evaporation of 4-6 neutrons leading to different isotopes of the transfermium elements up to 
the element 106, that allows one to carry out a systematic analysis of these data. 

Figure 1 shows the values of cross-
section logarithms in the max
ima of excitation functions of 4n-
reactions versus X — the fissil-
ity parameter of the original com
pound nucleus. Triangles are the 
values of cr™* for reactions in
duced by В and С ions, circles 
— N, 0 , F, squares — Ne, Mg, 
Al. The "quiet", without any 
peculiarities behaviour of o™* is 
noteworthy. All points are suffi
ciently uniformly grouped around 
one straight line which implies an 
exponential dependence of o™x on 

0.80 0.82 0.84 0.86 0.88 0.90 X. A similar picture is observed for 
Fig . 1 5n-reaction cross-sections (Fig. 2). 

It is seen that for the nuclei under 
consideration no substantial changes occur in the xn-reaction process and all experimental data 
can be described using an unified algorithm. Usually one uses relations of the statistical theory 

of nuclear reactions for this pur-
l O g 0 J n pose, but there exist some doubts 

in their validity for the fission 
A width calculations when the fis-

sion barrier and nucleus tempera
ture are approximately equal. At 

29 [• A the same time, the data on the 
A • • i, prescission neutrons number ob-

9 Ai tained during the recent years in-
ж •** • dicate that fission is a slow pro-

»^ * cess. This circumstance and also 
the exponential dependence of xn-
reaction cross-sections leading to 
transfermium nuclei on the fissility 

j X parameter X indicate that one can 
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based on the program ALICE was employed [2]. The cross-section of the compound nucleus 
formation was calculated using the formula: 

where Ve(/) is the height of the interaction barrier and u( is the curvature of this barrier. 
The choice of parmeters of the interaction potential was discused earlier [2]. The aim of our 
calculations was the optimum description of the maximum values of cross-sections. More than 
90% of cross-section values in their maxima are achieved at \<g.\cr. For this reason, the results 
of calculations were not much sensitive to the value of ler and calculations were ended when 
contribution of the last partial wave to the cross-section was less than 1% of its value. 

Calculations were carried out in two variants. In the fust one, shell effects in evaporation 
and fission channels were taken into account: 

a(E) = a{\ + [) -смс|>(-О.ОО5-10)]ДИ'/Е} » / ( / ) = Bf*{l) + AB (2) 

where a=A/10, AW and ДВ are the shell corrections to the masses of the residual nucleus after 
neutron evaporation and of the fissioning nucleus, ByPS(/) is the fission barrier in the model of 
rotating charged drop. The ratio «//«„ was taken equal to 1. 

In th<i second case the relations 
(2) were used also, but the values 
AW and ДВ were considered to be 
formal parameters. For their deter
mination the reaction 2 3 8U+ 1 80 was 
used, for which excitation functions 
of the reactions from 4n to 8n were 
measured with a good accuracy. The 
best fit was obtained with AW=0 and 
ДВ = 1.1. These values of parameters 
were fixed and calulations for all re
actions, for which experimental data 
exist, were performed with them. In 
botli variants of calculations a good 
fit was obtained. We consider the sec
ond variant which is more simple and 
more convenient for extrapolation. 

The results are presented in Fig_.:l, where there is shown a logarithm of the ratios of calculated 
and experimental values of cross-sections in maxima of excitation functions for reactions 4n, 
5n and 6n versus fissility parameter X. Dashed lines limit interval -0 .6 < log(<rcai/<7cxp) < 0.6, 
i.e., for the points lying between these lines 1/4 < аы/аем, < 4. From Fig.3 one can see that 
overwhelming majority of the points arc within this interval. 

One must note that the fission barriers of transfcrmium nuclei Bj are substantialy smaller 
than their neutron binding energies and therefore after neutron cascade a nucleus can be found 
with high probability with an excitation energy within interval Bj - Bn and it undergoes fission. 
Only those nuclei reliably survive that after neutron cascade have the excitation energy smaller 
than Bj. Calculations show that this factor reduces yield of heavy nuclei by several orders 
of magnitude and that the value of < Гп /Г/ > ratio is smoothly varying in the transfermium 
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region and ranges near 0.1. This result qualitatively differs from the gencralyy accepted opinion 
that the ratio axnjac is completely determined by < Гп /Г/ > value which for heavy nuclei is 
of the order of 0.01. 
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Л good agreement of calcu
lation results and experimen
tal data for reactions induced 
by Mg and Al, in which iso
topes of the elements 102 and 
105 were produced, is exempli
fied by Fig.4. This agreement 
indicates that there are no sensi
ble limitations in fusion for this 
ions. Some estimates of produc
tion cross-sections of several iso
topes of the elements 107-110 in 
maxima of excitation functions 
for 4n and 5n channels are listed 
in the table. 
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Identification of Rare Heavy Nuclei at Cross-
Sections of One Picobarn 

S. HOFMANN 

GSI, Planckstrasse 1, D-64291 Darmstadt, Germany 

1. Why One Picobarn? 

In older cross-section compilations of nuclear-fusion reactions, e.g. the one pub
lished by Neubert [1] in I973, only few of the collected data are in a range close 
to 1 nb. Since that time more powerful accelerators came to operation: in Berke
ley the SuperHILAC, in Dubna the U400 cyclotron, and in Darmstadt the UNILAC. 
In all three laboratories investigations to search for superheavy nuclei were im
portant parts of the experimental program. Separators were planned and built 
aiming at identification of superheavy nuclei produced both in fusion as well as 
transfer reactions. In addition, mechanical transport systems and chemical sep
aration techniques were developed. An overview can be found in Ref. [2]. "Al
though the predicted spherical superheavy nuclei could not be found yet, the 
sensitivity of experiments could be increased, and nuclei, produced with cross-
sections as small as 3 pb could be identified. 

In Darmstadt, isotopes of the new'elements 107 (nielsbohrium, Ns), 108 
(hassium, Hs), and 109 (meitnerium, Mt) were identified by only a few number of 
decaying atoms produced with cross-sections of 167 pb [3], 19 pb [4], and 10 pb 
[5], respectively. The lowest cross-section measured until now is (3.2 ig'g) PD f ° r 

production of the isotope ^ H s in the reaction ^ F e ^ P b . ^ H s J I n [6]. Measuring 
times were between 1 and 3 weeks. The high sensitivity achieved in the exper
iments is due to: a) A stable, high current beam from the UNILAC, b) A high effi
cient separation of the reaction products by the velocity filter SHIP [7] and с) А 
sensitive detector system with feasibility to correlate detector implanted reaction 
products to their succeeding radioactive decay chains [8, 9]. 

Using averaged values of the experiment parameters of the experiments 
cited before, a beam-time estimate to detect with 95 % probability 1 event pro
duced in a reaction with a cross-section of 1 pb amounts to 160 days. In that case 
the average counting rate would be 1 event per 54 days. This value was calcu
lated with an average projectile current of 170 pnA, target thickness of 500 
/jg/cm2, separator efficiency of 30 %, and detector efficiency of 72 %. Included is 
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also an accelerator and experiment efficiency Eaccx ее)ф = 65 %, which is defined 
as ratio of beam-on-target time to calendar time. It considers, e.g. losses due to 
control reactions, changes of ion sources, and replacement of target wheels. Al
though beam-times of about 5 months are not completely unrealistic for out
standing experiments, e.g. search for superheavy nuclei, such long beam-times 
certainly cannot be carried out regularly to measure data which are produced on 
a level of 1 pb only. 

The natural upper limit of the counting rate in a one-picobarn experiment is 
reached in case of 100 % separation and detection efficiency. This limit is still a 
function of the beam current which in turn is limited by accelerator parameters 
and target properties. Presently, a realistic current limit ',s at about 1 p//A for 
beams from calcium to nickel. With target thicknesses of 600 pg/cm2 and in case 
of gaussian excitation functions with 5-MeV FWHM excitation energy and 1-pb 
maximum cross-section the counting rate amounts to 0.9 events per day for re
actions like 62Ni+20ePb. In Section 3 we will discuss, how close this upper 
counting rate limit can be approached with techniques being developed pres
ently. In Section 2 experiments will be discussed that require a sensitivity of 1 
pb. 

2. Experiments that Require a Sensitivity of One Picobarn 

2.1 Sperical Superheavy Nuclei 

Recently, the stability of heavy and superheavy nuclei has been investigated 
theoretically with refined models based on the Nilsson-Strutinsky approach [10, 
11,14]. Pairing and zero-point energies have been carefully adjusted, and a de
formation space up to *.„„„,= 10 has been considered in some cases. The 
ground-state microscopic shell-corrections show two minima: One of about - 8 
MeV centered around JefllO w ' ' n a maximum deformation p2 = 0.22, the other of 
about - 9 MeV around $|114 forming the island of spherical superheavy nuclei 
(Fig. 1a). Binding energies, beta-, alpha-, and fission half-lives were calculated. 
The known data could be reproduced with good accuracy. A rough scetch of the 
obtained half-lives is shown in Fig. 1b: 

As a result we can extract that most of the nuclei that can be produced with 
stable projectiles and targets are predicted to be dominantly a emitters with 
half-lives between 1 //sec and 1 sec. 

In 1983 superheavy nuclei have been searched for in experiments which 
have been sensitive for alpha or fission decays with half-lives down to 1 //sec [12]. 
Cross-section limits of 200 pb have been obtained investigating the reaction 
48Ca+248Cm-»296116. The relatively high limits reached are due to the fact that 
the total beam time had to be split into five parts covering five different beam 
energies. 
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Ground-State Shell-Correction Energies 

CTi/2,f) V s 1ms Is 1Ms \\xs 1ms 

150 152 154 156 158 160 162 164 166 168 170 172 174 176 178 180 

Neutron Number 

Fig. 1: Rough sketch of calculated microscopic shell correction energies (a) and 
half-lives (b); thick lines: partial fission half-lives; thin lines: partial a half-lives; 
dashed: beta-stability line. The data are from [10, 11, 13, 15]. The fission half-
lives of odd and odd-odd nuclei may be longer due to additional hindrance fac
tors. The arrows point to the region of strong deformed nuclei centered around 
272110 and to the region of spherical superheavies around292 ! 14; open circles: 
compound nuclei of reactions (Ti to Zn) + 208Pb->(Z = 104 to 112); dots: com
pound nuclei of reactions (Mg to Fe) + 238U->(Z = 104 to 118); full triangles: 
known nuclei; shaded: compound systems investigated with SHIP. The figure 
does not include estimates for production cross-sections. 
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In a repetition of t h e ^ C a + ^ C m experiment it will be possible to reach 
cross-section limits of 1 pb. But, presently it is still uncertain if this limit would 
be low enough. Therefore, a safer strategy to prepare experiments for investi
gation of superheavy nuclei will be cross-section measurements using thorium, 
uranium, and heavier targets. Systematic data beyond the presently known 
cross-sections for production of Z=106 (the heaviest element made until now 
using very asymmetric reactions) will then allow to readjust model parameters 
of reaction theories to obtain more accurate estimates for production cross-sec
tions of spherical superheavy nuclei. 

102 10* 106 108 A J Q 4 112 102 Ш 106 108 л ««л 

Element Number 

Fig. 2: Cross-section extrapolations up to element 110. The data are cross-sec
tions of residues after fusion reactions and evaporation of 1, 2, and 4 neutrons. 
Targets of ««Pb, ^ B i (Darmstadt data), 2адВк, 2«Cf (Berkeley data) and 238U (filled 
symbols, Oubna data) have been bombarded respectively with projectiles of 
equal or very similar isospin. The straight lines are least squares fits to the data 
points. The favourite reaction for production of element 110 is e2Ni+MePb -> 
269110 + 1n with a maximum cross-section of about 1 pb. 

2.2 The New Elements 110 and 111 

In 1985 and in 1986 two experiments were carried out at GSI to search for element 
110 [16, 17]. In both reactions, "N i+ 'wpb and 40Ar+235U f no event was observed 
that could be assigned to an isotope of element 110. The cross-section limits 
reached are at 10 pb. These values are small enough to exclude experimentally 
an increase of cross-sections compared to the systematics of lead based re
actions. Neither the addition of two neutrons to the T,= 3 projectiles ( ^ i , мСг, 
MFe) used up to production of meitnerium nor the jump to the more asymmetric 
A r + U reaction did result in a cross-section increase by one or more orders of 
magnitude. 
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A rather safe cross-section estimate can be obtained for the reaction 
62Ni+208Pb->269110 + 1n. This reaction belongs to a series known already up to 
Z = 108 (hassium). Within the series, always Tz = 3 projectiles were used for irra
diation of ^ P b targets. The cross-section systematics is shown in Fig. 2. The 
resulting estimate for production of 269110 is at about 1 pb. 

The predicted decay data of the isotope 269110 are Ea=«11.3 MeV, 
T1/2 = (10-500) /*sec, and b a « i . Replacing the ^ P b targets by ^ B i will lead to 
the compound nucleus 27,111. Due to the odd-even effect for the cross-sections 
obvious in Fig. 2 an only slightly smaller (factor 2 or 3) cross-section is expected 
for the 1n-evaporation channel. In both cases, a decay will feed decay chains that 
are already well known from previous experiments. Delayed position and time 
coincidences will guarantee a safe identification of the produced isotopes. 
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Fig. 3: Excitation energies at the coulomb barrier for production of heavy ele
ments (descending curves) in reactions of Tz = 3 projectiles with targets of 20aPb 
and ^ B i , respectively. The ascending curve shows an extrapush prediction [18]. 
Excitation energies at the barriers including extrapush energies are given by the 
dotted line. The data points mark 1n channels observed in experiments using 
projectiles of the Tz = 3 series ( + ) and «Cat* , Tz = 4). The excitation energies at 
the coulomb barrier of the latter reactions are 17.7 MeV and 18.3 MeV in case of 
25e102 and 257103, respectively. 
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2.3 Accurate Excitation Functions for Production of Elements up to Z = 109 

The optimum projectile energy for production of element 110 in the reaction 
«Nj + аирь cannot be chosen definitely on the bases of the present data. Fig. 3 
summarizes our knowledge on excitation energies for production of elements 
102-109 using Pb- or Bi-based reactions. From none of the reactions leading to 
the even elements 104, 106, and 108 the maximum of the excitation function has 
been measured. Only two points of the excitation functions are known for pro
duction of element 104 and 106; only one point has been measured of the 2 = 108 
excitation function. 

Excitation functions for production of heavy elments ?.t projectile energies 
near the Coulomb barrier are very narrow, approximately 5-MeV FWHM as func
tion of the excitation energy. Therefore, an accurate projectile energy has to be 
known to search for reactions with maximum cross-sections near 1 pb. In case 
of the planned 62Ni+208Pb experiment this value can be estimated rather safely if 
the exciation functions of the reactions 5OTi+a08Pb (or 54Cr+2oaPb) and 
58Fe+208Pb are known. For the latter reaction a cross-section of (19i!j!j) pb has 
been measured at E* = 19 MeV. Assuming that this cross-section is near the 
maximum then at least one more point on each side of the excitation function has 
to be measured at a level of about 10 pb in order to determine a maximum. The 
measurement of an excitation function for production of Z = 108 demands high 
sensitivity. 

Reaction theories predict extrapush energies to be necessary to fuse heavy 
nuclei. The amount of extrapush energy increases with increasing element num
ber. This in turn results in higher excitation energies of the compound nuclei: 
fusion cross-sections decrease due to prompt fission. Presently, the amount of 
extrapush energy to obtain a maximum cross-section cannot be predicted accu
racy enough. One of the predictions is shown in Fig. 3. An extrapush energy of 
nearly 30 MeV (center of mass system) has been calculated for the reaction 
6 2 N l + 2 o e P b 

Recently, Aguiar at al. [19, 20] have included thermal fluctuations to one-
and multidimensional trajectory models. Including fluctuations this model is able 
to predict the width of a trajectory ensemle leading to fusion or reseparation. 
Calculated widths are asymmetric and increase with increasing average extra-
push energies needed for compound nucleus formation. This is an important re
sult concerning production of heavy nuclei. Fusion below an energy to reach the 
unconditional saddle point calculated with classical trajectories is not completely 
forbidden. Cross-section maxima are determined by the competition of complex 
fusion probabilities and prompt fission. The aim of experimental investigations 
is to measure the positions of the maxima and their value. 

Reduction of excitation energies in reactions for production of heavier ele
ments using lead or bismuth targets and projectiles of the T z =3 series is due to 
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a Q-value effect. Q values decrease steeper with heavier projectiles than Cou
lomb barriers rise, Therefore, the excitation energies at the Coulomb barrier de
crease and reach a value of only 10 MeV for production of element 110 (Fig. 3). 
Adding a certain amount of extrapush energy, to be determined experimentally, 
will probably result in excitation energies being enough low, so that some of the 
compound nuclei can survive prompt fission. 

Using actinide targets the heaviest element produced so far is Z-106 \2\. 
22]. A systematic investigation of cross-sections for this type of reactions is ne
cessary to prepare experiments aiming at identification of new elements and es
pecially spherical superheavy nuclei. The cross-section systematlcs shown in the 
left part of Fig. 2 has to be completed. The figure suggests that already for pro
duction of element 108 a maximum cross-section will be near 10 pb. It will be the 
challenge of future experiments to determine, if the cross-section will stay on this 
level or will further decrease exponentially. 

2.4 Branching Ratios 

The stability of heavy nuclei will be limited by fission as consequence of increas
ing Coulomb repulsion and decreasing shell effects. Therefore, measured fission 
branching ratios and deduced partial fission half-lives of even-even nuclei are 
one of the most interesting data to compare with theoretical investigations. 

The heaviest known even-even nucleus is ^ H s . The measured half-life of 
(761^|4) fisec agrees within the error bars with calculated a half-lives. The pre
dicted partial fission half-life is 100 msec [11]. From both values a fission 
branching of (0 .8 i 0 | ) 10 - 3 results. The measured cross-section for ^ H s was 
(3.2+|.^j p i j ( a n t j a n estimate for the cross-section to observe fission Is (2.61^°) 
fb. This value is out of range presently. But, of course, a lower experimental limit 
for the fission branching would support the present theories, also a more accu
rate half-life and the ct-decay energy, which could not be measured, because the 
a particle did escape from the detector. 

The nucleus 258106 is not known so far. Predicted alpha and fission half-lives 
are 2.7 msec [23] and 10 /isec [11], respectively. 258106 will decay dominantly by 
fission, an a branching is only 0.37 %. For production of 258106 various combina
tions of chromium and lead isotopes can be used. Possible is also a combination 
of vanadium isotopes plus ^ B i . Therefore, investigation of 258106 will give both 
interesting results on stability of even-even heavy nuclei as well as on lead and 
bismuth based reaction processes. Another important result could be a corre
lation between low fission barriers (short, but still measurable fission half-life) 
and production cross-sections. Cross-sections are known for production of259106 
and ^ Ю б in 2n channels using as target M7Pb and ^ P b , respectively. The values 
are about 300 pb. An investigation of the neighboring isotope 258106 should be 
feasible with an equipment sensitive for 1 pb. 
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The fission barriers of odd-A nuclei exceed those of the adjacent even-even 
nuclei. Part of this odd-even staggering Is due to the pairing blocking effect and 
the specialization energy. Detailed calculations were made recently by Cwiok 
[14] for quaslpartlcle states forming the ground-state or low lying excited levels 
or isomers, In case of 27,111, e.g. the fission-barrier heights of the 1/2-, 9/2~, 
and 11/2" quaslparticle proton states, which are close to the ground-state, are 
increased by 0.2, 3.0, and 2.3 MeV, respectively, compared to the neighboring 
even-even nucleus 270110. In all three cases also the shape of the fission barriers 
is changed so that the action integrals, used for calculations of the half-lives, are 
increased. 

Up to hassium, neutron-deficient even-even nuclei beyond the presently 
known isotopes will decay dominantly by fission. Fission is hindered in case of 
odd nuclei. Measured data of partial fission half-lives will allow to extract the 
hindrance factors, which finally can be compared with predictions of theoretical 
calculations. These data may even help to assign spin values to the decaying 
ground-states or isomers. 

Beta-stable nuclei nearly coincide by chance with a line connecting the 
double magic nuclei 208Pb and 2fl8114 [10]. Beyond nobelium electron-capture 
branches have been measured only for the four nuclei 25e105 (10 %),2S8105 (33 
%), 2MLr (22 %), and ««Lr (100 %). The latter nucleus has a half-life of 4 h and is 
close to the beta stability line. Alpha decay is reduced due to the N = 162 shell 
effect and fission is highly hindered due the odd numbers of protons and neu
trons. The other three nuclei are N = 151 and N = 153 isotones, respectively. 
Again, alpha decay is reduced due to the N = 152 shell effect and fission is doubly 
hindered due to odd numbers of protons and neutrons. For these nuclei the Qp 

values are at about 4.5 MeV. From these observations follow two consequences 
for future sensitive experiments: 1) Small beta branches should become meas
urable for other N = 151 and 153 nuclei and probably also for 255Lr and 2S7105, 
both nuclei N = 152 isotones with relatively long partial a half-lives. 2) Due to the 
high Q value 0-decay will feed a number of excited levels in the daughter nuclei 
that can be studied via у radiation or conversion electrons. 

2.5 Level Schemes: Isomers, Fine Structure, and Nuclear Deformations 

Only little is known about excited levels of transfermium isotopes. Experimentally, 
excited levels can be studied after p and a decay or by investigation of isomeric 
states. In all cases the intensity is spread over a number of decay channels, 
which demands a high sensitivity. For two reasons also high resolution is nec
essary: 1) The nuclei are strongly deformed and rotational levels are close in 
energy and 2) due to the calculated bunching of single particle levels for neutron 
numbers N = 152 and 162 and proton number Z = 108 these nuclei have a number 
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of states with different K-quantum numbers very close in energy. An example is 
shown in Fig. 4 for the predicted a-decay chain starting at ^ H O . 
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Fig. 4: The predicted a-decay chain of 269110 [14]. 

Most of the isotopes of transfermium elements decay by a emission with 
more than one transition, very often groups of many alphas of similar energy are 
emitted. These a spectra are typical for decay of deformed nuclei, and they in
clude important information on nuclear structure. The same arguments hold for 
a decay from isomeric states. Isomers are known up to nobelium and in case of 
262Ns. Theoretical investigations predict isomers also for isotopes of the known 
elements up to 109, but these have not been observed so far. 

3. Technical Developments to Reach a Sensitivity of One Picobarn 

Various types of reactions and identification techniques have been applied in the 
past to investigate transuranium elements. Most successful methods for pro
duction and identification of the heaviest elements known presently have been 
fusion-evaporation reactions with heavy targets, recoil-separation techniques, 
and identification of the nuclei by delayed coincidences to known daughter de
cays after implantation into position-sensitive detectors. This technique can be 
further improved and is presently most promising for identification of new ele-
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ments, search for new isotopes and measurement of new decay data of known 
nuclei. 

3.1. Recoil-separating techniques 

The recoil-separating techniques use in contrary to the recoil-stopping methods 
the ionic charge and momentum of the recoiling fusion products received in the 
reaction process. Spatial separation from the projectiles and other reaction pro
ducts is achieved by electric and magnetic fields. Separation times are deter
mined by the recoil velocities and the lengths of the separators. Typically, few 
microseconds are reached. Two types of recoil-separators have been developed: 
a) the gas-filled separators use the different magnetic rigidities of recoils and 
projectiles traversing a low pressure ( « 1 mbar) gas-filled volume in a magnetic 
dipol field. Realisations are the "Small Angle Separator SYstem" SASSY at 
Berkeley [24], the "HEIium Charge exchange Kaleidoscope" HECK at Darmstadt 
[25, 26], and the gas-filled magnetic separator at Dubna [27]. 
b) Wien-filter type of separators base on the different electric rigidities of fusion 
products, projectiles, and other reaction products after escape from a solid-state 
target into vacuum. Ionic-charge achromaticity is essential for high transmission. 
It can be achieved by additional magnetic fields or symmetric arrangements of 
electric fields. Realisations used in experiments for investigation of heavy ele
ments are the "Separator for Heavy Ion reaction Products" SHIP at Darmstadt [7] 
and the recoil-energy separator VASSILISSA at Dubna [28]. 

The main factors that limit at a given cross-section the rate of detectable fu
sion products at recoil separators are the following: 

1) Seam currents: Penning-ionisation gauge (PIG) sputter sources are used for 
production of high current beams of metals beyond argon. Peak intensities be
tween 1012 and 10" ions/sec have been reached on the target in experiments at 
the UNILAC. These currents are already too high for stationary targets, but using 
rotating targets and moderately defocused beam of about 5-mm diameter the 
currents could be up to an order of magnitude higher. Also improvement of the 
stability of the PIG sources would help to double the average current. Electron-
cyclotron resonance (ECR) sources will probably help to overcome these difficul
ties. ECR sources work very stable and the consumption of source material is 
low, an important factor if enriched isotopes have to be used as source materials. 

2) Targets: With modern target technology large area targets can be produced 
by evaporation or sputtering of the target material on thin carbon foils [29, 30]. 
Useful target thicknesses are at about 500 fig/cm*. Mounted on wheels and ro
tating through the beam even low melting lead and bismuth targets are not de
stroyed by the presently available currents. Also higher beam currents, if 
available in the future, can be used in reactions with the abundant target materi
als lead, bismuth, thorium, and uranium. In that case the wheel diameter can be 
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increased from presently used 31 cm to an appropriate value. Target resistivity 
will limit the beam currents In case of stationary targets. Maximum currents of 
1 x 1012 ions/sec of ^Ca have been used in experiments bombarding a stationary 
uaCm target of 400-,ug/cm2 thickness on 250-,ug/cm2 titanium backing [12]. 

3) Background limitations: High transmission and high background suppression 
are requirements which are difficult to achieve simultaneously. Due to tails of 
charge and momentum distributions mainly, projectiles or reaction products 
other than fusion are not completely suppressed and hit the detectors. The rate 
of this background increases with increasing separator transmission. Two com
ponents contributing to the charge and momentum distributions can be distin
guished: a) a "natural" component determined by the statistical interactions of 
ions with matter and b) a component based on the "quality" of projectile beams 
and targets. Insufficient beam quality was the main contribution in SHIP exper
iments to the background of projectiles having the same velocity as the com
pound nuclei. Rates between 10/sec and 300/sec were acceptable, at higher rates 
accelerator and beam-line settings were readjusted to improve the beam quality. 
For experiments in the future at higher beam currents and at separators with 
higher transmission a high-quality tail-free projectile beam will be crucial to ob
tain sufficient low background rates. 

4) Recoil separators: The transmission of recoil separators is determined by the 
acceptance angle and the possible maximum deflection angles inside the sepa
rator. Therefore, the transmission is reaction dependent. In case of heavy ele
ment production with lead or bismuth targets transmissions are «30 % at SHIP. 
Higher transmissions could be obtained for asymmetric reactions increasing the 
entrance solid angle that is determined by the distance between target and qua-
drupoles and by the inner diameter of the quadrupoles. In addition, deflection 
angles inside the separator were decreased resulting in an increased trans
mission. The optimum was attained when just no projectile background hit the 
detector. 

An optimistic, but not unrealistic estimate for the rate of separated heavy 
nuclei in reactions with яярь targets at a cross-section of 1 pbarn results in 0.4 
/day. A beam current of 6 x Ю12 ions/sec, a 600 //g/cm2 thick target, and a sepa
rator transmission of 50 % has been assumed. Repetition of search experiments 
for superheavy nuclei could lower the presently existing cross-section limits by 
more than two orders of magnitude. These technical developments would be also 
of interest for detailed investigations of isotopes of lighter elements that can be 
produced with higher cross-sections. Search for ct-decay fine-structure, isomeric 
states, and small a-, fission- or ^-branching ratios are the aim of planned exper
iments. 



136 

3.2. Detectors 

Recoil separators are designed to filter out with high transmission nuclei that are 
produced in various evaporation channels. Because a high efficient separation 
cannot be achieved background free, the transmitted particles have to be identi
fied by detector systems. The detector type to be selected depends on particle 
rate, energy, decay mode, and half-life. Experimental as well as theoretical data 
on the stability of heavy nuclei show that they decay by a emission or fission with 
half-lives in a range from microseconds up to days. Therefore, silicon-semicon
ductor detectors are most suitable for identification of particles and measurement 
of their decay properties. 

Fig. 5: The new assembly of position-sensitive silicon strip detectors. 

If the total rate of separated ions is low, the particles can be implanted di
rectly into the silicon detectors. Using position sensitive detectors the local dis
tributions of the implanted particles are measured. In that case detectors act as 
diagnostic elements to optimize and control the ion optical properties of the sep
arator. 

If the implanted nuclei are radioactive, then the same position is measured 
from the decay process and from the decays of the daughter products. This is 
so, because recoil effects are small compared to the range of implanted nuclei, 
emitted a particles or fission products and compared to the detector resolution. 
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Recording the data event by event allows to analyse delayed coincidences with 
variable position and time windows for identification of decay chains. 

This method has been first used for identification of neutron-deficient a 
emitters near N = 82 [8]. The detector system has been enlarged, and an array 
of seven position-sensitive silicon detectors was used for identification of the el
ements 107, 108, and 109 [9]. The same method was used at LBL in an exper
iment to search for superheavy nuclei [12]. 

A more enlarged system has been built at Darmstadt for a planned exper
iment to search for element 110 and for further investigation of decay properties 
of lighter nuclei [31] (Fig. 5). It is composed of 7 identical 16-strip silicon wafers 
plus germanium detector. The active area of one wafer is 35 mm * 80 mm. Each 
strip is position sensitive in the vertical direction with a resolution of 200 //m rel
ative between a decays of a decay chain. The stop detector is equivalent to 2800 
single detectors of size 0.2mm x 5.0 mm, but of 100 % active area. The energy 
resolution is cz 14 keV for a's of a 24,Am source. Six wafers are mounted in the 
backward hemishere facing the stop detector. They measure escaping a's or fis
sion fragments with a solid angle =*80 %. In case of the backward detectors 
neighboring strips are connected galvanically so that 32 energy sensitive seg
ments are formed. 

In front of the system two secondary-electron foil detectors are mounted 
about 50 cm apart from each other. Their signals are used to distinguish im
plantations from radioactive decays of implanted nuclei. The time resolution is 
about 500 ps which is small enough to obtain together with the energy signals 
from the silicon detector a rough mass assignment for the implanted ions. 
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Abstract 

In a systematic study of neutron and proton transfer reactions in heavy systems 
like 88Sr + i44Sm, i44Sm + 208pt>, using a magnetic spectrometer the conditions 
for cold multi-nucleon transfer have been established. Using semiclassical con
cepts for the analysis of the transfer reactions quantitative predictions for transfer 
pobabilities can be made. The enhancement of pair transfer in superfluid nuclei is 
found to be strong for heavy systems if matching conditions are fulfilled.A subse
quent study of published results obtained with radiochemical methods (in particu
lar reactions on 248Cm) shows that these results are in quantitative agreement 
with the data from the work using the magnetic spectrometer. Based on these sys-
tematics, predictions for reactions to produce very heavy elements (Z >100) can be 
made. 
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1. Introduction 

In the last 10 years a large number of experiments devoted to the study of multi-
nucleon transfer between very heavy nuclei, have been performed using charged 
particle detection (and particle-y-coincidence techniques) as well as radio
chemical methods [1-7]. A selection of surveys where these results are summa
rized are available in ref. 1 and 2. There were only a few accelerators in the world, 
which were able to provide the necessary beams of well selected isotopes of heavy 
elements with energies close to the Coulomb barrier for heavy target nuclei. Also 
in the near future only very few accelerator installations will be able to pursue the 
physics of interactions of very heavy nuclei at energies close to the Coulomb bar
rier (e.g. Argonne National Laboratory, USA, and the laboratory in Legnaro, Italy 
and possibly GSI, Darmstadt). The purpose of this paper is to illustrate that the 
present knowledge in this field, although still incomplete, is sufficiently far ad
vanced to give us hopes, that transfer reactions should be considered as a possible 
route to the heavy elements and that further systematic studies in this direction 
could be of great value. 

In the following the general properties of quasi-elastic multi-nucleon transfer re
actions based on semiclassical concepts will be discussed in connection with a sys
tematic survey of data on multi-neutron, multi-proton and mixed transfer. After a 
careful analysis of the available data and by comparison of work done with differ
ent techniques [1-3] we must conclude that multi-nucleon transfer reactions with 
optimum conditions have not yet been done in the attempts to synthesize very 
heavy elements. Based on the systematics of the data on cold-nucleon transfer, 
particular combinations of projectiles with a 248Cm target are proposed. 

2. Semiclassical model for nucleon transfer 

The transfer process close to the Coulomb barrier can be described with the same 
approaches originally developed for Coulomb excitation; the main point is the se
miclassical character of the reaction, where Coulomb scattering orbits (with small 
perturbations) can be considered and the cross section for transfer, ой- (8), can be 
factorized into the scattering cross section oei(0) multiplied with the reaction prob
ability Ptr and a correction factor for dynamical mismatch F(Q), (for a detailed dis
cussion see ref. 6) 

otr(9) = aei(6).P tr(e).F(Q) 
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The scattering angle В in this case can be related to the minimum distance Rmin 
through the formula for Rutherford scattering 

, . _ W . ( I + _ J _ ) 
ml" 2K V smO/2/ 

Here Z1Z2 represents the charge product of the two colliding nuclei and E is the 
CM energy. The transfer probability Pt is given for larger distance by the square 
of the the wave function at larger distances or more explicitly by the probability to 
tunnel through the interior barrier. The full advantage of this approach can be 
seen in the fact that relevant variations of Pu- (8) with the minimum distance Rmin 
can be obtained by variations of the reaction angle or the relative energy E. By 
choosing adequate variables the transfer probability can be compared for many 
systems because it does not depend anymore on the scattering cross section (which 
is proportional to (ZiZ2)2).This simplest version of the semiclassical expression of 
the differential cross section is based on first order perturbation theory - the trans
fer process is considered as a perturbation of first order; higher order reactions 
then can be described by a further multiplication of the reaction probabilities. In 
this approximation the multiple transfer of X nucleons will be written as PxN *" 
( P I N ) X - For cases where the transfer probabilitites vary for each step the individ
ual steps are multiplied. Generally a transfer function can be defined [6] as the ra
tio between the measured transfer cross section and the corresponding elastic 
cross section. It can be shown that the quantity in its radial depencence corre
sponds to the transfer formfactor squared as it is used in DWBA calculations 
[6], and can be described with sufficient accuracy with an exponential function: 
Ptr ~ e-2aR, with a being determined by the binding energy Ев and reduced mass u 
of the transfered particle (a = (2иЕц/Л)1/2). 

In cases where superfluid nuclei are involved (i.e. nuclei with open shells, where 
the 0+ ground states form a pairing rotational band) the pair-transfer is observed 
to be enhanced [1,6,7]. In the semiclassical approach this can be easily expressed 
by an enhancement factor EF; namely the cross section for pair transfer is given 
by 

O2N(6) = O C I ( 6 ) . ( P I N ) 2 « E F . F ( Q ) 

Typical values observed in the experiments discussed below are of the order of 3 to 
5 for neutrons and 8 to 20 for protons [1]. In order to be able to compare the results 
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of different systems (charge product and radial size) the transfer probability is de
duced from the data wherever possible and plotted as function of a reduced mini
mum distance d0, do = Rmin/(A.i1/3 + А2"3), which defines an overlap between the 
tail of the wavefunction, as well as the height of the barrier between the two cen
ters seen by the nucleons/or nucleon pairs (see fig. 4). 

A schematical overview on the dependence of the transfer probabilities (and cross 
sections) is given in fig. 1. The decrease as function of do of the transfer probabil
ities (transfer function) becomes steeper, with the number of transfered nucleons. 
In the idealized case the enhanced two-nucleon transfer is observed by a transfer 
function for P2N which is shifted by a constant factor, EF, relative to the predic
tion obtained by the quantity (Рш)2э which again is obtained from the experimen
tal P I N (do) values. 
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Fig. 2 
Illustration of matching conditions for quasi-elastic transfer of charge Zc. The up
per part illustrates the condition for the matching of intrinsic binding states (giving 
Qeff = Euieff'•• Eneeff = 0); the lower part illustrates the matching of distances of 
closest approach (here for 0 = 180"), -K'mm = Rfmin, giving mathematically the 
same relation, Qeff = 0. 

For a fixed energy and overlap parameter do the cross sections in cold multi-
nucleon transfer are expected to show a decrease which is exponential as function 
of the number of transferee] nucleons with a slope determined by the single step 
probability (see upper part of fig. 1). Enhanced transfer can directly be observed by 
a systematic deviation (shown in the upper part of fig. 1) for even numbers of AN. 
Thus an odd-even effect similar to cold fission [8] must be observed. Examples are 
given in figs. 4 and 5 in sect. 5. 

3) Matching conditions for cold multi-nucleon transfer; the internal barrier. 

We have already mentioned the additional factor F(Q,L), which is introduced in 
order to take into account the mismatch between the ingoing and outgoing chan-
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ncls. The dependence of the cross section on Q-value (and angular momentum 
transfer) originates from a change of the effective potentials containing nuclear 
and Coulomb interactions as well as the centrifugal potentials. It can be shown, 
using first order perturbation theory, that in the semiclassical case [6,9,10] the de
pendence can actually be cast into a factor F(Q,L) which has a Gaussien depen
dence with a maximum at Q = Qopt or, as it is often reformulated, the condition 
optimum is QUIT = 0, as will be explained below. 

For the scattering orbits this condition is easily deduced from the condition that 
minimum distances (R>min = Rrmin) should match. This is illustrated in the lower 
part of fig. 2; the case for charged particle transfer is illustrated, where the change 
of the Coulomb energy at the distance of closest approach is compensated by a cor

es но us ко 
A 

Fig.3 
Potential energy surface for the system 208Pb + l44Sm with element yield measured 
for the target like (J^Sm) reaction products. The overlap parameter d0 is given, its 
variation is obtained from angle and energy variation. 
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responding change in Q-value. The situation can thus be also interpreted as a con
dition that the total potential energy (including angular momentum for 0 = 180°) 
should not change, Л different aspect ofcold nucleon transfer is obtained by con
sideration of binding energies of those nuclcons, which form the lowest single par
ticle states in nuclei. Л matching of the intrinsic energy levels of the nucleons (e.g. 
nucleon pairs) in the two nuclei Is obtained by the condition ЕсГГщ - ЕоГГцг = Qcfr. 
Here EUITIJI are the effective binding energies given by the asymptotic binding en
ergies Em, E|>2 corrected for the Coulomb interaction with the other nucleus. This 
condition is schematically illustrated in the upper port of fig. 2 and explicit exam
ples for two proton transfer are given in figs. 4 and 7. This intrinsic matching con
dition is mathematically the same as the scattering orbit matching conditions, it 
describes, however, quite different aspects of the transfer process, 

i) For a single nucleon (or pair) the equality of the binding energy at a par
ticular distance R)nin correponds to the quasi-resonance condition 
110,11,12] which is also known in ion-atom collisions. 

ii) For multi-nucleon transfer the map of the Quir-values corresponds to the po
tential energy surface (PES), which contains the total potential energy for 
two nuclei in contact [3]. Often this quantity is considered in the liquid-
drop limit. We take real Q-values (or groundstate binding energies) to plot 
the corresponding PES-diagrams, Examples of such diagrams are shown in 
figs. 3 and 9,10. Cold multi-nucleon transfer must now proceed on horizon
tal terasses in the PES-diagram, whereas deeply inelastic reactions, which 
are governed by the driving force of the PES proceed by mass changes, 
which are orthogonal to the equipotential lines, filling the regions of the 
highest phase space [13]. 

Finally for the systematic comparison of probabilities to transfer protons or neu
trons the structure of the two-center complex, the superposition of the two binding 
potentials of the nuclei must be considered (see for example fig. 4). Fig. 4 shows 
the situation for two projectiles on a 248Cm target for a value of d,, = 1.40 fm. We 
notice that for i44Sm the interior barrier is higher (for do = 1.40 fm ) and that 
good matching conditions are still available for the third proton pair as can be 
seen from the dashed lines. A similar situation occurs for the '44Sm + 208pb sys
tem. In order to obtain these two-center potentials, we calculate the binding poten
tial I in the usual shell-model description, where for given binding energy and 
quantum numbers of the single particle states, the depth of a well with Woods-
Saxon shape is adjusted. The interior well determines the tunneling probability 
for nucleons. Thus the probability to transfer protons is typically a factor 5-10 
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smaller than the relevant probability for neutrons - for the same overlap param
eter d0. The interior barrier is higher for higher charge products Z1Z2, therefore 
for proton transfer a comparison of systems of different size is not possible at the 
same level as for neutron transfer. Larger overlap is needed (i.e. smaller param
eter values of do) to attain a certain proton transfer probability for heavier sys
tems. 

4) Results for neutron transfer. 

Approximately 14 experiments are published where neutron transfer has been 
measured by uniquely identifying the reaction product [l].We show here two ex
amples, where probabilites have been obtained at different angles and incident en
ergies. Fig. 5 shows the result of the interaction of i20Sn + H2Sn [6]. The two-
neutron transfer is found to be enhanced by a factor 3-5 for these globally defined 
cross sections. For one-neutron transfer a probability of 4.10-2 is observed at do = 
1.6 fm. The same value is observed for the system 208рь + l44Sm [7] as well as in 
the case of 238U + 197Ди [14] - see fig. 5. In all cases the definition of cross section-
summing all levels with single particle strength at the Fermi-level can be consid
ered to be the same. 

Only for the case of •20Sn + 1 '2Sn an enhancement of the neutron pair transfer is 
observed (fig. 5). A systematic survey actually shows [1,10] that neutron transfer 
probability (summed over single particle states) varies little, a value of P i n «O.l 
is observed for an overlap given by d0 = 1.5 fm. At this value the interior barrier 
has generally vanished for the highest lying single particle states for neutrons, 
however, the reactions remain quasi-elastic mainly because only incident energies 
are considered which are well (10-20%) below the "Coulomb barrier - or rather 
where the smallest value of Rmin . do does not become smaller than 1.3 fm. 

5) Results for proton transfer 

Systematic studies of proton transfer are scarce, mainly due to the smaller cross 
section at the same overlap for which neutron transfer is observed, and because 
unfavourable Q-values often strongly suppress the transfer process due to strong 
mismatch. The results obtained with the magnetic spectrometer [5,7] were ob
tained for systems with Q-values, which allowed the transfer of up to six 
charges due to good matching conditions, as was illustrated in fig. 3. Fig. 6 shows 
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the example of the system of 208pb + 144Sm; the transfer probabilities for one up 
to six protons are shown obtained at two energies, which are low enough to ensure 
cold transfer, and at several angles. Two proton transfer is observed to be strongly 
enhanced (EF « 10) and the enhancement is kept for the second and third pair 
transfer 17]. This observation can be interpreted as a supercurrent (due to Cooper-
pairs) because more charge is carried per unit of time by proton pairs as compared 
to single proton transfer. 

As a further example we show in fig. 7 the result on the element yields obtained 
using radiochemical methods in the system 40Ar + 238U (ref. 16). In this case 
again the transfer of six protons is observed; the pair transfer is again enhanced 
(compare with fig. 1) and the Q-values are here favourable giving values of Quff =» 
0 for all steps (the values of Q0 and Qcff are given in the figure). 

6) Results of multi-nucleon transfer on 248 Cm 

For a further discussion of multi-proton transfer the various experiments per
formed using radiochemical methods on the 248Cm-target with different projec
tiles will be considered (a survey is given in ref. 3 where all relevant references are 
given). From the published data a plot of the cross sections as function of the over
lap parameter d0 has been obtained (see fig. 8). The data for light and heavy pro
jectiles are shown separately, because the probabilities at the same value of d0 de
pend on the charge product as discussed in section 3. The experiments were gener
ally performed with rather neutron rich projectiles, which give unfavourable con
ditions for the transfer of more than two charges (see figs. 9-10), nevertheless the 
transfer of up to four charges has been observed. "We observe an increasing steep
ness of the slope of the cross section as function of d0 for higher numbers of trans-
fered protons, as expected for a quasi-elastic process. The survival of the heavy nu
cleus against fission, whose yield is measured, ensures a selection of final nuclei 
with low excitation energy; from these results also the increasing fission probabil
ity with number of transfered nucleons can be deduced [3,4]. The overall behav
iour can be considered as a sign of cold multi-nucleon transfer. Comparison of 
these results with those obtained with the magnetic spectrometer, where the light 
reaction partner is detected (using inverse kinematics 208Pb -*H4Sm) gives a sur
vival probability against fission after four proton transfer of approximately 1%. A 
similar result is obtained by other methods from radiochemistry [4]. 
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Cross sections of transfers of up to 4 charges on a 248Cm-target obtained with differ
ent projectiles. The cross sections are plotted as function of overlap parameter d0 to 
test the quasi-elastic reaction mechanism. 

7) Potential energy surfaces for reactions on 248Cm 

The considerations concerning the transfer of mass and charge discussed in sec
tion 3 are fully confirmed by the systematics of the experimental data. For the 
transfer of many nucleons, in particular protons, the matching of the interior nu-
cleon binding states in the two potential wells is the most important condition 
which must be fullfilled. The height of the interior barrier is another aspect which 
has to be considered (see fig. 4). For transfer probabilities for protons of 10% and 
more it is necessary to reach a minimum distance (at 180°) which is in the region 
of d0 = 1.25 - 1.3 fm. At higher energies (which are also available in the litera
ture) the cross sections start to decrease. 
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In order to judge the possibilities to transfer many nucleons the potential energy 
surface PES with the regions of the Q0fr = 0 must be inspected. In fig. 9 we show 
for comparison the PES for i36Xe + 248Cm and H4Sm + 248Cm. We immediately 
realize that it will be difficult to observe a transfer of more than four charges in 
the l3GXe + 248Cm system, because the nucleon flow must afterward» proceed 
against a rising potential energy. The situation is quite different for proton-rich 
projectiles, the higher potential energy of such a nucleus shifts the entry point up
wards on the slope of the PES landscape. A long chain of transfer steps can then be 
achieved as it was observed for the 144Sm + 208Pb system (fig. 3). 

In the process of transferi ng many protons the neutrons will be exchanged -with a 
vanished interior barrier. Therefore an increasing dissipation of energy will occur 
if energetically possible.In the process of rearranging larger amount of masses the 
proton configurations may stay relatively colder than those of the neutrons. As in 
deeply inelastic reactions the separating fragments will develop deformation; for 
the formation of heavy elements it may be of advantage to have light fragments in 
exit channel with closed shells when the other heavy partner is deformed (or vice 
versa); such configurations correspond to the situation in fission, in particular in 
cold fission. In this way the excitation energy of the very heavy nucleus could be 
minimized in the complex binary reaction. 

Favourable combinations of very proton-rich projectiles with a 248Cm target ap
pear U> be an attractive alternative for the production of elements 106/108 and be
yond. There are only a few isotopes which will be available, which are sufficiently 
proton rich (92Mo, 96RU, l06Cd, 1,2Sn and l44Sm). In fig. 10 we show one more ex
ample of PES for a combination of a proton rich projectile with 248Cm. 

In principle it is also possible to make an extrapolation, using the results on (2p)-
transfer (up to three pairs), in order to predict cross sections for the formation of 
element 108 with the transfer of 6-pairs plus some neutrons. We obtain the follow
ing result: for a transfer probability of one pair, Ргр = 1 • 10-1 to 2 • 10-1 and a fis
sion probability of 99%, and using a measured cross section for огр = 5 mb/sr at 
180°; we obtain o(6-pairs) = 5 mb/sr (• 32 • 10-5) • 10-2 = 15 nb/sr. 

The survival probabi lity of the excited nucleus after the transfer of many nucleons 
is another important quantity, which can be deduced from the systematics [3]. The 
1% level observed (against fission) after the transfer of 4 charges may not rise 
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much further because various experiments have shown that the fission process is 
slow and the excited heavy nucleus may first cool down by neutron emission [17]. 
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Fig.9 

Potential energy surfaces (PES, orQeff)for /<KSm + 248Cm and 136Xe + 248Cm. 
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T H E I S O T O P I C S P I N D E P E N D E N C E O F HALF-LIVES 
O F HEAVIEST N U C L E I 

R. Smolariczuk, J. Skalski and A. Sobiczewski 

Soltan Institute for Nuclear Studies, Hoza 69, Warsaw, Poland 

1. Introduction 

The objective of the present paper is to study theoretically the detailed de
pendence of the alpha-decay, T0, and the spontaneous-fission, T,f, half-lives of the 
heaviest- nuclei on the neutron number N. Besides the dependence of each of these 
quantities on JV, itself, the relation between them is interesting to us, especially 
for N close to the predicted neutron deformed shell at .N=162. 

With respect to the previous studies [1-4], the dimension of the deforma
tion space used in the analysis is increased. Seven-dimensional space {0\}, А = 
2,3, . . . ,8 , is presently taken, where f3\ are the usual deformation parameters (e.g. 
[4]). Also the accuracy of the numerical calculations is increased. 

Even-even nuclei are studied. The element with the atomic number Z = 104 
is chosen for the analysis. This is the heaviest element for which the lifetime Тя{ 
has been measured for few isotopes. 

The research is closely connected with the experimental studies of the heaviest 
nuclei (e.g. [5,6]). 

2. Method of the calculations 

General method of the present calculations is the same as in the previous pa
pers [1-4]. There are, however, some differences in the details. 

2.1. Potential energy 

The potential energy of a nucleus is calculated by the macroscopic-microscopic 
method. The Yukawa-plus-exponential model [7] is taken for the macroscopic part 
and the Strutinski shell correction, based on the Woods-Saxon single-particle po
tential [8], is used for the microscopic part of the energy. 
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2.2. Alpha-decay lifetime 

The alpha-decay lifetime Ta is calculated by the phenomenological formula of 
Viola and Seaborg, with the new values [9,3], however, of the adjustable parame
ters. To obtain mass of a nucleus in its ground state, and thus also the alpha-decay 
energy Qay the potential energy is minimized in the 4-dimensional deformation 
space {/?A}, A = 2,4,6,8. Thus, this is by one dimension larger space than that 
used in the calculations of Qa in the previous study [3]. 

2.3. Spontaneous-fission lifetime 

The spontaneous-fission lifetime T,f is calculated in the following way. The 
potential energy E is analyzed in the 7-dimensional deformation space {/?A}> A = 
2,3, . . . ,8 . We find the use of such a rich space to be important in the analysis 
of the heaviest nuclei. It seems, however, to be not necessary to perform fully 
dynamical analysis in so big space. The dynamics (i.e. minimization of the 
action integral with the use of the inertia tensor Bpxp^ as done and described 
e.g. in [1,4]) is reduced in the following way. First of all, we find that the odd-
multipolarity deformations /3y, A = 3,5,7, are important for removing (or almost 
removing) the second hump of the fission barrier for some of the analyzed nuclei 
with Z = 104. These deformations are practically equal to zero, however, in the 
dynamical penetration through the remaining first hump of the fission barrier of 
these nuclei. Thus, we need only the even-multipolarity deformations /?д, A = 
2,4,6,8, in the analysis of the barrier penetration of these nuclei. A detailed 
dynamical analysis of fission in this 4-dimensional space has been performed in 
the earlier paper [4] by the example of the nucleus 26O106. It has been found there 
that the full 4-dimensional dynamics in {/?.\}, A. = 2,4,6,8, may be rather well 
approximated by a simpler dynamics, perfomed in the 2-dimensional "projected" 
space. The simpler dynamics is done by using the potential energy Е(р2, fa; P™) 
and the inertia tensor Врхри(Рг, fa] P™), where A,t/ = 2,4 and /?"(/* = 6,8) is the 
value of Рц at which the energy is minimal in the point (#2, ft). Minimization of 
the action integral in this 2-dimensional "projected" space determines the fission 
trajectory Ь2р : At = /34

3p(/?2)- Then, the approximate trajectory Ь4л in the full 
4-dimensional space {/Зд}, А = 2,4,6,8, is taken as 

flJ"(A)«=^№)i #4* = W>#2p(&)], 
where /x = 6,8. 

The action integral, and thus the lifetime T,f, is calculated in the present paper 
along the approximate trajectory L4a. 

The previous study [4] indicates that the lifetime calculated along the trajec
tory L4e is a rather good approximation to that obtained along the exact trajectory 
Lt, calculated dynamically in the full 4-dimensional space. The reason is that the 
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higher-multipolarity dcformalions, like those with A = 6,8, arc generally small 
and they change rather slowly along the barrier and, thus, they do not increase 
much the inertia of a nucleus along the fission trajectory. Due to this, they do not 
contribute much to the action integral through the inertia. They contribute more 
to this integral through their influence on the potential energy, especially on the 
energy at the equilibrium point. 

2.4. Details of the calculations 

The distance between the "basic" grid points, in which the energy E is cal
culated in the (/?2,/?4) plane, is Д/32 = Д/?4 = 0.05. In each point (/?2,/ij), the 
energy ie minimized in the /?,,(// = 3,5,6,7,8) degrees of freedom using numerical 
procedure ZXMIN of the IMSL library. Then the inertia tensor is calculated in 
each "basic" point (/?2i/?4i/?,? ), where /3™ {fi = 6,8) is the value of /?„ at the 
minimum of the energy. 

Then, the potential energy E and the inertia tensor В are obtained on a finer 
grid by interpolation (using the standard procedure SPLIN3 of the IMSL library) 
of the values calculated on the "basic" grid. Twice more dense points in /?2 (i.e. 
Д/?2 = 0.025) and 5 times more dense points in & (i.e. ДД1 = 0.01) are taken. 
Only on such a dense grid, the fission trajectory is found by minimization of the 
action integral. 

The zero-point vibration energy corresponding to the fission degree of freedom 
is taken as: hu/2 = 0.7 MeV. 

3. Results 

Fig.l shows the dependence of the alpha-decay energy Qa on the neutron 
number N, for isotopes of the investigated element Z = 104. One can see that 
the energy systematically decreases with increasing N. Two local minima at the 
closed neutron deformed shells at N = 152 and 162 appear. One can also see 
that the values of Qa calculated presently in the 4-dimensional deformation space 
differ only little (by less than 0.09 MeV in absolute value) from those calculated 
[3] in the 3-dimensional space. The only one experimental value, measured for 
25e104, differs from the calculated value by 0.21 MeV. 

Fig.2 gives the dependence on N of the lifetimes Ta and Ttt (more accurately: 
of logarithm of these lifetimes). The only one experimental point for Ta is well 
reproduced by the calculations. Also the experimental values of T,( are rather 
well reproduced by the theory. Here, the theoretical values show a tendency to 
increase slightly faster with increasing N than the experimental ones. 

For each of the investigated nuclides, the theoretical T,f is smaller than Ta. 
It is smaller by less than one order of magnitude for the isotope with N = 154 
but by about 7 orders of magnitude for the lightest (N = 142) and the heaviest 
(N = 166) isotopes, for which both half-lives have been calculated. Thus, only 
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spontaneous fission is practically expected for these light and heavy isotopes. 
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THE EVIDENCE FOR ELEMENT Z"112 PRODUCED VIA 
SECONDARY AND DIRECT HEAVY-ION REACTIONS 
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ABSTRACT 

The evidence for production, via secondary reactions, of 
a long-lived superheavy element with Z-112, in CERN W 
targets which were irradiated with 24-OeV protons, is 
described. Spontaneous fieeion events with a half life of 
several weeks were observed in Mg sources which were 
separated from two W targets. The measured masses of the 
fissioning nuclei are consistent with various molecules of 
element 112 with about 160 neutrons. The energy spectra of 
the fission fragments are interpreted as due to non-binary 
fission process. A possible production mechanism in terms of 
a radiative capture reaction between highly excited and 
deformed Sr nuclei and corresponding W nuclei is suggested, 
talcing into account subbarrier fusion and extra-push energy 
phenomena. Indications for production of element 112 via 
direct S8Sr+184W reaction are given and a comparison between 
the secondary as compared to the direct HI reaction is made. 

1. Introduction 

The search for production, via secondary reactions, of superheavy 
elements in CERN W targets which were irradiated with 24-GeV protons has 
been started in 19711-3. in ouch irradiations many heavy fragments are 
formed. Some of them may perhaps have enough kinetic energy to overcome 
the barrier between them and another W nucleus in the target and lead to 
the production of the superheavy elements. These experiments have several 
basic advantages! a) Large variety of isotopes, both stable and 
radioactive are available as "projectiles", b) The second stage of the 
reaction takes place at the most within 5xl0-14 sec after the fragment has 
been formed. During this Bhort time, it is still at high excitation 
energy, and quite deformed. This may affect strongly the fusion cross 
section due to the subbarrier fusion effect4-6. Thick targets and long 
irradiation times were used in these experiments. 

The detection and identification of the superheavy elements have to 
rely on their predicted7 chemical properties that, for instance, element 
112 is the chemical homologue of Hg. In two Hg sources which were 
separated from two W targets fission fragments were found and some of their 
physical properties, like the masses of the fissioning nuclei and the 
energy spectra of the fieeion fragments were measured1-3»8-10. in the 
following the results of these experiments, as well as the indications 
obtained9"13 with the direct 88Sr+184W reaction are described, and 
interpreted in terms of the interplay between the extra-push energy and the 
subbarrier fusion phenomena. 

2. Observation of Spontaneous Fission 

Hg fractions were separated1-3 from threg, W targets, Wl (old target), 
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FIG. 1 Alpha particle spectra 
measured with the Hg sources, a and 
b were taken over periods of 406 and 
236 h respectively with the mercury 
source obtained from the second 
tungsten target, Hg(W2). с was 
obtained over a period of 280 h with 
the mercury source from the first 
tungsten target, Hg(Hl). 

I.V i.V J.v t.v J.u u.w t.v u.w j.\* 
Alpha panicle energy (MeV) 

W2 and W3, using chemical procedure which was specific for mercury 1. 
Fission fragments were detected 1 - 3 from the Hg(W2) and Hg(W3) sources using 
polycarbonate films. In the Hg(Wl) and Hg(W2) sources decontamination 
factor from any actinide nucleus with ZS95 of about 3.7xl0 9 was 
determined. This determination wae based on a comparison between the 
traces of the 3.18 MeV group due to 1 4 8 G d seen 1 in the alpha-particle 
spectra (Fig.l) and the measured 1 4 production cross section of this 
isotope. Similarly a lower limit for the decontamination factor of the 
Hg(Wl) and Hg(W2) sources from, for instance, 2 2 8 T h was estimated to be 
about 1.2xl0 7, taking into account the production сговв section of 2 2 8 T h in 
U 1 5 and assuming a U impurity in the W target of about 1 ppm. The 
intensity of fission activity in the Hg sources was however about the same 
or even larger 1' 2 than in the whole actinide fraction. 

For the particular case of 2 ^ 2 C f , it was shown 1» 1^ that if the fission 
activity seen with the Hg(W2) source had been due to 2 5 2 c f then at least 
800 counts would have been seen in Figs, la and lb at the characteristic 
alpha particle energy of 6.12 MeV. In fact at the most about 12 counte, 
which could also be background, were observed in this region. 

Fission fragments were aleo seen in the Hg(W3) source 2 with a deduced 
half-life (with large uncertainty) of 47 days. By studying X-ray spectra 
from the Hg(W3) source as compared to the whole rare-earth and actinide 
fraction, it was proven that they were not due to any actinide nucleus. 
Subsequent chemical separation also proved that they were not due to 2*>2Cf. 

The expected lifetime for fission of Hg itself (fission barrier of 
about 16 M e V 1 7 ) ie extremely long. In addition, two very sensitive 
experiments showed that the spontaneous fission activity could not have 
come from Hg itself. A W target was bombarded 1 8 with 1 2 C and a Hf target 
with 1 ° 0 and 1 8 0 beams to produce various Hg isotopes. The search for 
fission activity gave negative results. Katcoff and Perlman 1 9 also tested 
the possibility that the spontaneous fission might have originated from Hg 
itself, produced in a primary reaction of the incident protons with U 
impurity in the target. By using U target they received negative results. 
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One may conclude that spontaneous fission fragments have been observed 

in two .Hg sources, separated from two W targets, and that it was proven 
that they were not due to any actinide nucleus in general or 252Cf in 
particular, and also not due to Hg itself. 

3. Maes Measurements of the Fissioning Nuclei 

Part of the Hg(W2) source was pass through a mass separator3'8. The 
separated atoms or molecules were collected on a thin Ni foil and fission 
activity was detected on this foil, with use of polycarbonate foils. Four 

о 
«г • 

NJLL 
ti 

о J5 Days Exposure 
. 57 Days Exposure 

260 270 280 290 300 310 320 
_j Mass Scale 

FIG. 2 Positions of fission fragments observed in the Ni foil by use of 
polycarbonate foils. The heavy line represents the Ni foil. The distance 
between two mass units was 2 mm. (The points on the left-hand side are due 
to edge effects of the polycarbonate foils). 

TABLE 1. Results of mass separator measurements on the Hg(W2) source. 
Number of fission tracks are given in parentheses for each mass. The masses 
are arranged according to various possible molecules of element 112. 

A + 

269(1) 
272(1) 
276(1) 

Л 1 6 0 + 

288(1) 
292(1) 

Л"С1 + 

308(3)" 
311(1)" 

A "N3
+ 

315(2) 

A 14N1602
+ 

317-318(4) 

N 

157 
160-161 

164 

•Mass 308 may also be interpreted as J76/tOj". 
"Mass311 may also be interpreted as 56,/tN3

+ or J6'/f 1JC ,4N l60+. 

such measurements were made during 5, 15, 57 and 130 days. The results of 
the 15 and the 57 days exposures are shown in Fig. 2. In between the 
second and third measurements, alpha-particles were searched for during 27 
days using photographic emulsion. A significant concentration of 
spontaneous fission events is seen in Fig. 2 in the mass region 308 to 318. 
These events could not be due to contamination of 252Cf since the deduced 
half-life (with large uncertainty) of the activity is about 33 d 
which is far away from 2.64 у of 252Cf. (If the fission events were due 
to 252Cf about 22 events should have'been seen in the 130 d exposures at 
таввев 308 and 318 while zero events were observed.) Furthermore no alpha 
particles were observed3 in the photographic emulsion, in the whole mass 
region of 290 to 320, while more than 80 were expected. It was alao 
argued8 that the probability that these events are accidental or spurious 
1B very low8. The procedure20 in the ion source of the главе separator, 
where the Hg fraction was electroplated (without applying any voltage) on a 
small Cu wire and then evaporated at about 300°C, eliminated any element of 
90SZS111. 
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Table 1 gives an interpretation 8 of the measured masses (from'all the 

exposures) in terns of different moleculee which may be formed by 
combination of element 112 with various impurity molecular ions present in 
the ion source. It is seen that five different molecules can be related to 
the ieotopes of element 112 with 160-161 neutrons and three molecules to 
the isotope with 164 neutrons. 

Recently quite large fission barriers have been p r e d i c t e d 2 1 ~ 2 3 f o r 
superheavy elements with N-160. However the predicted alpha particle 
l i f e t i m e s 2 2 ' 2 3 are quite short. It seems that probably long-lived isomeric 
states in the neutron-deficient superheavy isotopee with Z=112 and N=160 
were formed. It should be noted that in the s t u d y 2 4 ' 2 5 of the actinide 
nuclei, produced in the same W target, evidence 2 5 for the production of 
long-lived isomeric states in the neutron deficient 23*"Am and 23*>Bk nuclei 
haв been obtained, and also unidentified particle groupe were f o u n d 2 4 - 2 ? . 
It should also be noted that various new shape isomers have been predicted 
by Hartree-Fock calculations 2 3 and also by Hartree-Fock-Bogoliubov 
calculations 2 9. 

4. Energy Spectra of the Fiaeion Fragments 
The energy spectra of the fission fragments, of both singles and 

coincidences between two fragments, were measured 2' 8 with part of the 
Hg(W2) source using Si detectors. Fig. 3 shows a two-dimensional spectrum 
of the correlated events. The contours enclose the region in which 90% of 

130 г м 

FIG. 3 Correlated energies of fiss- UQ 
ion fragments from the Hg source. The 
pairs of numbered points show the 5 
alternative interpretation when the « 9 0 o2 
analysis of the events is ambiguous ^ 
(Ref. 2). The contours enclosed the | 70 
region in which 90% of the 252Cf frag
ments would be found and are asymme
tric because of energy loss in the 
source backing. 

3%0 SO 70 90 ПО 
EF/ОШ (MeV) 

252Cf fragments would be found. Evidence for three groups of coincidences 
which are outside the region where most of the 252Cf fragments would have 
been found, wae observed. These groups are 69 MeV fragments in the front 
detector in coincidence with 62 MeV in the back detector, 100 MeV in 
coincidence with 67 MeV and 83 MeV in coincidence with 116 MeV. A 
statistical analysis shows8 that the probabilities of these groups being 
due to accidental concentration of events are very small. 

Of particular interest is the low-energy group of coincidences between 
two fragments of about 65 MeV each. It is difficult to understand this 
group in terms of binary fission. According to low, a total 
kinetic energy of about 130 MeV is expected30 from isotopes of Hg or nearby 
elements. However as was mentioned above spontaneous fission in the Hg 
region is very unlikely*7 and search for such a process done by two very 
sensitive methods*8»*9 gave negative results. The data were interpreted8 
in terms of fission to four fragments with a total kinetic energy of about 
320 MeV. Ternary or quarternary fission processes are possible3*-33 for 
the superheavy elements. The value of \/ f o r t n e four particle breakup 
was estimated8 to be between 3 and 5 in accord with the crude experimental 
result2 of between 2 and 5. 

50 
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5. Possible Reaction Hechaniem 

The exact reactions in the CERN W target are not known. However, two 
things may be said, a) The target was H. b) The reactions seem to lead to 
the production of superheavy isotopes with Z=112 and № 1 6 0 . Under these 
conditions the radiative capture process is in principle possible3. The 
Q values 3 4 for reactions like 8 8 S r + 1 8 4 W — > 2 7 2 1 1 2 or 86 S r +186 w__>272 1 1 2 a r e 
-282.4 MeV and -275.8 MeV, respectively, while the Coulomb barrier between 
the projectiles and the targets is around 265 MeV. The chance of survival 
of superheavy nuclei produced very cold by the radiative capture process is 
much larger compared with the various neutron-evaporation ргосеввев. 
Depending on the interplay between subbarrler fusion and extra-push energy 
phenomena, large cross eections around 1 mb, which are needed in order to 
interpret the experimental results, are in principle possible for such 
reactions (see below). It was also mentioned8 that the above conditions 
cannot be fulfilled in U or Th targets 3 5. The radiative capture ргосевв is 
not possible in this case, and the cross section for, for instance, 
reactions like 2 3 8U{ 3 9Ca,5n) 2 7 2112 1в probably quite low eince the compound 
nucleus is produced at very high excitation energy. 

6. Study of the 8 8 S r + 1 8 4 W Reaction at 5.1 MeV/u 

The 8 8 S r + 1 8 4 W reaction has been studied with 5.1 MeV/u 8 8Sr beam 
provided by the UNILAC accelerator in GSZ, using the degrader-catcher foil 
technique. A 2 mg/cm2 1 8 4 W target enriched to 96.3* followed by a 5 mg/cm2 
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FIG. 4. (Lb coincidence spectrum of X- and J-rays versue particles 
measured with c-.••-. er foil No. 7. The resolving time was 1 ye. 
FIG. 5 (Right) Background spectrum taken at the same conditions as Fig. 4. 

Та degrader and 20 150 да/cm2 С catcher foils were irradiated with 3.9xl0 1 5 

ions of 8 8Sr. The expected excitation energies 3 4 of the compound nucleue 
were between 0 and 21 MeV, such that the radiative capture and the In 
evaporation reactions were in principle possible. 

A search for fission fragments using polycarbonate track detectors 
gave negative results with an upper limit of about 0.8 nb for half-lives 
from about 10 hours till about 30 days. Some positive indications were 
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FIG. 6 (Left) Production cross section for element 112 deduced from the 
X-ray versus particle coincidence measurements as function of assumed 
half-lives. 
FIG. 9 (Right) Cross sections for spontaneous fission as function of 
assumed half-lives. The dashed line represents the upper limit deduced 
from the negative results of the measurements wibh the polycarbonate foils. 
The continuous line represents the cross sections deduced from the 
particle-particle coincidence measurement. 

obtained in particle versus X- and J-ray and particle versue particle 
coincidence measurements. Fig.4 shows the results of the first experiment. 
Two coincidence events between 3.81 and 4.51 MeV particles and 
163.7±0.5 keV and 29.1±0.5 keV X- or J'-rays respectively, are seen in this 
figure. The measured X-ray energies fit, • within 330 eV or 160 eV 
respectively, with the predictions made for Kal (163.50 keV36 or 163.37 
keV37) and L B 4 (28.98 keV36 or 28.94 keV37) X-rays of element 112. The 
probabilities that these two events are due to accidental background were 
estimated to be 5% and 10% respectively. (These values were obtained from 
four consecutive measurements of about two month each of catcher foil, 
background, catcher foil and background. One background measurement is seen 
in Fig. 5) A possible interpretation of these events may be that an 
isomeric state or etates were formed in 272112 or in 271112 and decayed by 
internal conversion (which wae followed by characteristic X-ray of element 
112) to another excited state of the same isotope, which then decay by 
emitting protons of 3.8 or 4.5 MeV. It should be noted that Ьд4 is the 
strongest expected L X-ray line related to Ml or M2 transitions. The 
estimated production cross section deduced from the above mentioned events 
is about 20 nb for half-lives between 10 to 50 days, as seen in Fig. 6. 

Fig. 7 shows the results of the particle-particle coincidence 
measurements, and Fig. 8 shows a corresponding background measurement. A 
coincidence event between a 12.16+3:2 M e V alpha particle and а 45.8+804 MeV 
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FIG. 7 (Left) A coincidence spectrum of particles versus particles 
measured with catcher foil No. 9. The resolving time was 5 цв. 
FIG. в (Right) Background spectrum taken at the вате conditions as Fig. 7. 

fission fragment was observed. (About 10% pulee height defect of the 
detector should be considered for the second energy. The large 
uncertainties toward the higher energies reflect the thickness of the 
catcher foil and the large solid angle). The probability that this event 
is due to accidental background is about 1%. An energy of 50!§^ MeV for 
the fission fragment ie in accord with the secondary reaction experiments 
TABLE 2. The differences (in MeV) between the measured alpha particle 
energy of 12.16 MeV and various predictions made [34,38,39], for the 
isotopee 271112 and 272112. 

Llran MSller HSUer Tachibana Spanier Patyk 
Zeldes Mix et al. et al. Johannson Soblczewekl 

271112 0.046 0.40 0.89 -0.26 0.62 0.05a 

272112 0.22 0.51 0.99 "°-0.^,, °'7?,.,., °'27 
aThe average of the values for ^/u112 and '"''112 was taken. 

mentioned above where a group of coincident events of about 65 MeV energy 
for both fragments was observed. An alpha particle energy of 12.16 MeV 
fits the predictions made34'38»39 for element 112 with 160 or 159 neutrons, 
as seen in Table 2. This result may indicate the production of a long-
lived isomeric state in one of the above mentioned isotopes of element 112. 
This isomeric state decayed by Jf*-rays or internal conversion process to 
the ground state which then decayed by emitting characteristic alpha 
particle in coincidence with a fission fragment of the daughter nucleus. A 
cross section of about 0.7 nb was estimated from this coincidence event for 
half-lives of 10-50 days, as seen in Fig. 9. 

The indications seen in thie experiment, if they are true, support the 
results of the secondary reaction experiments as far ав long lifetimes and 
low energy fission fragments are concerned. The production cross sections 
are, however, much smaller. A possible interpretation in terms of the 
interplay between subbarrier fusion and the extra-push energy phenomena, 
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FIG. 10 (Left) Calculated fusion cross sections using the code CCDEF40 
for the e8Sr+184H system asauroing quadrupole and hexadecapole deformations 
for the 88Sr nucleus. 
FIG. 11 (Right) The same as Fig. 10 but including aleo octupole 
deformations for the &8Sr nucleus. 

taking into account different deformations of the projectile in the two 
type of reactions, is suggested below. 

7. Calculated Fusion Cross Sections for the 88Sr+184W System 

Fusion cross sections have been calculated for the 88Sr+184W system 
using the code CCDEF6'*^. Fig. 10 shows the results of these calculations 
assuming various guadrupole and hexadecapole41 deformations for the 88Sr 
nucleus. Since it is possible that the shape of the "projectile" (fragment) 
in the secondary reactions is not symmetric, octupole deformations 
have been included in the code by us, and the resultв are given in Fig. 
11. Curve "c" in both figures is probably the relevant one for the direct 
8eSr+184W reaction. A cross section of about 20 nb at 300 MeV is obtained 
by assuming extra-push energy of about 37 MeV (shifting this curve to the 
right by this amount). Cross sections of about 1 nib at energies around 
290-295 MeV is obtained by shifting curves "f" or "g" in Pig. 10, or curvee 
"f", "g", "h" and "i" in Fig. 11 to the right by an extra-push energy of 
about 40 MeV. An energy of 40 MeV is consistent with extrapolation of 
experimental42 and theoretical43 extra-push energies to the 88sr+184W 
aystem. It is seen that at least qualitatively it ie poesible to understand 
the relatively large deduced fusion cross sections in the secondary 
reaction experiments in terme of the the large deformations expected for 
the fragments. 
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CHEMICAL STUDIES OF ELEMENTS 104-106; 

SEARCH FOR RELATIVISTIC EFFECTS 

i , ZVXRA 

Joint institute for Nuclear Research, Flerov Laboratory 
of Nuclear Reactions, 141980 Dubna, Russia 

INTRODUCTION 

Studies of chemical properties of the heaviest actlnoid 
elements and first transactinoids are expected to bring very 
important fundamental knowledge. They are interesting per se as 
this is a region of extremely dense clouds of atomic electrons 
moving with relativistic speeds. Namely the "relativistic effects" 
(RE) are the most challenging problem in the chemistry of 
transactinoids. At the calculational level, one defines RE as the 
differences between the values of the ionization potential, orbital 
energy, etc. obtained by nonrelativistic and relativistic 
calculations of atoms and/or molecules. The relativistic values 
might be clearly checked by spectroscopic techniques if such 
measurements were experimentally feasible; this, unfortunately, is 
not the case. But the most exciting problem with much effort 
directed towards it during last years are the relativistic effects 
in chemical properties of the heaviest elements. We understand the 
latter effects as the deviations in various physicochemical 
characteristics of very heavy elements from what might be expected 
by Mendeleev - type extrapolations down the appropriate subgroups 
in the Periodic System. But only those deviations which, by doing 
relativistic calculations for atoms and molecules, can be 
interpreted exclusively as a consequence of increasingly stronger 
relativistic character of the electrons in the element under 
question and not as a result of just changing radius of the atom or 
of similar factors. It should be noted that some calculational RE 
in orbitals of the heavy atom are necessarily "smoothed" in bonding 
with ligands (to the first approximation, the molecular orbitals 
can be considered as combinations of the atomic orbitals of the 
interacting atoms), and that, at present, the relativistic 
calculations of molecules are less rigorous than those of atoms. 
These two latter points make identification of the relativistic 
effects in chemical properties not easy.The first conclusive 
evidence for chemical RE in transactinoids at the molecular level 
(in the above mentioned sense) seems to have been obtained at 
Dubna. The observed slightly higher volatility of the tetrachloride 
[1] and tetrabromide [1,2] of element 104 compared with the 
respective compounds of hafnium could be correlated with some 
calculated parameters [3]. The "nonrelativistic" element 104 would 
yield compounds less volatile than Hf. 

The goal of the present talk is to review the experimental and 
calculational results on elements 104 to 106 obtained since the 
last School-Seminar at Dubna in Dubna where the topic was discussed 
by Schadel [4]. Another lecture and several posters at the present 
meeting give detailed accounts of some cited studies. 
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EXPERIMENTAL STUDIES OF ELEMENTS 104 - 106 

There has been substantional progress in accumulating 
experimental data on properties of transactinoid elements as well 
as in relativistic calculations for these elements and their 
compounds. Still the total number of publications with experimental 
data on gas phase and solution chemistry of elements 104 to 106 is 
not large, some two dozens (only one paper about 106), and a dozen 
рарегв or so deal with the relativistic calculations and their 
interpretation. More groups have become involved in cooperative 
efforts. As before, the laboratories at Berkeley, Dubna and 
Darmstadt have been the only places for performing experimental 
studies of transactinoids due to the necessary accelerators, 
targets, and expertise being at hand. There seem to be good 
prospects for getting also PSI Villigen (Switzerland) and IPN Orsay 
(France) involved in such work in coming years. 
Solution chemistry 

For chromatographic studies, of element 104 in the first 
instance, a novel experimental approach has been developed at 
Dubna. It is based on combination of three principles: the 
activities carried from the target to the chemical equipment by an 
aerosol loaded gas are processed continuously; after dissolving 
the aerosol particulates, first the actinoid nuclides directly 
produced in the bombardment are efficiently removed from the 
solution to be applied on the column; and 104 is detected in 
subsequently produced chemical fractions through its long-lived 
a-active descendants Fm and Es rather than by direct 
(experimentaly more difficult) counting of the «-particles of the 
mother nuclide. The principles proved to be quite fruitful. They 
allowed Szeglowski et al.[5] to detect some 500 grand-granddaughter 
nuclei while about 2000 atoms of the mother 104 were produced in 
a 24-h bombardment. The latter experiment aimed at getting 
evidence for negatively charged fluoride complexes of element 104 
similar to Hf species looking just for the Y/N answer. 

Later on Pfrepper et al.[6] also at Dubna made an important 
further step - they measured the retention time of element 104 in 
the column from the fraction of 104 atoms which decayed when 
passing the column in comparison with Hf isotope(s) of similar 
half-lives. This way, for the first time, they succeeded in 
evaluating the ion exchange equilibrium constant of a 104 species 
(for HF solution and certain anion exchange resin). Although the 
first experiments have not shown a statistically significant 
difference in distributions of Hf and 104 in the chemical system 
under study, the outlined technique has good prospects for 
revealing tiny differences in the behaviour of the two very similar 
elements. The technique is also very efficient in the sense that 
both the descendant nuclei growing in the column and those born in 
the eluate exiting the column are measured, and they make full 
contribution to the statistics of the experiment. 

Czerwinski et al.[7] at Berkeley seem to have obtained some 
important data on comparative extraction behaviour of 104, Hf, Zr 
and other elements in batch experiments. Unfortunately, by the time 
of this Conference, the data have not been reported in necessary 
detail. 

University Mainz - GSI - LBL - PSI collaboration have 
continued the study of comparative solution chemistry of element 
105, Nb, Та and Pa by extraction chromatography with 
diisobutylcarbinol [8] and triisooctylamine [9]. Again they saw the 
largest difference between 105 and Та, and made some conclusions 
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about complexation of X05. Their ion exchange experiments [10] 
indicate that 105 (V) is the moat stable state of the element in 
solution, contrary to an earlier guess. Some 140 atoms of element 
105 were detected in the experiments. 

Gas phase chemistry 
In the thermochromatographic separation method, i.e. in a 

gas-solid chromatographic column with temperature decreasing 
downstream, molecules migrate along with progressively slower 
speeds until they come to practical stop. The constituents of the 
original mixture, according to their different effective 
volatility, are deposited in individual zones [11] (cf. the the Hf 
zone in Fig.la.). Isothermal chromatography may be considered just 
as a variety of thermochromatography, while the retention times of 
species in the column (kept at a fixed temperature) rather than the 
characteristic deposition temperature are now the measure of 
volatility. 

The PSI group have made studies of chlorides and bromides of 
elements 104 and 105 withtheir chromatographic technique. They 
determine the retention times from the decay degree of short-lived 
a- and s.f.-active isotopes which are measured with electronic 
detectors directly at the exit of the column. At Dubna, we prefer 
the thermochromatography with detection of s.f. events through 
searching for fission fragment tracks in the column inner 
surfaceafter a long continuous experiment; chlorides and bromides 
of elements 104 to 106 have been studied. 

The different approaches of the two groups are complementary, 
which must be very beneficial and fruitful, though right now some 
technical features do not allow to realize completely identical 
chemical systems at both places. For example, at Dubna we directly 
feed the stream of the gas carrying the thermalized recoils into 
the column, while the PSI researchers use aerosol jet 
transportation from the target to their chromatographic equipment. 
Hence, they need first to somehow remove the aerosol material. 
Both of the approaches posses principal advantages and 
disadvantages. For instance, in thermochromatography the adsorption 
equilibria are "automatically" obtained over the most informative 
range of temperatures, which is specific for each compound; this 
is also why as much as half of the detected atoms contribute to the 
"statistics" in determining quantities like adsorption enthalpies. 
Only one experiment in a steady regime is needed. Meanwhile, in 
chromatography one has first to search (doing separate experiments 
at different temperatures) for the column temperature range in 
which the "transmission" of the column is between about 10 and 90% 
(i.e., the retention time is between 15 and 320% of the half life) 
to obtain quantitatively informative points. Still only the atoms 
which survived when passing the column can be detected and 
contribute to the statistics; cf. Fig. 5 in Turler's talk at this 
meeting [12]. It is not possible to simultaneously obtain the 
required data for two or more elements if their compounds 
significantly differ in adsorbability. The direct detection of both 
a-particles and fission fragments of the short-lived elements is a 
great advantage of the techniques based on isothermal 
chromatography. But for elements still heavier than 105 with their 
much lower yields and shorter half-lives, the inherent high 
efficiency of utilizing the produced atoms as well as the yet most 
rapid separation achieved may happen to be decisive advantages of 
thermochromatographic techniques advanced at Dubna. 



Element 104 
In the comparative thermochromatographic studies of ZG9104 

(T " 4.5 s) and Hf (Tl/2
a 75 s) with a chlorinating 

(Ar+TiCl +SOC1 ) and brominating (Ar+Br+BBr ) carrier gas in 
quartz columns, the Dubna group found [2] higher volatility of 
element 104 compounds for both halogenes. The median temperature of 
hafnium bromide zone was about 365 К while that of element 104 was 
300 К (if the actual 320 К arc corrected for the difference in 
half-lives between the two nuclides compared). A similar picture 
was obtained for hafnium and element 104 chlorides but shifted by 
100 К towards higher temperatures. 

Turler et al.[13] in their preliminary chromatographic 
experiments with ' 2Hf (T « 41 s) and 2б1104 (Г = 78 s) found 
large difference in "volatility" of bromides in quartz columns 
coated with KC1 (the KC1 aerosol material could not be completely 
removed from the gas). Their 50% transmission temperature, which 
must be close to median temperature in thermochromatography under 
similar conditions, was about 520 К for 104 and by some 150 К 
higher for 104. These high temperatures themselves are not 
inconsistent with the above Dubna data as very probably the 
bromides were chemisorbed at the surface of KCl. Also oxobromides 
might account for the quite high deposition temperatures. 

With chlorides, however, the transmission of both Hf and 
element 104 was still high even at 370 K, while chemisorption on 
KCl might be expected to be even stronger than for bromides. We did 
observe it in the early Dubna experiments [14]. The new data for 
chlorides presented here by Tiirler [12] were obtained with MoO 
aerosol loaded jet, the particulates of which were completely 
chemically volatilized in chemical processing of the bombardment 
products. At first sight, now the results seem to agree with the 
Dubna data [2]. 
Element 105 

Zvara et al.[15] reported a comparative thermochromatographic 
study of bromides and chlorides of 105 (T = 35 s) , Та, Nb and Hf; 
see Fig.l. The composition of the carrier gas was the same as in 
the work with element 104 [12]. They found the relative effective 
volatility (see discussion of adsorbability and true volatility 
below) of both bromides and chlorides to be Nb » Та р 105. The 
final quantitative evaluation will be possible after the expected 
dependence of the peak position on the half-life is experimentally 
investigated. 

Turler et al.[13] and Gaggeler et al.[16] reported a study of 
bromide of element 105 with HBr and HBr+BBr as the carrier gas. 

з 3 
Again (see above) the KCl loaded jet was used. Tantalum (in 
HBr+BBr3) and Nb (also in HBr alone) showed similar behaviour with 
50% transmission at about 450 K, while 105 (at both compositions of 
the gas) needed a temperature higher by some 130 K. New experiments 
on the chloride of 105 are mentioned by Turler [11]. 
Element 106 

The ever first chemical experiment with element 106 and, 
meantime, the first chemical isolation and identification of the 
element, mass number 263 (Г = 0.9 s) , was accomplished recently 
at Dubna making use of a volatile oxochloride. It is described in 
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detail by Timokhin et al. [17]. When evaluated by a Monte-Carlo 
simulation technique [18], the data seem to indicate not very 
different volatility of W and element 106 compounds. 

Fig.l. 
20 Nx5cm 

Thermochromatography of chlorides (a) and bromides (b) of 
element 105. The pronounced peaks above a smooth background 
of s.f. events (solid histogram) in the gradient part of the 
column are due to ' 105. Hf and Yb were produced 
simultaneously to indicate the behaviour of volatile and 
nonvolatile halides, respectively.The indicated positions of 
Та and Nb were determined in separate experiments. 

WHAT CAN ONE LEARN FROM GAS PHASE STUDIES? 
One must bear in mind that the (thermo) chromatographic 

separations are based on adsorption properties of molecular 
entities characterized, e.g. by the equilibrium distribution 
constant (Henry constant) rather than on volatility properties of 
liquid or solid phases. Hence, a priori, there is no good reason to 
expect that the behaviour of various compounds in columns will 
strictly follow their relative volatility; obviously, the 
adsorption . energy of a molecule on the surface of a dissimilar 
solid can be very different, usually larger than the vaporization 
or sublimation energies of the adsorbate. Moreover, most surfaces 
contain "active sites" characterized by very high adsorption 
energies. Nevertheless, in practice, one quite often does observe a 
correlation between adsorbability and volatility [11,19]; see 
Fig.2. It is usually so when the surfaces of column materials are 
effectively modified by interaction with chemically active 
components of the carrier gas including some overabundant (with 
respect to the separated species) "nonisotopic carriers". Then the 
surface can be expected to become more homogeneous because the 
carrier must take up the adsorption sites - in general, not only 
the most active ones [20]. This modification can be both dynamical 
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and irreversible. Fused silica columns are widely used in gas phase 
chemistry of transactinoids. It is known [21,22] that species like 
boron tribromide react with the surface of silica as shown in 
Fig.3. Molecules of some other bromide migrating through the column 
treated by an excess of BBr vapour will see the surface as not 
very dissimilar to the surface of their own condensed phase. So 
there is little surprize in that the modified surface is 
effectively quite homogeneous, that "physical" adsorption takes 
place, and even that the absolute values of adsorption energies 
are not very different than the energies of vaporization. 
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Fig.2. Correlation between deposition temperatures of carrier 
free chlorides and their sublimation enthalpies [20]. 
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Correlations between adsorbability and volatility are 

especially strict in sets of species which have something in 
common, like binary compounds with one fixed constituent or, the 
more, with similar stoichiometry. The correlations allow us to 
"translate" the radiochemical data like deposition temperatures in 
TC columns into the common language of boiling points, vaporization 
energies, etc. This is of utmost importance in studies of the 
heaviest elements on the one-atom-at-a-time basis. 

What does volatility tell us ? 

We have seen that one can experimentally characterize 
volatility of some compounds even when the element is not available 
in "macroamounts" (i.e., liquid or solid phase cannot be produced). 
How much of fundamental information can we extract from the 
volatility data? We were taught by older textbooks that only the 
covalent molecules form volatile solids or liquids while low 
volatility indicates polar bonds and the ionic solid. The latter is 
undoubtly true, but the former is not: an enhanced volatility is 
observed for quite many compounds with evidently polar bonds. Today 
there is little doubt that this results exclusively from the 
three-dimensional molecular structures which are characteristic of 
all such species. It is especially clear for the higher halides of 
metallic elements, MX (n = 4,5,6) which posses the highest 

possible molecular symmetry at a given n. Their positively charged 
metallic atom and the polar bonds are effectively screened from 
electrostatic interaction with adjacent molecules? see Figs.4&6, 
which show the actual relative sizes of the molecular constituents. 
Such molecules stay unchanged when the gas condenses to form a 
liquid, they seem to interact largely by dispersion forces, and 
their atoms are unable to rearrange to such a degree as to finally 
yield an ionic solid. 

WCI6 TaCI5 

Fig.4. Three-dimensional structure (in the tangent hard sphere 
model; see below) of WCl and TaCl molecules. 

6 5 

We believe that adsorption properties are to be discussed 
better in correlation with vaporization of liquids rather than 
with sublimation of solid species. As Trouton rule tells us, 
condensing molecules loose mostly the translational degrees of 
freedom leaving untouched the internal ones. This must be the case 
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also in adsorption as the enthalpy and entropy of freezing 
(melting) can obviously be fully realized only in pure phases 
because they rely upon tiny details of molecular structure and 
ability of the constituent atoms to increase their coordination 
number. 
Volatility as a function of geometrical parameters of molecules 

When looking for some quantitative regularities in volatility, 
we noticed earlier [23] that for the group IV element tetrahalides, 
MX (M = F,CI,Br,I), the inverse absolute normal boiling point 
temperature, 1/Г . is a linear "function" of the sum of the Shannon 

b 
[24] ionic radius of the halide, x (coordination number I), and of 
the radius of the metal, m (coordination number IV) . The sums 
practically coincide with the available measured values of the 
interatomic distance M-X. We found that the straight lines l/T 
versus the "reduced" interatomic distance, (x+m)/x s l+д, cross 
the abscissa in the same point, at l+д я т/з; see Fig. 5. This 
brought our attention to the tangent hard sphere model of the 
compounds MX . We have found a geometric parameter which changes 
with l+д in the same way as l/T values do - it is the reduced 
closest possible distance between the surface of M and the surface 
of X of an adjacent molecule, l/x = A; see Fig. 6. For tetrahedral 
molecules, A is zero at l+д =» -/з, and increases very nearly 
linearly with \/з-(1+д) . Actually, A4 = -2(1+д)/3 + 2[1-2 (1+д)2/9)'/2 

for VT/2 s l+д s }/з~. in the case of MX and MX species, A and A 
also exhibit a nearly linear dependence on l+д. 

ThF and UF are the only known tetrahalides with l+д > /3; 
4 4 

cf. Fig.5. Here fluorines of an adjacent molecules can come into 
touch with the metallic atom, and, rather than being a molecular 
liquid, the melt is a molten salt. 

If х2/1\ is plotted versus l+д in a graph like in Fig.5, the 
b 

data for tetrahedral halide molecules follow a universal, straight 
line correlation x2/T^~ (y/^-l-u) ** A. 

b 
One will notice that, at fixed A, the value of x is a measure 

of the surface of one facet of the molecular polyhedron while the 
number of the facets in MX is 2n - 4. Searching this way, we 
finally came to the formula 

T = С-(2п-4)-х г/\ , 
b n 

or in more general form 
T = С-ф(п,ц)-х2, 

О 
where the proportionality constant, С (essentially just a scaling 
factor), is universal, n- independent, and the function 
!0(л,д) = (2п-4)/А is deduced exclusively from geometrical 
considerations." 

This remarkably simple formula, indeed, proved to be valid to 
some ±15% for the examined several dozens species, some dissimilar 
in every respect. In other words, for the given stoichiometry (at 
maximum symmetry) we know T as a function of the ionic radius, m ! 
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Fig.6. Cross section of a tetrahedral MX molecule (through two 
vertices and the centre of the opposite edge) with X 
of another molecule at the closest possible distance. The 
The definition of m, x, and 1 is illustrated. 

RELATIVISTIC CALCULATIONS FOR ELEMENTS 104 AND 105 
Last years have seen growing interest in the relativistic 

theory of chemical properties of elements 104 and 105. Consistent 
with the above considerations, the calculations of atomic structures 
and properties were followed by calculations of higher halides and 
oxohalides of 104 and 105. Tables 1 & 2 present a brief summary of 
these studies. They resulted in diagrams and energies of molecular 



Table 1 

SUMMARY OF RELATIVISTIC CALCULATIONS FOR ELEMENT 104 AND ITS COMPOUNDS 

Reference: 

Glebov et al.[25] 
(RIIM,JINR) 
Is Element 104 a p-
Element? Relativistic 
Calculations of the 
Electronic Atomic 
Structure. 

Zhuikov et al.[26] 
(INR,JINR,RIIM) 
Relativistic Effects in 
Kurchatovium Chemistry. 

Pershina et al.[27] 
(IPC) 
Electronic Structure 
of Superheavy Elements 
and their Compounds. 

Johnson et al.[28] 
(ORNL, UK1) 
Ionization Potentials 
and Radii of Atoms and 
Ions of Element 104 
and of Hafnium... 

Method and calculated 
quantities: 

MCDF, J=0-4 (468 jj-
configurat. for 104) 

Ground states of the 
atoms Ti,Zr,Hf,104, 
Pb,Sn,Ge and 104+, or
bital energies and ra
dii, atomic excited 
states. 

MCDF for atoms, DS-
Xo-SW for molecules 

Four IP's, promotion 
energies, atomic and 
ionic radii for Ti-104; 
bond lengths, orbital 
population, effective 
charges for [Ti-104]CI 

SCF-Xa-SW 

Molecular orbital struc
ture of [Hf,Pb,104]Cl 

MCDF (J=0-3) 

Four IPs, ionic and 
atomic radii for Ti,Zr, 
Hf,104; selected promo
tion energies. 

Conclusions, predictions: 

104 atom has the unique 
ground state 6dJ7s p , 
while 104* is ds2; 
when forming bonds, 104 
must be similar to Hf, 
not to Pb; 104(1) might 
be relatively stable. 

Lower halides of 104 
must be more stable and 
less volatile than Hf 
compounds. 

104 has a slight p-
character but is much 
closer to Hf than to Pb. 

IP for 104 is 6.2+0.2 eV. 
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Table 2 
RELATIVISTIC CALCULATIONS FOR ELEMENT 105 AND ITS COMPOUNDS 

Reference: 

Fricke,Johnson [32] 
(UKl,ORNL) 
Ionization Potentials and 
Radii of Atoms and Ions of 
Element 105 and Ions of 
Tantalum Derived from MCDF 
Calculations. 
Pershina et al. [33] 
(UK1,CUT) 
Relativistic effects in 
physics and chemistry of 
element 105. I. Periodici
ties in properties of group 
5 elements. Electronic 
structure of the penta-
chlorides. 
Pershina et al.[34] 
(UK1,GSI,IPC) 
Relativistic effects.... 
II. Electronic structure 
and properties of group 5 
elements bromides. 
Pershina et al.[35] 
(UK1,IPC) 
Relativistic effects.... 
III. Electronic structure 
of hahnium oxyhalides as 
analogs of group 5 elements 
oxyhalides. 

Method and calculated 
quantities: 
MCDF 

Five IPs and promotion 
energies for V-105; 
ionic radii for 105 in 
2+,3+,4+,5+ states 

SCC-DS-DVM; 
transition state proce
dure 
МО eigenvalues, IP, elec
tron affinities, transit, 
energies, chemical bond 
strength and character 
for [V,Nb,Ta,Pa,105]Cl . 
SCC-DS-DVM 
As above, for 
[Nb,Ta,Pa,105]Br 

SCC-DS-DVM 
A.s above, for 
[V,№,Ta,Pa,105]OBr 
[V,Nb,Ta,Pa,105]OCr[ 

Conclusions, prediction 

IP for 105 is 6.9 eV 
(IPs predictions are 
less accurate than for 
104). 

105 is a typical mem
ber of group 5; Та has 
a specific position 
in the group due to 
mutual compensation of 
some effects. 

105Br must be 
more volatile than 
Nb and Та species. 

Chemical bonding in 
105 compounds is weaker 
than in Та species. 
Difference in volati
lities must be less than 
for pentahalides. 

GSI - Gesselschaft fur Schwereionenforschung, Darmstadt, Germany 
CUT - Chalmers Univ. of Technology, Goteborg, Sweden 
See Table 1 for others. 
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orbitals, in ionization potentials, in values of effective charges 
and population of valence shells of the metallic atom. The 
polarities of the bonds and their strength may be estimated with 
some additional considerations. The approaches of different authors 
are similar/ and, in a few oases when the comparison is possible, 
the calculated values are quite consistent. Finally, the volatility 
of the heavy element compounds can be predicted by correlating the 
experimental values for known elements with some calculated 
molecular parameters. 

The works of Pershina et al.[33-35] explicitely discuss the 
expected volatility of pentahalides and oxotrihalides of element 
105 compared with its congeners in the subgroup starting with the 
degree of covalency of the bonds. While such attempt is to be 
appreciated, the discussion of the volatility characteristics does 
not seem to be careful enough, and an independent evaluation is 
needed. 

CONCLUSION 

We have seen that geometric parameters (structural type and 
bond lengths) of molecules dominate in quantitatively determining 
volatility of the compounds, and the volatility of binary 
compounds turns out to be an extremely fundamental characteristic 
of the properties of an element as Mendeleev intuitively felt. 
Taking into account additional quantitative concepts and the 
respective parameters like bond polarity, effective charges of 
atoms etc., which can be derived from molecular calculations, one 
must be able to correlate also subtle details of regularities 
governing the volatility of isostructural molecules of homologous 
elements. It should be also noted that condensation of species like 
MX is determined by forces acting between identical, highly 

symmetric, almost spherical molecular entities. 
With these facts in mind, we expect that to reveal chemical 

RE by confroting the experimental data with calculations might be 
more feasible in gas phase chemistry studies than in solution 
chemistry, indeed, the situation with ions in aqueous solutions is 
much more complicated. Atoms of the new element are usually 
constituents of more than one complex ions which are in dynamical 
equilibrium (see, e.g., the discussion in Refs.8&9). The ions of 
each kind are composed of several atoms of different elements and 
may have also a few water molecules in the "inner sphere". The 
charged complexes strongly attach oppositely charged ions present 
in the solution. The latter usually consists of water molecules and 
hydrated cations and anions of some acid. So we deal with a system 
of a number of very different and strongly interacting particles. 
All this makes extremely difficult to rigorously correlate the 
experimental and calculated parameters as the latter can be obtain 
only for much simpler objects than the solvated complex ions. 

This is just evaluation of the situation with the chemical 
RE; by no means the author intends to underestimate the importance 
of solution chemistry studies as such, which, so greatly contribute 
to our knowledge at the frontiers of the Periodic System. 
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I. Introduction 
Thj investigation of the chemical properties of the elements at the end of the actinide and 

beginning of the tnmsacanide series has challenged both theoretical and experimental chemists. The 
reason for this special interest lies in the fact that near the end of the periodic table relativistic 
effects play an important role in determining the chemistry of the heaviest elements. At these very 
high atomic numbers the inner electrons of an atom are subjected to such large nuclear charges that 
they attuin relativistic velocities. Relativistic effects, also felt by the valence electrons, lead to the 
stabilization of the spherical 7s and 7pi/2 orbitals and destabilization of the 6d and 5f orbitals due to 
there more efficient screening from the nuclear charge. Recent calculations including the influence 
of relativistic effects allow detailed predictions of the chemical properties of transactinide elements 
and their compounds. The experimental investigation of the chemical properties of the transactinide 
elements is exceedingly difficult since these elements can currently be produced only by heavy ion 
fusion reactions at accelerators and detected at a rate of few atoms per hour. In addition, the 
longest-lived known isotopes of these elements have half-lives of only one minute or less, which 
further complicates chemical studies. Due to the low production rates and the short half-lives of 
these elements, various chemical procedures have been devised. Some procedures are designed to 
operate continuously, whereas others use fast reproducible separations with high repetition rates in 
order to obtain statistically significant results. 

Deviations from the regularities of the periodic system of the elements due to relativistic 
alterations of the electronic structures have been predicted for some time. Based on extrapolations 
from relativistic calculations for element 103,1*2 KELLER3 suggested that in the case of element 
104 the ground state configuration could be [Rn]5f147s27pi^2 rather than 6d27s2 analogous to the 
5d26s2 configuration of its lighter homolog Hf. Therefore, element 104 might be expected to 
behave like a heavy p-element similar to Pb. However, chemical studies of Lr and element 104 in 
both aqueous and gas phases (see Refs. 4-6 for recent review articles) clearly indicate, that the 
actinide series ends at Lr and the new 6d transition series (the transactinide series) begins with 
element 104. Very sophisticated relativistic calculations and unique chemical experiments have to 
be carried out to evaluate the influence of relativistic effects. The progress in computer and 
calculational technologies on the one hand and the advancement of chemical procedures and new 
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detection systems on the other hand have provided the means for more accurate investigations of 

the transactinides. 
This paper will focus on the latest achievements in the gas phase chemistry studies of elements 

104 and 105 and their lighter homologs. 

II. Experimental Techniques 
The nuclides 2б1104 (?щ - 78 s) and 262,263 Ю5 ( T ^ - 30 s) were produced in the 

248Cm(180,5n) and the I 8 0 + 24^Bk(180, 4,5n) reactions, respectively, at the LBL 88-Inch 
Cyclotron in Berkeley, USA, and the GSI UNELAC linear accelerator in Darmstadt, Germany. A 
schematic of the target arrangement is shown in Fig. 1. The beam of 1 8 0 ions, collimated by a 
graphite ring, passed through a HAVAR™ or Molybdenum vacuum isolation window, a volume of 
nitrogen cooling gas, and the Be target backing before interacting with the target material. The 
targets, containing between 500 to (.00 «tg/ca2 of ^ C m or ^ B k were prepared by stepwise 
electrodeposition of Ст(1ЧОз)з or Вк(гГОз)^ from an isopropanol solution on Be foil in 6-mm 
diameter spots. Each deposited layer was converted to the oxide by heating to 500 *C for at least 20 
min. The thickness of the targets was monitored by alpha-particle spectroscopy. The 248cm and the 
2 4 5Bk target materials were provided by the transplutonium element production program at the Oak 
Ridge National Laboratory, USA. Typical beam currents used throughout the experiments were 
0.5 рцА. 

Short lived isotopes of the homologous elements Hf (162-164Hf) and Та (1б4-167Та), were 
produced by bombarding targets of 147Sm (approx. 250 u,g/cm2 on 4.5 mg/cm2 Be) and nat-Eu 
(approx. 250 Hg/cm2 on 4.5 mg/cm2 Be) with a beam of ^Ne 6 * ions, respectively. The targets 
were prepared in the same manner as described above. The incident beam energies were 120 MeV 
on the Sm target and 143 MeV on the Eu target, respectively. Actual beam currents were 0.1 рцА. 

Studies with short-lived isotopes of the lighter group 4 and 5 elements, Zr and Nb, were carried 
out at the PSI SAPbHR reactor, Switzerland. A 180 jig/cm2 2 3 5U target electrodeposited on a 4.05 
mg/cm2 aluminum foil was bombarded with 4.б±0.5 х 106 thermal neutrons/(s*cm2) over a beam 
spot size of 50 mm diameter. 

In all systems the reaction products recoiling out of the target material were stopped in a volume 
of He loaded with M0O3 aerosols and transported through a polyemylene capillary to the 
chromatography apparatus at a He flow rate of about 1.5 - 21/min. 

Two versions of isothermal chromatography systems have been used to study transactinide 
elements. The PSI On-Line Gas chromatography Apparatus (OLGA П),'7 and the LBL Heavy 
Element Volatility Instrument (HEVI),8 which is a similar but technically improved version of 
OLGA. A schematic of the experimental set-up is shown in Fig. 2. Both systems consisted of a 
quartz column (6 mm i.&) with a narrow exit tip (6 cm in length, 1 mm i.d.). The column was 
separated into two sections. In the first section the reaction products, transported on M0O3 aerosols, 
were stopped on a quartz wool plug. This section was kept at a fixed temperature of 900*C. At the 
position of the quartz wool plug reactive agents such as HBr, ВВг3, НС1 or Cl2 were added at a 
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N2 Cooling 
0.2 mg/cm2 

Gas-Jet Inlet 
(He/MoGg) 

Watercooled 

Beam Stop 

18 О - Beam 

HAVAR Window 
1.8 mg/cm2 

Gas-Jet Outlet 
(to OLGAII or HEVI) 

Fig. 1 Schematic diagram of the target arrangement. The HAVAR window separates the target system from the 
accelerator vacuum. The window and the Бе target backing are cooled by a stream of N2. Recoiling reaction 
products are attached to M0O3 aerosols and transported in a He stream to the chromatography system. 

Be Backing 

flow rate of about 100-200 ml/min. The second part of the quartz column including the exit rip 
served as the isothermal chromatography section. In different experiments the temperature was 
varied between 50 *C and 650 'C in 50 *C intervals. Volatile bromide or chloride species formed at 
the position of the quartz wool plug were then transported along the cooler chromatography section 
of the column by the He flow. The molecules undergo numerous sorption/desorption steps, with 
retention times indicative of their volatility at specific temperatures of the isothermal part of the 
column. Volatile products that were not retained left die column dirough the tip, whereas, due to 
their longer retention time, non-volatile species underwent radioactive decay in the chromatography 
section. Reaction products leaving the chromatography column were thermalized in the recluster 
chamber. Here me thermalized products are reattached to new aerosol particles (N2/KCI or Ar/KCl) 
for transport to the detection system. 

The detection systems were the MG (Меггу-Go-round) rotating wheel system9 in experiments 
witii element 104 or me moving tape system7 in experiments with element .105. In the MG system, 
the aerosols carrying the separated activities were deposited on thin polypropylene foils (30-40 
Hg/cm2) at the periphery of an 80 position wheel. Each minute, the wheel was stepped to move the 
collected activity successively between pairs of PIPS (Passivated Implanted Planar Silicon) 
detectors. This new detector type is chemically inert. Six pairs of PIPS detectors registered oc-
particles and spontaneous fission (SF) events which were recorded in an event-by-event mode. 
Each wheel was used for two revolutions. The MG chamber was pumped with an inert vacuum 
pump; the pump exhaust gases, still containing the reactive agents, were neutralized in a NaOH 
scrubber system. The MG wheel system allowed me registration of a events from both sides of the 
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Fig. 2 Schematic of HEVI (or OLGA) in combination with the MG-system used to study volatile 104 halides or in 
combination with the tape system used to study volatile 105 halides. 

deposition spot, together with the detection of single and coincident SF events with a detector 
efficiency of about 60%. 

To prevent interference from long-lived SF activities in the detection of SFs from 262,263io5, 
the PSI tape system' was developed. Here the activity was deposited at the collection site on a 
regular computer tape and subsequently stepped in front of 6 450 mm2 PEPS detectors. One tape 
allowed the collection of about 3000 samples free from activities deposited in previous runs. The 
detector efficiency was 38% for alpha-particles and 76% for SFs. Again the system was pumped 
with an inert vacuum pump and the exhaust gases were neutralized in the scrubber system. 

In experiments with short-lived isotopes of elements Zr, Nb, Hf , and Та the aerosols carrying the 
separated activities were retained on glass fiber filters and measured in front of a high purity Ge 
detector. The glass fibre filter was replaced before each measurement. 

III. Halides of the Group 4 Elements Zr, Hf, 104 

1. Predicted Chemical Properties 
In recent Multi-Configuration Dirac-Fock (MCDF) calculations using 468 jj-configurations 

GLFJBOV et al.10 determined that the ground state of 104 should be a J=2 level consisting mainly 
of die 6d7s27p configuration (80%). The first excited state, only 0.5 eV higher, consists mainly of 
the 6d27s2 configuration (95%), while the 7s^p2 state (predicted to be the ground state by 
KELLER3) is 2.9 eV above the ground state. They also calculated average radii of valence shells 
for d- and p-elements. Based on their calculations, GLEBOV et al.10 concluded that element 104 
should .show no distinctive p-character. In fact, 104 should behave like Hf, a typical d-element. 
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JOHNSON ct al.11 have confirmed this result for the ground state and have computed the first 
four ionization potentials of element 104 and the other group 4 elements Ti, Zr, and Hf. They also 
calculated the position of the maxima in the radial charge density functions of the outermost shell 
of group 4 elements. In a second paper JOHNSON et al.12 published calculated ionic radii for all 
charge states of group 4 elements, standard enthalpies of formation for 10 different compounds, 
standard Gibbs free energies of formation of element 104 aqueous ions, and standard electrode 
potentials of element 104. 

ZHUKOV13 et al. commented on the unusual relativistic ground state level of ds2p of element 
104. They calculated a much larger radius for element 104 in the atomic state than for the 
nonrelativistic d2s2 ground state. Since it was found that the quantities like average radii of valence 
shells, orbital energies, and ground levels of ionized states of element 104 were similar to those of 
Hf but different from those of a p-element like Pb, element 104 should exhibit typical group 4 
element properties. They discussed different experimental approaches to search for relativistic 
effects and concluded that gas chromatography experiments of group 4 elements in the atomic state 
were not a promising approach, since the estimated sublimation enthalpies for the relativistic ds2p 
and the nonrelativistic d2s2 ground state were not sufficiently different. In addition, it would be 
very difficult to stabilize the group 4 elements in the atomic state at the required high column 
temperatures of more than 1500 *C. The investigation of the relative volatility of the group 4 
element halides seemed to be more productive. In performing relativistic SCF-Xa scattering wave 
Dirac-Slater computations for group 4 tetrachloride molecules, they calculated in the series Zr-Hf-
104 a slight growth of the population of si/2-orbitals. Due to relativistic effects, a lower effective 
charge is seen by the 104 valence electrons. This leads to more covalent character in the bonds 
between the 104 central atom and the chloride ligands which reduces the interaction between the 
chloride and the quartz surface, leading to a higher volatility. 

The most recent relativistic Dirac-Slater calculations for group 4 chlorides were performed by 
RYZHKOV et al..14 They performed calculations for the relativistic ds2p as well as for the 
nonrelativistic d2s2 ground state. The results of their calculations led to the conclusion that element 
104 can be confidently considered to belong to the Ti-Hf row, as long as nonmetallic compounds 
are concerned. No remarks concerning the relative volatility of group 4 halides were made. 

2. Chlorides and Bromides of the Group 4 Elements Zr, Hf and 104 
As early as 1966 ZVARA et al.15 performed the first gas phase chemistry experiments with 104-

halides. Using frontal gas chromatography and ZrCLj and NbCls as chlorinating agents and carriers, 
they showed that they could detect a SF-activity wim Mica detectors at the end of their column 
under conditions where Zr and Hf also passed through the chromatography apparatus. They argued 
that any other SF-activities than the decay of the separated IO4CI4 could be excluded. In later 
experiments they used thermochromatography to study volatile 104 halides, using the 
chromatography column itself as fission track detector. Their extensive studies have continued until 
today.16-20 They have found that element 104 forms chloride and bromide compounds noticeably 
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more volatile than the corresponding compounds of Hf and Zr.13 Unfortunately none of the more 
recent results have been published. 

14000 
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Fig. 3 Sum of the measured a-spectra observed from all 104 chloride chemistry experiments for the first 3 minutes of 
counting (Figure from Ref. 22). 
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Fig. 4 Growth C2^ 104) and decay ( ^ N o ) plus one component (21 'Po"1) fit to the 8.15 to 8.38 MeV region. In this 

fit half-lives of Po and No and the initial activity of Po were fixed; all other parameters were allowed to vary. 
A maximum likelihood decay curve fit has been used. The upper and lower limits on the half-life interval 
correspond to a confidence level of 68% (Figure from Ref. 22). 
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In 1990 TORLER ct al.,21 using OLGA, studied the volatilities of chlorides and bromides of 

elements Hf and 104. They detected a-particles from the decay of 78-s 261104 and its 26-s daughter 
257No and also registered a number of ct-cc correlations that unambiguously proved that indeed a 
chemical separation with clement 104 was performed. They determined a higher volatility for 104-
bromides than for the lighter Hf homologs and found a high volatility for 104-chlorides. A 
comparison of this data with the work of ZVARA et al.15-20 has to consider the fact that 
experiments performed by TORLER et al.21 employed a KC1 aerosol gas-jet to transport the 
activity from the target to the chromatography apparatus. At the end of the experiments pars of the 
insides of the quartz columns were covered with visible amounts of KC1. It is therefore possible, 
that the chromatography took place on a KG surface and not on a pure Si02 surface as this was the 
case in ZVARA's work. In addition, the presence of traces of O2 may have led to the formation of 
oxyhalides. 

Since these studies with OLGA, we have developed an improved chromatography system called 
HEVI8 and performed new experiments with 104 chlorides and bromides and their lighter 
homologs. Improvements to the system include a longer chromatography column with superior 
isothermal temperature profiles and a much higher corrosion resistance. The results of these 
experiments have not yet been published, but are available in the form of a PhD thesis by 
KADKHODAYAN.22 In the studies with IO4CI4, a 810 Hg/cm2 248Cm target was bombarded with 
5.09'10" 18o5+ ions at an energy of 99 MeV. After transport to HEVI, the chlorides of 104 were 
formed by adding 100 ml/min of HC1. A M0O3 aerosol gas jet was used to transport the activities 
from the target recoil chamber to the chromatography apparatus. The M0O3 cluster material forms 
very volatile oxychlorides and thus does not deposit inside the chromatography column. The 
measured a-particle spectra (Fig. 3) revealed that the major activities were due to Po and Bi 
isotopes originating from traces of Pb impurities in the target. A total of 837 a-particles in the 
energy range from 8.18-8.38 MeV attributed to the decay of 261104 and its daughter ^ N o w e r e 

detected after the chromatography apparatus. Corrections for a slight interference from 211mPo 
(Хщ = 25.5 s, 8.305 MeV, 0.25%) were made based on the observed count rate for the main a-
group of гитро g.275 MeV, 91.05 %). A half-live of 7 8 ^ s resulted for the decay of 261104 (Fig. 
4), compared to me literature value23 of 65*/o s. The yield in our studies is defined as the ratio 
between the activity measured after the chromatography apparatus and the activity measured at the 
end of the transportation capillary without chromatography. The maximum yield is dependent on 
the half-live of the nuclide. This can be explained by the time needed for the molecules in the 
recluster unit to attach on new KC1 aerosols before being transported to the detector. The maximum 
yields measured for nuclides with Тщ ^ 1 °"n were about 60 %. Since we were unable to identify 
the a-lines of 2^1104 without chemical separation, die maximum average yield measured at 
temperatures where 104 was not retained in the chromatography column was taken as 100% 
relative yield. The relative yields measured at each isothermal temperature for chlorides of 98Zr, 
162Hf and 261104 under similar conditions are shown in Fig. 5. Preliminary results24 from the most 
recent experiments for bromides of 98Zr and 26l104 are available. The behaviour of HfBty under 
the same experimental conditions has not yet been determined. 
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Fig. 5 Relative chemical yields of chlorides of 30.8-s 98Zr (O), 38-s 162Hf (Д) and 78-s 261104 (•) as a function of 
the temperature in the isothermal part of the oven. The solid lines show calculated yield curves based on a 
Monte Carlo simulation for adsorption enthalpies of -69, -101 and -77 KJ/mol respectively. (Figure adapted 
from Ref. 22). 

A novel approach for determining the adsorption enthalpies (ДНц) of the investigated species in 
our experiments was used based on the microscopic model of gas-solid thermochromatography in 
open columns proposed by ZVARA.2^ On me basis of this model a Monte Carlo code was 
developed26 which calculated the expected yield of a chemical species for a given adsorption 
enthalpy at each measured isothermal temperature. This model is well suited to accommodate the 
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Fig.6 The thermochromatographic data of ZVARA et al.2^ was reanalyzed using the Monte Carlo simulation model 
described in Ref. 25. 
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influence of the high carrier gas flow rates, the actual temperature profiles in the column, and to 
account for the different half-lives of the investigated species. For each isothermal temperature the 
interaction with and transport through the column for each of a large number of sample molecules 
(2: lO'OOO) were modelled. This calculation resulted in a curve of yield versus isothermal 
temperature for each value of AHj. The curve for the ДНа value which best fit the measured data 
was chosen by a least squares method. The shape of the calculated yield curves reproduces the 
measured yield curves very well. The Monte Carlo analysis method can also be applied to the 
analysis of thermochromatographic data. An example is given in Fig. 6 for a recent experiment 
performed by ZVARA et al..20 

Normally, one would compare the resulting adsorption enthalpies with the existing data from the 
literature. Unfortunately, the experiments described in the literature have been analyzed in many 
different ways resulting in vastly different adsorption enthalpies for the same speues, because a 
number of authors have tried to extract both, the adsorption enthalpy (AHg) as well as the 
adsorption entropy (ASa) from their data. The values for the adsorption entropies obtained by such 
analysis methods are usually inaccurate. We therefore decided to reanalyze some of the literature 
data using a consistent set of adsorption entropy values. The adsorption entropy has been calculated 
according to the formalism of EICHLER and ZVARA27 

R 
ASa=R-ln lcm'^Vn1!-

-if R T ^ 
+ 2 CD 

where Vg is the characteristic frequency of the adsorbent on the surface (» 1012 s**) and M is the 
molar mass of the adsorbed molecules. 

The reanalyzed adsorption enthalpies for chlorides and bromides of group 4 elements Zr, Hf and 
104 are given in Table 1. Only experiments that were performed with tracer amounts on quartz 
surfaces have been included in this table. In all of the cited experiments no effort was made to 
determine the actual chemical composition of the investigated species; it is possible that some of 
the species that were labelled as the pure halides are oxyhalides. 

. The values listed in Table 1 for group. 4 chlorides can be divided into two groups. It appears as if 
the pure chlorides of Zr and Hf have adsorption enthalpies of about -70 kJ/mol, whereas the 
oxychlorides are less volatile and have adsorption enmalpies between -80 kJ/mol and -100 kJ/mol. 
This also seems to be true for the 104 chlorides. For the group 4 bromides fewer results are 
available. But again a distinction between pure bromides and less volatile oxybromides seems to be 
possible. Even though the data presented in Table I is not the result of a complete literature search, 
it is evident, mat even the data on homolog elements studied at tracer levels is rather insufficient In 
addition, a standardized analysis procedure is needed for comparison of results obtained with 
various experimental techniques. 
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Tabic I. Reanalyzed adsorption enthalpies AHa(kJ/mol) for chlorides and bromides of Zr, 

Hf and element 104 in quartz columns using ASa from Ref. 27. 

ZrCl4 
AHaftcJ/mol) 

-73 
-89±2 
-74±3 
-72±2 
-74±2 
-69±6 

ZrBr4 

/iHaOd/mol) 
-70±2 
-91±6 

Assumed Chemical Compound 
ZrOCl2 HfCU HfOCl2 

AIL,(kJ/mol) AHaOcJ/mol) AH„(kJ/mol) 
-73 

-90±5 

-71±2 
-81±2 -71±2 -82±2 

-96±5 
<J-70* 

Assumed Chemical Compound 
ZrOBr2 HfBr4 HfOBr2 

AHaOd/mol) ЛНяОсГ/то!) AHaCkJ/mol) 
-72±2 
-HO* 
-80 

-125* 

KMCI4 
ДНя(Ы/то1) 

-94±4 

-77±6 
£-80* 

104Br4 

АНя(и/то1) 

-89 
-60 

-105* 

Reference 
No. 

16 
28 
29 
30 
31 
22 

21,32 
Reference 

No. 

30 
22,8,24 

20 
21,32 

* In these experiments a KC1 aerosol gas-jet was employed to transport the activity from the target 
to the chromatography apparatus. 

IV. Halldes of the Group 5 Elements Nb, Та, 105 

1. Predicted Chemical Properties 
Using MCDF calculations FRICKE et al.33 have calculated the electronic ground states for die 

group 5 elements V, Nb, Та, and element 105 in the charge states 0 to +5. In contrast to the 
calculated ground states for elements Lr (7s27p) and 104 (6d7s27p), a J=3/2+ 6d37s2 (87.1 %) 
configuration resulted for the atomic ground state of element 105. However, the calculated MCDF 
ground states for element 105 differ from otiier group 5 elements. They have more s and p j ^ 
character due to reladvistic effects. This effect clearly becomes apparent for the 105(+1), I05(+2), 
and 105 (+3) ions. FRICKE et al.33 also present values for me first five ionization potentials of all 
group 5 elements and ionic radii for the +2, +3, +4, and +5 ions of element 105. 

Very detailed predictions of the chemical properties of element 105 and its compounds, 
especially the halides and oxyhalides, were published by PERSHINA et al.34"36 They studied die 
chemical bonding in group 5 pentachlorides, pentabromides, and oxyhalides. In performing a 
number of relativistic molecular calculations for different geometries and molecular bond distances 
tiiey arrived at the degree of ionic or covalent character of the metal-halide or metal-oxide bond. 
Their calculations showed that the compounds are predominandy covalent: however, the covalency 
does not change smoothly from Nb to Та to 105. There is a pronounced increase from Nb to Та, 
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while in 105CI5 the bond is only slightly more covalent than in TaCls. The ionic character is almost 
equal for NDCI5 and TaCl5 whereas IO5CI5 is less ionic. From this data the chemical bond strength 
in IO5Q5 was evaluated. Compared to the pentachlorides of die group 5 elements the 
pentabromides show even higher covalency. The low effective charge of 105 in 105C15 and 105ВГ5 
and its high covalency indicate that IO5CI5 and 105ВГ5 should be more volatile than their lighter 
homologs. This trend should also be valid for the group 4 halides. The oxyhalides of group 5 
elements are generally less volatile man the pure halides. No conclusion was reached for the 
periodic trends in volatility of the oxyhalides. 

2. Chlorides and Bromides of the Group 5 Elements Nb, Та and 105 
First gas chemistry experiments with me isotope ^ l O S were performed by ZVARA et al.37«38 

using the method of frontal thermochromatography of chlorides. It was observed that element 105 
forms a chloride which is more volatile man HfCl4 (and IO4CI4) but less volatile than NbC^. In a 
second experiment, the thermochromatographic behaviour of Ю5ВГ5 was studied in Ni columns.^ 
Fission tracks were observed at higher temperatures than the deposition zone of NbCls. After 
corrections for the different half-lives of M1105 and 90mNb, the authors concluded that Ю5ВГ5 is 
less volatile than NbBrs and TaBrs (which is similar in volatility to NbB^). They found that the 
volatility of 105ВГ5 was close to that of Н1ВГ4. 

First experiments using the ^ В к ^ О . ^ п ) reaction to produce the longer lived, isotopes of 
element 105 (34*#-s 262105 and 27:7lu-s ^ l O S ) and the OLGA technique were described by 
GAGGELER et al.40 They studied the volatility of group 5 bromides using HBr and BBr3 as 
brominating agents. In conjunction with the MG-detection system, ос-particles and SF-events were 
measured after the chromatography column. A decay curve analysis of the detected ex-particles in 
the energy range from 8.35 through 8.73 MeV yielded a half-live of 33±6 s in agreement with the 
literature value for 262,263 Ю5.4М2 Two possible a-cc correlations from the decay of the 262105- ' 
^ L r mother-daughter pair were registered. However, from the total of the detected a-particles in 
die energy range from 8.35 through 8.73 MeV far too few a-a correlations were found. The 
volatility of group 5 bromides was found to decrease in die order Nb£105STa. However, the data 
points for Ю5ВГ5 have large errors due to the poor statistics. 

A second series of experiments to study the volatility of group 5 bromides was conducted using 
a moving tape detection system.43-21 Unfortunately, a higher contamination of the 249Bk target 
with Pb compared to the previous experiments prevented the detection of a-a correlations. The 
determination of the yield of 262,263105 was accomplished by measuring the SF-decays of these 
isotopes. A half-live of 44*" s was measured for the SF-activity from the sum of all gas chemistry 
experiments, which within the error limits is consistend with the literature values for 262.263105. 
The volatility of TaBrs was studied much more carefully than in the previous experiments and was 
found to be similar to NbBr^ Interestingly, volatile bromides of Nb and 105 were obtained by 
using HBr as brominating agent, whereas volatile Та bromides were only formed when the HBr 
was saturated with ВВГ3 vapors. The results of these experiments are shown in Fig. 7. From these 
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Fig. 7 Relative chemical yields of bromides of 15-s 99NbS (Д), 32-s 1ббТа (•) and 34-s and 27-s 
2б2,2бЗю5 (Q) as a function of the temperature in the isothermal part of the oven. 

experiments the adsorption enthalpies of the group 5 bromides were evaluated. The trend in 
volatility was Nb»Ta£l05. 

ZVARA et al.44 have repeated their first experiments on the volatility of group 5 chlorides and 
bromides using now the longer lived isotopes ^ . ^ Ш . Even though they registered orders of 
magnitude more fission events than in their previous experiments, the background of ^ F m (92% 
SF) was a Siirious handicap. Nevertheless, the results seem to confirm the data from earlier 
experiments. 

In 1992, in a collaborative effort, we studied the volatility of group 5 chlorides,45 using HEVI 
and the tape detection system. The nuclides 262.263ДО5 were produced in the 24?Bk(180, 4,5n) 
reaction at the GSI UNILAC accelerator in Darmstadt. Unfortunately, these experiments were 
hampered by low gas jet efficiencies and only preliminary results are available. A decay curve 
analysis of SF- activities observed in all gas chemistry runs at a beam energy of 99 MeV resulted in 
a half-life of 47*"s, assuming a minor contamination with ̂ Fmf^Md). This half-life is somewhat 
long compared to the literature values for 262,263105,41.42 but agrees well with the 44*," -s half-life 
observed in earlier gas-chemistry experiments.43 The analysis of a-spectra revealed 7 correlated oc-
a pairs, which resulted from the decay of 34-s 26г105 and its 3.93-s ^Ч-г daughter. Half-lives of 
28.*," s and 3.8.*" s resulted for the mother and the daughter nuclides, respectively, in good 
agreement with the literature values.41»42 The observation of correlated mother-daughter pairs can 
be regarded as unambiguous proof, that element 105 was observed after chemical separation. The 
chemical yield of 105-chlorides at an isothermal temperature of 250 *C and higher temperatures 
was considerably higher than that measured at 80 ' C This indicates, that the 105 chlorides are 
more volatile than their respective bromides, probably similar in volatility to NbCl5. Further 
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experiments are needed to accurately determine the volatility of 105С1д. It is interesting to note that 
despite the use of various chlorinating agents including CI2 wc were unable to produce a highly 
volatile TaCl5, similar in volatility to NDCI5. We formed a Ta-specics for which we determined an 
adsorption enthalphy of-153±11 kJ/mol which probably is ТаООД. 

V. DiSCUSSion 
1. Group 4 Halides 

The experiments of T0RLER et al.21 and KADKHODAYAN et al.22 have confirmed the high 
volatility of 104 chlorides and bromides, compared to actinide elements, The results of 
KADKHODAYAN et al.22 have reached a much higher level of accuracy, detecting several 
hundred 104 atoms. With the same experimental set-up the chlorides and bromides of nuclides of 
Zr, Hf and 104 with similar half-lives were measured, The following series in volatility of the 
chlorides was established: Zr2104>Hf. The chemical composition of the investigated species was 
not determined. The adsorption enthalpies of the investigated species on quartz were evaluated by 
applying a novel Monte Carlo analysis method. A comparison of the obtained adsorption enthalpies 
with literature values, which were calculated using our consistent set of adsorption entropies,27 

indicates that НЮОД instead of the pure chloride may have been studied. Further experiments are 
needed to distinguish between the volatilities measured for Zr, Hf and 104 halides and oxyhalides, 
before any conclusions can be drawn on the influence of relativistic effects on the volatility of 104 
halides and oxyhalides. Further relativistic molecular calculations are also required. 

2. Group 5 Halides 
First thermodynamic data on the volatility of Ю5ВГ5 were obtained by GAGGELER et al.43 The 

following series in volatility of the group 5 bromides was established: Nb2Ta>105. This result is in 
agreement with older37»38 and recent44 thermochromatographic results by ZVARA et al.. However, 
based on relativistic molecular calculations by PERSHINA et al.,34'36 105Br5 would be expected to 
be equally or even more volatile than its lighter homologs. Further experiments are needed to 
establish whether the volatilities measured are for Ю5ОВГ3 or Ю5ВГ5. Creating a more oxygen-free 
environment may help insure formation of the pure halide species. For example, graphite columns 
in conjunction with a graphite aerosol gas-jet system could be used to create such an oxygen-free 
environment Preliminary studies indicate that this is indeed a feasible alternative. Results on the 
volatility of 105 chlorides are still preliminary, but there are indications that die 105 chlorides are 
more volatile than their respective bromides. Further experiments are needed to confirm these 
results. 

3. Future 
Future research efforts will focus on the investigation of the chemical properties of element 106. 

Since die group б elements form very volatile oxyhalides, gas chromatographic experiments appear 
promising, particularly since a separation from the lighter transactinides 104 and 105 can probably 
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be accomplished. Isothermal chromatography should be used instead of thermochromatography 
because the separated nuclides can be identified directly. The relative chemical yield changes from 
20% to 80% within a temperature interval of only 50 'C, whereas in therrnochromatographic 
experiments with short-lived nuclides the activity is spread over a large distance (approx. lm) in the 
chromatography column. 
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POSSIBILITIES OF CHEMICAL ISOLATION OF ELEMENT 106 FROM AQUEOUS 

SOLUTIONS ACCORDING TO THE MODEL EXPERIMENTS WITH SHORT LIVED 

TUNGSTEN ISOTOPES 

Z.Szeglowski1, H.Bruchertseifer2, V.B.Brudanin3, G.V.Buklanov , 
3 3 3 4 

o.Constantinescu, Dinh Thi Lien , V.P.Domanov , L.I.Guseva , 
5 . . 4 3 . 3 

M.Hussonnois , G.S.Tikhomirova , I.Zvara , Yu.Ts.Oganessian 
1 Institute of Nuclear Physics,Cracow 
2 Paul Scherer Institute, Hot Laboratory, Villigen 
3 Joint Institute for Nuclear Research, Dubna 
4 Vernadsky Institute Geochem. and Anal. Chemistry, Moscow 
5 Institut de Physique Nucleaire, Orsay 

Four years ago, at Dubna, a study of properties of element 104 

in HF solutions showed that element 104, like hafnium, forms stable 

anionic complexes, which are sorbed on an anion exchange resin. For 
? 61 this purpose, a rapid method of continuous isolation of 104, 

248 18 produced in the bombardment Cm + O, was developed assuming 

the ekahafnium character of element 104 [1,2]. 

Literature data show that, like hafnium, tungsten also 

forms stable anionic complexes in HF solutions, which are sorbed on 

anion exchangers [3]. This fact motivated us to conduct experiments 

on isolation of short-lived isotopes of W from HF solutions as a 

model for element 106. Tungsten activities were synthesized in 

144 . 24 

irradiation of Sm enriched target by Mg ( at an energy of 146 

MeV or 128 MeV with a beam intensity of ~ 6 10 pps) and isolated 

from other radionuclides simultaneously produced. 

The nuclear reaction products which recoiled from the target 

(Fig.l.) were transported by an aerosol jet, KC1 in argon ( 1 1 

min ),through a 3 mm i.d., 8 m long teflon tube to an absorber, 

in which the KC1 particulates were dissolved in 0,2 M HF supplied 

by a peristaltic pump to the absorber inlet. The solution contain-



202 

ing radioactive nuclides was percolated through three successive 

columns, filled with the ion exchange resins Dowex 50x8, Dowex 

1x8, and Dowex 50x8, using another peristaltic pump at a flow rate 

of 1.5 to 4.0 ml min . The transportation time of radionuclides 

from the target to the radiochemical setup was less than 5s,and the 

solution passed the aerosol absorber and the columns in less than 

15s. Distribution of W Isotopes and their decay products between 

three coupled ion exchange columns is presented in the Table. 

Ion exchange 

column 

Dowex 50x8 

Dowex 1x8 

Dowex 50x8 

144Sm (24Mg,xn)W 

E=146 MeV 

Lanthanide radionuclides 

,68W 53s; (164W 6s; 16SW 5.1s; ,66W 16s) 

163Ta 10.6s; 164Ta 14.2s; 165Ta 31s; 16eTa 2.4m 

162Hf 38s; 163Hf 40s; 164Hf 2.8m; I65Hf 1.7m 

166 Hf 6.8m; 167Hf 2m. 

161Lu 17s; 16zLu 1.5m; 163Lu 4.1m; 164Lu 3.14m; 

165Lu 10.7m; 166Lu 2m; 168Lu 6m; 

162 Yb 18.9m; J 67Yb 17m. 

Lanthanides were retained quantitatively on the first cation 

exchange column, while W isotopes were fixed on the anion exchange 

column. The decay products of the W isotopes (lanthanides) were 
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sorbed on the second cation exchange column. Gamma and X-ray spec
troscopies of the columns were performed both in the 'on line7 re
gime when the solution was passing through the columns, and 'off 
line' with solution flow stopped. The 'on line' gamma-spectroscopic 
measurements showed that on the first column lanthanide radio-

1.68 nuclides were sorbed. On the second column we have detected W, 
163-168Ta> 162-167Hf a n d o n t h e t h i r d с о 1 ш ш 162-168Lu a n d 

' Yb were identified. The main initial products of 
144Sm( Mg,xn) 1 6 2 _ 1 ^ have not been identified in the gamma 
specta of the anion exchange column, as no data on E for these 

9 

radioisotopes were available to us. Only the y-lines of the 
daughters ~ Та and granddaughters, ~ Hf have been 
detected and also their products ~ Lu, were sorbed on the 
second cation exchange column. The other identified isotopes of 
W, Та, Hf, Lu and Yb were produced by reactions on the other Sm 
isotopes present in the target. As we saw W on the anion exchan
ge column we confirm that tungsten form anionic complexes in HF 
solutions which sorbed on anion exchanger. From this result we can 
deduced that the short-lived W atoms ("''wfT^^es), 165w(Ti/2 ~ 
=5.Is) and W(T.._=16s)) which arrived to the anion exchange 
column were also fixed. 

Thus, a rapid method for continuous separation of W from 
lanthanides has been developed. So this method can be used for very 
fast and continuous separation of element 106, if it has the same 
behavior than tungsten. 
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1. Szeglowski 2. et al., Radiochimica Acta, 51(1990)71. 
2. Szeglowski Z. et al., Radiokhimiya, 33,6(1991)90. 
3. Farrish J.P.,Anal.Chera.,32(1960)520. 



204 

CHEMICAL IDENTIFICATION OF ELEMENT 106 
BY THE THERMOCHROMATOGRAPHIC METHOD 

S.N.TIMOKHIN, A.B.YAKUSHEV, XU HONGGUI, V.P.PERELYGIN and I.ZVARA 

Flerov Laboratory of Nuclear Reactions 
Joint Institute For Nuclear Research, 141980 Dubna, Russia 

As an expected transition metal of group VI of the Periodic System, element 
106 must form volatile chloride(s) and oxochloride(s). In experiments with isotopes of 
tungsten1 we found a chemical system for selective separation of an oxochloride of W from 
Ln, Hf, and Та, which would serve the title goal. 

Element 106 was produced at the U-400 cyclotron through the reaction 
, 8 0(94 MeV) + 249Cf = 2C3106 + 4n. 

For 263106 a cross section of 0.4 nb at 94 MeV for the s.f. branch and Ti/2 of 0.9 s were 
reported2. The target contained 1.0 mg/cm2 of radiochemical^ very pure 249Cf. The 1 8 0 
beam intensity was about 3-1012 pps. A schematic of our gas chromatographic equipment 
is shown in Fig.l. 

The thermalized recoils were injected into a quartz thermpchromatographic column 
with 11/min argon gas. As chemical reagents we used air (0.21/min) saturated with SOCb 
(20 mmHg) vapors. The nuclide 26310G was registered through its s.f. events - the surface 
of the column itself served as the track detector of fission fragments. 

In two experiments we put a quartz wool filter in the start zone (Fig.l , oven). No 
fission fragment tracks were found in the column. In subsequent two experiments such a 
filter was absent. This time, reproducible zones of tracks of fission fragments were observed 
in a temperature region of 150-250°C (Fig.2), close to the deposition temperature of the 
16-s 166W 1. Ten s.f. events during a 20-h bombardment and nineteen events in a 32-h one 
were registered in this region; in 3 and 6 cases, respectively, both fission fragments from 
an event were detected (see "black" events in Fig.2). • 

Essentially no tracks were found in the start zone and outside the indicated region 
of the thermal gradient. At the same time, various a-active actinoid isotopes (252~254Fm, 
253,254Es, 248Cf) produced in the "transfer" reactions were seen mostly in the start zone 
( = 99%), i.e. the 106/An separation was as required. 

The yields of 2S2Fm ,256Fm and 256Md recoiling from the particular target versus 
energy were measured for 91 to 104 MeV I 8 0 ions using catcher foils and direct counting 
of relatively long a-active and s.f. nuclides. The results are summarized in Table. Our 
yields for the M J , 2 5 6Fm drop sharply with the energy decreasing from 97 to 91 MeV. In 
Table, the cross sections from D.Lee at al.3 and R.Sagaidak et al.4 are also given. The 
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results of various authors in the Table cannot be directly compared because the transfer 
reaction products have broad angular and projected range distributions, hence the recoil 
yield depends on the thickness of the target, which was not the same in the cited studies. 
The data need a separate evaluation. 

Table. "Production cross sections" for 252 '2scFm and 25GMd (in ^b) . 

Lee (LBL): 

Sagaidak (FLNR):' 

This work (FLNR): 

J K F m 
250Fm 
25CMd 
2soF m 
25eMd 
2 s e F m + 2 5 < s M d 

252Fm 

91 MeV 

610 
0.11 
0.07 

-
-

10~4 

2*\Q-4 

94 McV 

. 
-
-

0.002 
0.O2 
io-4 

0.7±0.3 

97MeV 

1910 
1.2 

0.69 
0.02 
0.2 
0.02 

43±4 

104MeV 

2400 
1.5 

0.19 
0.02 
0.2 

0.02 
36±4 

We also made two 3-h bombardments at 94 McV, in which the reaction products 
were carried by inert gas and deposited in a cold column. No fission events were detected 
in the column; i.e., the total yield of "background" s.f. activities with Z<106 and half-lives 
longer than some 0.1 s does not exceed the yield of clement 106. 

Our data seem to confirm the formation of an element 106 oxochloride similar in 
properties to the tungsten compound. One should bear in mind that , 7 eW has a half-life 
of 2.5 h, and due to this it is deposited at much lower temperature than a 0.9 s tungsten 
activity would be. Unfortunately there is no way to produce 166W or even shorter tungsten 
isotopes simultaneously with element 106. 

In the first two "unsuccessful" experiments, obviously, the retention time on the 
filter exceeded T1/2 of 263106. Longer retention on filters was observed earlier also for 
elements of groups IV and V. 

Thus, for the first time the chemical identification of clement 106 was accomplished. 
Both the experiments with Hf and Та and our earlier studies of elements 104 and 105 in 
very similar chemical systems exclude the possibility that the latter two transactinoid 
elements might be responsible for the observed fission events. 
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COMPARATIVE DETERMINATION OF ION EXCHANGE EQUILIBRIA OF ELEMENT 

104 AND HAFNIUM BY A NOVEL CHROMATOGRAPHIC METHOD 

G. Pfrepper, R. Pfrepper, D. Krauss ' , A.B. Yakushev, S.N. Timokhin, 1. Zvara 

Flerov Laboratory of Nuclear Reactions, JINR, Dubna 

Comparative studies of the chemical properties of transactinoids ( element 104 and beyond 
it ) and their homologues are of particular interest for understanding of relativistic cfTccts in 
heavy elements [1 - 4 J. 

From a volatility study of the atomic element under reducing conditions with the 3 second 
259104 isotope it was concluded that element 104 behaves like a d-elemcnt rather than a p-
element. This is consistent with detailed relativistic calculations [5,6]. Previous investigations 
of the extraction and ion exchange properties of element 104 have shown that, in general the 
element has the chemical character of a typical transition element of group IV [7,8]. To discuss 
relativistic effects in the solution chemistry, one needs quantitative data like the constants of 
ion exchange processes, which for transactinoid elements are yet lacking. One reason is that 
the conventional batch technique and elution chromatography cannot he used because of the 
short lifetimes and low production yields of the isotopes involved. Usually, the values of the 
distribution coefficient, Kj , for ion exchange equilibria are obtained by measuring the elution 
volume or time on a column. 

We have proposed a novel on-line chromatographic technique of determination of the Kj 
values for short-lived radioelements [9]. Now the retention time ,t/j, is evaluated from the 
decrease of activity of the radioelement, the " mother nuclide ", in passing through the column 
and/or from the growth of a non adsorbed " daughter nuclide ". The latter can actually be 
any descendant activity while most useful is the first relatively long-lived member of the decay 
series. The solution applied on the chromatographic column must be completely free of the 
daughter nuclide ( which, generally, is also formed directly in the bombardment), and the 
growing daughter must be completely isolated from the solution right at the exit of the column. 
This can be ensured by a system of ion exchange filters before and after the chromatographic 
column. This approach is advantageous for use under the one-atom-at-a-time conditions in the 
transactinoid chemistry because it can be realized as an on-line steady continuous processing of 
the produced transactinoid nuclei; then the time scale is the same for all the atoms that enter 
the column. . . , 

Experimental 

In the present work we used this technique to measure, in the same conditions, the sorption 
behaviour of element 104 and Hf in a hydrofluoric acid anion exchange system. A schematic 
of the apparatus and the column configuration of the filter system used in the experiments at 
the U-400 cyclotron are shown in Fig.l. To investigate the sorption properties of 104 and Hf 
in identical conditions, their short-lived 261104 and 166~169Hf were produced simultaneously by 
bombarding a mixed target, which consisted of 248Cm and nat. Gd with 1 8 0 . The continuous 
bombardment time was 24 hour at a beam intensity.of 3 x 1012 pps. The bombardment products 
were rapidly transported by a NH4NO3 gas jet. The principal chromatographic system (in 
column С ) consisted of the anion exchanger WOFATIT HS 36 and 0.27 M HF - 0.2 M HN0 3 
as the eluent. The columns F, Al and A2 contained the cation exchanger WOFATIT KPS. The " 
column F retained any " primordial " daughter nuclide atoms. The rate of elution was 15.9 
ml/(g min). Column Al absorbed the daughter lanthanoid and actinoid activities emerging 

'Chemie-AG, Bitterfeld-Wolfen, Germany 
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from the mother nuclides decay in column C. The eluate from column Al was collected for a long 
enough time to let the mothers decay, and then pumped through column A2, again to isolate 
the daughter nuclides. The retention time of 104 and Hf fluoride complexes was evaluated from 
spectrometric measurements of 7- and a -activity of the fractions Al and A2, For this, the 
radioactive descendants of 261104 and 16<5-169Hf, namely, 253Fm / M 3Es, 16<5Yb/166Tm, 167Tm 
and I69Lu were selectively as a group eluted from the columns and evaporated on Ta-discs. 
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/ \ 
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41 
01 
И « 
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& 
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С r chromatojraphica) column. TOFATJT HS 36 A2 = analytical column, WOFATIT KPS (II) 

Fig.l. Scheme of apparatus 

Results 

Earlier we have shown that Zr and Hf are 
sorbed on the anion exchanger WOFATIT 
HS 36 from 0.27 M HF - 0.2 M H N 0 3 as 
Hf(Zr)Fe- complexes. Kd values of 12.9 ml/g 
(Zr) and 11.8 ml/g (Hf) were found by batch 
technique, 12.9 ml/g (Hf) by conventional 
elution chromatography, and 13.9 ml/g (Hf) 
by on-line chromatography [9,10]. 

Table 1 shows results of 7-measurement 
of the samples Al and A2. The K'a value 
13.9 1 2.2 ml/g was obtained for the HfFjj-
complex agrees well with the data obtained 
by other methods (see Table 2). 

The a - particle spectra in the region 6521 
- 6720 keV give a total of 34 a - events reg-
istred during 12 day of measurements of sam
ple Al ( descendants from the decay of ele
ment 104 in column C, during tn ) and in 
14.7 days in the case of sample A2 ( descen
dants from the decay of element 104 nuclei 

Table 1 
Retention time and Kd of the sorption 

of HfF2)- complexes by y- measurement 
of samples A1 and A2 

Hf 
lsotop 

166 

167 

169 

half-
-llfe 

6.8 
mln 
2.05 
mln 

3.25 
mln 

daughter 
Isotop 

166уь 
»MTm 
167ТШ 

l«»Lu 

169уь 

y-erergy 
P.eV] 

779 

208 

191 

177 
198 

N1 

65 

1799 
1428 
1928 
980 
241 
452 
189 
229 

N2 

492 

3154 
2748 
4233 
1841 
1203 
2526 
550 
740 

Imin] 

1.389 

1.335 
1.238* 
1.110* 
1.236* 
0.857 
0.940* 
1.387 
1.266 

* direct measurement of column Al and A2 
W = 1.198 ± 0.18 mln, V R = 0.398 ml 
Ve = 0.315 ml Kd = 13.9 ± 2 ml/g 
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surviving after passing the chromatographic 
column С ). The a - activity of both sam
ples in this region of energy decreased with 
a half life similar to that of 2e3Es (see Figure 
2). From the results, we calculated the Kj 
value for the 104 fluoride complex to be 10.5 
1 3.3 ml/g, that, within the experimental un
certainties, agrees with the value for HfFg" 
obtained in the present work and with the 
Krf values for Zr and Hf measured by other 
techniques (see Table 2). Thus in the anion 
exchange resin - HF solution system, element 
104 shows sorption properties of a close ho-
mologue of the known transition elements of 
group IV. Very probably it forms the com
plex 104Fe~. Relativistic effects, if any, could not yet be seen. 

Tabic 2 
Sorption of fluoride complexes of thel V 

group transition elements by the anion 
exchange resin WOFATIT HS 36 in 
0.27M HF-0.2M HN03 

element 
Zr 
Hf 

104 

method 
batch 
batch 

clution 
chromatogr. 

on-line 
U-400 
on-line 
U-400 

Kd I ml/g ] 
12.5 ± 1.4 
11.8 ±1.3 

12.9 ±0.8 

13.9 ± 2 

10.5 ±3.3 

a-events 

= 20.4 d 

i r-€ ' 

2 6 -10 14 18 22 26 30 34 
time after bombardment [d] 

Fig.2 Results of a-measurement of the daughter nuclide 
fractions Al and A2 in the region of energy 6511 - 6724 keV. 

References 

1. Keller O.L., Radiochim. Acta, v. 37, p.169, 1984. 
2. Zvara I. Radiochemical studies of new element. In JINR D7-87-68, Dubna, 1987, p. 145. 
3. Zhuikov B.L. et al., J. Radioanal. Nucl. Chem., v.143, p.103, 1990. 
4. Johnson E. et.al., J.Chem.Physics, v.93, p.8041, 1990. 
5. Zhuikov B.L. et.al., Radiochim. Acta, v.46, p.113, 1989. 
6. Glebov V.A. et al., Radiochim. Acta, v.46, p.117, 1989. 
7. Hulet E.K., Radiochim. Acta, v.32, p.7, 1983. 
8. Szeglowski Z. et.al., Radiochim. Acta, v.51, p.71, 1990. 
9.-Pfrepper G. et al., Annual report, Flerov Laboratory, p.161, Dubna, 1992. 
lO.Pfrepper G. et.al., 3rd Intern. Conf. on Nucl. and Radiochem., Vienna, 1992. 





NUCLEAR FISSION 





213 

FISSION OF NUCLEI IN THE REGION OF АйЮО-200 

M.G.Itkis, V.N.Okolovich, A.Ya.Rusanov, G.N.Smircnldn, S.D.BeMn 
Institute of Nuclear Physics, Alma-Ata, Kazakhstan 

G.G.Chuhar'mn, Yu.A.Muzychha, Yu.Ts.Ognnessian, 
Yu.E.Pcnionzhkcvich, V.S.Snlamatin 

Joint Institute for Nuclear Research, Dubna 

1 Introduction 
Theoretical consideration [1] and analysis of numerous experimental data 
show that nuclei with an excitation energy of E* >50 McV may be regarded 
as heated enough and one may consider them within the frame of the liquid 
drop model (LDM) which predicts the mass distribution of fragments to be 
symmetric and in the first approximation - Gaussian. 

The nuclei with a fissility parameter Z2/A>32-33 are characterized by the 
presence of the stage of descent from the barrier to the scission point whose 
duration monotonically increases with the growing mass of the nucleus, which 
in turn causes the increase of dynamic effects during the fission of heated 
nuclei [2]. In our recent papers the mass-energy distributions (MED) of 
nuclear fragments with Z2/A>30 were investigated in reactions with light 
charged particles [3] and heavy ions [4,5]. Also the issues of the role and 
influence of fission dynamics as well as of the angular momentum [6] on the 
MED formation were clarified. 

For light nuclei with Z2/A<30 the stage of descent from the saddle point . 
is practically unavailable [2] and one can expect that the experimental data . 
on the fission of heated nuclei in this region may be used as test ones for dif- • 
ferent versions of the LDM (the main ones are [7-10]) predicting the existence 
(for zero angular momentum) of the Businaro-Gallone point (BG) where the 
nucleus loses stability against the mass-asymmetric deformations the size of 
which is directly related with the experimentally measured dispersion a\f of 
the mass distribution. Unfortunately, the fission of light nuclei may be inves
tigated practically only in reactions with heavy ions due to a sharp increase 
of the fission probability with growing angular momentum £, consequently, 
of no less importance is the problem of testing the theoretical prediction of 
the "anomalous" influence of the angular momentum on the widths of mass 
distributions (MD) of fragments: in contrast to heavier nuclei, where the 
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MD dispersion grows (dalf/dt2 > 0) [2,6,11] with growing £, for light nuclei 
a reverse dependence, i.e. daM/dE2 < 0 [2,11,12] should be observed. 

The present report is devoted to the investigation of these problems via 
studying the distribution of masses and energies of fragments in nuclear fission 
induced by heavy ions in the region 20< Z2/A<30. 

2 Experimental method and results of measurements 

Usually, telescopes of ДЕ-Е counters enabling to identify the charges of re
action products are used for registering charged particles and fragments in 
the region of light nuclei, which undoubtedly increases the quality and pre
cision of measurements. This is important because the binding energies of 
protons, for example, are close to those of neutrons and besides, the coulomb 
barriers are small and the emission of charged particles in reactions with 
heavy ions from the nucleus and (or) fragments becomes possible and ob
servable at excitation energies E* >110-120 MeV [13]. From the papers we 
have analyzed (for example [13,14,15]) it follows that the deficiency of charge 
in the fission AZ=Zc^-(Zi+Z2) is the more the less is the angle at which 
fragments are registered and the distribution of charges turns to be moved 
by several units with respect to 7iCN/2. For registration angles Осм ^ 90° 
one observes practically no shift over Z. For example, while for the reaction 
93Nb (18 MeV/nucleon) + 27A1 (E*=350 MeV) the distribution of fragments 
into the back hemisphere in the center of mass system is symmetric enough 
with respect to Z c y v /2, for 0CM < 90° it is shifted by AZ=10 (fig.16 from 
ref.[13]). Our investigations of the mass-energy distributions of fission frag
ments were performed on the two-arm time-of-fiight spectrometer DEMAS, 
installed on the extracted beam of the FLNR JINR U-400 accelerator. Its de
tailed description and method of data processing are presented in refs.[16,6]. 
The arms of the spectrometer were positioned in such a way as to register 
securely the fragments up to the mass ratio of =4.5 and to provide fragment 
registration angles of Осм — 90°. The spectrometer did not allow to identify 
the charges of reaction products and its resolution was somewhat worse than 
that of the ДЕ-Е method, but like it is going to be shown further below, 
while making a comparison to the data of other papers, we think that for 
the chosen detection angles this registration is sufficient for finding answers 
to the questions formulated in the introduction. 

We have studied the mass-energy distributions of fragments in the reac
tions 20Ne+ H2.ii8.i24Sn a t a n e n e r g y 0f 20Ne E , = 1 4 0 MeV and 20Ne4-"Ru, 
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loe.nocd, 118Sn at E<=124 MeV, as well as the fission of the 124Ba nucleus in 
two ion-target combinations 12C+112Sn and 25Mg+"Ru. The characteristics 
of the reactions studied, along with the results of other authors used in the 
present analysis, are presented in Table I. The table presents also the values 
AcW)Z2/A, Z2/A1/3, the fission parameter x-calculated according to [8], E,-
- the includent ion energy, £e - the critical angular momentum for fusion, 
calculated according to [17]; E* - the excitation energy of the compound 
nucleus 

E* = Есм + (AM- + AMt - AMCN) (1) 
calculated using the experimen' JLI mass values [18] and the excitation energy 

E*{f) = ECM + (AM,- + AMt - AMCN) - Erot(aCN,e) (2) 

in the model of a rotating liquid drop [19,20] where by "~" the liquid-drop 
values are indicated. It should be noted as well, that the equilibrium state 
deformation асы also depends on £. 0?p is the temperature of the compound 
nucleus at the saddle point 

e°sp = {{E*(t)-Ef(e)}/d}l/\ (3) 

where Ej(£) is the fission barrier of the rotating nucleus, calculated ac
cording to [19] - the upper line and according to [20] - the lower line, 
a=0.093 A-MeV-1 is the parameter of the heated nucleus level density [21]; 
Ppre - the average number of neutrons emitted before fission. It has been 
deduced by us from the systematics [22,23] with the account of the isotopic 
dependence of Ppre [24,25]. 

©sp* is the effective temperature of the nucleus in the saddle point after 
the evaporation of neutrons vpTe. Like before [6], 

e g = {[E*{t) - йргЛ - Ef{£)] /a}l/\ (4) 

where Ev — Bn + en is the average energy carried away by the neutron, B„ 
and En - the average values of the neutron binding energy and of its kinetic 
energy. £n =20n , where 0„ is the temperature of the residual nuclei, over 
the chain of which in (4) the averaging of the neutron splitting energy, Ev, 
is performed. Besides, like in [6], we supposed that the nucleus angular 
momentum t decreases by 2% for each emitted neutron. 0 ^ from (4) was 
also calculated with the barrier Ё/(£) according to the rotating liquid drop 
model [19] - the upper line and [20] - the lower line. Ёк, о\, a2

M are the 
experimental values of the average total kinetic energy of fragments, of its 
dispersion and of the mass distribution dispersion, respectively. 



Table I 
Reaction 

1 
**Kr+27Al 

X6Q + 8 9 у 

2SMg+"Ru 

12C+U2Sn 

139La + 9 Be 

20Ne+nsSn 

™Ne +1 2 4 Sn 

3He+162Dy 

3sCl +™ Sn 

™Xe + 3 0 Si 

ACN 

2 
u4ri 

1 0 5 A g 

l24Ba 

l24Ba 

l4SPm 

\6bEr 

ls9Ho 

1 6 2 £ r 

zyA 
Z' /A 1 ' 3 

X 

3 
21,63 
500 
0,436 

21,04 
468 
0,422 
25.29 
62Ь 
0,505 
25,29 
629 
0,505 
25,14 
703 
0,523 
26,09 
697 
0,529 
25.0 
687 
0,517 
28.12 
843 
0,584 
28.23 
829 
0,580 
28.54 
848 
0,588 

Et 
MeV 

4 
490 

140 

164 

137 

1157 

124 

140 

65 

165 

713 

n 

5 
69 

58 

67 

56 

37. 

56 

63 

20 

58 

67 

E-

MeV 
6 

107,9 
57,9 

113,3 
69,5 

109,1 
64,3 

114,7 
83,8 

71,3 
60,0 

89,3 
61,9 

109,0 
74,9 

75,1 
71,6 

78,8 
55,6 

84,6 
53,6 

MeV 

7 
2,11 
2,23 

2,30 
2^45 

2,23 
2,30 

2,40 
2,49 

1,43 
1,57 

"1,82 
1,92 

2,06 
2,15 

1,64 
1,71 

1,66 

1,68 
1,74 

Vprt 

8 
1,4 

1,4 

1,3 

1,5 

1,5 

1,5 

2,6 

1,3 

1,4 

1,5 

vtp 
MeV 

9 
1,6 
1,8 

1,7 
1,9 

1,8 
l|9 

1,9 
2,0 

1,0 
1,2 

1,3 
1,4 

1,3 
1,4 

1,3 
1,4 

1,3 
l|4 

1,3 
1,4 

Ek 
MeV 

10 

73±4 

S9±2 

S7±3 

92±3 

91±2 

113±2 

104±6 

4 
MeV2 

11 

99±18 

92±6 

90±8 

80±6 

79±5 

81±3 

<j2
M,corr. 

(amu)2 

12 
169±16 
631 

325±34 
667 

115±11 
310 

167±14 
299 

261±26 
318 

133±8 
227 

158±9 
325 

171±7 
176 

150±15 
175 

113±17 
147 

da2
Mjde 

ft"2x 
x(amu)2 

13 

-0,091 
±0,020 

-0,038 
±0,012 

-0.061 
±6,020 

-0.011 
±0,010 

cPVfdn2 

14 

1 ^ + 1 8 
2 ,0 ± : i ' 8 

|;1±0,8 

б;2±о,8 

t;i±i>4 

$ ± 0 , 9 

j$±0,8 

Ref. | 

15 
[27] 

[26] 

this 
work 

this 
work 

[28] 

this 
work 

this 
work 

[30] 

[15] 

[29] 



Table I (continue) 

1 
™Ne+U8Sn 

20Ne + m Sn 

70Ne+u0Cd 

™Ne+106Cd 

™Ne+" Ru 

2 
138Nd 

l32Nd 

130Ce 

126Ce 

119Xe 

3 
26,09 
697 
0,529 
27,27 
707 
0,544 
25,88 
664 
0,519 
26.70 
67i 
0,531 
24.50 
593 
0,489 

4 
140 

140 

124 

124 

124 

5 
61 

59 

54 

52 

54 

6 
103,0 
69,9 

94,7 
63,0 

87,1 
59,8 

81,2 
53,5 

87,2 
56,1 

7 
2,06 
2,14 

2,04 
2,12 

1,85 
1,95 

1,79 
1,90 

1,83 
1,98 

8 
2,0 

0,9 

1,2 

0,6 

0,9 

9 
1,5 
1,6 

1,8 
1,9 

1,4 
1,5 

1,7 

1,4 
1,6 

10 
90±3 

91±3 

86±3 

1,687±3 

82±3 

11 
84±6 

85±6 

78±7 

75±6 

78±6 

12 
138±9 
254 

128±8 
197 

123*8 
226 

120±7 
190 

154±9 
307 

13 14 
?;g±o,8 
10'°-1-П R 
10!5±0>8 

?;§±0,9 

f;§±0,8 

S±w 

15 
this 
work 

this 
work 

this 
work 

this 
work 

this 
work 
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In fig.l we have presented as an example the dependencies of the yield of 
fragments Y, Ek and o\ on their mass M, obtained in reactions with 20Ne for 
the heaviest and the lightest targets studied by us. Since the mass yields in 
the distribution wings, at Mi/M2 > 4.5, are not defined in the experiment 
accurately enough we have taken into account, for the description of the ex
perimental Y(M) by a Gaussian, the mass yields exceeding 1%. It is evident 
in fig.l that Y(M) is well enough described by the Gauss function and just 
this Gauss description values a2

M(exp.) are presented in Table I. As for the 
energy distributions, the results in fig.l show a typical liquid drop parabolic 
dependence Ek{M) and the value a\ is independent of mass, which is char
acteristic of the fission of heated nuclei [3]. In numerous papers [12-15,27-29] 
there were measured not the mass but the charge distributions of fragments. 
Such distributions were recalculated in mass distributions from the condition 
of mass to charge proportionality, and then the obtained mass distributions 
were described with a Gaussian by the least squares method. The obtained 
values a\ are also presented in Table I. 

It is worth noting, that we have carefully selected the data on mass 
(charge) distributions from papers by other authors. Only those results were 
selected where, firstly, a clear peak of symmetric fission was observed for frag
ment mass M = ACNI2{ZCN/2) and, secondly, the edges of this symmetric 
distribution are easily separated from the deep-inelastic transfer peak and 

1 
<w 
> • 

^ 4 

2 
Ж 

Ш 

jC"4 

г» 1 
«•a? 

СЧ III 
4) 
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0 

20, W M e V ^ N e + ̂ Ru 99r 
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J l_ 
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M(U) 

Fig . l . Mass and energy distributions of fission fragments in the reactions 
with 20Ne ions. The solid line is Gaussian utt. 
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from the contribution of quasifission (or fast fission) like, for example, in 
rcf.[27]. In our analysis we have not used some results [26,31-33] since it has 
been impossible to separate the "true" fission from the quasifission component 
which broadens and distorts the mass (charge) distribution of fragments. 

From this point of view of great importance arc the results of our inves
tigations for the fission of m B a in the reactions 12C+112Sn and 25Mg-f9DRu, 
presented in fig.2. The data for the reaction with 12C are similar to those 
for 20Ne in fig.l, but the reaction with 25Mg deserved our special attention. 
The distribution of masses has a complex structure resembling the distribu
tion of H 1In from ref.[27] in the reaction 84Kr+27Al. In rcf.[27] three regions 
were selected in the mass distribution. A symmetric peak near M = A/2 is 
a "true" fission through a compound nucleus and we have described it by a 
Gaussian, making use of its right-hand cleaner slope. The distribution edges 
near M — A{ and At represent in themselves a result of quasielastic and deep 
inelastic transfer reactions which leads to the increase of Ёк and o\ for these 
masses. The intermediate "arms" between these two mass ranges are inter
preted in ref.[27] as a result of the decay of a long-lived nuclear system which 
does not pass through the stage of compound nucleus formation, i.e. as a 
fast fission or quasifission process for which the Ek is fully relaxed and the 
angular distributions do not differ from the "true" fission. In this paper we 
are interested only in the "true" fission and in our opinion we have managed 
to separate it well enough from other processes. The kinetic energy and its 
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dispersion in Table I for this reaction have been obtained by averaging their 
values in the mass range from 38 to 85. 

3 The dependence of MED on angular momentum 

In our recent work [6] the MED of 186Pb (34], 204,206Po aad 260Ku fission frag
ments were investigated and analysed with respect to the excitation energy 
and angular momentum. We found out in [6] that the angular momentum 
does not practically affect the Ek(dEk/d£2 < 0.3KeV/ih2), while a\ and o2

M 

are sensitive enough to it i.e. they grow with the increaseof £ while the values 
of the coefficients da^/dt2 also depend on the temperature &%{, (although to 
a substantially less extent). 

Theoretical calculations of the I influence on the MED were performed by 
the Adeev group [2,11] within the frame of the diffusion model and by Moretto 
[35] within the statistical ridge line model [36]. In ref.[2,ll] calculations for 
dEkfdt2 indicated an increase in Ё/. by 1-2 KeV/u2 and a complicated char
acter of the dependence of da2

Mfdt2 and da\/dt2 on the nucleon content of 
nuclei. In [35] the MD were calculated versus t for the reaction 40Ar-b197Au. 
The obtained result contradicted the experiment [6] — according to the cal
culations, the MD even for such a heavy nucleus as 237Bk decreases with the 
growth of I. This is an evidence that such calculations are applicable only for 
the region of light nuclei, where the role of dynamic effects is insignificant. 

All the data presented in Table I are grouped into pairs.and triplets which 
are either identical or close over the Z2/A and x values of nuclei obtained in 
different ion-target combinations with different critical angular momenta tc. 
Since in the region of nuclei investigated the fission probability very strongly 
depends on t one usually assumes that on the average moments close to tc 

for fusion are realized in fission and following ref.[12,26] we established that 
tc •— I for fission which is confirmed experimentally [12]. 

When comparing nuclei in the groups at identical or close temperatures 
&ll, one can immediately notice that at large £c the dispersion a2

M is smaller. 
This is especially noticeable for the lightest nuclei analyzed, m I n and 105Ag, 
where a2

M is different by a factor of 2. There is another indication to the 
strong angular momentum effect in ref.[13] studying the reaction 93Nb+12C 
leading to fission of the same 105Ag nucleus at 2?*=120 MeV and tc

xp-=491i 
and where the Z distribution is flat without a maximum at ZCNJI. IFrom 
this comparison it follows that the dependence of a2

M on I and on uhe nucleon 
content is strong enough. We analyzed the data presented in Table I on the 
^-dependence of а\, and found the value do^jdi2 for each sgroup of nuclei. 
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They are presented in Table I in the last but one column and in the upper 
part of fig.3 versus Z2/A. You can also find there the values of do^/dP 
for the nuclei 186Pt, 2°6,204po a n ( j 26(>KU from o u r p a p e r [6] for the average 

temperature 0^=1.6±O.2 MeV. 
Beside the nuclei presented in Table I, we analyzed also similar data for 

isotopes of Os from refs.[15,30] and [37]. The results of this analysis arc 
also given in fig.3. The data in fig.3 form a very interesting picture: for 
nuclei with Z2/A > 30 the da2

M/di2 > 0, for lighter nuclei this coefficient 
is smaller than zero and the lighter is a nucleus (in the range investigated) 
the more negative it is. Light symbols represent theoretical calculations of 
Adeev and co-authors [2,11]. Though underestimating the scale of the effect 
the calculations predict correctly the dalf/dP transition through zero which 
is observed experimentally. 

F ig .3 . Parame
ters dalf/dC2 and 
da%/e£2 as a func
tion Z2/A; • - the 
results of measure
ments and analy
sis of the present 
work; A - data 
from ref.[6] for 
Q${,=1.6±0.2MeV; 
о, а - theoretical 
calculations [2,11] 
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The bottom part of fig.3 shows the dependence of do^/dd2 on Z2/A. It 
is well seen that for light nuclei within the error there is no dependence of 
a\ on L It should be noted that in this case the results for the nucleus 
105Ag, from the reactions 1<30+89Y and 37Cl+68Zn (ref.[26]), have also been 
included. Although, as mentioned earlier, the neglected the data on a2

M for 
the last reaction, the comparison of the energy parameters, evidently, is well 
grounded, for it is highly improbable that they differ in the case of "true" 
fission and in that of quasifission reactions although the question of their 
difference remains open. 

As for the kinetic energy of fragments, from our data on Ё\. for 124Ba there 
follows a weak dependence of Ek on t: dEk/dd2 = 1 KeV/7i2 and from ref.[26] 
for 105Ag the dEk/dt? = 0 and this is in agreement with the conclusions of 
our paper [6] for heavier nuclei. 

4 Stability of heated nuclei to mass-asymmetric shape 
variations and the Businaro—Gallone point 

The above detailed studies of the angular momentum influence on fission-
fragment MED make it possible to consider certain important features in 
the observed dependence of mass dispersion on the nucleoli content in the 
studied range of nuclei and to compare it with theoretical calculations. In 
the fig.4 the dependence of a\t on the fissility parameter x, calculated using 
the parameters of the Myers-Swiatecki model [8] is shown. A sharp increase of 
the dispersion value o\f for nuclei with x>0.9 is observed. Note that here one 
and the same fissioning system produced by the combination targct+particle 
with a smaller asymmetry of the input channel, i.e. At/Ap < 10, possesses a 
much greater value of a\{ and this effect sharply grows with the decrease of 
At/Ар. It is due to the process of the so called quasifission, which in contrast 
to the "true" (classical) fission sufficiently well described by the diffusion 
model [2] (solid curve in fig.4), has no quantitative explanation. In fig.5 data 
on a\{ (x) in a much larger scale are presented and, from our point of view, 
they are characterizing the fission process through a compound nucleus. 

Together with the data corrected by the angular momentum (i.e. for £=0 
in conformity with the dependence of da2

Mjdl on Z2/A in the fig.3) there are 
shown also the results of actual measurements of a\f prior to introducing any 
corrections. It is easily seen that in the region of light nuclei the value of a2

M 

measured in experiment at substantial angular momenta, depends weakly on 
the nucleon content and this dependence (T2

M{x) at x < 0.5 can hardly 
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contribute to the search for the Businaro-Gallonc point, where according to 
calculations [8-10] a nucleus is expected to lose stability to mass-asymmetric 
shape variations, i.e. a sharp broadening of the fission fragments mass distri
bution should take place. Taking into account the angular momentum effect 
on the mass distribution of fragments in this region of nuclei, as is seen in 
fig.5, changes sharply the character of the experimental dependence <r%f(x) 
and we observe a substantial increase of the mass dispersion with changing 
A of the fissioning nucleus. 

It seems more convenient and useful to compare these results with pre
dictions of different LDM versions using another parameter, the quantity 
q = Q/o-\, which is directly connected with the theoretically calculated rigid
ity of the nucleus versus mass-asymmetric shape variations d2V/dif in accor
dance with the ratio: 

V(e,V) = V{e,0) + Id *V(£,0)/dn rj2 +.. 

d?V/dn* = £ ° ] V = (4/A)(M-A/2) 
16 

(5) 

(6) 
'M 
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Fig.5. The same 
in fig.5 for t ~ 50Ъ 
and £ ~ 0, see text 

0.4 A 0.5 0.6 0.7 0.8 0.9 1.0 
X 

Region of the 
Businaro-Gallone 
point 

where e is the mass-symmetric deformation responsible for the general elon
gation of the nucleus in the process of fission and rj - the mass-asymmetric 
deformation. 

The dependence of cPV/drj2 on Z2/A is strongly and specifically deter
mined by e: for the scission point e = esc is growing monotonously with the 
increase of Z2/A, which contradicts the experiment [3-5,30], and for the sad
dle point e = esp has the maximum in the region Z2/A = 32-33 and what 
is experimentally verified [3-5,30]. This property of the dependence d2V/drj2 

on Z2/A has been considered in detail in ref.[4] and we are limiting ourselves 
by just pointing this fact out. 

The presence of the Businaro-Gallone point, where dPV/drj2^, which 
corresponds to the loss of stability of the nucleus with respect to mass-
asymmetric shape variations, is a characteristic feature of theoretical cal
culations for light nuclei with Z2/A < 32 irrespective of the LDM version. 
The position of the Businaro-Gallone point on the axis Z2/A depends on the 
specific version of the LDM and lies in a very wide interval 19 < Z2/A < 26. 

Theoretical curves dtV/drj2 calculated for the /3-stability of nuclei for dif
ferent LDM versions [7-10] at e = esp together with the experimental data 
[3-5,30] and the results of the present work are presented in fig.6. AH the 
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theoretical calculations have been made for the case of a nonrotating nucleus 
{£ = 0) and thus for a correct comparison with theory the experimental values 
of a\j correspond to I = 0 and &l{, from Table I. 

In fig.6 one can easily see the alignment of the data with Z2/A < 32 by 
means of which it is easy to determine the Businaro-Gallone point. Z2/A 
(Businaro-Gallone)=22.9±0.7. The comparison of the experimental data 
with the theoretical curves gives grounds for the conclusion that none of the 
LDM versions, including the most extensively cited one [10], is inadequate to 
experiment, though a model with a finite-range of nuclear forces [10] and the 
liquid drop model [9] predict correctly the position of the Businaro-Gallone 
point. This is the present day status of the theory and it can hardly be called 
satisfactory. 

Note that the experimental dependence d2V/drf2 shown in fig.6 and pos
sessing a maximum at Z2/A = 33 allows to understand simply enough why 
the angular momentum affects differently the dispersion of the mass distri
bution of light and heavy nuclei fission fragments. As known from the 
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classical work [19j the influence of the angular momentum on the fissioning 
nucleus is similar to the nucleus getting "heavier", which in the frame of 
rcf.[39] corresponds to the effective increase of Z2/A (or x), The light nucleus 
{Z2/A < 32 - 33) at the growth of the angular momentum introduced into 
it, acquires a greater value (Z2/A)ef and becomes more rigid as well (i.e. 
d2V/drj'2 increases) which in its turn corresponds to the decrease of aj{ with 
growing I. For heavy nuclei the situation is an opposite one, at the increase of 
£, ((Z2/A)ef also tends to greater values, which are characterized by smaller 
values of d2V/drj2 (the right-hand slope), i.e. the rigidity is going down, 
a\[ is growing and this corresponds to positive values of da2

Mjdt2. Thus the 
internal connection between the characteristics in figs.3 and б is quite evident 
which has allowed to perform a self consistent analysis of the dependence a2

M 
or (PV/dri2 on 0яр , I and 2P/A. 

5 Energy characteristics of fission fragments 

Fig.7 presents the dependencies of the average total kinetic energy of frag
ments Ef. and of its dispersion o\ on the parameter Z^/A1^. Ek for Z2IA{IZ < 
1000 is described satisfactorily by the straight line Ek = 0.131 Z2fAllz ex
cluding the Ek values for the lightest nuclei from ref.[40], where, according 
to ref.[41], we have a larger influence of £ on Д., or in other words where the 
"orbiting mechanism" starts working [42]. The presented dependencies are 
characterized by the appearance in one and the same place at Z2/A1/3 of a 
bend (a deviation downward) of Ek from the Coulomb straight line [7] and a 
sharp ascend of a\ from the practically stable level of a\ at Z2/All* < 1000. 
We are explaining these effects with the appearance of a descent stage and 
of dynamic fluctuations of the viscous movement from the saddle point to 
the break-up point, the duration of which is determined by the scale of a\ 
fluctuations [2-5]. 

6 Conclusions 

— The agreement between the results of measurements and theoretical cal
culations using the diffusion model allows a reliable estimate of the scale of 
the mass-asymmetric deformation in the fission of excited nuclei proceeding 
via the stage of complete fusion. 

— Quasifission is distinguished from "true" fission by a significantly higher 
value of the mass dispersion, but it differs little from the fission of compound 
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nuclei in its energy characteristics (£?fc, £г|,). 
— Average total kinetic energy is shown to be dependent neither on exci

tation energy nor angular momentum. It means that whole rotation energy 
of the fissioning system transforms into internal degrees of freedom. 

— The influence of angular momentum on mass and energy distributions 
of fission fragments has different character for light and heavy nuclei. 

— It is established that the value of the parameter Z2/A = 22.9 ± 0.7 
(Businaro-Gallone point) corresponds to where the fissioning nuclei lose their 
its rigidity (stifness) against mass-asymmetric deformations. 
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Dissipation in Nuclear Fission. 

D. Hilscher and H. Rossner. 

Hahn-Meitner-Institut Berlin GmbH 
D-1000 Berlin 39, Germany 

Abs t r ac t ; The most interesting phenomenon of collective flow of nuclear 
matter is the fusion fission process. The time-scale of this process at mode
rate to high excitation energies is determined by the shape dependent and 
most likely also temperature dependent nuclear dissipation. Most of our 
present knowledge on the time scales of nuclear fission has been deduced 
from the measurement of multiplicities and energy spectra of neutrons, light 
charged particles and f-rays evaporated or emitted prior and post scission. 
Together with complementary data like for instance fission probabilities it is 
possible to obtain a reasonable description of the time evolution of nuclear 
fission. A systematics of experimental pre- and post-scission neutron mul
tiplicities associated with nuclear fission will be discussed. The magnitude 
of nuclear dissipation deduced from pre- and post-scission neutron multipli
cities are compared with theoretical estimates. The status of experimental 
results pointing to a relatively slow fission process and cold scission as well 
as the corresponding theoretical interpretation of these findings will be re
viewed. 

1. I n t r o d u c t i o n 
Dissipation in nuclear fission is presently investigated by many research groups, 

whereas in the early days of nuclear physics dissipation was essentially completely igno
red. Shortly after the discovery of nuclear fission by Hahn and StraBmann, Bohr and 
Wheeler [Boh39] wrote in 1939 the famous article on "The mechanism of nuclear fission" 
where dissipation was not of any concern. However, one year later, Kramers [Kra40] 
published an article on "Brownian motion in a field of force and the diffusion model 
of chemical reactions" in which he mentioned that dissipation might be important also 
in the description of nuclear fission. Kramers pointed out that Bohr and Wheeler's 
treatment of fission would only be in error if the friction would be abnormally small or 
abnormally large. In the first case in Kramers' language there would be no coupling 
between the nuclear heat bath and the collective motion and in the second case the 
liquid drop vibrations would be overperiodically damped. But according to Kramers a 
certain amount of plasticity should be expected for nuclei. Since, however, the theory 
of Bohr and Wheeler worked so well in describing many phenomenon of fission the sug
gestions of Kramers' was forgotten or rather never taken seriously by nuclear physicists. 
It was only in the wake of the study of heavy-ion reactions that dissipation was reintro
duced into nuclear physics. Grange and Weidenmiiller [Gra83] took up the suggestion 
of Kramers and formulated the influence of dissipation on fission decay widths and the 
dynamics of fission itself. Today we know that dissipation can be quite large in large 
scale collective motion of nuclei. For a recent review on this topic see [Ш193]. 

In this contribution we will described the experimental information we have on the 
dynamics of fission by exploiting the neutron clock. The number of neutrons evaporated 
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prior and post scission are a measure of the time it takes for a nucleus to move from its 
equilibrium shape to the scission point. Then we discuss a recent systematics [Ш193] 
of pre- and post-scission neutron multiplicities from which pre-scission lifetimes can be 
deduced. Finally we will review our present knowledge of the magnitude of nuclear 
dissipation deduced from experiments and theoretical expectations. 

saddle 

diabatic сгееРУ ~ 
nuclear Ё 
fluid x 

•̂ intermediate 

Ediss ? 

adiabatic s u P e r 

fluid 

DEFORMATION 

Figure 1: Schematic drawing of the potential energy of a fissile nucleus as a 
function of the deformation, taken from [НП93]. 

2. Pre-scission t ime scales a n d exci ta t ion energy at scission. 

In figure 1 we have schematically plotted the potential energy as a function of deforma
tion. There are two ways to measure nuclear dissipation of a fissioning nucleus. First by 
determining the fraction of the potential energy difference between saddle and scission 
point which is dissipated into internal excitation energy. In the case of large nuclear 
dissipation of a creepy nuclear fluid the transition from saddle to scission will be diaba
tic and most of the potential energy gain will go into excitation energy. In the case of 
a super fluid nuclear medium the transition will be adiabatic without any dissipation. 
In reality of course we have an intermediate situation and by measuring the dissipated 
energy Ец„ we can determine the magnitude of nuclear dissipation. This method is 
exploited in order to deduce nuclear dissipation of cold nuclei in spontaneous fission 
[Gon9l]. An alternate, second way to determine this quantity is to measure the time 
a fissioning nucleus needs to go from the equilibrium shape to the scission point. This 
includes the time (ту) to go from the equilibrium shape to the saddle point, that is 
the fission lifetime, and the time (TSS from saddle to scission which corresponds to the 
above discussed quantity E^,,. The sum of these two times we call pre-scission time. 
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This time can be measured by measuring the number of particles - neutrons, protons, 
alphas, and 7-rays - which are being evaporated during the transition from the equi
librium shape to the scission point. The fission lifetime itself can be determined from 
the probability to fission which is given by the fission cross section GFF °r to survive as 
evaporation residues which is given by the evaporation residue cross section ITER-
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Figure 2: Pre-scission time-scales as deduced from рге-scission neutron mul
tiplicities for two fissioning composite systems: Zc;v=85-91 (top panel) and 
^CW=77, 78 (lower panel). The expectation for the fission life-time according 
to the statistical model (SM) is indicated by the full line. 

The pre-scission time can be obtained from the multiplicity of pre-scission light particles 
by calculating the mean evaporation time to evaporate a certain number of particles. 
In order to do so one has to know the excitation energy and the corresponding level 
densities. Of course this can be considered only as a rough estimate of the dynamics of 
the fission process. However, it was just these rough estimates which have shown that 
fission is a relatively slow process and that the underlying dissipation must be large. In 
order to deduce from the measured multiplicities the magnitude of nuclear dissipation 
more sophisticated models of the dynamics of the process have to be exploited as will 
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be discussed below. See also the contribution to this conference by Back [Bac93] and 
Gontchar [Gon93] 

In heavy-ion induced fusion fission reactions the pre- and post-scission particles in parti
cular neutrons have to be separated experimentally. This can be achieved by a multiple 
source fit assuming essentially three sources: the composite system moving with the 
center-of-mass velocity to zero degrees and the two fission fragments the velocity vec
tors of which have to be measured in coincidence with the neutrons. Neutrons can be 
assumed to be evaporated isotropically in the respective rest frames whereas for charged 
particles in particular alphas an anisotropy with respect to the spin direction has to be 
taken into account as well. 

Decay Time (s) 

Figure 3: Recently measured pre-scission charged particle multiplicities 
[Ben93] are compared with calculated multiplicities as a function of the 
cumulative evaporation time to emit that many particles. In the statistical 
calculation the level densities parametrization of Reisdorf [Rei81] was used. 

In recent years there have been many experiments which have measured the pre- and 
post-scission light particles. Since at lower excitation energies most of the evaporated 
particles are neutrons which are not hindered by the Coulomb barrier for charged par
ticles most of this data are measurements of neutron multiplicities. As an example we 
show in figure 2 the results for pre-scission times deduced from measured pre-scission 
neutron multiplicity as a function of the nuclear temperature for two compound nuclei 
with atomic numbers Zow=85-91 and a less fissile system with Zcw=77,78. Assuming 
that the pre-scission time is essentially determined by the fission decay width as calcula
ted within a statistical model (SM) including a possible transient phenomena we would 
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expect that the fission life-time decreases approximately exponentially with increasing 
nuclear temperature. The experimental observation as shown in figure 2, however, dis
plays a leveling off of the pre-scission time with increasing temperature at a value of 
about 1-2 MeV. This corresponds to a finite time of the dynamical delay which is needed 
for the collective motion of the fissioning nucleus to go from the equilibrium deforma
tion to the scission point. In the lower panel of figure 2 we note that this conclusion is 
qualitatively also correct for very hot systems up to temperatures around 5 Mev. We 
can understand this simply due to the fact that the cooling of an highly excited nucleus 
by particle evaporation is much faster than fission so that the system is relatively cold 
about T=1.5-2 MeV at the scission point. We will come back to this point below. 

The time-scales for the highest excitation energies of a fissioning nucleus shown in the 
lower panel of figure 2 are due to a measurement of neutrons only [Hil89]. However, 
due to the very high excitation energies a large fraction of the evaporated light particles 
are charged particles. That is why the reaction u*Sm + 26 AMeV 32S was remeasured 
by Benrachi et al [Ben93] at the SARAH accelerator with the same kinematical set-up 
for the fission fragments as in the previous neutron experiment [Ш193]. The charged 
particles were measured with the AMPHORA 47T-detector [Dra89]. The results of the 
measured neutron, proton, deuteron and alpha pre-scission multiplicities are shown 
by the hatched bars in figure 3. This figure contains also a statistical calculation for 
the cumulative emission times of the various particles as indicated by the solid lines 
connecting the points. We note that the previously determined pre-scission time of 
about l x l O - 2 0 s [Hil89] is essentially confirmed by the pre-scission charged particles. 

Recently a systematics of all published pre- and post-scission neutron data from fusion-
fission reactions induced by light and heavy-ion projectiles has been compiled [НП93]. 
This systematics corroborate the general conclusion discussed above: fission is the slo
west process in the decay of an excited nucleus. More precisely the compilation has 
shown that above a threshold neutron multiplicity (M„) 80 % of any increase in the 
total neutron multiplicity or total excitation energy of the system is evaporated prior 
to scission and only 20 % goes into excitation of the fission fragments. The threshold 
neutron multiplicity varies between Afo=2.0 at low fissilities (Zcw=55-75) and 4.5 at 
high fissilities (Zcrt=96-120). At high fissilities this threshold multiplicity is essentially 
due to the positive fission Q-value and thus somewhat larger than the total neutron 
multiplicity observed in spontaneous fission corresponding to no initial excitation en
ergy. But the interesting point is that the post-scission neutron multiplicity is almost 
independent of the initial excitation energy. This is also consistent with a large and 
constant time for the fission process, as was initially point out by Hilscher et al [Ш189, 
Hil93]. The argument for this conclusion stems from the fact that the largest term in the 
sum of the evaporation times of the pre-scission neutrons is essentially determined by 
the time it takes to emit the last neutron in the cascade. This is due to the exponenti
ally decreasing evaporation time with nuclear temperature. Thus constant evaporation 
time of the last neutron means also constant temperature at the time of emission that 
is at scission. The fission fragments should then also have this temperature except for 
a possible increase in temperature due to the dissipation of deformational energy of the 
fragments. Thus we expect also the post-scission neutron multiplicity to be similarly 
sensitive to the dynamics of the fission process as the pre-scission neutron multiplicity. 
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Figure 4: Mean excitation energies per nucleon residing in the fission frag
ments as a function of the initial excitation energy/nucleon of fissioning 
composite nucleus for fusion-fission reactions. The different plotsymbols 
correspond to atomic numbers (Z) of the projectiles as indicated. This data 
was obtained from all measured post scission neutron multiplicities by ex
ploiting evaporation calculation [Ш193]. 

Following the above described arguments it is interesting to deduce from all published 
neutron data (until end 1992 [Ш193]) the mean excitation energy of the fission fragments. 
The result of this compilation is shown in figure 4 where the mean excitation energy 
per nucleon residing in the fission fragments is plotted versus the initial excitation 
energy of the fissioning composite system. Again we see that the excitation energy is 
small and relatively independent from the initial excitation energies. Assuming a level 
density parameter of A/10 the solid and dashed line corresponds to a temperature at 
scission of 1.4 and 2.0 MeV, respectively. There are also some points with somewhat 
larger excitation energies at scission, however most of these points corresponds to heavy 
projectiles like Ar and Ni in which case fission is somewhat faster due to the contribution 
of quasi-fission resulting in hotter fission fragments [Hin92]. 

3. Nuc lea r diss ipat ion. 

In order to discuss the concepts of dissipation in nuclei we will start with some basics on 
viscosity. If we pull a plate of area S with a velocity wx through a classical gas parallel 
to a wall at a distance z then we have to apply a constant force. This action causes a 
velocity field of ordered motion of the gas molecules superimposed on its random motion 
or Brownian motion. This ordered motion is randomized in a gas thickness of 2Л where 
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A is the mean free path length. The energy dissipation in a classical gas is then given 
by 

<LE 1 л 5 - S t _ = - p * n A 7 t o » = n 7 w . 

where 
7/ = -pvm\ 

is the viscosity of the gas. From this relation one can readily deduce that the dissi
pation is proportional to the mean free path length A and the mean velocity v of the 
Brownian motion- From the relation for the viscosity TJ of a classical gas with appro
ximately constant A we see that n increases with the thermal velocity v and thus with 
Г1/» ( т temperature). The viscosity of a relatively cold Fermi liquid will decrease with 
temperature as T~2 since with increasing temperature the scattering cross section in
creases due to a reduction of the Pauli blocking for the scattered particles and thus the 
mean-free-path length will decrease as well. In a classical liquid the viscosity usually 
also decreases as exp(c/kT) with increasing temperature T, where e is an activation 
energy in order to move a row of atoms along each other. 

0.1 1.0 10.0 
dissipation coefficient /? ( 1 0 " s " l ) 

Figure 5: Experimentally determined dissipation coefficients /3. The refe
rences are indicated. 

When we transfer these classical concepts to finite nuclei we have to realize that the 
mean-free-path length of nucleons is comparable to the dimensions of the nucleus and 
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then the concept of two-body dissipation encounters some difficulties. Blocki et al 
[Blo78] have introduced the concept of one body dissipation in which one assumes that 
the randomization of the ordered motion does not occur in the bulk medium but rather 
on the nuclear surface. 

Carjan et al [Car86] have exploited this one body dissipation to calculate the mean 
time for the transition from the saddle to the scission point as a function of fissility 
x for zero angular momentum. Modifying their result for average angular momenta of 
about 80ft one obtains transition times which increase from Ю - 2 0 s at x=0.6 to 10 - 1 9 s at 
x=0.9. The increase is mainly due to the increase in the distance from saddle to scission 
with increasing fissility. Experimental data for the pre-scission time is in the order of 
(3 ± 0.5) X 10~2° s [Hin92]. Though the experimental values include the transition time 
from equilibrium deformation to saddle, which is not included in the above calculation, 
the order of magnitude of the time scales agree quite well pointing to a large nuclear 
dissipation. However, it is clear that more sophisticated dynamical calculations have to 
be considered in order to perform a more realistic comparison between experiment and 
assumed nuclear dissipations. 

In many investigations the theoretical modelling of the dynamics of the fission process 
was exploited to deduce information on the magnitude of nuclear dissipation. In the 
following the nuclear dissipation constant /3 oc 77/m (m the inertia tensor) was used 
for comparison. If other definitions of dissipation, like for instance viscosity or reduced 
nuclear dissipation constant, were given then they were converted into units of /3, for 
details see a recent review by Hilscher and Rossner [Hil93]. Langevin equations together 
with Kramers formalism for modelling the transient delay at the saddle point were used 
by [Mav92, Fro93, Gon93]. The result for the nuclear dissipation coefficient are shown in 
figure 5. Here we want to mention in particular the work by Frobrich et al [Fro93j who 
found that in order to describe pre-scission neutron data and fission probabilities over a 
wide range of fissilities it was necessary to assume strongly shape dependent dissipation. 
For shapes close to the necking in point a small dissipation corresponding to two body 
dissipation (/3 Rs 2 X 1021 л - 1) is necessary. For di-nuclear shapes close to the scission 
point very large dissipation close to one body dissipation /3 w 30 X 1021 a - 1 are needed 
(see also figure 5). Fokker Planck equations were used by Strumberger et al [Stru91] 
to describe pre-scission neutron multiplicities with /3 = 5 — 8 x 1021 л - 1 . То describe 
the same data Zank et al [Zan86] needed 0 = 2 - 8 x 1021 л - 1 and Blocki et al [Blo92] 
used the one-body dissipation corresponding to about /3 = 22 X 1021 л - 1 . The Grange 
Kramers formalism was exploited by Gavron et al [Gav87] for pre-scission neutron data 
and by [But91, Dio92, Thoe92] for giant-dipole resonance emission. The results of all 
these deduced dissipation constants are displayed in figure 5. Though the deduced 
values vary considerably by about a factor of 10 if we disregard the very small value of 
Davies et al [Dav76] which was obtained from total kinetic energies (TKE) at scission 
of the fission fragments. Since the TKE at scission is only a very small contribution to 
the measured asymptotic TKE this method is very questionable and can lead to wrong 
results. Except for this point all deduced values for the magnitude of nuclear dissipation 
are larger than /3 ~ 2 x 1021 s - 1 and thus correspond to an overdamped motion (see 
also figure5) of the collective motion associated with fission. 
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0.1 1.0 10.0 100.0 
dissipation (1021 s'1) 

Figure 6: Theoretical expectations for the dissipation coefficient /3 deduced 
from various theoretical models. The references for these models are indica
ted by numbers are: 1) [Blo78], 2) [Nix87], 3) [Gri86], 4) [Blo78, Kra90j, 5) 
[Dav77], 6) [Gro78], 7) [Yam88], 8) [Weg74], 9) [Boi92], 10) [Bush92, Cha92], 
11) [N6r81,Bush92]. 

Finally we ask the question what are the theoretical expectations for nuclear dissipa
tion? Similarly as above we have chosen for comparison of various theories the nuclear 
dissipation coefficient /?. In figure 6 we show the magnitudes for the nuclear dissipation 
as obtained by different theories. Though this comparison has certain caveats due to the 
difficult conversion to /3 the astonishing result of this compilation is that the theoretical 
expectations vary by almost 3 orders of magnitude. The largest values are obtained 
by nuclear matter macroscopic two body viscosities (8, 9 in figure 6) and shell model 
shape diffusion (10). We have also included in this comparison the radial surface fric
tion model [Gro78] which was successfully used describing strongly damped heavy-ion 
reactions. This is particularly interesting since the values for radial surface friction and 
the shape dependent dinuclear dissipation at the scission point as obtained by [Fro93] 
for fission are very similar, as are their shapes in these two time reversed situations. 

Furthermore in addition to the magnitudes of nuclear dissipation also the expected 
temperature dependence of nuclear dissipation is greatly different for different theories. 
The linear response theory of [Yam88] (7 in figure 6) predicts almost a linear increase 
of nuclear dissipation with temperature whereas theories based on nuclear matter two-
body dissipation predict a decrease of dissipation with 2'"2 as discussed above. Whereas 
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many theories do not give any explicit temperature dependence. However, again most 
of the theoretical expectations predict an overdamped dissipation with /3 > 2 x 1021 л - 1 . 

4 . Conclus ions 

In summary we have seen that pre- and post-scission light particle multiplicities are a 
sensitive observable for the dynamics of nuclear fission. But it should be noted that it 
is also important to measure the fission probability corresponding to the fission cross 
section or the survival probability corresponding to the evaporation residue cross section. 
Only the simultaneous description of these observables lead to a reliable determination 
of nuclear dissipation. 

From the measured pre- and post-scission neutron multiplicities very long pre-scission 
times are deduced of several 10~20 s. As a result of this long pre-scission time-scale 
80% of the available excitation energy above a certain threshold energy in fusion-fission 
reactions is emitted prior to scission. The excitation energy residing in the fission 
fragments at the scission point are only about 0.2 to 0.4 Mev/nucleon and almost 
independent of the initial excitation energy. 

The motion from the equilibrium shape to the scission point is overdamped. The dissi
pation seems to switch from two-body to one-body wall like dissipation when going from 
mononuclear to dinuclear shapes, respectively. We have seen also that the theoretical 
expectations for nuclear dissipation vary by almost three orders of magnitude but most 
of the theories predict also an over damped motion in agreement with experiment. 
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E X C I T E D C O M P O U N D N U C L E I W I T H Z > 92 

E.M.Kozul in , Yu.A.Muzychka, B.I .Pustylnik , V.S.Salamat in , A.P.Tonchev 
FLNR, JINR, Dubna, Russia 

D.Hilscher, U . Jahnke , H.Rossner , B .Gebauer , D.Pols te r , G.Roescher t 
HMI, Berlin, Germany 
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The recent progress in studying the fission of excited compound nuclei is connected 
with the mote detailed study of fission product characteristics including the possibility 
to reveal the pre-scission (fPre) and post-scission (up03t) components from the to
tal spectra of fission neutrons [1]. The essential excess of vpre compared to 
statistical model [2,3] calculations and, also, the unusual dependence of upTe and vpo,t 
on excitation energy have led to the understanding of the important role of nuclear 
viscosity not only at the first stage of the reaction induced by heavy ions, i.e. the 
fusion stage, but also in the fission channel of excited compound nucleus. On the basis 
of the data obtained recently in a number of works on vpre a conclusion was made that 
fission is a slow process while evaporation processes become faster as the energy 
increases [4]. 

A diffusion model modification called LFDD (the Langevin function dissipative 
dynamics) has been widely dc . ;cd. However, in an attempt to describe vpre in a 
wide range of Z*/A and excitation energy with only one set of parameters, this model 
met with difficulties. Hence one should insert a sufficiently unusual dependence of 
viscosity parameters on the fissioning nucleus deformation [5]. 

Therefore, in spite of the great quantity of experimental and theoretical works in 
this region up to now there is no full conception of the behaviour of energy dissipation 
in the fission process and one needs additional measurements of the characteristics of 
fission neutron emission. One also can mark that in the region of compound nuclei 
Z > 92 there are only separate experiments on studying of vpre, i/post and vtot values. 

In the present work the first results are presented of experiments on measuring of 
differential characteristics of fission neutron emission in the region of compound nuclei 
with atomic number Z > 92, carried out at HMI(Berlin) on the VICKSI accelerator 
and on the FLNR U-400 heavy ion cyclotron. At HMI, 47- and 82-MeV a-particle 
beams and 66.6-, 85.8- and, 104.2-MeV 12C beams were used. At the FLNR, 95- and 
120-MeV 1 8 0 beam was used and, earlier, measurements of upTe, i/post and vial values 
in the reaction 2 3 8{/ + 1 2 С (105 MeV) were carried out. . 

The possibility of the production of the Cf compound nuclei in different reactions 
having the same excitation energy and mean angular momentum is of a special interest. 
In particular, if the investigation is carried out close to the Coulomb barrier. 

In Fig.l. the results are presented of calculation of the mean angular momentum 
< I > as a function of the excitation energy E* for three reactions in which the same 
compound nucleus of Cf is produced. 

The time-of-flight technique was applied for identification of fission fragments at 
HMI. Fission fragments were detected by two position-sensitive low-pressure multiwire 
proportional counters MWPC. One small MWPC of active area 61mm x 61mm was 
located on one side of the beam, at a distance of 236.7 mm from the target. On the 
other side of the beam, there was a large area MWPC (219.5 mm x 109.8 mm) located 
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at 261.5 mm from the target. The detectors provided better than 0.1 cm position 
resolution and better than 200 ps time resolution. 

For the neutron multiplicity measurement 10 liquid scintillator neutron detectors 
were used. They were placed outside the lm diameter scattering chamber at different 
angles to the ion beam. Eight of them were placed in the reaction plane, two of them 
out of the plane, at distances ranging from 550 to 1150 mm. The time resolution 
of the detectors varied from 0.9 to 2 ns, depending on their size and lower threshold 
setting. The energy spectra of the neutrons were measured by time-of-flight techniques 
and pulse-shape discrimination between neutrons and 7-rays was used. 

Programm CCFUS calculated 

95 105 115 

E*(MeV) 
At the FLNR, the Е\хЕг correlation technique of registration of pair fragments 

was used. The set-up includes two identical fragment detection systems which detect 
the reaction products in mutually perpendicular planes. Each system consists of two 
position-sensitive semiconductor detectors located at the fission-fragment correlation 
angle. 

To detect neutrons scintillation detectors prepared on the base of stilbene monocrys-
tals of 50 mm diameter and 30 mm height are used. In the given set-up two identical 
neutron channels located at the angles of 0° and 90° with respect to each fragment 
tract are used. The measurement of the neutron energy spectra at angles of 0° and 
90° with respect to the fission axis allows one to separate neutrons emitted by the 
double nuclear system or the compound nucleus from neutrons emitted by the excited 
fragments. 

The set-up includes also a spectrometer for measuring 7-quanta multiplicity in 
reactions induced by heavy ions. This spectrometer consists of six NaJ(Tl) detectors 
of 063x63 mm which are located in lead collimators and set in the back hemisphere 
at a distance of 20 cm from the target. The full 7-quanta registration efficiency is 3 
per cent. 

Shown in Fig.2 are the measured experimental spectra of neutrons emitted at 0° 
and 90° with respect to the fission axis. The values of vprt and vpo,t were obtained by 
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Fig.2. The neutron spectra for the 33SU+12 Q (105 MeV) fission reaction, measured 
at 0it2 = 0°(a, c) and 0з = 90°(Ь). Curves correspond to the various components of 
the spectra: 1 - prescission neutron.component; 2,3 - postscission component from 
the fission fragments. 
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fitting the experimental neutron energy-spectra in the laboratory system with evapora
tion-like spectra from three different sources (emission from the compound nucleus and 
from the two fission fragments). The results of the fit are given in the Fig.3. Similar 
spectra were obtained for all the reactions investigated in HMI and J1NR. The analysis 
of these spectra is in progress. 

As an example, in Fig.3 the dependence of the values of i/pre, i/p0,t and utot on the 
fragment mass for the fission of 2S0Cf formed in the 2 3 8{/ +1 2 С (105 MeV) 
reaction is shown. 

In this reaction the variation of the vpre value with the mass of the fragment is of the 
same value as for 1/(0(. And if in the case of vtot it may be connected with the effective 
fission reaction Q-valuen (if one neglects the difference in the number of 7-quanta for 
the symmetric and asymmetric fission) 

Ql = MCN - (Mh + Mh + TKE(Aj)), 

then in the case of i/pre this dependence can be connected only with the fission dynamics 
of the nucleus. Thus, in particular, the qualitatively larger value of the fission barrier 
for the case of asymmetric fission makes the passage of the fission barrier at a higher 
excitation energy a predominant one. Secondly, one may assume that for asymmetric 
fission the time in which the nucleus descends from the saddle point to the scission point 
may be substantially shorter than that for symmetric fission, which as a consequence 
leads to the diminishing of Ai/pre, related with the stage of descent from the saddle 
point to the scission point. Anyway, in case the dependence of upTC on the fragment 
mass is confirmed at the completion of the processing of the whole bulk of experimental 
data, the study of this parameter will provide new information on the dynamics of the 
fission process of heated heavy nuclei. 

Naturally, the investigation of the differential characteristics ( dependence of the 
"pre, Vjost and utot on the mass and kinetic energy of the fission fragments) is most 
informative. 

At the same time, even the information about the mean values of vpTe and upotU 
viot is of significant interest. Firstly, because in this region of nuclei there exist only 
separate disconnected neutron experimental data for heavy-ion induced reactions and 
secondly, as seen from Fig.4, in the region of E" ~40 MeV definite noncoincidence of 
these values obtained in reactions with n,p and a-particles and in reactions induced 
by heavy ions is observed. 
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Angular momentum effects in the heavy-ion induced fission are analyzed in 
terms of the statistical model including collective effects in the non-
adiabatic approach and avoiding all the usual numerical approximations 
and free parameters but one. It is found that the strong increase of the 
fission probability along with the increasing compound nucleus spin is 
responsible for several observable effects such as the increase of the Fission 
cross section and the decrease of the multiple-chance fission contribution, 
with the increase of the projectile mass. It is shown that the fission is 
particularly sensitive to the fusion cross section and its spin distribution. 
This feature can be used to determine the latter two from the measured 
fission cross section. Moreover, the temperature and angular momentum 
dependence of the shell effects in the fissioning nucleus are studied by means 
of a theoretical analysis of the total fission probability. Clear evidence of 
the disappearance of the shell correction to the fission barrier with both 
increasing spin and temperature is found and a general method to determine 
the level density at the saddle point configuration is proposed. In particular, 
it is found that the shell effects remain almost constant up to a certain 
nuclear temperature (for example, of about 1.65 MeV corresponding to an 
excitation energy of about 35 MeV for 2 , 0 P o , that has N=126) after 
decreasing by exponential law (reducing the shell correction to half its value 
at a temperature of 2.3 MeV). This result is not in agreement with the 
statement that the shell effect influence on the fission barrier completely 
disappears at an excitation energy of about 20 MeV or even before. 

1. INTRODUCTION 

The use of the heavy-ion (HI).beams has brought about new qualities in the study of the 
process of induced fission. Not only has the range of the nuclei of interest been vastly enlarged, but 
most of all formation of the very-high-spiu states in the HI reactions requires a more careful and 
accurate treatment of the angular momentum effects. It is known that the fission cross section 
strongly depends on the following spin-dependent quantities: (i) the compound nucleus fusion cross 
section, (ii) level densities in the nucleoli emission and fission channels, (iii) the fission barrier also 
including the shell corrections. The fusion cross section can be determined experimentally, by 
measuring cross sections in all exit channels, but its spin distribution remains a subject of 
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theoretical speculation. Similarly, level densities can be studied experimentally only in a very 
limited range of low spins and energies, far from the values typical for Hie HI reactions. The same 
also holds for the spin dependence of a fission barrier which usually relies on the liquid drop model 
predictions. The angular momentum effects in the nuclear reactions that lead to the fisssion are 
analyzed in terms of the statistical model including collective effects in the non-adiabatic approach, 
avoiding all the usual numerical approximations, and extending the investigations to the very-high-
spin values approaching limits of nuclear stability. Under such extreme conditions one has to pay 
appropriate attention to the effects related to the nuclear shapes which undergo the dynamical 
evolution with increasing spin. The procedure accounts for the accurate angular momentum and 
parity coupling, and allows for a fission preceded by a multiparticle emission. For such a study we 
considered — for example — the 158Er nucleus that has a shape at ground-state with a large 
deformation, for which fission cross sections were measured for various incoming channels and 
energies by Van der Plicht and collaborators [1]. Having the same compound nucleus formed in 
different incoming channels is very useful because: (i) it offers the possibility of forming the same 
compound nucleus (CN) at the same excitation energy but with a very different spin population 
(exhibiting the role played by the angular momentum); (ii) all CN and residual nuclei related 
quantities, have to be kept the same for each projectile-target combination providing a more severe 
test of the model itself. By this study [2] it was not only possible to reproduce measured fission 
cross sections but also to investigate various angular momentum effects, which are not available for 
direct experimental studies. 

In the other hand, microscopic calculations [3], using Strutinsky's method, predict that the 
shell correction should fluctuate and eventually disappear with increasing angular momentum of 
the nucleus. This derives from the debunching and rebunching of the single particle states due to 
the increasing deformation of the fast rotating nucleus. A similar variation of the shell correction 
with increasing deformation leads to the two-humped fission barriers in actinides. The angular 
momentum dependence of the shell correction might be responsible for the observed discrepancies 
between fission barriers extracted from the experiments using light projectiles and those using 
heavy-ions. In fact, heavy-ion induced reactions tend to populate much higher spins compared to 
the alpha or proton induced reactions, and these high-spin states give an overwhelming 
contribution to the fission cross section. If it is true that the shell correction tends to disappear 
with increasing angular momentum, the fission barriers extracted from the heavy-ion induced 
reactions should be different from the ones obtained in the light-ion induced reactions, at least for 
the nuclei with sizeable shell correction. In order to verify this hypothesis one has to compare 
rigorous compound model calculation's with the experimental fission probabilities trying to discern 
any eventual fade-out of the shell correction. To this end, however, one has to single out an 
expected temperature dependence of the shell correction, since increasing angular momenta are 
usually associated with the increasing excitation energy (i.e. increasing temperature). Both these 
effects are supposed to contribute simultaneously to the diminishing of the shell correction. For 
such a study it is useful to consider -for example-the 210Po spherical nucleus because of its large 
shell correction (6W0=— 11.2 MeV) and because many fission data, obtained in different incoming 
channels ranging from light beams [4] (p, t and a) to heavier ones [1] (12C and l eO), are available. 

2. THE MODEL AND ITS PARAMETERS 
2.1 Angular momentum effect 

In the frame of the statistical theory the contribution of the CN state with spin J, parity 
7Г, and excitation energy E to the fission cross section is given by the ratio of the fission width Г* 
to the total width r t o , multiplied by the population of this state cr(E,J,7r). This general approach 
holds not only for the first CN following HI absorption but also for the secondary CN's which are 
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formed as a result of subsequent emission of particles. The only difference is that while the first CN 
is excited to the unique (incident channel compatible) energy, the secondary CN's are created with 
excitation energies which spread over an available interval. Each of the CN states contributes to 
the fission cross section with 

which has to be summed up over spin and parity, integrated over excitation energy and finally 
summed over all the nuclei in the deejay chain to obtain the measured fission cross section in terms 
of the liauser-Feshbach theory. The fission and particle decay widths arc given by the following 
formulae: 

B-EW(J) 

0 E-B„ 
. oo J+J' f

 x 

where Ela(J(J) is the energy of the nucleus at the saddle point with angular momentum J, p is the 
level density, and T stands for the transmission coefficient. The subscripts / and x refer 
respectively to the fission process and particle x emission channels (neutron, proton, a and 7). The 
subscript CN indicates the compound nucleus and primes are used to mark a residual nucleus after 
particle emission. 

TyJ is an optical model transmission coefficient for particle x with orbital angular 
momentum / coupled with particle spin to give j . The fission transmission coefficient Ту is taken in 
the classical form proposed by Hill and Wheeler [5] 

T / =[l+«p(.2ir E/ftw)]"1 (4) 

with Ли>=1 McV. In the present cases the fission transmission coefficient is practically equal to 
unity, due to the rather high excitation energies involved, and therefore the particular choice of the 
Au> value is irrelevant. 

To estimate the fusion cross section we apply the Bass model [6], which is supposed to 
provide the total fusion cross sections with accuracy of the order of 10%. This cross section is 
distributed among different spins of compound nucleus by means of the /-wave transmission 
coefficients 

l> [ l+expi^J. . (5) 
Here, d is a free parameter and l,tl is chosen in such a way that having d fixed ]£(2/+l)T| equals 
the cross section of Bass. Such an approach is based on the assumption that a transmission 
coefficient for H.I. fusion equals unity for Ts lower than //„, and falls off smoothly to zero for 
greater /s. It follows that the fusion cross section reaches its maximum at J somewhat lower than 
ljut. Calculating spin distribution we couple projectile spin and orbital momentum with the target 
spin to the compound nucleus state spin J observing parity conservation. 

Special attention has been devoted to the treatment of the level densities. HI induced 
fission involves very high spins which inhibit usual factorisation of the spin-dependent part in the 
level density formula. In addition, large nuclear deformations bring about a rotational 

(2) 

(3) 



250 
enhancement of the level densities. This enhancement is especially effective in the fission channel, 
but also persists in the. particle channels clue, to the dynamic deformation of the high spin states. 
To account for rotational enhancement and to avoid a spin factorisation assumption the 
expressions reported in Ilef. 7 are applied (Eqs 4-G3b and 2B-51) and the density of levels with spin 
J at energy Б written as 

р(Е,,м,= idm ЮФ(11/4 £ (E- Brrt(K))"5/4«p(v«(B-Er.i(K))). (6) 

^ ( K ) = # r J ( J + D + ^ ( ^ - g i r ) • 

Here 3 x and 3 ц are moments of inertia perpendicular and parallel to the symmetry axis, and К 
is the projection of J on the quantization axis. Application of this general expression depends on 
the particular case. A nucleus at the saddle point is known to have a strong prolate deformation 
with the angular momentum vector perpendicular to the symmetry axis and therefore rotational 
contribution to E3ad(l) is given by 

In the case of the yrast state (equilibrium state of the residual nucleus reached after particle or 
gamma emission) the deformation is usually slight and the shape may be prolate, oblate or even 
tri-axial. For prolate yrast deformations we presume rotation around the axis perpendicular to the 
symmetry axis and retain expression (7) to calculate rotational energy contribution. In the case of 
the oblate deformation, however, the nucleus is assumed to rotate around its symmetry axis and 
rotational energy contribution to the potential energy surface becomes 

ft2J(J+l) , . , 

By these expressions one describes an adiabatic limit in which intrinsic and rotational 
degrees of freedom are completely decoupled. In fact, a rotational band is built on each intrinsic 
state, which leads to an increase of the total level density by factor of the order of 102. This 
assumption ceases to be valid for higher excitation energies. Indeed, the cranking-model 
Hamiltonian contains the Coriolis term which directly couples intrinsic and rotational motions and 
eventually leads to the break-down of the adiabatic approach. One expects the relevant scale to be 
given by the Coriolis energy [7,8] which may be approximated as 

Ecor - Л " о К . с Н 1 А - ? / 3 | « „ , с | [MeV] (9) 

where hui0 is the mean oscillator frequency and <5OJC is the potential deformation parameter. 
Following [8] the damping of the rotational enhancement is accounted multiplying the level density 
by 

1 ~~ "«roll O - K V M ' °0) 

This expression is tailored to approach unity, essentially leaving the entire rotational 
contribution to the level densities intact, at temperatures I low compared to Ecor, and tends to 
the inverse of the rotational enhancement factor h2/3 it at t » E c o r leading to the 
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cancellation оГ the rotational enhancement. To this end, the Qro, function is arbitrarily related 
to the Fermi-gas occupation probability of the single particle level at energy Ecor 

Q"" = exp(Ecor/t)+l ' ( U ) 

Fig.l illustrates the temperature dependence of Qro( for the yrast and saddle point 
cases. It should be stressed that due to the much larger deformation of the saddle point, 
rotational enhancement fadeout in the fission channel is considerably slower than in the 
particle emission channels. Later on, one can return to discuss the consequences of this difference. 

In addition to the rotational effects it also accounts for the vibrational enhancement of 
the level densities multiplying the level density by the factor [Kuibr —QUI()r(Ku,br — 1)1 , where 
following Rcf. 9 

^ « P U r » £«/» (12) 

and 

*vibr~ l+exp-^4— . (13) 

Here m0 is the nucleon mass and ffjrop is the coefficient of the surface tension in the liquid drop 
model. As for the rotational effects, one expects the vibrational enhancement to vanish at high 
temperatures. Eq. 12, therefore, contains a damping factor Q„,br which we arbitrarily choose to be 
1/2 at /=ij,2=2 MeV with dt=Q.2 MeV. In practice this choice is of little importance because the 
vibrational enhancement affects fission and particle channels in a similar way and to a large 
extent it is cancelled in the fission cross section formula. It has been checked that by forcing the 
damping factor reach 1/2 value at f=l MeV instead of 2 MeV, the fission cross section is 
practically unaltered. 

In the present calculations the first-, the second-, and the third-chance fission are 
considered allowing for the competition of neutron, proton, and a emission. In the case of the 
second- and third-chance fission one also accounts for the full 7 cascade which at lower energies 
may effectively compete with the particle and fission channels. For completeness, in addition to the 
decay to continuum, particle and 7 decay to-the few low-lying resolved levels are also included, 
even though their contributions turn out to be negligible. 

In order to determine the level density parameter a, we applied the method proposed in 
Ref. 10 and calculated a from the single-particle spectrum of the shell model Hamiltonian. This 
method is preferred to the standard parametrization a=A/c (with с ~ 8) as it is not only more 
realistic but it also takes care of the energy and mass dependence resulting from the shell structure 
in the eigenvalue spectrum. 

Other parameters of crucial importance are moments of inertia which determine spin 
distribution of the levels. In the case of the saddle point the three principal moments of inertia 
were obtained by means of Sierk's routine BARMOM [11], which fits the results of the advanced 
Rotating Liquid Drop Model calculations. The inertia moments for the yrast states were calculated 
from the /? and 7 deformation parameters using formulae reported in the Appendix of Ref. 8. 
According to Ref. 12 158Er is prolate up spins of about 40ft with /3=0.2-f-0.3, for higher spins it 
crosses the tri-axial region to reach the axially symmetric oblate deformation at Л=50Л, and for 
further spin increase it remains oblate increasing its /7 deformation parameter. This leads to the 
increase of the inertia moment which must not be neglected when heavy projectiles and high 
incident energies are considered. The spin dependent fission barriers were obtained using the 
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BARFIT routine [11] based on the same RLDM calculations which also provided moments of 
inertia. 

The results of these theoretical calculations are compared with experimental data in Fig. 2. 
We believe the general agreement to be more than satisfactory. Some minor deviations could easily 
be removed with the allowed modifications of the input parameters, e.g. variation of the fusion 
cross section within a 10% accuracy limit would be more than enough. We deliberately didn't do it 
in order to avoid a pure parameter fitting which could obscure the underlying physics. In any case, 
it is clearly seen that using the best and an 'a priori' fixed set of input parameters (allowing only 
for the variation of d) a very convincing reproduction of the experimental fission cross sections is 
achieved. This is in spite of the consistent inclusion of the collective effects throughout the entire 
calculations, while in the original paper [1] it was argued that an incorporation of such effects 
would lead to the destruction of the general agreement between experimental data and statistical 
model predictions. 

Having verified the applicability of the model to the reactions studied it was possible to 
investigate the less apparent details of the reaction mechanism. First of all we address the spin 
dependence of the fission probability (given by the ratio of the fission width to the total width 
Гу/Г(о{) as shown in Fig. 3. One observes a strong increase of the fission probability with the 
increasing spin. There are two reasons contributing to this effect: (i) decreasing fission barrier and 
(ii) large moment of inertia of the saddle point configuration which makes density of high spin 
states in the fission channel much larger than the equivalent densities in the particle emission 
channels. It is worthwhile noting that since the CN population is also up to l*ua , an increasing 
function of the spin (due to the kinematical factor (2/+1)), an overwhelming contribution to the 
fission cross section comes from the very few spin values close to l,ut (see Fig. 3). A decrease of the 
fission cross section at the very last spin values is related to the vanishing population of these 
states in the projectile-target fusion. This observation is essential to the further discussion since all 
the effects one is going to discuss are a direct consequence of this particular spin dependence of the 
fission probability. 

The most evident spin effect is a drastic growth of the fission cross section with increasing 
projectile mass for the fixed CN excitation energy (see Fig.2). This finds a straightforward 
explanation in the fact that heavier projectiles bring about higher angular momenta, populating 
higher spin states, which are of high fissility. It follows that the difference between fission cross 
sections for two different incoming channels leading to the same CN excitation energy reflects the 
difference between maximal /-values participating to the CN fusion (l/u() in both cases. Obviously, 
this statement holds when the CN is the only mechanism contributing to fission. 

Another spin effect brings us back to the determination of the input parameter d which 
describes the fall-out of the fusion cross section in the vicinity of l,us. Fig. 4 shows a typical 
dependence of the fission cross section in function of d for two distinct CN excitation energies: the 
first one close to the fission threshold and the other one considerably higher. The fission cross 
section strongly increases with d in the first case while for the higher energy this dependence 
practically disappears. The explanation is again given by the spin dependence of the fission 
probability. At low energies the CN states populated from the incoming channel lie in the spin 
region where the fission probability rapidly increases. Increasing d means shifting part of the fusion 
cross section towards higher spins which have a higher fission probability, and thus the calculated 
fission cross section increases. For the highei energy case the same shift of the fusion cross section 
does not make such a large difference since the fission probability tends to saturate approaching 
unity. This can be worded more generally by saying that the fission cross section is sensitive to the 
fusion spin distribution if ltua is well below the /-value whereby the fission barrier vanishes. This 
fact makes 'a priori' predictions of the fission cross sections right above fission threshold difficult, 
but this may be turned to our advantage by using it for the determination of the CN spin 
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distribution resulting from the HI fusion, which is not a directly measurable quantity. Actually, in 
the present analysis we obtained rf equal to 1.5, 4.5, 4.5, and 1.0 Гог l e O+ 1 4 2 Nd, 2 , ,Mg+1 3 4Ba , 
3 2 S+ 1 2 6 Te, a | ) d 64 N i + 04 Z r c | i a n n e i s respectively. 

The third effect one is going to discuss is the relative probability of the multiple-chance 
fission for different projectile-target combinations. In Fig. 5 we decompose the results of the 
calculations, already presented in Fig. 2, into contributions coming from the fission of the initial 
CN (first chance fission) and those which are due to the fission of the residual nuclei after emission 
of 1 and 2 neutrons (second- and third-chance fission). Generally one would expect a multiple-
chance fission to be characterized by the increasing shift in the excitation energy, which may 
Approximately be related to the neutron binding plus average energy of the emitted neutron, i.e. 
the difference between excitation energy of the parent and daughter nucleus. Fig. 5 shows plotted 
percentage contributions of the first-, second-, and third-chance to the total fission cross section for 
the four incoming channels leading to 158Er at excitation energy of 100 MeV. This relatively high 
energy has been chosen in order to have all 3 fission chances well established. By analyzing Fig. 5 
one can note that for the lightest projectile the first-, second-, and third-chance Fission contribute 
with 49, 34, and 17% respectively. Considering heavier projectiles the contribution of the first 
chance grows at the expense of the higher chances and for the 64Ni-f94Zr system we find 85, 12 and 
3% respectively. Alternatively, the same effect may be worded in terms of the prcfission neutron 
multiplicity which turns out to decrease from 0.68 in the former case to 0.18 in the latter one. This 
may be understood as a depletion of the cross section available to fission resulting from the fission 
of the preceding nucleus in the chain. As we already know, this depletion increases' with the 
projectile mass. This effect is enhanced by the fact that, due to the spin dependence of the fission 
probability, depletion mostly concerns the states of highest fissility. 

2.2 Shell correction dependence 

It was shown that the fission process is extremely sensitive to the angular momentum, 
which makes it a particularly useful tool for such investigations. The success of the previous 
analysis led to the present attempt to study the angular momentum dependence of the shell effects 
which in the fission process are revealed mostly through the shell correction to the fission barrier 

There are several indications that the shell effects which in the fission process are revealed 
mostly through the shell correction added to the fission barrier, should quickly decrease [13] as the 
excitation energy of the compound nucleus increases and fluctuate [3] with increasing angular 
momentum. Moreover, the latter dynamic effect might be responsible for the observed discrepancies 
between fission barriers extracted from the experiments using alpha or lighter particles and from 
those using heavy-ions. In fact, heavy-ion induced reactions tend to populate much higher spin 
states compared to the alpha (or lighter particle) induced reactions, and these states give an 
overwhelming contribution to the fission cross section. If it is true that the shell correction tends to 
disappear with increasing angular momentum, the fission barriers extracted from the heavy-ion 
induced reaction should be different from those obtained in the alpha (and lighter particle) induced 
reactions, at least for the nuclei with sizeable shell corrections. 

In order to verify this possibility, one has to compare rigorous compound model 
calculations with the experimental fission cross sections trying to separate the temperature and 
angular momentum fade-out of the shell correction [14]. The idea consists in the choice of the 
appropriate reaction to allow a detailed sampling of both dependencies. To this end one can 
consider the °Po compound nucleus because it was obtained in different incoming channels 
ranging from light beams |4] (p, t and o) to heavier ones [1] (12C and 1 8 0 ) , and a induced fission 
[4] of 0 , T1, 2 1 2 Po and 2 , 3 At , all of them being good examples of spherical nuclei with a large 
negative shell correction. These reactions span angular momentum ranges up to 90 ft. In particular, 
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p-f 131 reaction populates spins 0 through 8 at incident energies close to the fission threshold and 
this range only extends up 1° 14 Л for ilic highest energy considered. It is therefore a good way of 
studying pure temperature effects. In tlio case of the ' 0 + Oe channel the respective spin ranges 
arc (0 — 20)Л and (0-1)0)/). Moreover the heavy-Ion Induced fission Is strongly dominated by the 
contribution coining from the compound nucleus states in the angular momentum window located 
close to the highest spins allowed. This 'window' moves towards higher spins with the increasing 
incident heavy-ion energy, allowing for an unusually precise sampling In the angular momentum. 

Each statistical model calculation of the fieslllty strongly depends on the two fundamental 
input quantities, the fission barriers and the ratio of the level density parameters in the fission and 
neutron channels. In fact, in many analyses these two quantities were treated as free parameters to 
be determined for each nucleus from the experimental data. In the present context such an 
approach is unacceptable since two additional parameters would obscure any eventual shell 
correction fade-out making any conclusion in this respect impossible. As far as the fission barriers 
are concerned, wo used spin dependent predictions BIJ of the refined liquid droplet model by Sierk 
[16] corrected for the shell effects 

B/(J) = с B/d(J) + ( « W w - iW,, f l) . (14) 

Here, 6Wiaj and 6Wgi§i are shell corrections at the saddle point and at the ground state 
respectively, and factor с is used for the eventual adjustment of the calculated fission barrier to the 
experiment. It was verified that В ДО) calculated by Eq. (14), using £W. ,t taken from Ref. 16 and 
6W,a({ = 0, generally agrees with the experimental barriers deduced from the a induced fission in 
fief. 4. Hopefully, this modification should have only a minor effect on the present conclusions 
since barrier heights extracted from the experimental data extending close to the threshold region 
are rather model independent and should be close to the true values. In any case, ambiguity 
concerns mostly deformed nuclei which are of secondary importance for this analysis. There is also 
a possibility that the above-mentioned discrepancies are partially due to the inaccuracy of the shell 
corrections, which are believed to be known within 1 MeV. Bearing this in mind, we cannot 
positively exclude the presence of the shell effects at the saddle point (<5W|aj ф 0), as the fission 
barrier puts constraints on the differences 6W,ail - 0W-, _ rather than on the 6W , alone. 
Therefore, whenever in the following one refers to the shell correction one intends 6Wfiaj — 6Wfl,>t 
which is assumed numerica'ly equal to the ground state shell correction of Ref. 16 and that it will 
be indicated simply by 6W. 

Particular attention was paid to the determination of the level density parameter a, which 
describes the density of the intrinsic excitations. In section 2.1 we used a obtained from the 
analysis of the shell model orbitals. Even though this method proved to work for a deformed 
nucleus as ,S8Er, it may not be sufficiently accurate Tor nuclei very close to the shell closure, like 
the spherical ones considered in this section. For this reason it was decided to use the method 
proposed in Ref. 17 which was especially tailored to account for the shell effects in the level density. 
Physically, the disappearance of the shell effects may be seen as a rearrangement of the shell model 
orbitals in such a way that the shell gap between orbitals close to the Fermi energy vanishes. In 
Ref.17 the value 0.064 M s V - 1 of the у parameter in the formula of the level density parameter 
was fitted to the observed density of neutron resonances. Therefore, it is not clear whether the same 
dependence should also hold for the saddle point configuration. One expects that due to the strong 
deformation the shell model orbitals Would already be distributed uniformly at much lower energies 
(if not right above the saddle point). In fact, the present fissility calculations, performed for the 
spherical nuclei being considered, assuming ay/af|=l lie several orders of magnitude below the 
experimental data (see Fig.6 in the case of the proton induced fission of 2 ,0Po). On the other hand, 
setting aj= H , makes the calculated fissility exceed measured values by an order of magnitude, as 
shown in Fig.6. This suggests that the true value of the a. parameter should be found somewhere 
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between these two limits. It ia possible to note that at energies 10 to 20 McV above the Fission 
threshold there are essentially no other possibilities of changing the results оГ our calculations 
because: (i) the fission barriers are fixed by the experimental values (ii) modifications of the saddle 
point shape (or moments of inertia) within reasonable limits are not sufficient to bring calculations 
into the agreement with the fissility data (iii) eventual ambiguities concerning rotational 
enhancement damping are irrelevant since, on the one hand, the saddle point deformation is so 
large that in any case damping is practically not effective, and on the other hand, it is so small for 
spherical nuclei deformation that rotational enhancement does not exist at all, (iv) the effects 
related to the eventual fade-out of the shell correction to the fission barrier should be negligible due 
to the relatively low spins and temperatures involved. 

Bearing this in mind, we searched the functional form of the quantity aj „(E) reproducing 
low energy fissility of 2 , 0Po and found 

exp(-ryE)-(l+E/*W) 
e/, . .(E) = exp(-7E)-(l+E/*W) ' ( 1 5 ) 

with ft = 0.024 MeV"1. One can note that for the negative shell corrections (typical for spherical 
nuclei) the a, n quantity, as given by Eq.15, is larger than 1 at low excitation energies and 
asymptotically tends to unity with increasing energy (as also found in Ref. 18 following a different 
way). Use of Eq.15 implies that a/(E) at an excitation energy E above the potential surface is 
obtained as a product a(l(E)x<iy „(E) calculated at the fission channel energy E. Using Eq.15 one 
can calculate low energy fissility for all the remaining nuclei obtaining very good agreement with 
the experimental data. One can stress that for the first time the fissilities of the deformed as well 
as spherical nuclei were described in a consistent approach including collective effects and using 
ay n factor given by a general formula. 

To demonstrate the shell correction fade-outlet first the » induced fission is analysed. This 
reaction is chosen for the following reasons: (i) there is a large amount of good experimental data 
in the broad energy range, including spherical(with high shell corrections) as well as deformed 
nuclei (for which shell corrections are less important), (ii) relatively low, but increasing with the 
incident energy, angular momentum brought into the compound nucleus by the alpha particle 
allows a span of various spin ranges, starting from the (0 — 14)ft range at incident energies close to 
the fission threshold and ending with the (О —38)Л range for the highest available energy. In the 
first range the shell correction is presumed to be essentially constant while in the latter one the 
shell correction fade-out might already be effective, (iii) The spin distribution of the compound 
nucleus formation cross section may be calculated from the well-established optical model 
potential, thus avoiding the use of the free parameter involved in the heavy-ion induced reactions 
(see Ref.2). 

For the present purpose, one can analyse fission probabilities of three spherical nuclei with 
large shell corrections, considering that for deformed nuclei shell corrections are much smaller. 
Fig.7 showes the results of calculations using usual constant shell corrections. The theoretical 
results contain multi-chance fission (up to the 7-th chance) and one can note that, in some cases, 
due to the large differences between shell corrections for the neighbouring nuclei, the second- and 
the third-chance fission cross section may be much larger then the first-chance fission cross section. 
Comparison of the calculated results with the experimental data shows that the former ones tend 
to underestimate measured values at higher energies. In fact, one can repeat here points (i) - (iii) 
of this discussion concerning the determination of the a parameter to prove that the fade-out of the 
shell correction with increasing spin and/or temperature is the only way of making the calculated 
results agree with the experimental data. 
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To separate temperature and spin dependence of the shell correction the fissility of the 
same compound nucleus at different temperatures is analysed keeping angular momentum 
approximately constant and then allowing for different angular momentum distributions at the 
same fixed temperature, This cau be carried out when the same fissioning nucleus is formed in 
different incoming channel configurations ranging from very light projectiles to heavy ones. To this 
end it is possible to consider the 210Po compound nucleus that' has a large shell correction 
(6VV= — 11.2 MeV). In the case of the proton-induced reaction the experimental data cover an 
incident energy range from 20 up to 61 MeV, which corresponds to the 1.4 to 2 MeV temperature 
interval. Within these limits, the angular momentum changes the compound nucleus only slightly. 
It extends from 0 up to 8Л at the lowest incident energy while for the highest energy this range 
only enlarges up to 14Л. It is supposed that the eventual decrease of the shell correction with 
angular momentum becomes effective at substantially higher spin values and, therefore, proton 
induced fission may only be affected by the temperature dependence. The results presented in Fig.6 
show that calculations assuming constant shell correction fit experimental fission cross sections 
perfectly up to about 35 MeV and systematically fall below experimental data at higher energies. It 
is possible to attribute this difference to the temperature fade-out of the shell correction and infer 
that it slays constant till 35 MeV (1=1.65 MeV) and falls above this energy. Multiplying shell 
correction by the temperature dependent factor 

f f(t) = 1 t < 1.65 MeV 
(16) 

I f(t) = kexp( -m t) t > 1.65 MeV 

and fitting proton induced fission cross sections in the whole energy range we obtained the values 
6.809 and 1.066 MeV" for the parameters к and m respectively of Eq.(lC). Fig.8 shows extracted 
temperature dependence of the shell correction. This result contradicts some previous findings (see 
for example R.ef.13), suggesting a much faster decrease. 

Once the temperature variation of the shell correction is settled one may attempt to 
extract its angular momentum dependence. To this end we analysed excitation functions for the a 
and О induced fission. Due to the heavier projectile masses these two reactions allow one to 
create compound nuclei within the same range of excitation energies (or temperatures) but with 
angular momenta much higher (up to 20 ft at 57 MeV and up to 90ft at 116 MeV) than those 
involved in the proton induced fission. The basic idea underlying the present investigation makes 
use of the particular feature of the fission process, namely the fact that it is dominated by the 
decay of compound nucleus states in the angular momentum "window" close to the end of the spin 
distribution. This "window" moves towards higher spins with the increasing incident energy, 
allowing for the unusually precise sampling in the angular momentum. 

Calculations show that, in spite of the use of the temperature dependent shell corrections 
(as extracted from the proton data), theoretical results for the a and 1 80 induced fission still fall 
short of the experimental data. This indicates that the temperature dependence alone is not 
sufficient to make theory agree with experiment. One traces this discrepancy to the missing angular 
momentum modulation of the shell correction, and assumes asimple ansazt for its spin fade-out 

The first term in Eq.(17) describes the overall decrease (Fermi type) of the shell correction while 
the second (Gaussian shaped) term has been introduced to account for the first oscillation. Jj/2 , 
AJ, b, J„, and AJ„ are the parameters to be determined from the fit of the calculated fissility to 
the experimental data, and therefore the actual fission barrier used in the present calculations 
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becomes 

By(t,J) = с Bw(J)+f(t) g(J) «W . (18) 
The calculated fission cross sections, using spin and temperature dependent shell 

corrections, are compared with the experimental data in Fig.9. Clearly, a very good description of 
the measured fissility can be obtained if one simultaneously allows for both dependencies. The 
values of the parameters J,/2=34ft, AJ=5n, Jg=58ft and AJg= 17.9ft were obtained by Titling 
experimental a and 1 8 0 Induced fission cross sections for the 210Po compound nucleus. One 
can note that the introduction of the angular momentum dependence docs not affect the previously 
obtained agreement for the p+309Bi channel. This is because the function g(J) is essentially equal 
to 1 for angular momenta involved in the latter reaction. This result is of fundamental importance 
for the present analysis as it assures that the temperature and spin dependencies of the shell 
correction have actually been separated. 

Another important test comes from the analysis of the 12C induced fission. This channel 
was by no means used for the determination of the parameters describing shell correction 
dependencies. Therefore, a perfect reproduction of the experimental results concerning , 2C + , 9 8Pt 
channel (see Fig.9) provides a strong argument for the physical significance of the entire procedure. 

Further confirmation of the spin and temperature dependence of the shell correction is 
supplied by the calculations of the a induced fission on the nuclei included in Fig.7. Unfortunately, 
in these cases the temperature dependence could not be determined independently because data for 
the proton induced fission were not available. Under these circumstances we assumed that for the 
spherical nuclei 201TI, 212Po, and 213At the temperature dependence is the same as the one for 
2I0Po. Results of the statistical model calculations, using the fission barrier defined by Eq.(18), are 
presented in Fig.10. The parameter values of the g(J) function range between J,<2=26 4-34, 
AJ=5-J-6, Jg=27-f 68 and AJg=6.3 -f 17.9 for the considered 30ITI, 2 , 2Po, and 2 , 3At nuclei, and 
the functions themselves are compared in Fig. 11. In this figure we also present the g(J) function 
for the 2I0Po nucleus, which we believe to be the most accurate, as obtained from the analysis of 
various incoming channels using the temperature dependence determined for this particular 
nucleus. One observes that the parameters describing oscillation of the shell correction (the 
Gaussian) strongly depend on the structure of the considered nucleus, while the overall decrease of 
g(J) (the Fermi function) changes rather slowly for the nuclei under consideration. This result may 
be interpreted as follows. The overall decrease of the shell correction is related to the gradual 
removal of the shell model state degeneracy with the increasing, rotation-induced, deformation 
which is a general feature valid for all nuclei. Therefore, the shape of the overall decrease is more or 
less similar for the neighbouring nuclei. On the contrary, the oscillating part may be related to the 
accidental bunching of the single particle slates, which is obviously much more sensitive to the 
actual structure of the considered nucleus. 

3. CONCLUSIONS 
Statistical model calculations were presented of the heavy-ion induced fission cross sections 

using an 'a priori' fixed set of input parameters, and avoiding any numerical approximations. It 
has allowed for only one free parameter rf, describing angular momentum distribution of the fusion 
cross section, which in any case has only a marginal effect on the fission cross section at energies 
surpassing the fission threshold by more than few tens of McV. In principle, there are no grounds 
to expect d to be independent from energy, but its relatively small influence on the fission cross 
section at higher energies does not allow a trustworthy determination of its energy dependence. 
However, at the energies right above the fission threshold a large sensitivity of the fission cross 
section to the value of the parameter d may be used to determine the fusion spin distribution. We 
obtained a very good description of the experimental data allowing for the non-adiabatic coupling 
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оГ the collective and intrinsic degrees of freedom in the level densities. This contrasts with the 
results of fief. 1 where it was claimed that inclusion of such effects would destroy the agreement. 
The most striking feature of the heavy ion induced fission is a strong increase of the fission 
probability with CN spin. Л direct consequence of this effect is a strong correlation between the 
fission and fusion cross sections which may be used to determine the latter, once the former is 
known experimentally. 

The study of nuclei in the vicinity of the shell closure N=126 appears to be a fundamental 
problem for the synthesis of the new superheavy elements due to the great importance of the shell 
effects influence in the cold fusion reactions, in which the production of deformed and shell-
stabilized heavy nuclei is in competition with the fission decay. Using rigorous compound model 
calculations one can show that the consistent description of the fission cross section calls for the 
fade-out of the shell correction to the fission barrier with increasing temperature and angular 
momentum. This result provides confirmation of the theoretical predictions. The temperature fade-
out, however, is only effective at energies substantially higher than those expected. This result may 
be of crucial importance for the synthesis of the super heavy elements since it extends the 
stabilizing effect of the shell structure to higher temperatures. One of the main problems in the 
synthesis of the super heavy elements is to guarantee their stability against fission which is 
supposed to be a predominant decay mode. If this result also holds for the super heavy island of 
stability, the shell correction to the fission barrier (hindering rupture of the nucleus) may persist at 
energies which allow it to overcome the Coulomb barrier and formation of the relatively long-lived 
nucleus. This stabilizing effect, however, will be partially removed by the decrease of the shell 
correction with the increasing angular momentum. 
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Figure captions 

Fig.l Energy dependence of Q r o ( , used to damp rotational enhancement of level 
densities, for saddle-point and yrast deformations. 

Fig.2 Comparison of experimental data [1] with the results of our statistical model 
calculations for fission of 158Er obtained in 1 0O+1 4 2Nd, 2 4 Mg+ 1 3 4 Ba , 3 2 S+ 1 2 e Te, and 
6 4Ni+9 4Zr reactions. 

Fig.3 Dependence of the fission probability (solid line) and the fission cross section 
(dashed line) on compound nucleus spin for the 3 2 S+ , 2 6 Te incoming channel at incident 
energy of 220 MeV. 

Fig.4 Dependence of the fission cross section on the parameter d in the case of 
3 2 S+ 1 2 6 Te incoming channel at incident energy of 150 MeV (solid line) and 220 MeV 
(dashed line). 

Fig.5 Histogram of the relative contributions of the multiple-chance fission for the four 
incoming channels at the same excitation energy of 100 MeV. 

Fig.6 Cross sections for the proton-induced fission of 2 1 0Po compared with the results 
of the theoretical calculations: (i) a./an=\ and constant shell correction (dashed-dotted 
line), (ii) aj=a and constant shell correction (dashed line), (iii) a, n according to 
Eq.(15) and constant shell correction (dotted line), (iv) a, n according to Eq.(15) and 
temperature-dependent shell correction according to Eq.(10) (solid line) . 

Fig.7 Comparison of the «-induced fission probabilities calculated using constant shell 
corrections with experimental data taken from Ref.4 (and references therein). The 
results for 2 1 e Po were scaled down by factor 10 while those for 201T1 by 100. 

Fig.8 Temperature dependence of the shell correction extracted from the analysis of the 
proton induced fission of "Po. 

Fig.9 Comparison of the calculated and experimental cross sections for the fission of 
2 1 0Po produced in the c*+206Pb, , 2 C + , 9 8 P t , and , 8 0 + , 9 2 0 s incident channels. The 
results for С and 1 8 0 beams were scaled down by factor 10 and 100 respectively. 
Angular momentum- and temperature-dependent shell corrections were used in the 
calculations. Experimental data were taken from Rcf.4 and references therein. 

Fig. 10 Comparison of the a-induced fission probabilities calculated using angular 
momentum- and temperature-dependent shell corrections with experimental data taken 
from Ref.4 (and references therein). 

Fig. 11 Angular momentum dependence of the shell correction extracted from the analysis 
of the a induced fission of 2 , 3 At (dash-dotted line), 2 , 2 P o (dashed), 2 1 0 Po (full) and 
20 ,Tl(dotted). 
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Recent Experimental Investigation on 
Low Energy Ternary Fission 

J.P. Theobald 

Institut fiir Kemphysik der Technischen HochschuleDarmstadt 
D-6100 Darmstadt, SchloSgartenstraBe 9 

Abstract 
A precedent report on low energy ternary fission given during the "International 
School Seminar on Heavy Ion Physics" in Dubna, October 3 - 12, 1989 is shortly 
summerized. Multiparameter measurements with the kinematic spectrometer 
DIOGENES were in the focus of this report. 

Now, results on cluster emission during nuclear fission investigated with the fission 
product seperator LOHENGRIN, preliminary data of which had already been 
presented in 1989, will be discussed. 

1. Introduction 

In my contribution )' to the foregoing seminar in October 1989 I have reported on 
multiparamter measurements performed with the toroidal kinematic spectrometer DIOGENES 
for ternary fission.)2. The most essential results were the following: 

• Low energy ternary fission is light charged particle accompanied fission. Upper limits for 
spontaneous tripartition of 252Cf for the cases that the third fragments fall into the mass 
ranges 30 < A < 70 or 70 < A < 95 are 8 x 10 -8 and 2 x 109 resp. relative to binary 
fragmentation. 

• Ternary fission is distinguished by lower excitation energies of the main fragments as 
compared to binary fragmentation. As the intrinsic excitation energy at scission is low (only 
about 4,5 MeV )3 in the case of 2J6U) one can conclude that the main ternary fragments are 
less deformed than binary ones. 

• Polar particle emission is associated with an asymmetric partition of deformation energy 
between the main two fragments. 

After more recent evaluations of the multiparameter data I can add two more observations: 

• In the case of triton emission it is confirmed, that particle emission can weaken the heavy 
fragment mass stabilization by deformed neutron shells)4-13, as shown in figure 1. 

and 

• The li^ht charged particles are generated form nucleons of the neck between the fragments. 
These nucleons cannot be attached to one of the final main fragments. 
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Figure 1: Fragment mass spectrum of triton associated fission of :52Cf. The solid curve 
of rcf. 4 is compared with the dodded one of ref. 13. the binary fragment 
spectrum is given as a plot of small dots. 

More details deduced from multiparameter measurements can be found in a forthcoming 
review)5 

Here, the progress of the investigation on light charged particle (LCP) yields and particles' 
kinetic energy distributions will be outlined. 

2. Light charged particle emission probability 

2.1. Absolute probability. 

The ternary particle emission probability is expressed as the ternary - to - binary fission yield 
ratio T/B. About 90 % of the LCP's are a- particles, sometimes called long range a - particles 
(LRA), because of their high most probable kinetic energy of about 16 MeV. Therefore the 
yield ratio LRA/B is also found in literature instead of T/B. 

In figure 2 LRA/B ratios are plotted as function of the compound nucleus fissility parameter 
Z2/A )6. Ternary fission yields increase with fissilty and are for spontaneous compared to 
neutron induced fission higher. The dependence of the ternary fission probability on Z2/A is 
explanied by Rubchenya and Yavshits )7 as being due to the Z2/A correlation with the ratio of 
the time of neck rupture to the life time of the neck between the nascent fragments. This 
correlation can neither explain the higher ternary yields for spontaneaus fission nor the steep 
rise of the experimental yields for values of Z2/A > 38. For a later discussion it is of 
importance, that the ternary particle emission probability shows also a dependence on the 
ground state alpha decay constants )6. 
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Figure 2: Measured alpha particle emission probability for different fission reactions 
versus fissility parameter. Full circles represent 233A'-8U isotopes (ref. 6) 

2.2. Relative emission probabilities 

LCP yields relative to the LRA output were measured systematically by Vorobyov et al )8"13 on 
neutron induced fission of 233U, 235U, 239Pu and 242Am and by Baum et al )14"16 on 235U and 
242m+8Am. In the latter case, 242Am was produced by a breeding process from a 241Am target 
close to the ILL reactor core with fission rates coming with about 50 % each from the long -
living isomer 242mAm with spin and parity 5* and from the 2428Am 1- ground state. LCP's up 
to silicon have been determined recently on 242Am ) '7 LCP yield measured for 235U and 242Am 
by Baum et al )14-16 are displayed in figure 3. 

It is obvious from the data that 

• there is a distinct proton and neutron even - odd effect on LCP's yield, which enhances 
particles with even Z and N, 

the yield ratios Y (LCP)/Y (a) increase with the fissility parameter Z2/A like the integral 
ternary fission yield, 
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• the even - odd staggering in the yields for 235U and 242Am is weaker for the heavier 
nucleus 242Am compared to 235U, as shown in figure 4 

and 
• within the experimental accuracy there is no indication for a dependence of the particle 

yields on the compound nucleus spin. 
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Figure 3 44: Experimental LCP yields for ^UOi^f) and M2Am 
Ratio of average LCP yields as function of neutron and proton numbers. 
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3. Light charged particle energy distibutions 

3.1. Long range alpha particles 

It is a matter of fact, that the most probable alpha energy for thermal neutron induced fission 
for all nuclei investigated from 23,Pa up to 243Am and for spontaneous fission of 250'252Cf and 
2S6,257pm j,as the unique value of <Ea> = 15,9 ± 2.0 MeV. 

Also the widths of the kinetic energy distibutions increase only slightly from 9.6 ± 0,2 MeV 
fwhm for 235U(n,f) up to 10,9 ± 0,5 MeV fwhm for 252Cf (sf). 
Obviously, the kinematic observables of the alpha particles, the most probable emission angle 
included, are not very sensitive to properties of the fissioning system. 

3.2. Other light charged particles 

Energy distributions of a variety of LCP's have been measured by Vorobyov et al )8"13 and 
Baum et al )14-16 

Figure 5 gives the results of Baum et al. Technical limits do not allow to cover the full energy 
range for all LCP's. One observes that 

• the mean energies of the LCP's increase with the nuclear charge of the particles and 
decrease within each element with increasing mass (figure 6) 

• for LCP's with Z > 2 mean energies are higher by about 10 % for 242Am than for 235U 
what is partly at variance with ref 10 (figure 7) 

• the insensitivity of the mean kinetic particle energies on the fissioning nuclear system 
typical for the lightest LCP's is not maintained for the heavier ones. 
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4. Interpretation of relative light charged particle yields and kinetic 
energies 

There exist since about a decade two types of theoretical approaches for the description of the 
LCP's emission mechanism: 

i) the "radioactive decay model" )18-21 and 
ii) the double neck rupture model )7 

The basic idea of the first model is that the particle presented by a point charge in its classical 
version )18-19 and by a wave function, typical for the natural particle decay of the compound-
nucleus ground-state, in its quantum mechanical one )20Лэ gains energy by collision with the 
approaching potential walls in the neck region between the nascent fragments. 

Emission occurs, when the energy of the particle exceeds the ridge of nuclear and Coulomb 
potentials at the nuclear surface. Figure 8 displays the development of the nuclear potential and 
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corresponding a particle wave function for a fission time At = 3,1 x 10"2,s, Because of the 
inertia of the wave function against fast changes of the nuclear potential the calculations have 
been performed up to tmnx= 1,2 At. 
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Figure 8: Nuclear potential and a panicle wave function of a fissioning 
nucleus (rcf. 21 ). See text. 

This model has so far only been applied to a particle emission but it seems to offer a key for 
the understanding of the dependence of the ratio LRA/B on the groundstate alpha decay 
constant )6. 

The double neck rupture model has been proposed by Rubchenya and Yavshits )7. It is not 
resuicted to only alpha praticle emission and is an extention of existing binary fission 
models)22"23. Figure 9 shows a classical demonstration of a double neck rupture of water 
droplets)24. 
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Figure 9: Demonstration of n double neck rupture by water droplets. 

The basic idea is that in LCP associated fission two statistically independent neck ruptures 
occur, the first one separates a protogenic main heavy fragment and a dinuclear system 
composed of a nascent main light fragment and a protogenic light charged particle. During this 
stage nucleon diffusion takes place between the three reaction products until the final nuclei 
are established. If there exists an equilibrium in the dinucleus in a sense of a compound nuclear 
system, the particle yield can be written as 

Yi(AiZi)=C,^p(^~-) (1) 

with 
AU =-Q,, + AE^ + AV^ (2) 

Qu is the Q-value for the second neck rupture releasing the LCP, which has been generated by 
nucleon diffusion from the protogenic Z° = 4, A° = 9 particle. 

Q„ = мт (A, - A; ,Z;. - z;) + м„ (A; ,Z- ) 
-M„[Al-Ai,Z,.-Zi)-Mar{Ai1Zi) 

Mcxc is the mass excess, the tags L,(H) and 3 characterize the main light, (heavy) fragment and 
the LCP respectivly. 
AEjd-and AVjnl are the differences of deformation and interaction energies between the 
nascent main light fragment and the LCP before and after the second neck rupture. 

A*W + W» * 4«- - ,?^'"/тУ, ( Г ° = 1 ' 2 fm) (4) 

The temperature T is a nuclear temperature of the nucleons involved in the LCP release. The 
application of this model to measured observables of LCP accompanied fission is published)1-7. 
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There are certain inconveniencies associated with this model 

1. The protogenic light main fragment and LCP are not accessible to experimental 
investigation. 

2. The proton and neutron odd-even effects on the LCP yields are not satisfactorily 
reproduced. 

3. The heavy main fragment is only an observer of the LCP release. 
4. The time between the first and second neck rupture is too short (t = neck diameter / 

Fermi velocity » 10"22s) to transfer a number of nucleons to the protogenic LCP up to 
more than its constituents. 

The shortcomings of the original model ?an be circumented even by a simplification of this 
model 

1. The protogenic LCP is discarded. 
2. Qgg is replaced by the Q-value of the ternary fission reaction. 
3. The interaction AVint is calculated for all three reaction products. 

Instead of (1) the particle yield is given by 

with 

Yi(A3,Zi)= Kexp Q-V 

Q = МтГ U) + Mm (л) - Mm (L) - Mm (3) - Mm (Я) 

* k + £ l r„+^r3 rt+b.rt + r„ 

(5) 

(6) 

(7) 

b0 being a free parameter, r==\fX, fm, i = L,H,3 
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Figure 10: Comparison of measured and calculated LCP yield for the reaction 
23!U(nth,f). The solid line is a result of calculations in the framework of the 
modified double neck rupture model. 
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Particle intensities calculated with formula. (5) are compared to experimental LCP yields in 
figure 10. 
An elaboration of this model allows also for the first time to reproduce not only the most 
probable LCP kinetic energies, but also their distribution in an equivocal way. Calculated 
kinetic energy distributions for 235U(nth,f) are plotted as solid lines in figure 5. 
It is obvious that relative LCP kinetic energy distributions are reproduced adequately for 
LCP's with 3<Z3<8, moderately for 6>8He and unsatisfactory for Zj= 1,2. A detailed description 
is given in ref. 14. 

5. Conclusions and perspectives 

All recent results and also the theories on LCP associated fission are conform with the 
conception of particle emission at a late stage of fission. Even the radioactive decay model 
predicts in its classical version ),9< when the deformation parameters of the fissioning nucleus 
and hence of its potential has the time dependence shown in figure 11, a late particle emission, 
although it has only been elaborated for alpha emission so far. Figure 12 shows very late 
classical a particle trajectories shortly after scission . Late alpha particle emission is also 
deduced from experiments on space parity violation in ternary fission)25 . 
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Figure 11: Time dependence of the neck radius and the 
elongation of a Fissioning 236U nucleus (rcf. 19) 

Figure 12: Late alpha particle emission 
trajectories in the classical radioactive 
decay model (rcf. 19) 

However, the present status of our understanding of the dynamics of ternary fission and the 
interplay between particle emission and nuclear collective motion in space and time close to the 
scission point is far from being satisfactory. 
In particular the important influence of the nuclear deformation and intrinsic excitation of the 
three reaction products at scission waits for a clarification. 
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I. Introduction 
The y-rays emitted following spontaneous and induced fission are rich sources of 

information about the structure of neutron-rich nuclei and about the fission process itself. The 
study of spontaneous fissioning isotopes with large Ge detector arrays are providing a wealth of 
such information as seen, for example, in recent reports""*'. In this paper we present some of 
our most recent results on nuclear structure studies and conclusions on the fission process itself. 
In our work, we have employed in spontaneous fission, a triple gamma coincidence study for the 
first time'7' and a high resolution, X-ray detector-Y-coincidence study'*. These data provide 
powerful ways of separating the gamma rays which belong to a particular nucleus. The triple 
coincidence technique was used to uniquely identify the levels in l3Te and higher spin states in 
its N=84 isotones, I38Xe and l40Ba/7/. Some other examples of the level structures observed in 
the low and high mass partners are presented, including a detailed analysis of the backbending 
of the moment of inertia in 1,2."4-ll6pd'8/. Finally, we present the first examples of how our 
analysis allows one to extract a detailed picture of the dependence of the angular momentum on 
the mass and atomic numbers of the fission fragments and of the long-sought neutron multiplicity 
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distribution from zero-n to ten-n as a function of the charge and mass asymmetry. 

II. Experimental Methods 

A spontaneous fission source of M2Cf (0. lptg) with a strength of about 6x10* fissions/sec 

and with a 250 jim Be window was used for the Oak Ridge study. This source was placed in 

the center of the 20 Compton-suppressed Ge-detector Compact Ball at the Holifield Heavy Ion 

Research Facility at Oak Ridge National Laboratory. Approximately 2 x 109 y-y coincidences 

were collected during a five day run. Both double- and triple-coincidence events were recorded 

and sorted in data analysis. The coincidences obtained for the y-rays of fission fragment pairs 

can be used as triggers for the fission events of a given nucleus against the background of (J-

decay and fission of other nuclides. The triple coincidence technique is particularly powerful in 

eliminating or reducing all types of background. 

To compliment the above experiment, to help identify the Z of the fission fragments, and 

to enhance a specific neutron channel, another experiment was carried out at INEL with a X-y-n 

multiplicity spectrometer. This set-up consisted of a 2.5 cm3 LEPS detector, a 25% n-type HP 

Ge detector and eight 5cm x 5cm neutron detectors with source-to-detector distances of 2cm, 

10cm, and 10cm, respectively. The neutron detectors were liquid scintillators (BC-501), and 

were utilized as a multiplicity filter to enhance a desired neutron channel. For n-y discrimination 

charge-sensitive ADC's were employed with combinations of short and long gates. This 

experiment ran continuously for three months; during which time, about 3 x 1 0 s double-

coincidence events were collected. A total X-ray spectrum as seen in coincidence with Y-rays 

and neutrons is shown in Fig. 1, together with the Z-identification of each element. As seen in 

this Figure, the K„ X-rays of the individual fragments are very well resolved from each other. 

It should be mentioned here that the X-ray detector was used not only to identify the isotopes, 

but also to resolve close-lying doublets of low energy y-rays from different isotopes. 

III. Levels in l3*Te and High Spin States in Neutron-Rich N=84 Isotones 

Nuclei near the doubly magic '^Sn82 arc especially interesting with regard to the coupling 

of the single particle states to the collective deformation. The light N=84 isotones with two 

neutrons outside the N=82 closed shell are produced in 252Cf SF. In this work, for the first 

time, we report the levels in 13*Te together with new high-spin states in the N=84 isotones, ,38Xe 
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and ,40Ba. The triple y-ray coincidence technique has been employed in SF studies to identify 
uniquely states in l3*Te, and also to resolve doublets in l3KXe and l40Ba. 

When M2Cf scissions into a heavy fragment and a light fragment, approximately four 
neutrons and approximately ten у rays are emitted on the average per scission. All the 
transitions of a light fragment and those of its complementary heavy partner are in coincidence 
with each other. So, coincidence spectra from gating a transition in a particular nuclide exhibits 
peaks not only for the transitions in that nuclide, but also for those in its several heavy or light 
fission partners. By using peak intensities, predicted yields, and knowledge of other transitions 
in two or more different neutron evaporation channels, unique assignments can be made. 
However, there may be many unidentified peaks, potential signatures of new nuclides, in the 
double-coincidence spectra. This is partly because there is a high probability that a gate on a 
particular energy transition will overlap not only the transition of interest, but nearly the same 
energy transitions (one or more) in different isotopes and because all the y-rays of the partner 
fission fragments are in coincidence with each other. 

To eliminate most of the y-rays not belonging to a particular isotope of interest, we 
employed for the first time in SF, the triple-coincidence technique. Any y-rays that are known 
or thought to be in coincidence with two transitions, are histogrammed. This results in a 50-fold 
or greater decrease in the statistics, but the decrease in backgrounds with respect to peak heights 
more than compensates for this decrease in statistics. This allows us to see only the transitions 
in the two fission partners or emphasize the transitions in one partner. 

Figure 2 shows three double coincidence spectra. The top spectrum is gated on the 2* 
—> 0+ transition in luPd, the 2n complement to ,3*Te. The middle spectrum is gated on the 2+ 

—»0+ transition in "2Pd, the 4n complement of l3*Te. In both the Pd gates we see other Pd yrast 
transitions: 520 and 648 keV in IMPd, the 534, 667, and 768 keV in ll2Pd*. We also see 
several peaks that are common in both these gates, which are transitions in Те. The bottom 
spectrum is gated on the most intense peak in common with the top and middle spectra, the 607 
keV transition. In this gate we see y-rays of l,2,ll4Pd and candidate y-rays for transitions in 
I3*Te. However, in all three spectra there are a number of unidentified peaks. 

Figure 3 includes three triple coincidence spectra. The top two are gated with the 607 
keV transition assigned to I3*Te and the 2+ -> 0+ transitions of its Il2-ll4pd complements. The 
bottom spectrum consists of gates on two of the transitions newly assigned to l3*Te. The other 
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transitions in IMTc arc now seen as prominent peaks. The same new transitions in "Те were 

recently reported by Cizewski et alm. However, in that work, the doublet nature of the 424 keV 

in the double-coincidence spectra prevented them from obtaining a precise energy for the 4+ and 

higher levels in ,3*Te. 

The new levels in l3*Tc are compared to the levels of ,J4Te in the left hand part of Fig. 

4. Note the sharp drop in the 2+ -» 0+ energy in "Те compared to N=82 "Те, This is 

somewhat unexpected for "Те which is only two neutrons and two protons away from the 

doubly closed shell nuclide "2Sn, However, the levels of the heavy xenon isotopes exhibit the 

same pattern for the 7* energies as these levels in the isotopes near N - 8 2 . 

The level schemes of "*Xe and ,40Ba, known previously only up to 4+ , were extended to 

12* and 8 \ respectively. This is shown in Fig. 5. Note that in boih "*Xe and ,40Ba the 6+ -> 

4+ and 4+ -» V transitions are very close doublets in energy. These doublets are established 

clearly in the respective isotopes with the triple coincidence data. Another interesting feature in 

the high spin data of "Те and "*Xe is the energies of the 8+ -»6* transitions, These transitions 

have energies significantly greater than the energies of either the 10* -» 8* or the 6+ -* 4+ 

transitions in these two nuclei. This indicates a band crossing and, thus, a change in structure 

around the 6* to 8* levels in these nuclei. 

In summary, we have identified new high spin levels in four nuclei, the N=84 isotones 
,3*Te, IMXe, and ,40Ba, and the N=86 isotope '"Xe. The systematics of the N=84 isotones are 

shown in Fig. 5 where one sees a smooth drop in the 2* through 8* energies as Z decreases 

toward the closed shell at Z=50. This is a surprising trend for the 2* energy to decrease as one 

approaches a magic proton number especially since these isotones have only two neutrons outside 

the N = 82 closed shell. Further studies of the N=84 nuclei to search for weaker populated 

states are in progress. 

IV. Band Crossing in Neutron-Rich Pd Isotopes 

Another example of the detailed physics one can obtain is our observation of new excited 

states and band crossings in "2Pd, IMPd and "*Pd/e/. Information about low-lying levels in "4Pd 

and "*Pd has been reported previously from spontaneous fission of M2Cf10/. Also, levels in "2Pd 

were identified"" by studies using the "°Pd(t,p)1,2Pd reaction. Recently, Aysto, et al/"' have 

used the 2MU(p,F) fission reaction to investigate the energy levels of even-even ll0-u*pd nuclei 
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via P-decay of odd-odd "°"'"Rh isotopes. These isotopes were extracated for study by using an 

on-line isotope separator. In these previous experiments the levels up to spin J*=» 6+ have been 

reported in these isotopes. Now we have extended the excited states of n ,Pd, IMPd and "'Pd to 

10 f, 12* and 12*, respectively. Representative coincidence spectra in ,MPd are shown in Fig. 

6. As expected, in these gates there are peaks not only in coincidence with yrast transitions, but 

also in coincidence with several y-rays in complementary Те fragments, as well as with 

transitions in other isotopes with the overlapping gates. To eliminate most of the y-rays not 

associated with the isotopes of interest, we employed the triple-coincidence technique as discussed 

above'7'. This method allows us to observe only the transitions in the two fission partners. 

Figure 7 shows a typical triple-coincidence spectrum using gates on both the 664- and the 649-

keV transitions in "4Pd. The other yrast transitions in m Pd show up prominently. The level 

schemes of "2Pd, "4Pd and ""Pd, deduced from our data, are shown in Fig. 8 with identified 

excited states extended to 10+, 12+ and 12+, respectively. 

A. Systematica 

The energy systematics for known yrast states in ,MPd to "'Pd isotopes as a function of. 

neutron number and mass are presented in Fig. 9. This figure shows that there is a decrease in 

the 2+ through 12+ energies as N increases until N=64 (neutron subshell closure) and then the 

level energies flatten to a near constant value. The level energy systematics also show a definite 

transition from vibrational nuclei to more deformed ones. This is more apparent in the plot of 

the experimental ratios of E4+/E»+ and E^/E,,. as a function of neutron number, as illustrated 

in Fig. 10. Sudden changes of these ratios at N=64 in both curves indicates that there is a shape 

transition from SU(5) to 0(6) symmetry; a change from anharmonic vibration to a y-soft 

rotation. In fact, the E4+/E2+ ratios for in-"*Pd are very close to a value of 2.5 for an 0(6) 

nucleus of the IBA model, but smaller than the value of 3.3 for a rigid rotor. The same holds 

true for the E6+/E,+ ratios in these three isotopes as these rates are closer to the IBM model 

prediction of 4.5 for 0(6) symmetry. IBA calculations which reproduce the level energies quite 

well are discussed elsewhere'*. 

B) Cranked shell model calculations 

A plot of the kinematic moment of inertia as a function of rotational frequency (Fig. 11) 
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shows a backbending behavior in all three Pd isotopes that are studied in the present work. The 
crossings occur at a rotational frequency between 0.32 and 0,34 McV/)i, Similar band crossings 
have been observed in ,04Pd, 106Pd and IMPd but not in ,oaPd ns/. There is also an indication of 
backbending in "°Pd, seen in Coulomb excitation experiments'14'. However, for ,04Pd and ,06Pd 
the crossing frequencies are higher, at about 0.35 and 0.38 MeV/tt, respectively. This may be 
because of the shape transition in this region at N=64 as previously mentioned. The occurrence 
of a shape change is also evident from the comparison of a B(E2; 0+ -» 2+) value of 0.51 eV 
in 1<MPd to a B(E2; 0+ -» 2+) value of 0.91 e2b2 in "°Pd. Recent macroscopic-microscopic 
calculations'15' predict positive quadrupole deformations (prolate) for IM-,08Pd nuclei, but predict 
negative detonation (oblate) parameters for l u , , 6Pd. 

We carried out crrnked shell model (CMS) calculations to determine whether the proton 
orbital (ngqr2) or neutron orbital (\)hn/J) is responsible for band crossings at the observed 
rotational frequencies. The calculations predict a band crossing related to the alignment of two 
g„2 protons at )№ = 0.35 MeV which is very close to the experimental values of 0.32-0.34 in 
"2-ll4Pd. The crossing related to the alignment of two hlll2 neutrons is predicted to occur at Ыо 
= 0.42 MeV, which is much higher than the observed values. Hence, we assert that the g,^ 
proton orbital is responsible for backbendings in this region. 

V. Details of the Fission Process 
The 2+-> 0+ ground state transitions in even-even fission fragments are estimated to 

contain >95% of the yields of the even-even isotopes. Therefore, the relative yields of the 
isotopes can be deduced from the v-ray intensities of 7* -> 0+ transitions. Table 1 shows the 
experimental yields of selected M,Cf fission fragments compared with calculated values by 
Wahl."". Both data are normalized to 100% for l48Ce. Except in a few cases, very good 
agreement is obtained with theoretical calculations. 

In the following, we present some further examples of the data to illustrate the 
information about the spontaneous fission that can be extracted from our SF experiments. Table 
2 shows the normalized (to one hundred for the 2+->0+) intensities of the transitions within the 
ground state rotational bands of some complementary fission fragments formed as a result of two 
charge divisions of ^Cf: Zr-Ce (Z=40 and 58) and Mo-Ba (Z=42 and 56). The last column 
gives the mean values of the angular momentum for the obtained level populations (< j>) . 



282 

TABLE 1. Experimental yields of some 2HCf fission fragments as compared with predictions 
of Wahl, et al."*'. Both data are normallized to the yield of u"Ce. 

Fragment 
94Sr 

*6Sr 
9*Sr 
,MZr 

mZr 

,MMo 
l04Mo 
,06Mo 
112Ru 
1MPd 
. . 6 P d 

"8Cd 
120Cd 
,36Xe 
138Xe 
142Ba 
,4eBa 
,48Ce 

Experiment (%) 

31 

25 

25 

55 

28 

134 

W> 

23 

89 

37 

40 

19 

26 

126 

103 

40 

58 

=100 

Theory (%) 

25 

33 

10 

61 

8 

143 

147 

41 

82 

37 

14 

9 

32 

111 

119 

45 

48 

=100 

Compared with previously obtained results"7'20', our data gives a better, detailed picture of the 

dependence of the angular momentum on the mass and atomic numbers of fission fragments. 

The angular moments of different specific fission fragments are provided in combinations 

with the angular moments of their separate partner nuclides representing different numbers of 

emitted prompt neutrons. It is well known that this number is directly related to the initial 

fragment excitation or, in other words, to the fragment elongation at the scission point. 
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TABLE 2. Relative intensities are given for the transitions in the fragment in column one in 
coincidence with the 2+-0+ transition in a particular partner and the mean angular momenta < j > 
of the levels populated in the fission. One a errors are in parentheses. 

Fission 
fragment 

'«Ce» 

"•Ce" 
"»Ce2) 

148Ce31 

100Zr4) 

IOOZr5) 

I « Z r 4 , 

I0IZ r5) 

144Ba6) 

!<MMo7) 

4+-2+ 

100(5) 
100(5) 
100(5) 
100(5) 

72(4) 

77(4) 
78(4) 
92(5) 
92(6) 

76(6) 

6M + 

41(3) 
85(5) 
78(4) 
75(4) 
61(3) 
70(4) 
50(4) 
61(4) 
85(7) 

48(5) 

Intensities of transitions (%) 

8+-6+ 

11(2) 
58(4) 
46(3) 
46(3) 
21(0) 
26(3) 
21(3) 
24(3) 
52(6) 
15(5) 

10+-8+ 12M0+ 

4(2) 
36(4) 21(2) 
36(3) 20(2) 
31(3) 19(2) 

5(2) 
15(5) 

7(3) 

14+-12+ 

7(3) 
9(4) 
7(3) 

< j> 

6.5(1.2) 

8.4(1.3) 
8.6(1.2) 
8.6(1.2) 
5.1(0.9) 
5.7(0.9) 
4.8(0.9) 
5.3(1.0) 
5.1(1.4) 

4.9(1.5) 

"Average over Zr isotopes (in this case, the gate is the 2+-0+ transition in l46,148Ce, respectively), 
2> with 100Zr, "with 102Zr, "> with 148Ce,5) with '"«Ce,6) with ,04Mo,7» with 144Ba, "> these results 
are derived from two-gates in the triple coincidence spectra (see text). 

TABLE 3. Relative yields of the correlated fragment pairs for 7^/Z^ = 40/58. 

Normalized yields < A > 
Ce of the Zr isotopes 

partner Zr98 ^ ZrIOO Zr,0I Zrl02 Zr,03 ZflM 

,48Ce 
,46Ce 

0.05 0.15 
0.20 

1.00 
0.60 

0.52 

0.55 

0.64 
1.00 

0.14 

0.26 
0.06 
0.20 

100.9 
101.4 

Table 3 shows the mass distributions of Zr isotopes obtained in coincidence with I4*Ce and 
I48Ce. These distributions are deduced from the detected intensities of transitions between the 
lowest excited and ground states of Zr fragments corrected for the known у-тау energy 
dependence of the detection efficiency e(ET) of the Close-packed Ge detector Ball. Assuming 
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the small variation of the y-ray multiplicity with the mass numbers of Zr fragments, we deduce 
from the data of Table 2 that the most probable Zr mass numbers are shifted by two mass units 
(from ,MZr to in7s) in poing from u s Ce to l4*Ce, whereas the mean value of the Zr fission 
fragment mass varies rather slowly, 0.5 mass units between l4*Ce and l4*Ce. 

A complete set of relative yields of different pairs of fission fragments is presented in 
Table 4 for the charge division of californium Z , / Z H = 4 2 / 5 6 (Mo/Ba). This is the first time such 
detailed distributions as those given in Tables 3 and 4 have been obtained in a fission study. The 
last row and column of Table 4 give the sums of the correlated relative independent yields of Mo 
and Ba isotopes which are the independent yields according to the known evaluated data tables"67. 
The distributions presented in Tables 3 and 4 give us a deeper insight into the multiplicity 
distributions of prompt fission neutrons. Note the '^Mo-'^Ba and l04Mo-l48Ba pairs have zero 
neutron emission, and the l02Mo- ,40Bapair has 10 neutron emission. Figure 12 shows the neutron 
multiplicity distributions obtained in coincidence with ,4eCe and 146Ce fission fragments, and Fig. 
13 shows such a distribution for the Mo/Ba charge division of the californium nucleus. These 
are the real distributions deduced directly from our experimental data corrected only for the y-ray 
detection efficiency. This is a specific positive feature of our results. Neutron multiplicities 
obtained previously were deduced from the experimental data via a sophisticated reduction 
procedure. For the first time we obtained clear data about the long sought fractions of 
californium spontaneous fission events with zero and ten prompt neutrons. For the first time the 
charge asymmetry dependence of the mean number of prompt neutrons can be deduced directly 
from an experiment. For the 42/56 charge asymmetry we obtained <x>> =3.85. Similar data 
for the various pair fragments are currently being extracted. 

TABLE 4. Relative yields of the correlated fragment pair masses Y(A,,,A„) for Z,/Z,,=42/56. 
The matrix is normalized to 100. 

ш В а l40Ba '"Ba l44Ba l4*Ba l4gBa £ 
100Mo <0.4 <0.4 <0.4 <0.6 
|ИМо <0.4 0.60 2.99 4.78 1.73 10.1 
,MMo 0.24(12) 0.90 8.07 26.71 8.37 1.79 46.08 

. I06Mo 0.48 5.44 17.14 12.56 0.12 35.74 
,08Mo 0.18 4.78 3.05 <0.1 8.01 

E 0.90 11.12 28.86 42.26 13.27 3.52 
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VIII. Figure Captions 
Fig. 1. Total coincidence x-ray spectrum of fragments from spontaneous fission of 2S2Cf 

taken with a LEPS detector. 
Fig. 2. Ge-detector double coincidence spectra gated on: 

a) 2+-»0+ transition in 1HPd, the 2n fission partner of l5ftTe, 
b) 2+-»0+transition in "2Pd, the 4n fission partner of IJ6Te, 
c) and the 2+—»0+ground state transition in new isotope 136Te. 

Fig. 3. Ge-detector triple coincidence spectra. The transitions used to gate each spectrum 
is the label on the spectrum. 

Fig. 4. Systematics of the heavy fission fragments Те and Xe above the N=82 shell 
closure. The new levels are identified in Table 1, and the levels for l42Xe are 
from A. S. Mowbray, et al., Phys. Rev. £42 (1990) 1126.. 

Fig. 5. Systematics of the N=84 isotones. The new levels are identified in Table 1. 

Levels for 142Ce, l44Nd, and 14*Sm are from Data Base of the National Nuclear 

Data Center. 

Fig. 6. Examples of y-y coincidence spectrum gated on several transitions in ,,4Pd. 

Fig. 7. A typical triple-coincidence spectrum. This spectrum is gated on 644 keV and 

649 keV transitions in "4Pd. 

Fig. 8. Level schemes for neutron-rich even-even Pd nuclei. 

Fig. 9. Systematics of known ground states up to J*=12+ in Pd isotopes. 

Fig. 10. Experimental excitation energy ratios of Е^/Ец. and E6+/E2+ as a function of 
neutron number. 

Fig. 11. Plot of moment of inertia as a function of rotational frequency. 
Fig. 12. Neutron multiplicity distributions obtained in coincidence with 148Ce and 146Ce 

fission fragments. 
Fig. 13. Prompt neutron multiplicity distribution derived from yields of Ba-Mo pair fission 

fragments of 2S2Cf. <t)> = 3.85 
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NON-STATISTICAL V RAYS ГНОМ FRAGMENTS 
F.F.Karpeshin 
liversity? Insi 

SV-19890H St. Petersburg 
St. Petersburg University? Instituto of Physics 

Observation of tho shako effects brought about by the neck 
rupturo in fission is of groat interost. From mathematical view
point, tho rupture means break-down of the analyticity of the 
Ilamiltonian with respect to timo. Thus, muon shake in muon-induced 
prompt fission manifests itself in muonic conversion. The calcula-

/12/ 
tod probability agroos with the experiment ' ' '» Heroin we calcu
late the probability of omission of V quanta. The results are 
also of interest in connection with experiments '->»ч/ ^ in which 

252 works non-statistical V rays from J Cf spontaneous fission are 
undor investigation. 

The process of snapping-back of tho nuclear surface gives rise 
to tho oscillations of tho surface, whose lifetime is determined 
by the dissipation. It can be evaluated as 't ,, 01. 10" * в '•*', 

diss 
The oscillations gonerate nonstationary electromagnetic field in 
space. That causes electromagnetic processes of internal conversi
on and \) radiation. 

The nucloar vibrations can be considered like the motion of a 
classical droplet. Write down the conventional expansion of the 
nuclear form in spherical harmonics: 

Main properties of the fragments can be described by allowing for 
the quadrupole and octupole terms. Such superposition leads to а 
реаг-like form of the nucleus. It is essential that the electric 
dipole term in this case must be included in eq. (1) to keep the 

, the relation fi^ = -0.7^3 A (*> fol-
ondition.' ' ' The other consequence is 

centre of mass fixed ' ' 
lowing from the latter condition.' ' ' The other consequc 
the appearance of the polarization electric dipole moment 
nucleus ' ': 

d= D /e = - 3 2 / ^ 3 = ^ . (2) 
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Polarizability J[ (or 9e ) in eq. (2) can bo evaluated o.g. from 
formulae ' ' ' , vhioh agree with experiment (see also other refs. 
in /7/). 

Considering the oscillations quasiclassically and taking into 
account the relaxation, put down 

jŜ Ct) = $*±па31* exp(-y|t/2), i = 2, 3. Ы 
Then the spectral density of the radiated energy is given in the 
classical limit ' 'by the following expression: 

where Д , is the Fourier transform of the second derivative 
to 

of D(t) with respect to time. 
Using (2) and (3) in eq. (k), we find 

«00 
V) e - 3B|8u A J ° M e x p ' ( i W t ) ( d 2 / d t 2 ) s i n O^t s i n ( 0 t e x p ( - y t / 2 ) = 

J0 
= i nQ ( 60 + U) ) 2 / ( U) - o3 - U) + i y/2) (5) 

where У = У + У i s t h o total quenching, and -DQ = - ЗЁ/5, |i,. 
Supposing A,/~ A^'S 0.7 '5', we calculate by means of 

formulae '' dv ' *=? 5 Fm. Using then the LDM values for a repre
sentative heavy fragment Xe, which are Yl C0„ = 2.2 MeV, 
n.u)3 = 2.8 MeV, and evaluating У from the lifetime CC.. = 

_i _1Q д d l s s 

•a V = 1 0 s, as it is stated previously, one immediately 
finds by means of eq. ('«) 

CO 
N = -J </& / ^ б О ^ в ' Ю - 3 fission"1 . 

We conclude that this value is in qualitative agreement with 
1-х hi experiment J' ', taking into account the uncertainties connected 

with the value of T, .. . For the value supposed, cf,. = 10~ 
diss ' udxss 

s, the contribution of the proposed mechanism is enough to ex
plain the experimental value. 

On the other hand, we see that this contribution is proportio
nal to T'rtjLsg» Therefore, study of non-statistical У rays from 
fission eives direct information about dissipation in large-amp
litude collective motion represented by postrupture oscillations 
in the fragments. 



296 

References 

1. F.F.Karposhin. Z. Hays. Л, 191*2, Д2М.» 55 J Yad. Piz., 1992, 
5JL» 2893. 

2. G.Ye.Bolovitsky et al. In: "Fiftieth Anniversary of Nuclear 
Fission", Proc. Intorn. Conf., St. Petersburg» 1989. V. 1, 
p. 313. 

3. II. van der Ploeg et al. Phys. Rev. Lett., 1992, 68_f 31^5; 
KVI annual report, 1991, p. 17» 

h. A.Wiswesser e,a. GSI annual report, 1991» p. 79. 
5. Yu. P.Grangrsky, B.N.Markov, V.P.Perelygin. Registratsia 1 

Spoktrometria oskolkov delenia. Moscow:£hergoizdat, 1992. 
(in Russian) (Registration and spectrometry of the fission 

fragments) 

6. V.M.Strutinsky. At. Eherg., 1956, No. 4, p. 150. 

7. V.Yu.Denisov. Yad. Fiz. 1992, 5JL» 26h7i 1989, i*£, б*Й. 
8. L.D.Landau, E.M.Lifshitz. Teoria Polya. Moscow:Nauka, 1973. 

(In Russian) (Theory of Field) 



297 

S P O N T A N E O U S FISSION STABILITY OF N U C L E I 
N.N.Kolcsnikov 

Moscow Sta te University, Russia 

We proceed from the assumption that the spontaneous fission (s.f.) is a tunnel process 
whose probability is determined mainly by the energy of fission Qaj and also by fragment 
charges. Moreover the filling of nuclear shells is very important (especially of proton shells, 
as follows from a-decay systematics, other similar to s.f. tunnel process). For transuranium 
nuclei they are Zm = 92,100,104? and Nm = 140,152,158? [1,3]. If wc suppose that both 
fragments ({Zi,Ni) and (2k,/V2)) lie in the same intermagic region (limited by adjacent 
(sub)magic numbers both for protons and for neutrons) where the binding energy B(Zi,Ni) 
is a quadratic function of Z, and JV,- (i = 1,2) [1]: B(Zt, Nt) = B„ + a,Z2 + a7ZiNi + a3N? + 
a\Zx-\- asyV,-, then the energy released in the fission of the parent nucleus (Z,N) turns out to 
be a quadratic function of Zi(> Z/2) and Ni(> N/2), too: 

Q.,{Z,N,ZuNi) = Q°,j + (2a, - a*/2a3) • (Z, - Z/2)2 + 2a3 • (W, - /V(Z,)2) , 

where N{Z\) = N/2 — a2 /2a3 • (Z\ — Z/2) is the line of maximum energy release, Q°j being 
the energy of symmetric fission. The numeric values of the parameters in the above formulas 
are such (see [2,1]) that for Z < 100 Q,j has a maximum in the case of asymmetric fission 
whereas for Z > 100 for symmetric one. As to the probability of s.f. the tendency to the 
asymmetry increases because it depends also on the product of charges Z\[Z — Z\). The 
formula taking into account both factors (Qaj and Z\{Z - Z\)) is capable to describe the 
features of the charge and mass distribution of fragments. For instance for 252Cf: 

)gwsf = 378.5 - 244.8(<?,/Г1/2 y/Zt (Z - Zx) - 0.0615 (2Z, - Z) 

where Q,/ is expressed in MeV. 
After summation over all channels of s.f. we obtain the approximate formula for the total 

period of s.f. [3]: 
\gTsJ{sec) = 6l.2Z(Q°3/)~1/2 - 380.8 - 6 + Д, 

where the shell correction S is equal to 0.11(Z - 92)(152 - N) for Z < 100 and N < 158; 
otherwise 6 = 6.5; the parity correction Д is zero for even-even nuclei and Д = 4.1 for all 
other parities. Q°tj corresponds to the most symmetric fission, namely Z\ is even and equal 
or nearest to Z/2, and similarly for Л^. 

In tables 1 and 2 the calculated values of \gT,j are compared with experimental values 
compiled in [5], T,j are expressed in sec and Q"aj in MeV. Q°f were calculated from exper
imental masses of nuclei [4] or from values estimated by accurate mass formulas with rms 
deviation from experiment 0.1 MeV (tables in ref.[2]). 

The mean absolute deviation of calculated lgT5/ from experiment for all known even-even 
nuclei is 1.4 and 2.2 for other parities. The agreement may be improved if one divides the 
system of nuclei in smaller regions limited by the indicated above submagic numbers. 

Ф AyjA-A,) 
A2 
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Table 1. lgT,/ for even-even nuclei. 

Nucl. 
232 Ц 

™u 
236 U 
238 {J 
™Pu 
2aaPu 
™Pu 
™Pu 
wPu 
U0Cm 
™Cm 
wCm 
™Cm 
24BCm 
2B0Cm 
246QJ-

™Cf 
2 S 0 C / 
252Cf 
2bAQJ 

^ « F m 

Q°f 
193.5 
193.1 
193.5 
193.8 
207.0 
205.7 
206.5 
206.5 
207.9 
219.7 
219.7 
220.2 
220.7 
220.7 
223.0 
233.2 
234.2 
234.4 
236.7 
239.3 
248.7 

№°'c 

24.0 
24.4 
24.0 
23.8 
16.8 
18.5 
18.2 
18.7 
17.7 
12.1 
12.9 
13.4 
13.8 
14.1 
12.6 
9.3 
9.8 
10.9 
10.4 
9.5 
0.2 

igr.7" 
21.4 
23.8 
23.8 
23.1 
17.0 
18.2 
18.6 
18.35 
18.3 
13.8 
14.3 
14.65 
14.75 
14.7 
11.4 
10.8 
12.0 
11.7 
9.4 
9.3 
-2 .5 

Nucl. 
™Fm 
™Fm 
KOFTU 

252Fm 
2S4Fm 
2 5 6 F m 

2&BFm 
250102 
252102 
254102 
25el 02 
258102 
260102 
262102 
254104 
2 5 6 1 0 4 

2 S 8 1 0 4 

260104 
2 6 2 1 0 4 

2e0106 
264 1 0 g 

Ql, 
248.3 
248.4 
248.3 
248.9 
250.4 
252.2 
254.5 
258.8 
260.2 
259.7 
261.2 
262.1 
264.2 
263.7 
272.3 
272.1 
272.7 
273.3 
274.8 
284.7 

l g T « , c 

1.2 
4.0 
5.8 
7.1 
7.7 
8.1 
-3 .7 
0 
-0 .2 
0.1 
-1 .0 
-1 .7 
- 3 . 3 
-2 .9 
-1 .6 
-1 .5 
-1 .9 
-0 .3 
-3 .2 
-2 .8 

297.2 | -4 .5 

w 
1.2 
4.55 
8.5 
9.6 
7.3 
4.0 
-3.4 
-3 .6 
0.8? 
4,3-4.5 
3.0 
-2 .9 
- 1 
-2 .3 
-3 .3 
-2 .1 
-1 .8 
-1 .7 
-1 .3 
-2.15 
> - 4 

Table 2. Taf for odd nuclei. 

Nucl. 
™u 
235 U 
™NP 
239Pu 
™Am 
243Am 
2Л9Вк 
249Cf 
254Es 
255 Fm 
257Fm 
2 S 9Fm 
256Md 
2b9Md 

Q°i 
192.7 
192.7 
199.0 
205.4 
212.5 
212.8 
227.6 
234.5 
243.1 
250.7 
252.8 
255.3 
254.4 
258.5 

l g T / a , c 

28.9 
28.9 
25.9 
23.2 
20.2 
20.5 
16.8 
14.3 
14.2 
12.5 
12.6 
-0 .2 
4.3 
1.3 

l g T « P 

24.4 
25.0 
>25.5 
23.7 
21.5 
21.8 
16.3 
18.35 
>14.9 
11.5? 
9.6 
0.2 
>5.2 
3.75 

Nucl. 
2blMd 
260Md 
261103 
262103 
2S5104 
257104 
2 5 9 1 0 4 

260105 
2ei105 
262105 
263106 
261107 
265108 

Q°sf 
256.3 
259.1 
268.9 
269.2 
271.6 
271.8 
272.5 
277.5 
278.6 
277.6 
282.9 
290.3 
297.2 

да* 
4.6 
0.8 
1.2 
1.0 
3.0 
2.9 
2.4 
2.6 
1.8 
1.8 
2.5 
1.1 
0.2 

lgT.7' 
>5.7 
>6.4 
3.4 
4.1 
0.7 
1.5 
1.7 
1.2 
~0.85 
>1.85 
0.18? 
-1 .8 
> -2 .7 
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THE DECAY TIME OF EXCITED '"^Pa 
Eremcnko D.O., Platonov S.Yu., Fotlna O.V., Yuminov O.A. 

Institute of Nuclear PhysicB, Moscow State University, Moscow 119899, 
Russia 

1. Introduction 

According to Slrulinsky's shell correction method [l], heavy nuclei have two classes of 
excited в talcs in the first and second potential wells, respectively, and the fission barrier 
has a double-humped structure with the second deep well between the humps. As was 
shown in ref. [2], these states can have a strong influence upon the tune characteristics 
of decay of excited nuclei. In view of the fact that two classes of quasi-stationary states 
are populated successively during the induced fission, and the de-excitation via any other 
channel comes mainly from the first-well states, a kind of time delay (Ar) in the induced 
fission can occur. This time delay manifest itself as increased fiesion time (ту), compared 
with the decay lime in any other channel (т<): Дт = т/ - т; И Л/ГЗ = Irhpj/N?. The 
experimental data of the time delay contain information about the level density in the 
sccoud potential well (pi) and the parameters of the fission barrier. 

2. Experiment and theoretical analysis 

In order to detect the predicted time delay phenomenon in experiments , the re
values for va>33iPa were measured using the blocking technique [3]. The experiment " 
was conducted using the scheme described in ref. [4]. The protactinium isotopes are 
produced in the reaction mTh(dt xnf). The single crystal target ТЮ? were bombarded 
by deuteron with energy from 8,0 to 15,6 McV, that were accelerated in the cyclotron of 
Moscow State University. 

j0-" | . , , > | . . *T 
7 8 9 10 « 9 10 ii 42 13 E*,MeV 

Fig.i. ' 
Fig.l shows the experimental ту-values for the 7У1Ра and 733Pa and the theoretical 

values of the decay time of this nuclei via fission and neutron channels. The calculation 
was performed allowing ( curve 1 ) and ignoring ( curve 2 ) the lifetime of the second-well 
excited states. The curve 3 is the result of the calculation of the decay time via neutron 
channel. In these studies it was found that the experimental ту data for the investigated 
Pa isotopes can be described only if the lifetime of the second-well excited states are 
allowed for. This states are populated in consequence of the damping of the collective 
motion in the second potential well. 
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3. Analysis of the population probabilities of the excited Mates b 
the second potential well 

The dynamical fission model which takes into account the thermal and quantum 
fluctuations of the collective variables and nuclear dissipation is referred to as the dif
fusion model. In framework of the diffusion model the fission process is considered 
in analogy with Browoiou motion and described by means of Fokker-Plank equation 
(FPE). We described the fission process in terms of a single collective variable, the cen
ter mass distance of the nascent fragments. The temperature is correlated with the 
intrinsic excitation energy U of the compound nucleus on the bans Thomas-Fermi model 
T — JUf(A(\0). For the inertia M we used the reduced mass corresponding to symmet
rical fission {M = Л/сотя/4)' The reduced dissipation coefficient jS = 7/M is treated as 
a constant parameter and we suggested for /3 a value around 0,6 • 10'1 вес-1. Potential 
barrier was parametrised by smoothly joining three parabolas using the experimental 
data on the fission barrier parameters [5]. The initial condition was derived by means 
of the transitional states method in the second potential well. The FPE was solved by 
means of the propagation method. We made the estimations of the population proba
bilities of excited etateu in the second potential well for nuclei э»,яав,ззв>аэвЛгр̂  « V » p a , 
ио.иэ.мг.язв pu w n i c j , w e r e investigated in the fission lifetime experiments [6]. 

2 - 252Pa 
3 - " V p 
*,-23Vp 

6 - 2 5 V P 
7-»Vp 
о - " s Pa 
3-237Pu 

— 1 — 

0.98 
• 

0.40 

0,66 

0.12 

o.n-

arl.iMiffi 

* i ^ " ^ 
•5 
V 6 

1 1 

•в 

s'9 

-0.2 о.г ом 0.^ 0.8 bjx-Bjj^MeV 

The calculation results presented in fig.2 versus (B/j — Bju) where Bj/ and В/ц 
are the inner and outer fission barrier respectively. The curves pick out the region of 
the population probability magnitudes for aclinide nuclei. The calculations showed the 
population probabilities of excited states in the second potential well is more than 0,8. 

4. The experimental data on nuclear level density in the second potential well and the 
parameters of the fusion barriers 

The experimental data on the time delay in the induced fission reactions allows the 
determination of information about the level density in the second potential well and the 
depth of the second potential well (A£?j). Fig.3 shows the experimental values of pa(t7,0) 
versus internal excitation energy and results of the calculations in the framework of the 
generalised superfluid model with the.phenomenological consideration of coherent effects 
and effects of collective nature [7]. 
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U 5 6 7 8 U,MeV 7 8 9 10 Ц U,MeV 

The curves represent the calculations in the approximation of axial and reflection 
symmetry (1); axial symmetry and reflection asymmetry (2); ellipsoidal (D2) symmetry 
(3); and complete asymmetry (4) of tbe nuclear shape. A satisfactory description of the 
experimental pt data achieved on the assumption that the axial and reflection symmetry 
of the nuclear shape is broken down. The second-well depth of the 33i^pa was varied 
to provide the befit description of experimental ту data for investigated isotopes, and 
resulted in (3,5 ± 0 , 8 ) MeV and (2,0 ± 0 , 5 ) MeV, respectively. 

5. Conclusion 

Thus, in experimentally determining the induced fission time of protactinium isotopes, 
we revealed the phenomenon of increased fission lifetime compared with the decay time 
via any other channel. We attribute this phenomenon to the lifetime of excited states in 
the second potential well. The experimental determination of Лг provides information 
about the nuclei in strongly deformed excited states. 
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Electron-capture-delayed fission of 180T1 and 1 8 8Bi 
A. Jokinen1 and J. Suhoncn3 

1) Accelerator Laboratory, University of Jyviiskyla, B.O. box 35, SF-40351, JyvaskyU, Finland 
2) Department of Physic*. University of Jyviiskyla, B.O. box 35, SF-40351, Jyviikyla, Finland 

In this paper we report preliminary results on the theoretical study of the EQ//3+ 

delayed fission (ECDF) of ,80T1 and 188Bi. This work has its basis on the recent 
experimental foundings, which suggest the existence of a new region of the ECDF, 
namely preactinide region [1], As a phenomenon, ECDF has been known for a long 
time, but it occurs normally in the actinide region or in the heavier nuclei. 

The analysis of the delayed-fission properties provides a method for the study 
of the fission-barrier^ parameters. A transmission through the fission-barrier can 
be simulated by a simple parabolic barrier using the Hill-Wheeler formula {2] for 
the transmission probability P = (1 + с

2*(в'-вМнЧ)-\ where Bf is the height of 
the barrier and hwf is its curvature parameter. The experimental and theoretical 
information in the actinide region has shown that a more realistic shape of the fission 
barrier consist of an inner and an outer barrier and an intermediate minimum. This 
second well is extremely important in understanding some well known phenomena, 
like fission isomers [3]. 

Probability of the EC'DF can be expressed by the equation 

PECDF=[J W(Q-E)^-(E)dE][J W(Q-E)dE]~\ (1) 
The probability Il'(Q — E), which describes the population probability of levels at 
energy E, can be replaced by the product of the j9-decay strength function Sp and 
the integrated phase space function f(Z,Q — E), which is proportional to l/ti/%. 
After replacing the integrals with a discrete sum in eq. (1), one obtains a new 
expression for the ECDF probability 

The ratio f^(E) is given by (4) and can be written as 

I V f g l _ WA + W* , WA 

I V ' И'л + И'Л + г ^ Л ^ д + ИЪ + ^ + И'У 

WA + \VD + И'72 + W* WA + WB + Wf J' K ' 

where WA<B{E) are the partial rates for passing through the inner (A) and outer 
(B) barriers, W^i^t are the partial decay rates for 7-decay in the first and second 
well and-W^(23) is the partial decay rate for the 7-decay through the inner barrier 
(5,6). . 

In this work partial half-lives have been calculated using the quasiparticle ran
dom phase approximation QRPA [7]. Single-particle energies of the model are calcu
lated by solving the Schrodingcr equation for the Coulomb-corrected Woods-Suxon 
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potential. The aclive valence space for protons and neutrons consisted of the os
cillator shells Ahw-bhw and two intruders, 59/2 and t'13/2, from the 6fiu» oscillator 
shell. The choice of the oscillator parameter b is based on the relation of Blomqvist 
and Molinari [8]. Unknown spin and parity of the ground state of the parent nuclei 
were deduced by using the calculated single particle energies and parabolic rule of 
V. Paar (9). The spin and parity of the ground state of 180T1 and 188Bi emerged as 
Ig,=A~ and 2~, respectively. 

Calculation of partial half-lives has been limited to allowed and first-forbidden 
transitions. The nucleon-nucleon interaction was taken to be the bare G-matrix 
interaction based on the Bonn one-boson-exchange potential. The pairing strength 
parameters in the BCS calculation, g™ir and д*^, were adjusted so that the cal
culated pairing gap «agree with the pairing gap based on the relation of Madland 
and Nix [10]. The particle-particle interaction parameter gpp was equal to unity and 
particle-hole coupling constant g^ was chosen so that the energy of first 2 + state 
agree with the Z£2+ systematica of [11). The mass differences between parent and 
daughter nuclei were taken according to ref. [12]. The height of the inner barrier is 
assumed to be 6.0 MeV and the curvatures of inner and outer barrier were Ла>д=1.04 
and hu>£=0.6 based on the regularities of fission parameters discussed in ref. [3,13]. 

The experimental ECDF probability PECDF has been determined to be 10 - e 

with the uncertainty of 1-1.5 orders of magnitude [1]. The calculated and experi
mental PECDF values agree if the height of the outer barrier is about 10.6 MeV. 
According to our investigations the estimation of the barrier haight is most sensitive 
for the choice of the mass difference value. We have also calculated PECDF for the 
I88Bi decay as a function of fission barrier height. Comparison to the experimental 
PECDF value [14] gives 10.3 MeV for the height of the fission barrier. 
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Th. Aumann,1) W. Bruchle,2) E. Jeger,2 ' J.V. Kratz,1 ' T. Krogulski.2) S. Polikanov.2) M. 

Schedel.2) E. Schimpf,2> E. Stiel.1 ' N. Trautmann,1) G. Wirth,2) 

1)|nstitut fur Kernchemie, Universitet Mainz. Postfach 3980, 6500-Mainz. Fed. Rep. Germany. 
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INTRODUCTION 

A particular feature of the collisions of relativistic ions with high atomic numbers is the 

large cross section for excitation of the giant dipole resonance (GOR). For nuclei in the region 

Pb - U it reaches several barns. This fact can be used in studying the properties of fission 

isomers. 

In experiments with bremsstrahlungj '2 the isomeric ratio for fission isomers in the 

reactions 242Pu(y, n)2 4 1 m fPu and 240Pu(y, n) 2 3 9 m fPu is about 10"3. As the emission of a 

neutron is one of the principal modes of the GDR deexcitation, we can expect that the fission 

isomer production cross section in reactions with relativistic ions is of the order of several 

millibarn. This is higher than the isomer production cross sections in reactions with hadrons 

by a factor of about 102. 

Using the relativistic ions of 2 3 8 U , it is possible to produce 2 3 7 U nuclei, and then in the 

secondary interactions of these nuclei the known fission isomer of 2 3 6 U . The half-life of this 

isomer is 116 nsec, and the decay length for the 236mfy n u c | e j W j m a n energy of 1 GeV/nucleon 

would be about 60 m. Secondary interactions of 2 3 6 m f u nuclei in a heavy target will lead to the 

excitation of the GOR built on the isomeric state. 

Figure 1 shows the two-humped fission barrier and the GDR states built on the ground and 

isomeric states. The GOR states of deformed nuclei are splitted into two components 

corresponding to the collective vibrations of the nucleus in the two perpendicular directions; 

the effect of splitting is shown in Fig. 1. It is known that the distance between the two 

components of the GDR is proportional to the deformation parameter. For the ground state of 

uranium it is about 3 MeV, and for the GDR built on the isomeric state it should be close to 7 

MeV(F ig . l ) . 

In about 2% of decays the GDR is deexcited via the emission of у rays. Here we shall not 

discuss any technical aspects related to measuring the у rays emitted from the GDR built on the 

isomeric state. We note only that from studying these у rays it is possible, in principle, to obtain 

direct information on the deformation parameter of fission isomers. 

A second process, completely independent of the one discussed above, is also associated 

with a delayed fission process in the exit channel. It is the production and decay of heavy 

Л-hypernuclei in reactions with relativistic heavy ions. This process was first observed in 

experiments with antiprotons3,4 and electrons.^ 
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The delayed fission of heavy hypernuclei is a result of the disintegration of the residual 

nucleus excited through the so-called nonmesonic decay of а Л hyperon, N + A-»N + N, in a 
nucleus. In fact, the lifetime for the delayed fission measured in the experiments with 
antiprotons is the lifetime of the nonmesonic hypernuclear decay. In the region of Bi-U the 
lifetime of the nonmesonic Л decay is close to 1.5x10"10 sec. 

The focus of interest in the present school-seminar is rather far away from the physics of 
hypernuclei. and for this reason we shall mention here only one effect which can be studied in 

E*lMeV) 

15 

10 

0.2 0.6 p . > 

Fig. 1. Giant dipole resonances built on the ground and isomeric states. 

the reactions with relativistic ions and which is related to physics of fission. This is the prompt 
fission of the primarily produced excited hypernuclei. As a result of this process the Л hyperon 
is attached to one of the fission fragments which travels a distance of about 2 mm before the 
decay of the Л hyperon. The experiments with antiprotons at CERN (Ref. 6) have shown that in 
the case of the asymmetric fission of excited hypernuclei the A hyperon is attached mainly to 
the heavy fragments. This effect is closely related to dynamics of fission, and in this connection 
it was recently discussed by some authors.'' 

What unites the studies of fission isomers and hypernuclei in the reactions with relativistic 
ions is that in both cases the studies were concentrated on the search for delayed fission. Here 
we present the preliminary results of studying these two processes at SIS in the reactions 
1 6 1 D y + 240 P u a n d 16o + 209Bi A p a r t ( r o m t h a , w e s t u d j e d a l s 0 t n e p r o m pt fission of 2 3 8 U 

induced by relativistic 2 0 8Pb projectiles. 

EXPERIMENTAL TECHNIQUE 
The experiments have been carried out at SIS with a setup (see Fig. 2) consisting of six 

position-sensitive low-pressure multiwire proportional counters (MWPC). These counters 
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detected the fission fragments from delayed or prompt fission. The counters were arranged in 
such a geometry that two of them (the start counters) provided the zero-time signals. The other 
four counters (the stop counters) produced the signals required for measuring the time of flight 
(TOF), and apart from that they measured the ionization (dE) produced by the fragments. 

The entire set of the parameters measured in an experiment included the coordinates of 
the fission fragments registered by the start and stop detectors, TOF, and dE. Using these data, 
we could reliably separate the fission fragments from other particles passing through the 
detectors and reconstruct the verteces of the fragments measured in coincidence. 

em 

STOP STOP 

cm 
START 

cm 
START 

Beam downstream view 

Fig. 2. The drawing of the experimental setup. 
Figure 2 shows the schematic picture of the experimental setup (in the plane 

perpendicular to the beam direction). The geometry of the experiment was the same in the 
experiments aimed to search for fission isomers and for hypernuclei, and only the target 
arrangement was different. The necessity of using different target arrangements was motivated 
by the different kinematical conditions and by the difference in the lifetime of studied nuclei. 

tn the first case the target was the layer of 240pu with dimensions 8x1 cm^ deposited onto 
the Ti foil of thickness 15 цгп. The target (slightly tilted) was situated in the centre of the setup 
along the beam direction as is shown in Fig. 2, and the Pu layer was viewed only by one of the 
start detectors and by two of the stop detectors. In this geometry, no coincidences were 
registered for the prompt fission fragments emitted directly from the target. On the other hand, 
the recoil nuclei of 2 3 9 r T l f Pu, knocked out of the target due to the momentum transfer from the 
projectile, can undergo fission either in flight or after being stopped in the window of the start 
counter, and the fragments from the delayed fission of 239mfpu can then be detected in 
coincidence by the counters located on both sides of the target. . 
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Figure 3 shows the target arrangement used to search for heavy hypernuclei. Here we 

used 8 targofs located in the pianos perpendicular to the beam direction, with the distance 
betweon tho targets being 1 cm. Each target was a 0.16 rng/cm2 thick Bi layer with dimensions 
2x 10 mm 2 deposited on a 2,5-mm wide Tl foil of thickness 15 ftm. The quality of the targela was 
examined with tho help of an Interference microscope, and the targets were found to be flat 
within 20 цт. 

Fig. 3. The target arrangement for searching heavy hypernuclei. Type of events: (a) - prompt 
fission, (b) - prompt fission of excited hypernuclei, (c) - delayed fission of hypernuclei. 

With this set of targets, we were able to use the recoil-distance technique, which makes 
it possible to separate the delayed fission of hypernuclei from the prompt fission events. This 
technique was first employed in studying the short-lived fission isomers,' and more recently 
in searching for heavy hypernuclei.^"^ 

To demonstrate how the decay of hypernuclei is separated from the prompt fission, we 
have depicted in Fig. 3 three types of events: the prompt fission (a), the prompt fission of 
excited hypernuclei (b), and the delayed fission of heavy hypernuclei (c). In the first case the 
fission fragments are registered in coincidence only if they are emitted downstream of the 
target. The event (b) is the event in which an excited hypernuclcus undergoes fission, and the 
Л hyperon decays inside of a fission fragment. In this case the fission fragment can change its 
trajectory, due to the momentum transfer in the Л decay (~400 MeV/c), and be recorded in the 
shadowed area of the counter. In the third case the hypernuclei knocked out of the target travel, 
a distance of about 0.1 mm (the decay length) and then decay In vacuum. Here some fragments 
are recorded upstream of the target, in the area of the detectors shadowed by the target. 
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During the experiment we measured the combined effect of the eight targets, so that the 

prompt-fission fragments omitted from one of the targets were registered In the shadow of 
another target. The possibility to measure the trajectories of fission fragments, and thus to 
reconstruct the verteces, enabled us to attribute single events to the Individual targets. 

In Fig, 4 the velocity spectrum of the fragments from the spontaneous fission of 240Pu Is 
shown (by the solid line) and compared with a Monte Carlo simulation (the dashed line). The 
target contained about 1 mg of 24^Pu, and it is Interesting to note that the iow-preasure 
multlwire proportional counters permitted the reliable detection of fission fragments in the 
presence o1 a high background of a particles. 
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240c Fig. 4. Velocity spectrum of the fission fragments from the spontaneous fission of £ Ч Ри. The 
solid histogram shows the experimental data, and the dashed histogram is the Monte Carlo 

simulation. 

EXPERIMENTAL RESULTS AND DISCUSSION 

1 6 1 Dy + 2 4 0Pu. The lifetime of the 2 3 9Pu fission isomer, which can be produced in the 
2 4 0Pu(1 6 1Oy, n^DyJ^Mrn'Pu reaction, is 8 ftsec. For a recoil nucleus knocked out of the target 
with a momentum close to 1 GeV/c the decay length would be about 10 m. Therefore, almost 
all the 2 3 9 m f Pu nuclei would reach the window of the start counter and be stopped there. 

No coincidences of fission fragments, and therefore no delayed fission events, have been 
measured in our experiment, but this does not contradict the results of the experiments with 
bremsstrahlung,1'2 since the total beam dose of 161Dy ions was too low to produce the 
necessary number of nuclei in isomeric state. The solid line in Fig. 5 shows the velocity 
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distribution of the detected prompt-fission fragments. This distribution results from the two 

processes: the prompt fission of 240Pu excited to the GDR via the electromagnetic Interaction 

of colliding nuclei (electroflssion) and the prompt fission of nuclei produced In the nuclear, 

mainly peripheral, interactions of Pu and Dy nuclei. 

The mass and the kinetic energy distributions of the fragments from fission of 240Pu at 

excitation energies In the region of the GDR are known, and the energy loss in the window foils 

of the start counters can be calculated. Therefore, the velocity distribution of the fragments 

from electrofisslon of 240Pu can be obtained in a Monte Carlo simulation, practically, without 

any free parameters. However, this distribution should be corrected for the momentum transfer 

to 2 4 0 Pu due to the electromagnetic Interaction of colliding nuclei. From comparison of the 

experimental and calculated distributions we can find whether our understanding of the 

electroflssion process is correct, and this is important for the further search for fission isomers. 

< 6 8 1 0 1 2 1 X 1 6 18 20 
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Fig. 5. The measured velocity distribution of the fission fragments in the reaction 
1 6 1 Dy + 2 4 0Pu (the solid histogram). The dashed histogram is the calculated fragment velocity 

distribution for electrofission of 2 4 0Pu. 

The solid line in Fig. 6 shows the momentum transfer to the 2 4 0Pu nucleus in the process 

of electromagnetic excitation of its GDR in the reaction l 6 1Dy + 240Pu (1 GeV/nucleon). The 

momentum transfer was calculated on the assumption that the interacting nuclei are the 

spheres of radius R(A) = 1.3x10'13A1/3 cm, where A is the mass number. The maximum 

momentum transfer corresponds to the case when the impact parameter is equal to the sum 

of radii of the two nuclei. Actually, the 161Dy and 2 4 0Pu nuclei are deformed nuclei, and 

therefore the momentum-transfer distribution near its upper limit must be somewhat washed 
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out. A particular feature of the GDR excitation process in the interaction of relatlvistic Ions Is 
that the projection of the transferred momentum on the beam direction is zero. 

The calculated cross section for the GDR excitation is 3.5x10"24 cm2. The Tf/Г for 240Pu 
at energy of the GDR is close to 0.5, so that the corresponding fission cross section was taken 
1.7x10"24 cm2 . The flux of 161Dy ions through the target was determined by measuring the 
activation of an Au target. From this the expected number of electrofissions is 14000, which 
corresponds to approximately 35% of all the fission events. 
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Fig. 6. Momentum transfer in the reactions 161Dy + 2 4 0Pu (the solid line) and 2 0 8Pb + 2 3 8 U (the 
dashed line) as a function of the impact parameter. 

The dashed histogram in Fig. 5 is the calculated velocity distribution of the fragments from 
electrofission of 2 °Pu. What remains after subtracting this spectrum from the measured 
velocity spectrum can be attributed to the fission of the target-like nuclei produced in the 
nuclear interaction of Dy and Pu nuclei. The resulting velocity spectrum is shown in Fig. 7 by 
the solid line. The dashed histogram in Fig. 7 is a Monte Carlo simulation for the symmetric 
fission of 2 4 0 Pu. The dispersion of the symmetric mass distribution of fission fragments was 
taken <r=18 amu. The calculation was carried out on the assumption that the momentum 
transfer in the plane perpendicular to the beam direction was 1270 MeV/c, i.e., it was taken 
equal to the maximum momentum transfer in the electromagnetic interaction. We ignored the 
dispersion of the momentum transfer due to the nuclear interactions, as well as the momentum 
transfer in the beam direction. 

We can see that the shape and the position of the calculated distribution are rather close 
to those of the experimental spectrum. However, it would be unrealistic to attribute all the 
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fission events only to 2 4 0Pu. To examine how the velocity spectrum for symmetric fission 
depends on the mass of the fissioning nucleus, we have calculated the velocity spectra for the 
symmetric fission of some uranium and thorium isotopes. It turned out that the calculated 
velocity spectra, practically, cannot be distinguished from that of 240Pu. 

Thus the results of our analysis are consistent with the assumption that the measured 
velocity spectrum results from the asymmetric electroflssion of 2 4 0Pu (about 35%) and from the 
symmetric fission of nuclei in the region Th-Pu produced through the nuclear Interaction of 
1 6 1Dy and 2 4 0 Pu. We can also assume that the main contribution to the momentum transfer in 
nuclear interactions comes from the electromagnetic interaction of colliding nuclei. More 
accurate Information on the momentum transfer In nuclear Interactions can be obtained only 
by measuring the coincidences between the fission fragments. 

500 -

V) 

О 
о 

4 6 8 10 12 U 16 
VELOCITY IMM/NSEC] 

18 20 

Fig. 7. Velocity distribution of the fission fragments from nuclear interactions in the 
1 6 1Dy + 2 4 0Pu reaction (solid line). The dashed histogram is the calculated fragment velocity 
distribution for the symmetric fission of 24^Pu (<r= 18 amu). 

Pb + U (1 GeV/nucleon). The geometry of the experiment was the same as in the 
case of 2 4 0 Pu. The only difference was that the 0.4 mg/cm2 thick 2 3 8 U layer was deposited onto 

о 
a 0.04 mg/cm carbon substrate. This enabled us to register fission fragments in coincidence. 
Figure 8 shows the two-dimensional velocity spectrum of fission fragments from the 
2 0 8Pb + 2 3 U reaction. Although we can expect that this spectrum also consists of asymmetric 
and symmetric components, the measured two-dimensional spectrum resembles the spectrum 
of symmetric fission. Obviously, the velocity spectrum of the asymmetric electrofission of 
2 3 a U is washed out as for 2 4 0Pu due to the significant momentum transfer in the 
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electromagnetic interaction of colliding nuclei^ and therefore the presence of electrofission 

cannot be seen directly. Other explanation would be that the symmetric, nuclear part is 

dominant. 
The dashed line in Fig. 6 shows the momentum transfer distribution for the 2 3 8 U nucleus 

in the electromagnetic interaction of the 2 3 8 U and 2 0 8 Pb nuclei. Using this distribution, we have 
obtained In a Monte Carlo simulation the velocity spectrum of the fission fragments registered 

in coincidence. 
20 
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Fig. 8. Two-dimensional velocity spectrum of the fission fragments from the 2 0 8 P b + 2 3 8 U 

reaction. 

It would be interesting to analyze the sum of the fragment velocity projections on the beam 
direction (the Z axis), V1Z + V2Z. This sum is equal 

( V ^ + VgZ) = V.,cos в + V2cos (я- в) + 2 V c m s 

where VjZ and \A>Z are the fragment velocity projections on the Z axis in the laboratory system, 
Vj and V2 are the fragment velocities in the centre-of-mass .system, в is the angle between the 
Z axis and the direction of fission in the centre-of-mass system, and V c m s is the velocity of the 
centre-of-mass system. The latter is related to the momentum transfer to the fissioning nucleus 
in the beam direction. 

The fission fragment velocities in the centre-of-mass system, V1 and V2, can be easily 
calculated for a fissioning nucleus with a given mass and for a given type of fission (the 
asymmetry of fission). The angle в was generated randomly in a Monte Carlo simulation. 
Therefore, from an analysis of the (V-jZ + V^) distribution we can deduce V c m s , and thus the 
momentum transfer in the beam direction. 



313 

The solid line in Fig. 9 shows the measured ( V ^ + VjZ) distribution. It is lightly shifted to 
the positive values of (VjZ + v"2Z). The average shift corresponds to the momentum transfer 
0.48 (MeV7c)/nucleon. The observed effect is the result of the nuclear (U + Pb) interactions 
leading to fission. 

In contrast to these interactions, the (V^Z+V^) distribution for electrofission of 2 3 8 U 
should be symmetric with respect to (V^Z + VgZ) - 0 . It is reasonable to assume that the shape 
of the measured (V1Z + V2Z) distribution in the vicinity of its lower limit is determined entirely 
by the electrofission events. Taking the number of electrofission events equal to 4000, which 
amounts to 40% of all the fission events, we satisfy this requirement. The corresponding 
(VjZ + v*2Z) distribution is shown in Fig. 9 by the dashed line. 
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Fig. 9. Distribution in the sum of the fragment velocity projections on the beam direction, 
V,Z + VgZ. in the 2 3 8U + 2 0 8Pb reaction (solid line). The dashed histogram is the calculation for 
electrofission of 2 3 8 U . 

We deduce the probability of electrofission of 2 3 8 U in the 2 0 8Pb + 2 3 8 U reaction of P,=0.4. 
This can be compared with Pf = 0.5 which was calculated on the assumption that the cross 
section for excitation of the GDR is 5x10'24 cm2 and ГуГ = 0.29. At the present level of 
accuracy the two values are in agreement. 

The difference of the distributions of Fig. 9, which is, obviously, the distribution for the 
fission fragments resulting from the nuclear interactions of Pb and U is shown in Fig. 10 by the 
solid line. We can see clearly that the centre of gravity of this purely nuclear distribution is 
shifted to the positive values of (V^Z + VgZ) appreciably stronger than that of the total 
distribution (Fig. 9). Apparently, this occurs due to the momentum transfer in the beam 
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direction in nuclear interactions. The dashed histogram in Fig. 10 is the Monte Carlo simulation 

for the symmetric fission of 2 3 8 U obtained on the assumption that the distribution In the parallel 

(in the beam direction) momentum transfer has the form Р(рц)= exp(-py/p0), where the 

parameter p0 was taken equal to 200 MeV/c. The momentum transfer in the plane 

perpendicular to the beam direction was taken 1400 MeV/c, i.e., we assumed that it arises 

entirely from the electromagnetic interaction of the U and Pb nuclei in grazing collisions. 
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Fig. 10. Distribution in the sum of the fragment velocity projections on the beam direction, 
X^Z + V ^ , for nuclear interactions in the 2 0 8Pb + 2 3 8 U reaction (the solid line). The dashed 
histogram is the calculated distribution for the symmetric fission of 2 3 8 U . 

1 6 0 + 2 0 9 Bi (1.8 GeV/nucleon). The aim of the experiment was to observe the decay of 
hypernuclei in the region of Bi. We expect that the hypernucleus production mechanism is the 
attachment of the Л hyperons produced in the N + N-»N + A + K * reaction, through 
intermediate Д production, to the residual nuclei. While there are various criteria permitting the 
separation of the hypernuclear decay from other processes, the first and the most distinct 
indication of the process would be the fission fragments detected in the shadow of the target. 
The efficiency of detection of such fragments depends on the hypernucleus lifetime and the 
velocity component of the recoil nucleus perpendicular to the target plane. 

Fission fragments from the 1 6O + 2 0 9 Bi reaction were measured in coincidence, and their 
coordinate distribution in the stop counters along the beam direction, i.e., in the direction 
perpendicular to the target plane, is shown in Fig. 11 by the solid line. Here the combined effect 
from the eight targets is normalized to the same target plane. 
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Although there are some fragments detected in the shadowed area of the stop detectors, 
we cannot still consider these events as the decay of hypernuclei. To understand the nature 
of these events, it is necessary to investigate these events in more detail. For example, we 
have to exclude the effect of multiple scattering of fission fragments in the windows of the start 
counters. 

In this contribution we shall limit ourselves to a preliminary analysis of the prompt fission 
events registered in the open area of the detectors, in the region of positive coordinate values. 
These data yield the information on the momentum transfer in the beam direction, which is 
required in the analysis of the hypernuclear decay. 
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Fig. 11. Coordinate distribution along the beam direction of the fission fragments from the 
16 o + 209BJ r e a c t j 0 n # -rne dashed histogram is the calculation for the parallel momentum 
transfer in the form F(pji) = (рц/prj) ехр(-рц/р0), where the parameter p0 was taken equal to 300 
MeV/c. 

The drop of the distribution of Fig. 11 near the target plane is a result of the absorption and 
of the multiple scattering of the fragments in the target, while the drop towards the larger 
coordinate values is determined by the opening angle of the fragments. The smaller is the 
openinig angle, the larger would be the distance from the target plane at which the fragments 
can be registered in coincidence. The opening angle in turn depends on the parallel momentum 
transfer. 

The dashed histogram in Fig. 11 shows the coordinate distribution obtained in a Monte 

Carlo' simulation. The parallel momentum transfer distribution was taken in the form 
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F(pi|) = (рц/ро) ехр(-рц/ро). where the parameter p0 was taken equal to 300 MeV/c. We can see 
that the calculated distribution reproduces reasonably well the measured distribution. 

The preliminary results presented here were obtained in a simplified analysis. 
Nevertheless, they permit us to draw some conclusions on the main features of the fission 
process induced by the relativistic ions with energies 1.0-1.8 GeV/nucleon. These conclusions 
are related to the probability of electroflscion and to the momentum transfer in collisions of 
relativistic nuclei. 

The contribution of electrofission to the fission yield in the reaction 2 0 8 pb + 2 3 8 U at energy 
1.0 GeV/nucleon was found to be about 40%, and this value is close to the expected value of 
50%. The results of studying the 1 8 1Dy + 2 4 oPu reaction at energy 1.0 GeV/nucleon are 
consistent with the assumption that the contribution of electrofission amounts to 35% of all the 
fission events. The rest of the fission events comes from the symmetric fission of nuclei in the 
region Th-Pu. 

The larger relative probability of electrofission of 2 3 8 U , in comparison with. °Pu, can be 
easily explained by the larger GDR excitation cross section in the 2 0 8Pb + 23Bu r e a c t j o n . it 
might be also that the value ГуГ = 0.5 for 2 4 0 Pu, used in the calculations, is somewhat 
underestimated. 

We have found that the momentum transfer in the beam direction is relatively small in the 
2°°Pb + 2 3 U reaction. The parallel momentum distribution for nuclear interactions has a form 
which is rather close to the exponential distribution, F(p«) = ехр(-рц/ро) with p0 = 200 MeV/c. 
The large contribution of the low parallel momentum transfers reflects the very simple fact that 
even soft peripheral collisions cause fission of the target-like nuclei. 

The parallel momentum transfer in the 180-induced fission of Bi at energy 1.8 
GeV/nucleon is higher than in the case of U. The reason is that more violent collisions with 
smaller impact parameter and higher momentum transfer are required to induce fission of Bi. 
This was also observed in reactions with other projectiles and at lower energies.10 ,1 
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T h e g e n e r a l law o f radioact ive decay appl ied t o fission of h o t nuc le i 
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ABSTRACT 
The law for spontaneous transmutations, such as radioactive decay processes in 

atomic and nuclear physics, has been derived for the general case where the decay 
rates may be time dependent. The application to the fission decay of hot nuclei is 
discussed within a simplified statistical model, with particular emphasis on the emission 
of neutrons prior to passage of the saddle point as well as during the descend from the 
saddle to the scission point. The formalism is expected to have applications in a wide 
range of problems involving spontaneous transmutations in physics, chemistry and 
biology. 

1. I n t r o d u c t i o n 

In order to explain the the nuclear transmutations observed in thorium salts 
Rutherford [1] derived the well known radioactive decay law in 1900. In this derivation 
it was correctly assumed that the decay rate A is a constant in time, an assumption 
which has been verified in numerous measurements during the intervening 93 years. 
Thus it is generally true that the decay rate A is a unique property of a radioactive 
substance, which is unaffected by macroscopic external conditions. 

However, an important exception to this rule has recently been identified in con
nection with the initial reduction of the fission decay rate of highly excited nuclei. 
Such a reduction manifest itself as an enhanced competition by neutron [2, 3] and 
high energy 7 -ray emission [4, 5, 6] in such systems. 

During the descent from saddle to scission a highly excited nuclear system also 
has a finite probability for the emission of neutrons. Since the excitation energy of 
the system is increasing during this process, so is the partial decay rate for neutron 
emission. This leads to another case where the decay rate is time dependent and the 
normal decay law with a fixed decay rate is inadequate. 

The analysis of this type of data calls for a generalization of the radioactive decay 
law to include the effects of a time varying decay rates. In the present work we 
therefore derive the general radioactive decay law, by allowing for time-varying decay 
rates and show that the normal radioactive decay law is a special case. The formalism 
is then applied to published data on the pre-scission neutron multiplicity for the 
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reactions , aO+ ID7Au, 208Pb and 10F+232Th using a simplified statistical model to 
study the effects of different assumptions on the time dependence of the fission decay 
rate. 

2. Decay of a paren t ensemble 

The normal assumption in radioactive decay of an ensemble of atoms, is that 
each atom has an intrinsic decay rate A, which is constant in time. The rate of 
transmutations in the ensemble is therefore proportional to the total number of atoms, 
N, times this decay rate. This may be written as follows 

f -« . w 
which has the solution 

ЛГ = N0e-Xt. (2) 

This represents the normal radioactive decay law with a time independent decay 
rate A. If the decay rate A is allowed to have a time dependence, but still identical 
for all members of the ensemble we find the general solution [7] 

N{t) = N0e-SoxMdt\ (3) 

It is easily seen that this form satisfies Eq. (1) and that the the normal radioactive 
decay law is obtained by setting A(t) = A = constant. The mean-life of a parent 
ensemble may be computed as 

т = f ° ОДе" •/"<>'><"'Л, (4) 
./о 

which in the general case cannot be expressed as a simple function of A. For a constant 
A the well known relation r = 1/A is obtained. 

In case the decay rate A(t) represents several decay channels, such that X(t) = 
A(l'(t) + A(2)(0 + '- • +A<n)(0> the time integrated decay probability, P ( , ) , into channel 
i is 

/>(•)= Г>)(£)е-/о'А«)<"' dL ( 5 ) 
Jo 

Since it is not necessarily required that all decay branches have the same time de
pendence, we find that the mean time for populating the different channels may not 
necessarily be equal to the mean-life for the parent decay. 

3 . Sequent ia l Decay Chains 

To calculate the decay pattern for hot nuclei we'll first consider the case of a 
single decay chain without branches. Initially it is assumed that at t = 0 the total 
population resides in the parent ensemble and that all prodigy is depopulated. The 
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parent population is then given by Eq. (1) with a time varying decay rate Aj(£). The 
equation describing the population of the daughter ensemble JV*2) may be written 

^ = A,iV,-A2iv-2, (6) 

where the two terms on the right hand side represent the source and sink terms, 
respectively, Both Ai and A2 may be time dependent. The solution to this equation 

N2(t) = N0e-ti^ J A,e-fo'l**-*'>***,, (7) 

which fulfills the boundary condition N2(t) = 0 for t = 0. It is easily verified that the 
normal population of a daughter ensemble results if the time dependence of Af and 
A2 are removed. 

Extending the above method to the population of the n'the generation following 
the same prescription we find 

N„{t) = .Woe"/" А"л ' (8) 

X /V.eJ>"-A"-') ' ' ' ' Г ••• Л " А.Д'-'^'И'-Л,,.., ..-Л,. 
Jo J» Jo 

From the s t ructure of Eq. (8) it is evident that the population of successive gen
erations can b e calculated via the recursion relations 

Nn(t) = e - / ° A"d(l / ' Ап_,уУп_,(^)е /о" А-л»л, . (9) 
JO 

These recursion relations ensure that numerical calculations for multi-step decay 
chains are feasible, since each step adds only linearly to the computational com
plexity. 

4. Branching 
Let's, now consider the general case of sequential decay chains with branching at 

each step. For simplicity we'll consider only the fission and neutron decay branches 
although the generalization to include all open decay channels is straightforward. 
Let the total decay rate the parent ensemble be labelled Ai = A, + AJ*, where the 
superscripts / and v refer to the fission and neutron emission channels, respectively. 
Similarly, the total decay rate of the second generation is labeled A2 = X{ + A£ and 
so forth. 

By examination of Eq. (6), it is verified that the population of the A — 1 nucleus is 
obtained Ъу replacing the factor A| in Eq. (8) with only the neutron emission rate A", 
and so on for multiple neutron emissions. For the population of the n'th generation 
via the neutron emission channel, we may generalize Eq. (8) to read 

/CO) = NQe--K^dt* (10) 

* / ' ; £ _ , Jo" ( A - * - . ) * . . . . / ' " " АГ е/о"" <*'-*' >"<««**„_, . . . Л , . 
Jo Jo 
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In analogy to Eq. (14) the following recursion relation may be used in the com
putation of the branching ratio JV"£, namely 

NZ{t) = e-tix»dl> / V i C - , ^ ) ^ " ^ ! , (И) 
JO 

where JV£_, is the parent population in the neutron decay chain. 
The time integrated branching ratio, P%, which for time independent decay coeffi

cients, A,, is a simple product of the branching ratio at each step, i.e. P% = Щ=1 Aj'/A» 
takes the form ^ 

PX=f KKtoltfc (12) 
JO 

5, I l lus t ra t ive example - Identical decay s teps 
In. the description of the decay cascade of hot nuclei, two different forms of the 

time dependence of the fission decay width have been used. One is a simple step 
function, which opens the fission decay channel only at a time г after the original 
formation of the system. The second is an exponential ingrowth function of the form 
A<^(£) = A^[l—exp(—t/r)], which is inspired by theoretical calculations of the fission 
process in terms of a diffusion process [8, 9]. This time dependence of the fission decay 
width is readily included in statistical decay codes by using Eqs. (11,12) to calculate 
the branching ratio at each step in the cascade. A particularly simple expression for 
the branching ratios in the neutron cascade may be derived under the assumption 
that the total decay widths, Г = A/ft, including their time dependence, are unchanged 
from one step to the next in the decay cascade. At high excitation energies, E, this 
assumption is approximately valid because the decay widths h\* = Г/ ос у2(Е — Bj 
and T„(E) = hX" oc E — Bn, scale with the excitation energy to the first power or 
less. These relations are easily verified by using the normal Fermi gas expression 
p oc exp(wa(.E — Eth), a being the level density parameter, in a simple integration of 
the decay width [10]. 

Under this simplifying assumption the integrands in the exponential functions in 
Eq. (10) vanish. Furthermore, since the neutron decay width is assumed to be a 
constant in time, the n-fold integral of Eq. (15) reduces to 

p-= ( Д" ) П / " V - ' в - / . ' * * ' ( & • (13) 
(n — 1)! Jo 

In the first case where the decay rate is represented by a step function jumping 
from zero to A' at t = т we find 

К = ( f ) " е А / Г + (Л"^)П (т ' (п , A"r) - ел/ V ( n , Ar)) , (14) 

where 

^ а ' х ) =г9Г е" г" 1 л - (l5) 
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Fig. 1: Branching ratio» P£ for the idealiied case with identical decay widths in consecutive steps 
are shown as a function of the quantity A"r for the first through the fifth generation, n = 1 - 5, 
along the decay path with a constant decay width A". The solid and dashed curves correspond to a 
smooth and step function time dependence of the competing decay branch, A'(t), respectively. 

In the case where an exponential ingrowth function is assumed for the fission decay 
width A'(£) = A'[l - exp(—t/т)) the following expression 

e A / r r°° - I „ - A I - A ' T « - ' / ' dt. (16) 

Examples of the neutron branching ratios as a function of the delay time r are 
shown in Fig. 1 for different numbers of steps in the cascade. It is seen that substan
tially different fission delay times r would result from an analysis of experimentally 
measured neutron branching rations depending on the assumed form of the time 
dependence of the fission decay width. 

6. Fission of hot nuclei - diffusion model 

In recent years an substantial body of experimental data have been accumulated, 
which convincingly show that the fission decay rate of hot nuclei is not as rapid as pre
dicted by standard statistical models. This evidence is arises from the measurement 
of the multiplicity of pre-scission neutrons [3], charged particles [11], and high-energy 
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7-rays [4], More recently, also the cross section for evaporation residue formation has 
been shown to be sensitive to the hindrance of fission in hot nuclei [12], 

In the following we'll apply the present formalism to the fission decay of hot nuclei, 
For this purpose a simplified statistical decay model, which considers only the fission 
and neutron decay branch, lias been employed. The neutron and fission decay widths 
arc obtained front the expressions given in Rcf. [JO] using a level density of the form 
// - axii(2</aV), with a -= A/8.8, and the free energy U = E" •=• Er„i - B,,,/< Instead 
of using the population of excitation energies in the daughter nucleus after neutron 
evaporation it is assumed that the daughter nucleus is populated at a discrete energy 
given by E'(A — 1) = E'(A) - B„ - 271, where T is the nuclear temperature and B„ 
the neutron binding energy. This simplistic model is used to illustrate the dependence 
of the observed parameters upon the the various assumption of the time dependence 
of the fission decay. It is expected to be quite reliable in describing the prc-scission 
neutron emission, but may not lead to meaningful results for evaporation residue 
cross sections because of the failure to follow the decay cascades in detail. Future 
work will be carried out to incorporate the present formalism in a detailed statistical 
decay model, 

7. Dissipation and fission time scales 

Two types of analysis have been applied to data for рге-scission neutron and 7-
emission have been reported for which the delay times and/or suppression ratio's for 
the fission decay process may be derived. Hinde [3] has analysed pre-scission neutron 
emission data by assuming that the fission decay is completely hindered for certain 
delay time after formation of the compound nucleus. After this delay, the fission 
decay rate is assumed to jump to the full value predicted by the statistical model. 
A similar approach has been used by Lestonc in the analysis of the multiplicity of 
charged particles emitted prior to scission [11]. 

An alternative approach was employed in the analysis of pre-scission 7-ray emis
sion [4, 5, 6]. This type of analysis is based on models which describe the fission motion 
as a diffusion process [8, 9, 14]. In this model the fission decay width increases with 
time to an asymptotic value, which is reduced relative to the Bohr-Wheeler value of 
the statistical model such that 

Г , = Г ? % / 1 + 7 - 7 ) , (17) 

where the nuclear friction coefficient 7 = /3/2u»0; (3 is the reduced dissipation coeffi
cient and UQ is the oscillator frequency of the inverted parabola describing the fission 
barrier. In approximate accordance with the diffusion model; the time dependence of 
the fission width is taken as 

Г / ( 0 = Г / [ 1 - « Р Н / Г , ) ] , (18) 

which for an overdamped fission motion is given by [9] 
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т, = ^\n(lQBj/T) = j l l n ( 1 0 B / / r ) . (19) 

Here Wi is the assault frequency on the fission barrier, Bj the fission barrier, T the 
nuclear temperature, and we have used the fact that ш0 та ui\. 

In the diffusion model [15] it is also found that the increase in the saddle-to-scission 
time is related to 7 such that 

^=*„.o(\A+72+7)- (20) 
We thus find that the nuclear friction coefficient 7 controls both the reduction in the 
fission width, its time delay ту, and the increase of the saddle-to-scission time tM. In 
the following sections we shall compare the results of the simplified model calculations 
for normal statistical decay, a fixed fission delay and a smooth ingrowth of the fission 
decay rate as described above. 

S. Рге-saddle neut ron emission 

One of the main observables from which the time scale for the fission degree of 
freedom can be obtained is the multiplicity of neutrons emitted prior to acceleration 
of the fission fragments in the post-scission Coulomb field. Already there exists a 
wealth of data for many different systems and energies [2, 13, 3]. In an analysis of 
this process, it is natural to divide the рге-scission neutrons into those emitted before 
the system passes over the saddle-point and those emitted during the descent toward 
scission. The рге-saddle neutron multiplicity is, in the simple model considered here, 
related to the survival probability at each step in the neutron emission cascade such 
that 

upTC-.ad = ±(i - l)Pf/±P/ = (£Р?-ПРХ)/(1 - PZ), (21) 
1=1 1=1 1=1 

where P/ is the fission probability in the i'th decay step. 
In cases of a small survivability against fission i.e. where P^ < 1 we find that the 

рге-saddle neutron multiplicity i/prc-,ad is the sum of survival probabilities over the 
neutron evaporation cascade. An example for the case of 1 60 + 208Pb at an excitation 
energy of 70 MeV is shown in Fig. 2, where the survival probabilities P? are shown 
as a function of the step in the neutron evaporation cascade for different assumptions 
of the fission hindrance. We observe that the рге-saddle neutron emission depends 
strongly on the assumption for the time dependence of the fission rate, such that 
an exponential ingrowth (smooth), which also includes the overall reduction of the 
fission decay rate as represented by Eq. 18, survives against fission for more decay 
steps than both the case without any fission hindrance (no delay) and the sudden 
onset of the fission rate after a fixed delay time (step). 

The survival probability to the last step of the neutron evaporation cascade is 
closely related to the fusion evaporation residue cross section. Assuming that 7-ray 
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Fig. 2: The compound nucleus survivability, J7*, is plotted as а function of the number, n, of 
pre-saddle neutrons emitted for normal statistical decay (dotted curve), a fixed fission delay time 
(dashed curve), and a smoothly growing fission decay rate including the reduction factor of the 
diffusion model (solid curve). 

emission competes successfully against fission after the last neutron emission step we 
find 

'*«.(') = ^ ( ' M 0 . (22) 
or by averaging ovei an assumed sharp cut-off partial wave distribution 

»» = (P>- (23) 

It is therefore apparent that the overall shape of the survivability curve, shown 
in Fig. 2, determines the pre-saddle neutron multiplicity whereas the survivability 
at the last step of the neutron emission cascade is related to the evaporation residue 
cross section. Since the two observables depend on different properties of the neutron 
cascade it is expected that the analysis of both types of data may determine whether 
the limitation of fission decay from hot nuclei should be described in terms of a time 
delay of the onset of the fission branch or rather as an overall reduction of the fission 
decay rate, which is more closely related to the diffusion model. 

9. Saddle-to-scission evaporation 
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Because of the nucleai viscosity in the fission motion, we expect a stiongly damped 
motion from the saddle to the scission point such that the loss in potential energy 
is converted into excitation energy of the system. The dissipation has the effect of 
slowing down this motion compared to the time this process would take for a non-
viscous system, see Eq. 21. If sufficiently slow, this would allow for the emission of 
neutrons during this state of the fission process. 

The formalism derived in the present work applies directly to this situation since 
the neutron emission rate is expected to increase with time as the system moves 
toward scission because of the associated increase in excitation energy. Thus the 
probability for the emission of a single neutron during the saddle-to-scission motion 
is given by the expression 

Л1(1)= / ' " А Г ( 0 е _ / » Л , ( , , , Л , Л , (24) 
* JO 

where A) is the total decay rate (neutron, charged particle, and 7 emission) and Л" 
refers to the neutron decay rate only. Note that the time integral is terminated at the 
saddle-to-scission time t„. Fluctuations in this quantity are not included at present. 

A dynamical model calculation is in principle required to describe the descend 
from saddle to scission and the resulting time dependence of the neutron decay rate. 
Neutron emission is the only channel considered in the present work, since it domi
nates over charged particle and 7 emission. For simplicity we shall, however, assume 
that the saddle-to-scission motion is overdamped and takes place under the influence 
of a constant driving force. This is clearly an oversimplification. Especially near the 
saddle point one would expect the driving force to be smaller than assumed. However, 
the resulting error is probably minor. 

The total saddle-to-scission time depends on the assumed dissipation strength 7 
as given in Eq. 21, where the saddle-to-scission time for non-viscous flow is taken to 
be r°,c = 2 X 10~21 sec in approximate agreement with theoretical estimates [16]. 

Under these assumptions one may calculate the neutron decay rate A" as a function 
of time and compute the probability for the emission of a single neutron during the 
saddle-to-scission motion using Eq. 25. The extension to the emission of two or more 
neutrons is straightforward by using replacing the upper limit of the integral of Eq. 12 
with tss and using the fact that N0 is unity. Similarly, the saddle-to-scission emission 
of neutrons in the case of multi-chance fission is also a simple extension. 

10. Comparison to exper imenta l da ta 

The formalism for radioactive decay with time varying decay rates has been in
corporated in a simplified statistical decay model as described above. In this section 
we'll compare calculations using this model with experimental data on the pre-scission 
neutron multiplicity [13, 17]. The calculated pre-scission neutron multiplicity for the 
reaction l 6O+2 0 8Pb at a beam energy of Е/оь = 125 MeV (E e „ = 70 MeV) is shown 
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Fig. 3: Lower panel: The pie-scission neutron multiplicity, vpn, is shown as a function of у for the 
reaction ,6O+208Pb at Ecxe= 70 MeV. Upper panel: Same as above, but for the evaporation residue 
cross section 

in Fig. 3 as a function of the reduced dissipation coefficient 7 for the two functional 
forms considered for the fission rate. 

It is evident that the smooth functional behaviour of the fission predicted by the 
difFusion model results in a lower value of 7 = 5 when compared with the experimental 
value of i/p̂ P s= 3.3 ± 0.2 [17] than if a step function is assumed. For the smooth 
distribution this value of 7 also reproduces a recent measurement of the evaporation 
residue cross section of «10 mb [12]. The step function does not seem to be able to 
reproduce this value with any reasonable value of 7. It should however be noted that 
the simplifications of the present model do not allow for a reliable estimate of the 
evaporations residue cross section. This calculation is shown only to illustrate the 
point that a combination of the two types of experimental data provides a powerful 
tool for determining the functional form of the fission decay rate. 

Using the value of 7 = 5, we have calculated the excitation energy dependence 
of the pre-scission neutron multiplicity, t/pre as shown in Fig. 4. We observe that 
this value of 7 gives an excellent account of the excitation energy dependence of the 
pre-scission neutron multiplicity . This value of 7 corresponds to r = 17.5 x 10 - 2 1 s 
and t„ = 20 X 10~21 s at an excitation energy of 70 MeV and r = 2 x 10~21 s and 
t„ — 20 X 10_Z1 s at an excitation energy of 30 MeV, which is in good agreement with 
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Fig. 4: Lower panel: The prc-scission neutron multiplicity (solid curve), vp„, is shown as a function 
of excitation of the compound system for the reaction ,r,O+208Pb for a step function dependence 
of the fission decay rate . The pre-saddle multiplicity is shown as the dashed curve. Upper panel: 
Same as above, but for the smooth function for the fission decay rate. Both calculations used a 
reduced dissipation coefficient of 7 = 5. 

the results of Hinde et al. [3] although the latter analysis was performed with a pure 
time delay of the fission process. It is however interesting to note that the contribution 
of pre-saddle neutron emission depends strongly on the form of the fission hindrance. 
Thus the pure step function approach predicts a much reduced contribution of the 
pre-saddle emission. 

In Fig. 5 we extend the calculation to other reactions for which the pre-scission 
neutron emission has been measured [17, 13] using the same value of 7 = 5. We 
observe that the smooth fission hindrance factor also gives a good agreement for 
the , 60-f2l l8Pb reaction whereas the calculations clearly underestimate the neutron 
emission at the lower excitation energies for the ,!,F-f232Th reaction. This latter effect 
may point to an excitation energy dependence of the dissipation coefficient 7, which 
would in fact be expected on the basis of the dissipation model. This topic will be 
the subject of future work. 

11. Conclusion 

The radioactive decay law has been generalized to include decay channels with 
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Fig. 5: The measuied (solid points) pie-scission neution multiplicity for the reactions ,60+197Au, 
208Pb and I9P+ 23aTh are compared to calculations using the present model for different assumptions 
of the fission hindrance. 

time dependent decay rates. The expressions for the population and branching ratios 
in multi-step decay cascades have been derived and applied to a simplified case. The 
general recursion relations for the branching ratios and population allows for rather 
straightforward implementation of this formalism in statistical model codes. 

The formalism is applicable to situations, where e.g. various decay processes 
occur during the dynamical evolution of a system resulting in time dependent decay 
rates. As an example, the formalism is applied to the fission decay of hot nuclei, in 
particular the emission of neutrons during the fission process. The analysis shows 
that a combination of pre-scission neutron multiplicity and the evaporation residue 
cross section serves to discriminate between different forms of the fission hindrance. 
Further information is available from the measurements of pre-scission 7-ray emission, 
because the early steps in the cascade is emphasized in this decay branch. 

Although the present formalism was developed specifically to describe the fission 
decay of hot nuclei, it applies equally well to a more general class of problems involv
ing the spontaneous transmutation of elements in a population, where the normalized 
decay rate A may be time dependent. Thus, applications may be found in the de
scription of heavy-ion reactions at relativistic energies where particle life-times and 
formation times may be dependent on the properties of the surrounding medium. Also 
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the theories of population growth and decline, as well as the evolution of species, in 
biological systems may utilize the formalism derived in the present paper. 

The author is grateful for the hospitality extended to him during his stay at SUNY 
at Stony Brook. This work was supported in part by the U.S. DOE and in part by 
the National Science Foundation. 
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• Abstract 

It is shown that the Л-attachmcnt probability to the light or heavy fragment in the 
course of the fission of the hypcrnucleus 23д U is very sensitive to details of nuclear 
dynamics and its investigation may serve as>a testing ground for different dynamical 
models of nuclear fission. However, to achieve'-this goal the statistics of measured 
data has to be improved considerably and studies of new reactions with lower nuclear 
excitation energies are highly desirable. 

1 Introduction 
Recently the time scale of nuclear fission and, closely connected with it, the rate of dissipation 
of energy from the collective to single-particle degrees of freedom became a subject of inten
sive studies. However, neither the experimental investigation of prescission neutrons, nor 
theoretical estimates gave tight enough upper and lower bounds to the quantity in question 
(sec, for example, Hilscher's report at this conference [1]). Additional information is highly 
desirable and may be provided by comparing theoretical predictions made in the framework 
of different models of nuclear fission, on the attachment probabilities of the Л-hyperon to a 
fission fragment as function of its mass with experimental data. The latter became recently 
available in annihilation experiments with antiprotons at rest on 2 3 8(/ [2, 3, 4]. 

In refs. [2, 3, 4] it w?s shown that the process of prompt fission of the Л-hypernucleus 
may be experimentally distinguished from numerous other processes and the attachment of 
the Л-hyperon to one of the fragments as well as the mass ratio of the two fragments may be 
unambiguously recorded. 

It is natural to compare fission of the Л-hypernucleus with fission of muonic atoms [5]. 
In the latter process the muon, which interacts with the nucleus via the Coulomb force only, 
is mainly sensitive to the distance between centers of mass of the fission fragments, whereas 
the former may give information on such details as the rate of neck snapping. 
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2 Time-dependent Л-nucleus potential 
To study the influence of the fission dynamics on the Л-hypcron inside the fissioning nucleus 
we investigate three dynamical fission models. First a standard, two-dimensional dynamical 
calculation for symmetrical fission of 23SU was performed [6, 7] (neglecting the effect of the 
effect of the bound Л and evaporated nuclcons on the fission process). In this calculation 
hydrodynamical transport parameters (in Werner-Wheeler approximation) with two-body 
friction and a viscosity parameter ца = 2 • 1023 MeV / m 3 sec and the liquid-drop potential 
energy with Myers-Swiatecki parameters [8] were used. Then we roughly approximated the 
resulting sequence of shapes by Cassinian ovaloids [9], a one-parameter family of shapes that 
is close to the two-parameter class of shapes used in the original calculation. We compared 
the time evolution of the neck radius and of the distance between the centers of mass of the 
emerging fission fragments and found good agreement if we take the rate of change of the 
parameter a that describes the distance between the foci of Cassinian ovaloids, or, equal to 
0.05 MeV/Ti. 

To describe asymmetric fission we used modified Cassinian ovaloids introducing the pa
rameter «i which governs the ratio of masses of the emerging fragments [9]. We assumed 
that for asymmetric fission the ratio between the volumes of the nascent fragments stays 
constant during the motion from the saddle to scission which roughly corresponds to con
stant c*j. To define a fragment volume before scission use was made of the neck plane, e.g. 
the cross section of the nuclear body perpendicular to the symmetry axis with the smallest 
radius. The use of fission paths with constant cti can be justified in the following way: if we 
assume a thermal distribution of сц values at the saddle point, Nexp[—V(a = 0.7,ori)/jT], 
where V(a, aj) is the liquid-drop potential-energy surface, we can derive a mass distribution 
of fission fragments in terms of the variable x = mi/ (m 1 + rn2), which is a simple function 
of x at scission. For a temperature of 2 MeV we then found good agreement with the mass 
distribution for prompt hypernuclear fission also reported in ref.[3] (see fig.l). 

Another dynamical model to be considered in the following was obtained from the previous 
one by switching ofF the friction term. In this case one finds a velocity d close to 0.1 MeV/h. 
Since irrotational inertia is the smallest possible one, this can be considered as an upper limit 
for the saddle-to-scission velocities. A faster snapping of the neck around scission would lead 
out of the usually employed fission-shape classes as pointed out by Brosa et al.[10] and could 
therefore not be seen in the above-mentioned dynamical calculations. To mock up such 
possibly larger velocities we consider, in addition, fission paths with d = | McV/Ъ. We will 
refer to these three typical velocities as "slow", "moderate" and "fast". 

We describe the non-stationary state of the Л-hyperon during fission by the time-
dependent Schrodinger equation 

ihdi-ф = h{t)rp 
with the Hamiltonian 

h{t) = -7f-A + V(r,a(t)) 2тд 
and the Л-nucleus potential V. Its depth and radial dependence are supposed to be indepen
dent of the thermal excitation of the nucleus. To be specific, a Woods-Saxon type potential, 
generalized for arbitrary nuclear shape, was used (9] 

V(r,a(t)) = -V0/[\ + cKP(l(f,a(t))/a)}, (1) 
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where l(r, o[t)) is the numerically calculated distance between a point r and the nuclear 
surface. Parameters Vo = 28 MeV and a = 0.6 / m were fitted to the spectroscopic data 
for light, medium-weight and heavy hypcrnuclei by Millener at al. [11]. The nuclear volume 
is supposed to be constant and equal to that of a sphere with the radial parameter r0 = 

_ i 1.128 + 0.439Л з fm. 
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Figure 1: The theoretical and experimental fragment mass yield in case of prompt hypernticloar 
fission. The theoretical curve is normalized to the same area as the experimental one. 

The collision rates of the Л-hyperon with thermally excited nuclcons and stochastic vi
brations of the surface were shown in rcf. [12] to be small enough (less than 5- 10lB scc~x) to 
be neglected on the way from the saddle to scission (several units of 10~21 sec). On the other 
hand the same estimate shows that thermal equilibrium of the Л-hyperon is only marginally 
achieved after antiproton annihilation and the* following emission of nuclcons and mesons. 
We will therefore consider for the initial conditions two simple cases: 

i) At the beginning of the fission process the Л-hyperon occupies its lowest possible orbital 
in the spherical compound nucleus and 

ii) Л is assumed to be part of the nuclear thermal ensemble at the saddle point. 

The evolution of ф was described in terms of the decomposition coefficients c(t) in the 
instantaneous basis <f>n(r,a) 

W ) = 52cn(t)0n(f,Q(t))exp[iy"£n(a(t '))rfi7ft] (2) 
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where c(t) is the solution to the differential equation 

c'„ = - a 5 3 <V < n\daV\n' > /(ea, - e„) (3) 

with one of the two initial conditions specified earlier. We found convergence by including 
14 states of lz = 0 in the sum (2). 

The adiabatic (instantaneous) basis is defined by the eigenvalue equation for fixed a 

h(a)<f>n{a) = еп(а)фп(а). 

This equation is solved in a basis of oscillator functions in cylindrical coordinates [13, 14]. 
Fig.2 shows the resulting single-particle level scheme along the symmetrical fission path 
(Qi = 0 ) that will be called a correlation diagram in analogy to the atomic-physics use of 
this term. Special care was needed to correctly follow the levels near avoided crossing. In 
the "united nucleus" as well as in the "separated fragments" limits (a = 0 and a = 1, 
respectively) we checked the, agreement of our levels with those given in fig.l of rcf. [11], 
as a test for the convergence of our expansion. Indicated in the diagram are the quantum 
numbers conserved along the fission path: the projection of the orbital angular momentum l2 
onto the symmetry axis and — for symmetrical fission — parity. Around scission, at a = 1, 
positive and negative parity levels become pairwise degenerate. 

This degeneracy is removed for asymmetric fission paths. Fig.3 gives the subset of levels 
with lz = 0 for asymmetry parameters Qj = 0.2. Beyond scission it corresponds to a mass 
split x = m\l{m\ + т г ) = 0.763. By definition we take mi > ?пг. For the parametrization 
chosen x is constant with sufficient accuracy for fixed a\ and all a > 1, i.e. beyond scission. 
Because of the assumed axial symmetry of the fissioning nucleus, only states with /z = 0 are 
involved in the dynamics if the initial state has lx = 0. Examples of correlation diagrams for 
other values of the mass split may be found in ref. [12]. 

Asymptotically, for large a values, the configuration consists of two approximately spher
ical fragments at large distance and the levels tend to the two sets of levels of the separated 
fragments. The positions of these levels and their quantum numbers are shown on the right 
margin of figs. 2 - 3 . Since the potential (1) contains no spin-orbit coupling, each level is 
twofold degenerate with respect to the spin orientation of the Л-hyperon. Beyond scission, 
for a > 1, the levels belonging to the light fragment and those of the heavy fragment may 
cross since they no longer interact with each other. This happens for the 5th and 6th levels 
in fig.3. Note that for increasing asymmetry the Is state in the light fragment and the lp 
state in the. heavy fragment eventually become degenerate and thereafter change their order 
at a\ = 0.192. This corresponds to an asymptotic mass split x = 0.755. As is seen in fig. 
2, the l2 = 0 levels rise rather steeply from the spherical ground state to the saddle shape 
or they are already higher up in the ground-state level scheme. That justifies to some extent 
our choice (i) of the initial conditions. 
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Figure 2: Correlation diagram for the Л single-particle potential along the symmetrical fission 
path. The spectroscopic classification of the levels in the (spherical) "united nucleus" and the "two-
separated (spherical) nuclei" limits are given on the left and right sides of the figure, respectively. 
Odd levels are dashed. Below each level the projection of the orbital angular momentum onto the 
symmetry axis is indicated. The fission saddle-point position is shown by an arrow on the a scale. 
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Figure 3: Correlation diagram of all bound levels with /, = 0 for an asymmetric fission path with 
a\ = 0.2. The spectroscopic classification of levels in the "united" and "separated" spherical nuclei 
limits are given in the left and right margins, respectively. Around scission (a = 1) h and II indicate 
that the state belongs mainly to the light and the heavy fragment, respectively. 
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3 Non-adiabatic effects 
The solution to cq,(3) for the three velocities specified above behaves smoothly in the entire 
interval of time considered with the exception of the close vicinities of avoided crossings. 
For the initial conditions considered the numerous avoided crossings of the higher levels play 
no significant role because of the smallncss of the corresponding components of the solution 
Cn(l). So, only the fission path between saddle and scission points, especially Its second half, 
is significant for the asymptotic structure of the solution. The cn(t) do not become constant 
beyond scission because of the transnational motion and the gradual relaxation of the shape 
of the fission fragments towards a sphere beyond scission. But the physically important 
attachment probability to the heavier fragment 

Л(а)= £ |*(а)|» (4) 
nelleavy Fragment 

docs become constant beyond scission. Contrary to that, in the case of fission of a muonic 
atom the attachment probability of the muon to one of the fragments is mainly determined 
after the scission point, The вит in (4) is taken over all the levels which correlate to the 
heavier fragment (sec fig.3). Alternatively, the quantity 

D(a)= [ |0(f ,a(O)|8df 
JllF 

may be considered, where the integration extends over the half space to the right of the 
neck plane containing the larger one of the nascent fragments. Of course, asymptotically A 
and В coincide. Some examples of evolution of the occupation probabilities jc„(<)|2 and the 
attachment probabilities A and В may be found in rcf.[12]. 

In fig. 4 we show the asymptotic value of the attachment probability as a function of the 
mass split x for slow, moderate and fast fission. Also shown as a histogram are the efficiency-
corrected data from ref. [3]. In this plot the extreme adiabatic case would be represented by 
the point A = 0.5 for x = 0.5 and the constant value A(x) = 1 for x > 0.5. It is seen 
that standard fission dynamics along the slow fission path is rather close to the adiabatic 
case, much in contrast to the data. The latter are not even described by the curve for the 
fast fission path. We therefore have to account for features of the fission reactions considered 
here, which have not yet been taken into account in our case (i). 

The antiproton-annihilation process gives not only rise to the production of the hyperon, 
but generally deposits a large amotmt of energy in the target nucleus. The fissioning nucleus 
can therefore be expected to be rather hot. No direct experimental information is known 
about the temperature distribution of hyperonic actinides. after direct and precompound 
reactions have taken place, i.e. some 10~22 sec after the annihilation. In ref.[3] it is claimed 
that the measurement of light particles emitted after annihilation and calculations of the 
de-excitation cascade lead to an estimated excitation energy of 50 —100 MeV, corresponding 
to 1.5 — 2 MeV temperature of the fissioning compound nucleus. An upper limit for the 
temperature can be derived from the missing mass of the fragments in prompt fission events 
[15]. There is, at any rate, a broad distribution of excitation energies, E' >• Еваг- However, 
the corresponding temperatures are always lower than the fission barrier Еват-
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Figure 4: Asymptotic attachment probabilities as functions of the mass split x for three velocities d: 
small (dotted line), moderate (dashed line), and fast (solid line). The histogram shows data from [3]. 

Under these circumstances the system performs a random walk around the ground-state 
potential minimum for a long time before the fission degree of freedom happens to get suffi
cient energy from the heat bath to climb the fission barrier. As calculations by Tillack in the 
fluctuation-dissipation model of fission show [16], the distribution of ground-state-to-fission 
times is very broad and may range from some 10~21 to 10 -19 sec, whereas the saddle-to-
scission times are more sharply clustered around 2.5 • 10~21 sec. One may therefore conclude 
that a more appropriate initial condition is a thermal distribution of the Л-hyperon over the 
lowest levels at the saddle point, the earlier mentioned case (ii). For the range of temper
atures considered here this means the lowest and the first excited states at the saddle. In 
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asymmetric systems with a t < 0.192 they correlate to the lowest state in the heavy and the 
light fragments, respectively. 
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Figure 5: Asymptotic attachment probability for slow (o), moderate (Д), and fast (©) fission paths. 
Full lines with closed symbols are calculated with the first initial condition, n = 1, and dotted lines 
with open symbols — with n = 2. 

Summing up the asymptotic occupation probabilities of all levels correlating to the heavy 
fragment, we obtain the attachment probabilities A„(x) for two initial conditions: c;(a = 
0.7) = Sitn,n = 1,2, i.e. at the saddle point the system is either in the lowest state (n = 1) 
or in the first excited state (n = 2). Fig.5 shows the An{x) for all three velocities. For x < 0.6 
and small velocity the dynamics involves only the two lowest levels. With further increasing 
of x the second level moves away from the first one and the attachment probability to the 
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heavy fragment Л2 decreases, reaching a deep minimum around x = 0.63. With a still further 
increase of x the second level gels closer to the third one, which correlates, like the first one, 
to the heavy fragment, and Л2 increases. For higher velocities more states are involved in 
the dynamics and this feature is smeared out. 

The attachment probability AT for the thermal ensemble is given in terms of An by 

AT = £ Л»*"» 
П 

with the Boltzmann weight factor 

t £ = exp[(e, - en)/T}/ ^ exp[(e, - en,)/T). 
n' 

1.0 

(5) 
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Figure G: Thermal attachment probabilities AT{X,Z) vs. the mass split x for 4 values of the tem
perature T = 1.0 (dotted line with о symbols), T = 1.5 (dashed line with Д symbols), T = 2.0 
(dashed line with у symbols) and T = 2.5 (solid line with о symbols). In all cases Ae = 1.75 MeV 
and small velocity d = 0.05 MeV/h. The histogram shows data from [3]. 
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It turns out to be sufficient to retain two terms in the sums over n. Thermal attachment 
probabilities may therefore be expressed as functions of the velocity a, the mass split x and the 
parameter z — (£2 — £i)/T\ Figs.6-8 show attachment probabilities for the slow, moderate 
and fast fission paths, respectively, as functions of x and z, together with experimental data 
taken from [3]. For the slow velocity Ат[х) has a shoulder between x = 0.60 and x = 0.68 
that is a direct consequence of the deep minimum in this region of fi.%. Here only one term 
remains in the sum (5) and AT is approximately equal to wj. In the extreme adiabatic limit 
AT is equal to 0.5 for x = 0.5, to w\ for 0.5 < x < 0.755 and to 1 for x > 0.755. 

0.2 0.Д 0.6 
Fragment volume 

1.0 

Figure 7: Same as fig.6, for moderate velocity a = 0.1 MeV/h. 

As already mentioned in the preceding section, at x = 0.755 the Is state in the light fragment 
crosses the lp state in the heavy fragment (see fig.3). The deviations from the adiabatic limit 
allow, in principle, to extract a from the measured attachment probabilities. For moderate 
and fast velocities this appears to be less easy. Of course, the poor statistics of presently 
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available data does not allow to distinguish between different velocities or temperatures within 
rather wide limits. 

To convert the z values into temperatures, the level distance Де = e2 — c\ is needed.lt 
would be in the spirit of current models for fission to take the energy difference at the saddle 
point, which is about 1 MeV. However it cannot be guaranteed that the time the system 
spends around the saddle point is sufficiently long to establish thermal equilibrium also for 
the Л degree of freedom. Therefore some efFective As between the energy differences at the 
saddle configuration and the ground state, i.e. between 1.0 and 3.5 MeV, may be more 
realistic. The temperature scale therefore needs to be gauged empirically. 

0.2 0.Д 
Fragment 

Figure 8: Same as fig.6, for large velocity a = 5 MeV/h 

http://needed.lt


342 

4 Conclusions 
It was shown that the Л-attachmcnt probabilities are sensitive both to the initial conditions 
and the process of fission. To study the details of dynamics of nuclear fission one should get 
experimental information on the probability distribution of Л over its single-particle states 
in the compound nucleus in the reaction studied or to use another reaction for which the 
information about probability distribution is known beforehand. In particular, studies of new 
reactions with lower nuclear excitation energies are highly desirable. 

One of the authors (V.V.P.) acknowledges the hospitality of the Hahn-Meitner-Institut, 
where most of the research reported here has been carried out. 
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What are sensitive probes for nuclear friction in heavy-ion induced fission? 

I.I. Gontchar1 and P.Frobrich2 

Hahn-Meitncr Institut Berlin, 1000 Berlin 39, Glienicker StraCc 100, Germany 

1.Introduction 

Since the first attempts to apply Langcvin methods numerically to nuclear physics, for fusion 
of heavy ions ] ) , nuclear fission 2), and deep-inelastic heavy-ion collisions3), a large number 
of papers has been devoted to the description of nuclear dynamics with Langevin equations. 
The Langcvin method has been proven to be superior to solving the equivalent Fokker-Planck 
equation, in particular for multi-dimensional problems. For reviews see refs.',~6). 

For the description of fission of hot nuclei multi-dimensional Langevin Monte Carlo 
techniques have been used, e.g. for calculating the kinetic energy distributions of fission 
fragments7-9). Evaporation of light particles has been coupled with a continuous evapora
tion model similar to the treatment of Strumberger et al.10) to the Langevin dynamics in 
refs.11,12) in order to describe also the correlation of prescission neutron and charged-particle 
multiplicities with the kinetic energies of the fission fragments. It turns out, however, that a 
severe technical difficulty occurs if one has to follow the Langevin trajectories for very long 
times. This difficulty concerns the stability of the Langevin equations; in order to keep the 
numerical routine stable one needs very small time steps which is very time consuming. This 
means that a pure Langevin treatment in practice is restricted to systems which have reached 
a fission probability close to 100% when stopping the integration after e.g. 200000 fm/c as 
was done in ref.12). 

In order to overcome this restriction we have proposed in ref.13) to switch over from the 
Langevin dynamics to a statistical model description, when a stationary flow over the barrier 
is established after a certain delay time rj . This switching is physically reasonable because 
reaching a stationary situation means that one enters the validity regime of a statistical 
description. Later we realized14) that in order to make the combined treatment of dynamics 
and thermodynamics in a consistent way one has to introduce important modifications to 
both the conventional Langevin and the statistical model approaches of ref.13). Consistency 
is achieved by using in the improved version of the model the entropy as the crucial quantity, 
which we construct from the deformation-dependent level density parameter proposed in 
ref.16). From the entropy the driving force of the Langevin equation is derived. The entropy 
is also used in the statistical model branch of our approach by establishing a modified formula 
for the fission width also for cases for which the usual Kramers modification (multiplying the 
Bohr-Wheeler fission width by a Kramers factor as done e.g. in ref.13)) is not sufficient. This 
is done by deriving14) an expression for the fission width (for the overdamped case) which not 
only contains information on the saddle point but also on the scission point. This formula 
deviates substantially from the Kramers modification for lighter systems, where the scission 
point is close to the saddle point. The emission of light particles ( n, p, a, d) is taken into 
account by using inverse cross sections for particle emission as in ref.17), and for the giant 
dipole 7-emission a formula given by Lynn18). In the present paper we treat the particle and 
7-emission as a discrete process as was first proposed in refs.13'19). We consider this to be 
more physical than the continuous treatment of refs.10-12). 

In ref.19) we have applied the modified model already systematically to data. We have 
concentrated on the calculation of the excitation functions of prescission neutron multiplicities 

'Permanent address: Railway Engineering Institute, 644046 Omsk,'Marxa prospect 35, Russia 
2 Also Fachbereich Physik at the Freie Universitat Berlin 
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< Лрге > and fission probabilities Pj. In order to reproduce in a satisfactory way both of 
these data sets simultaneously we had to introduce a strong universal coordinate dependence 
of the reduced friction parameter / % ) . 

In the present paper we extend the investigations with our model, which combines the 
Langevin dynamics with the statistical model, to calculations of prescission charged-partiele 
and ^-multiplicities, arid to the spectra of these particles. We concentrate on the particular 
example of the 16O+20&Pb induced fission of 224T7i, because this system has been investigated 
experimentally by several authors. 

In order to make the paper selfcontained we summarize in sect.2 the relevant formulas 
and explain the standard input of the model to which we shall refer to as CDSM (Combined 
Dynamical Statistical Model). Sect. 3 is devoted to a discussion of the results of the model 
in comparison with experimental data as far as they are available. We display results for 
the fusion excitation function, the prescission multiplicities of neutrons, protons, deuterons, 
a-particlcs, and giant dipole 7-rays, and the energy spectra and the mean energies of these 
particles. We also present evaporation residue cross sections. It is also no problem to calculate 
fission time distributions and multiple chance fission yields. 

The calculations are not only made with the standard input of the model, but in order to 
obtain a feeling for the sensitivity of the different quantities on the friction coefficient we also 
compare in many cases with results for the reduced friction coefficient 0 = 20 * 102,лес-1, 
which was proposed for the interpretation of the prescission 7-spectrum measured in ref.20). 
This value of 0 is close to the reduced friction from the wall formula, see e.g. refs.21-23). 
In some cases we also compare with our own pure statistical calculations (SC), which differs 
from the conventional ones by modifying the formula for the fission width by using as input 
the entropy which is constructed from a deformation-dependent level density parameter. 
2. The input of the CDSM and relevant formulas 

In order to make the present paper selfcontained we explain in this section the standard input 
of the Combined Dynamical Statistical Model (CDSM), summarize the relevant formulas, and 
describe the logical sequence of the calculational procedure. Details of the derivations can be 
found in refs.14-19). 

We perform the trajectory calculations with the one-dimensional overdamped Langevin 
equation 

Here q is half the distance between the center of masses of the future fission fragments divided 
by the radius of the compound nucleus, M the inertia parameter, 0 = f/M the reduced 
friction coefficient, and 7 is the friction coefficient. In order to reproduce in a satisfactory 
way the excitation functions of both the prescission neutron multiplicities and the fission 
probabilities we have introduced a strong universal coordinate dependence of the reduced 
friction parameter /3(c)19). A constant 0 = 2* 1021sec~' is used from the ground state 
q = 0.375 to q = 0.6 (here the necking in starts to occur), and for larger deformation a linear 
increase of 0 is assumed up to a value of 0 = 30 * 1021aec-1 at scission (q=1.2). A qualitative 
physical explanation for the increase of the friction coefficient when the neck is developing 
would be that here the mechanism of friction is beginning to change its nature from a two-
body viscosity to a surface friction mechanism, i.e. the surface plays an increasingly important 
role when the fissioning nucleus is stretching more and more and finally the situation after 
fission looks similar to the exit channel of a deep-inelastic collision. The temperature in eq.(l) 
is denoted by T and T(t) is a fluctuating force with < T(t) >= 0 and < T(t)T(t') > = 26{t-t>). 
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The driving force of the Langcvin equation is calculated from the entropy 

S{q) = 2yja{q){E'tot-V{q)), (2) 

which is constructed from the Fermi gas expression with a liquid drop potential24) V(q) in 
the c, h, о parametrization25) (with a = 0, symmetric fission) and determining the one-
dimensional potential by following the bottom of the fission valley (overdamped motion). 
E\ol = Ecn + Q (Q is the energy release in fusion) is the total internal energy of the system. 
In constructing the entropy we use the deformation-dependent level density parameter 

a(q) = avA + a,A2/3B,(q), (3) 

where Л is the mass number, and av = 0.073 and a, = 0.095 are taken from Ignatyuk ct 
al.16). B, is the dimensionless surface area (for a sphere B, = 1) which we have parametrized 
in ref.14) by the analytical expression 

\ 0.9 
. . . + 2.844 * {q - 0.375)2 for q < 0.452 

' W ~ ' 1.983 + 0.439 * (q - 0.375) for q > 0.452 

When switching to the statistical branch of CDSM after a delay time td (we use td = 
100 * 10-21.?ec) we apply a modified formula14'19) for the fission rate R which in order to be 
consistent with the dynamical calculations also contains the entropy as the crucial quantity 
and includes besides the position of the saddle point q,a also the position of the scission point 
q>c-

H = ^^exp[S(q,d) - S(qga)) * 2(1 + cr/[(9lc - q,d)uldJM/2T})-\ (4) 

where erf(x) - 2/^/5г f£ dlexp(—t2) is the error function. The saddle point and the ground 
state positions are defined by the stationary points of the entropy and not, as in the con-
ventional approach, by the potential energy. Also the frequencies йдз = y/\S"\g,T/M and 

wS(i = JS'^T/M are now calculated from the second derivative of the entropy at the station
ary points. From this formula the influence of the scission point is clear: If the scission point 
is far away fom the saddle point the error function goes to unity. If saddle point and scission 
point coincide the error function is zero, which leads to an enhancement by a factor of two 
as compared to the situation when the scission point is far away from the saddle point. The 
well known less general expression of Kramers15) for the overdamped case is obtained from 
the equation above if the scission point is far away from the saddle point and if instead of 
the entropy the potential is used. 

The calculational procedure is the following. We start the Langevin calculations at the 
position of the ground state with the total internal energy Z?,*0, and use a spin distribution, 
calculated with the surface friction model26), as the proper weight function with respect to 
the angular momentum. As long as we are staying in the dynamical branch of the model we 
allow for the emission of light particles and giant dipole -y's in the following way. We calculate 
at each Langevin time step r the decay widths r„(i/=n,p,a,d,7) by using inverse cross section 
formulas as In ref.17) and for the giant dipole 7-width the formula given in rcf.18). Then the 
emission of a particle is allowed by asking along the trajectory at each time step whether the 
ratio of the Langevin time step r to the particle decay time rpor( is larger than a random 
number £: T/Tpart > cT (0 < £ < UTpart - й/Г«>(, where Г(0( = Х^Г^). If this is the case a 
particle is emitted and we ask for the kind of the particle v by a Monte Carlo selection with 
the weights Tv/Ttot. This procedure simulates the law for radioactive decay for the different 
particles. After each emission act of a particle of kind и the energy of the emitted particle is 
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calculated by a hit and miss Monte Carlo procedure and the intrinsic excitation energy, the 
potential, and the temperature in the Langevin calculation are recalculated and the dynamics 
is continued. The loss of angular momentum is taken into acccunt only in a rough way, by 
assuming that a neutron carries away lft, a proton 1ft, an a-particle 2ft, a dcutcron 2ft , 
and a 7 lft. These values correspond to an upper estimate of standard statistical model 
calculations27). A dynamical trajectory will either reach the scission point, in this case it 
is counted as a fission event; or if the intrinsic excitation energy E* = E*ol — V(q) for a 
trajectory still inside the saddle (q < q,j) reaches a value E" < min(B„,Bj) (Bn is the 
neutron binding energy and Bj is the fission barrier) the event is counted as evaporation 
residue event. We do not follow the subsequent cooling of the evaporation residues which 
proceeds exclusively by 7-ray emission. 

If the Langevin trajectory has not fissioned and has not been counted as evaporation 
residue event when the time t = Ц is readied and the difference in the entropies at saddle 
and ground state is above a certain value of the entropy SSTAT'-

(S{qa.) - S(q,d)) > SSTAT, (5) 

we enter the statistical branch of the model. If this equation is not fulfilled we continue the 
dynamical calculation. The actual values for the delay time tj and the critical value for the 
entropy SSTAT a r e '<* = Ю0 * 10_21sec and SSTAT = 2. The precise value of SSTAT is not 
important as long as id is large enough. 

When entering the statistical branch we calculate the decay widths Г„ again according to 
refs.17'18) and the fission width Г/ = hR according to eq.(4) and use a standard Monte Carlo 
cascade procedure which allows for multiple emissions of light particles and higher chance 
fission. After each emission act we again recalculate the intrinsic energy and the angular 
momentum, and continue the cascade until the intrinsic energy is E* < min(Bn, Bj). In this 
case we count the event as evaporation residue and do not follow the deexcitation process 
further. 

All physical quantities can now be calculated by counting the numbers of the correspond
ing events. 

3. Results of the calculations and comparison with experiment 

In this section we essentially report on results concerning the 1б0 +208 Pb induced fission of 
22477i. 

3.1. The fission cross section 
In order to calculate all the observables discussed in the introduction one has to start, 

as we have mentioned, the Langevin trajectories with a spin distribution (as weight function 
with respect to the angular momentum), which has to be consistent with the measured fusion 
cross section in order to have the correct normalization. For this purpose we have applied 
the surface friction model26). In fig. 1 we compare the experimental fission cross section of 
refs.28-31) with the result of sampling surface friction trajectories. The amount of agreement 
can be judged from inspecting the figure. The spin distributions are calculated simultaneously, 
and we fit them to the form 

2я- 2Н-1 
ff(/) = FTwW (6) 

which is used as the angular momentum weight function with which the Langevin calculations 
are started. 
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3.2. Particle and 7-spectra 

In the present paper we concentrate mainly on the properties of light particles and gi
ant dipole 7-rays which are emitted during the fission process. Therefore we show as first 
illustrative example in fig.2 results of calculations with CDSM with the standard parameter 
set (SPS) for energy spectra of neutrons, protons, a-particles, and giant-dipole 7 quanta 
normalized to the number of fission events for the 1 60 +208 Pb system at 140 MeV. 

if] 
I— 

~ 1 
. . 1 

1 »J » ! 1 1 

n 
10 

r -
1 1 1 
t * 1 

' 1 ' 

. . 1 . . . . 

" 1 • ' ', ' 1 ' ' ' " • r - i 

l f 104 
1 

1 

ri, P 
f "L! 1 ° 3 
• t 

i t : v . . 
• • • 1 * 
1 • • 1 ; 

* ; ' -
' i 1 • 

1 
i 
i 
i 
i 
i 

i a . 
14103 
i ",'1 

i ! ! 
j 1 1 
i ! ' - ! 

_.i ! ! 
i ' ' • -
j i i 
i i "._. ' 

- i . . , . , . '1 , , , , 

0 5 10 

Fig.2: pre 

15 20 25 30 
(MeV) 

The figure shows calculated prescission neutron, giant dipole 7, proton, and a-particle spec
tra normalized to the number of fission events for the 1 60 +2 0 8 Pb -»224 Th system at 

http://_l-U.J_i_lj.lJ
http://J-LJ.lt


349 
Etab - UOMcV. Ли ie indicated in the figure the spectra arc multiplied by factors of 
10, Ю4,10я, 10" for tho respective particles. The vertical lines correspond to tlio mean ener
gies of tho emitted particles. 

After Integration over the particle energies one obtains tlie corresponding prcscission 
particle and 7-multlplicltlee. Tho thresholds for the proton and a-partlclc omission in the 
figure reflect the corresponding Coulomb barriers. 
3.3. Prcsclsslon neutron multiplicities 

Next we compare calculations with the experimental data93'33) for prcsclssion neutron 
/>iulliplicili/!k < Hpre > which &f« usually tomldefed as the main Indicators fof the importance 
of frictional efTects in nuclear fission. In fig.3a we repeat the results for < Пргв > with 
CDSM with tho standard input for tho ieO +208 Pb system which wo have already shown in 
rof.1D). Tlio importance of friction is clearly demonstrated by the failure of a pure statistical 
calculation (SC). This is close to a standard statistical model calculation except that we use 
-as mentioned above- a modified formula for the fission width with the entropy constructed 
from a deformation-dependent level density10) as an Input, 

Г / ^ с х р ^ - З Д (7) 

Л new result is entered in fig,3b where the result of a calculation with CDSM is shown with 
the constant reduced friction parameter 0 = 20 • 1021лее-1 of rcf.20) (which is close to a wall 
formula value21"23)). This also leads to a reasonable description of the neutron multiplicity 
data (with the exception of the data point at the highest energy). The two calculations 
differ with respect to tho (not measured) contributions to < npre > which are also shown in 
the figures: With the standard parameter set (SPS) the ground-state-to-saddle contribution 
< n3, > saturates at a comparable low excitation energy and the observed steep rise of 
< прге > is completely due to the saddle-to-scission contribution < n„, > (fig.3a). For the 
reduced friction 0 = 20* 1021aec-1 the ground-state-to-saddle contribution < ng, > is still 
dominant at high energies (fig.3b). 

from looking at the results for the neutron multiplicities we conclude that they alone 
do not allow to discriminate between the two different versions for the reduced friction used 
above. Before wc enter the discussion of more sensitive probes ^-multiplicities and evapora
tion residue cross sections) we proceed with discussing properties of light particles evaporated 
during the fission process. 

It has been argued that the spectra of prescission neutrons are a source of independent 
information on nuclear dynamics34). We have calculated the energy spectrum of the neutrons 
which has been measured by Rossner ct al.32). The authors fitted their results with a Watt 
spectrum 

dN F1I2 f 
' "C£ = ZHSLi exv(- f") (81 

and extracted a parameter Трте = 1.7 ± O.lMeV. The corresponding spectra for ieO +208 

Pb _•«•« ffr a t £/ab _ \2SMeV are shown in fig. 4a by the dashed and the dashed dotted 
lines. Our calculation with CDSM (histogram) is in complete agreement. 

In fig.4b we compare the measured mean prescission neutron energies as function of the 
total internal energy E'ol with results of CDSM with the standard parameter set (SPS), 
with a CDSM calculation with 0 = 20 * 1021sec-1 and with our statistical calculation (SC). 
The results are not very different. From the figure we learn that the mean prescission neu
tron energy is до! a very sensitive probe for dynamical (friction) effects in nuclear fission. 

file:///2SMeV


350 
Eub=128MeV 
N„„=95662 

— hirtog.:SPS 
-Тртв=1.бМоУ 
--Tpresl.8MeV 

• J . l . l l l l . >.l,l II II. *• 1 - . . ^ i . 

2 4 6 8 10 12 
£ npre (MeV) 

100 140 180 
Fig.3: Efot (MeV) 
a)Expcrimcntal data32,33) for prcscission 
neutron multiplicities < npre > for the 
l e 0 +208 Pb -,™ Th as function of the 
total internal energy E;ol are compared 
with a calculation with CDSM with the 
standard parameter set SPS (thick solid 
line). The dashed-dotted and dashed lines 
give the saddle-to-scission (ss) and the 
ground-slate-to-saddle (gs) contributions 
to < 7ipre >. Our statistical calculation 
(SC, thin solid line) is also shown. 
b)The same as fig.3a except that the cal
culations with CDSM are done for a re
duced friction 0 = 20 * 1021 sec'1, as pro
posed by ref.20). 

3.4. Prescission charged-particle multiplicities 
Next we turn to prescission charged-particle (proton, deuteron, o-particle) multiplicities 

in order to sec whether one gets some information on nuclear dynamics from them. The 
situation here seems to be quite controversal; e.g. Ikezoe et al.35) claim that one does not 
need friction at all to reproduce the experimental data, whereas Lestone et al.36) need delay 
times due to frictional effects to reproduce their data. 

In the following figures 5a,b and 6a,b we compare calculated prescission charged-particle 
multiplicities with the data of Ikezoe et al.35) which are at low energies and for the 19F+20aPb 
system (which is slightly different from the ыО+шРЬ system), and there is also a data point 
at higher energies from Vaz et al.37) for the l eO +208 Pb system. We find that the situation 
is similar as for the neutron multiplicities. Our statistical calculation (SC) clearly underesti
mates the data in particular at high energy. The prescission proton multiplicities calculated 
with CDSM with the standard parameter set (fig.5a) are practically not distinguishable from 
the result with /3 = 20 * 102,sec-1 (fig.5b). Only the role of the (not measured) ground-

Fig."; 2 0 6 0 1 0 0 1 4 0 
a)Calculated Efot (MeV) 
(SPS) energy spectra of prescission neu
trons (histogram) emitted from (Ejab = 
№McV)leO +208 Pb -+™ Th are com
pared with the data32) which have been 
fitted with a Watt spectrum with a tem
perature parameter Tpte = 1.7 ± O.lMcV. 
The dashed and dashed-dottcd curves cor
respond to Tprf = I.8M0V and Tpre = 
l.GMeV. 
b)Measured32'33) mean neutron energies 
< *nPr, >(open circles) arc compared with 
SPS calculations (thick solid line), the sta
tistical calculation (SC, thin solid line), 
and with 0 - 20* 102Ieec_1 (dotted line). 
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state-to-saddlc and saddle-to-scission contributions to the multiplicities (also displayed in 
the figures) are different. The same remarks are true for the corresponding o-particle multi
plicities (figs.fja.b). The agreement of the calculations with the data is not perfect, it certainly 
could be improved at low energies by changing the Coulomb barriers of tho charged particles 
slightly, but this is not our purpose. Taking Into account prccqullibrium particle emission at 
the highest energy would shift the experimental points in the direction of smaller excitation 
energy in better agreement with the calculations. We have also calculated the prcscission 
deutcron multiplicity < dprt >. It is for Еыь = 216 McV 0.037 and 0.0IM for the standard 
parameter set and for ft = 20 * J02I*cc_I, respectively. The experimental value of rcf.37) is 
0.030 ±0.01. 

We conclude that friction is needed for describing the prcscission charged-particle mul
tiplicities, in particular at high energy. Dut, as for the neutron multiplicities, the data 
are not sensitive enough to distinguish between the different versions of friction wc used. 

0.20 [ _v „ „ „ ' J r 1 0.20 

V й 5 

ao.io 
V0.05 

0.00 
0.20 

ло0.15 
M 

80.10 
v 

0.05 
0.00 

b)P = 

Ф 

=20*1021 sec-l 

/ / ' 

ф / ? ' > ^ 
^ ^ $ и - ^ . / 

i 

J/ 

.' / и 
/ 

1 / 

• 

, 
20 180 20 60 100 140 

Efot (MeV) 
180 

Fig.6: 
a)The same as fig.5a but for the prescis-
sion o-particle multiplicities < apre >. 
b)The same as fig.5b but for the prescis-
sion a-particle multiplicities < opre >. 
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Flg.5: 
a) Measured (squares: ref.35), triangle: 
ref.37)) prescission proton multiplicities 
< Ppre > are compared with the results of 
different calculations. All the notations 
are as in fig.3a. 
b)The same as fig.5a, but the calculations 
are done in the framework of CDSM with 
/3 = 20* 102laec_1. 
3.5. Prescission giant dipole 7-multiplicities 

We now discuss prescission giant dipole 7-multiplicities and 7-spectra. Although there 
are data on giant dipole 7-spectra in coincidence with fission20) it is impossible to extract 
from the published work a curve for the experimental prescission 7-spectra and we found no 
information on prescission 7-multiplicities there. Therefore we refer in the discussion to a 
private communication38) from which this information is available from a theoretical analysis 
which the authors of ref.20) did in order to describe their data. Values for the prescission 
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7-multipllcitlcs seem only be available from this theoretical analysis and not directly from 
experiment. The aim of our calculations is to check the claim of ref,20) that 7-data are very 
sensitive probes for the action of nuclear friction In fission. 

In the calculations we use the standard expression18) for the decay rate of the giant dipole 
with global Input parameters for the position Ea — 80//i'/3MoV and width Го = 5MeV of 
the giant resonance. Again we compare calculations for the prcscission ^-multiplicities with 
CDSM with the standard parameter set (fig. 7a), and with the Stony Brook20) parameter 
P = 20 * 1021acc~! (fig.7b), Wc also enter in the figures results of our statistical calculations 
(SC). 

The calculated multiplicities differ for the various versions of friction by factors 7 to 2 
depending on the available excitation energy, The biggest difference is at low excitation 
energies, where no measurements exist. Dut also at higher excitation energies prcscission 
7-multiplicities are a sensitive probe for friction in nuclear fission. At the total internal 
energy E\„i = 83 MeV corresponding to Еиъ = 140MeV of the Stony Brook20) data the 
difference of the calculations is about a factor of three (compare figs.7a and 7b). This is 
definitely a larger difference than in the corresponding discussions for the prescission neutron 
and charged-particle multiplicities. Another difference in the analysis is the role played by 
the ground-state-to-saddle (gs) and the saddle-to-scission (ss) contributions to the prcscission 
7-multiplicitics < ypre > for the calculations with friction, which are also entered in figs.7a,b. 
We have entered in figs. 7a,b also the prescission 7-multiplicity (triangle down) which we 
have extracted from the calculated spectrum for E\a\, = 140 MeV of ref.38). This multiplicity 
agrees with our theoretical value for CDSM with the standard parameter set, but not with 
that of CDSM with (3 = 20 * 102,лес-1. The ground-state-to-saddle contribution (triangle 
up) is* much larger than the saddle-to-scission contribution (open square) in the analysis 
according to ref.38), whereas our results in fig.7a predict that the gs and ss contributions 
to < v^pr, > are of comparable size for the considered energy. Because of this conflicting 
situation it would be extremely useful to have direct (without a theoretical model analysis) 
experimental information on the prescission 7-multiplicities in order to discriminate between 
the different versions of friction. A hint that strong frictional effects may play a role during 
the descent from saddle to scission even in spontaneous fission might be connected with the 
observed properties of 7-quanta in the fission of 252Cf, see ref.39). 

For Eiab = HOMeV of ref.20) we show in fig.8 the calculated prescission 7-spectra in
cluding in addition the result of our statistical calculation (SC). The influence of friction is 
clearly demonstrated. Our CDSM calculations look similar at higher energies independent 
of the friction parameters. They are however somewhat different from the model analysis of 
ref.38): At higher energies we are somewhat above their curve, whereas at low energies we 
are with the standard parameter set somewhat below their curve, but definitely above their 
curve when comparing with CDSM with ft = 20 * 1021aec_1. 

The discussion above shows that the analysis of prescission giant dipole 7-spectra, and in 
particular the prescission 7-multiplicities, and also of the mean energies < £-,prc > allow to 
distinguish clearly between the calculations with the different versions of friction; therefore a 
more detailed direct comparison with the data would be extremely interesting. 

The reason why we prefer the standard input of CDSM as compared to /3 = 20* 1021 sec~x 

is connected with the analysis of the evaporation residue cross sections which favors the CDSM 
standard parameter set. 
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Fig.7: Efot (MeV) 
a) Calculated (CDSM with the standard pa
rameter set SPS) prescission 7-multiplicities 
< fpre > as a function of £,*0( are pre
sented for the 1вО +208 Pb -*"* Th system 
together with the saddle-to-scission (ss) and 
the ground-state-to-saddle (gs) contributions 
to < 7рте >. A statistical calculation (SC) is 
also shown. 
b)The same as in figJa, except that the 
CDSM calculation is performed with 0 = 
20*10" sec"1 . 
In both figures we have entered the prescis
sion neutron multiplicity (triangle down), 
and their gs (triangle up) and ss contribu
tion (open square) according to ref.38) at at 
Efot — 83 MeV which corresponds to £(oA = 
140 MeV. 
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Fig.8: 
Calculated prcscission 7 spectra with 
CDSM for the standard parameter set 
(SPS), with CDSM and 0 = 20 • 

see' , for the statistical model (SC), 
and that of ref.38) (Stony Brook). 

3.6. Evaporation residue cross sections 
A reliable analysis of experimental data has, however, not only to reproduce the prescission 

particle and 7-multiplicities but simultaneously also the fission probabilities Pj (fission cross 
section divided by the complete fusion cross section) or alternatively the evaporation residue 
(survival) probabilities 1 - Pj or the corresponding cross sections. 

Specifying the standard paramer set (SPS) of CDSM in our previous work19) allowed the 
simultaneous reproduction of excitation functions of measured prescission neutron multiplic
ities and fission probabilities for systems in a wide range of the fissility parameter. 

For the О + Pb system evaporation residue cross sections are measured30'40) at low 
energies, those of ref.40) are a factor of three larger. This shows that the experimental situa
tion is not clear, and more precise measurements of evaporation residue cross sections would 
be desirable. In ref.19) only the data of ref.30) were available to us. This is the only case 
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where our calculations'0) deviate from tiie data for systems with different fissilitics. Now we 
compare in fig.9 various calculations with the data not only of ref.30) but also with those of 
rof.'w'. Our calculation with CDSM and the standard parameters is above the data of rcf.30) 
hut agrees quite well with those of ref. 4 0). Л calculation with CDSM with ft = 20* 1021 лес-1 

is well above the data of ref.'10) and nearly two orders of magnitude above the data of rcf.30). 
In the figure we also include results of calculations (triangles down) of the data analysis of 
ref.20) for ft = 20 * 102,sec-' and ft = 0,2 * 102,acc_1 . The first value is compatible with 
the prescission 7-spPctrum but apparently incompatible with the evaporation residue cross 
section, whereas will» the second value the opposite is true. 

20 60 100 140 180 
Efot (MeV) 

Fig.9: 
Measured30) (open diamonds) and40) (closed diamonds) evaporation residue cross sections 
OER are compared with calculations with CDSM with SPS (thick solid curves), with 
ft = 20 * 102,sec-1 (dotted curves), and with the statistical model (SC, thin solid curves). 
The contributions of the neutrons to CTER alone correspond to the downward going curves 
{J2axn}- The neutrons dominate at low energy, whereas at high energies the cross section 
is determined by charged-particle evaporation. Inserted in the figure are also cross sec
tions from the theoretical analysis of ref.20) (triangles down) with ft = 20 * 102 ,sec_] or 
0.2* 1021scc~1,respectively. 

We have included in fig.9 the evaporation residue cross section coming from neutron emission 
alone. It is interesting to note that the high-energy part of the spectrum is due to charged-
particle emission and seems even to rise slowly with excitation energy. The reason for that is 
that after the emission of some charged particles the daughter nuclei become less fissile and 
survive with higher probability. This mechanism works more successful for higher excitation 
energy because of the reduced role of the Coulomb barrier. An experimental finding like 
this is reported in ref.41) for the not so different Ne+Au system. A large evaporation cross 
section (not compatible with a usual statistical model calculation) is reported also in ref.42) 
at considerably higher excitation energies. 



3.7. Fission times 3 5 5 
Our calculations show that moan fission times are with the standard set of parameters 

of the order of 10~21.scc, whereas they arc nearly two orders of magnitude larger for /? = 
20+ I02lscc-1. It was shown recently43) that the long lifetime fission component, which can be 
measured by crystal blocking techniques (sec c.g, rcf.21)), can be used as a very sensitive test 
for the friction strength of compact fission configurations in very heavy compound systems. 
4.Conclusions 

Wc have investigated with a model which combines Langevin Fluctuation Dissipation Dynam
ics with a statistical model with a modified fission width, which wc call CDSM (Combined Dy
namical Statistical Model), the influence of friction on prescission neutron, charged-particle, 
and 7-multiplicities, on the energy spectra of these particles, on fission-time distributions, 
and on evaporation and fission cross sections. The reaction 1 60 +208 Pb -+224 Th was used 
as an example. 

We have applied CDSM with a standard set of parameters using a coordinate dependent 
reduced friction Р(д), the introduction of which has been shown before19) to be necessary in 
order to reproduce simultaneously excitation functions of neutron multiplicities and fission 
(respectively survival) probabilities. In the present paper we have also compared with results 
of CDSM with the constant reduced friction value of/3 = 20 * 1021acc-1 which the authors 
of ref.20) claim to be necessary to reproduce their measured prescission 7-spcctra for the 
1вО+208РЬ —>224 Th system. With this input one fails definitely to reproduce the evaporation 
residue cross section for the same system. The latter value for /3 is very close to that of the 
wall formula, see c.g. refs.21""23), and we have shown already in ref.19), that this value docs 
not allow to reproduce systematically fission (or survival) probabilities simultaneously with 
neutron multiplicities. In order to get information on the importance of dynamical (friction) 
effects we also compared in many cases with our own version of a pure statistical code. It 
differs from the usual ones only in the expression for the fission width which is expressed in 
terms of the entropy (not the potential) which is constructed from the coordinate-dependent 
level density of ref.16). 

An important finding is that neutron, proton, and a-particle multiplicities and also the 
energy spectra of these particles are iwt very sensitive to the friction parameters we have used. 
However, it is clear that one needs friction and a dynamical description for the reproduction 
of data for these quantities because the pure statistical model code fails to describe the data. 

As one important result we showed that 7-multiplicities, not the spectra are by far more 
sensitive probes for nuclear friction in fission than the particle multiplicities. Because the 
emission of 7-quanta is a weak mode (it also does not change masses and charges of the 
fissioning system), it is in principle a really 'good probe' for investigating the dynamics in 
fission. Unfortunately there seems to be no direct experimental information on the value of 
the prescission 7-multiplicities. Therefore one has to rely on theoretical model analyses for 
this quantity. We have confirmed our former conclusion19) that evaporation residue cross 
sections give restrictions for possible /3-valucs, and seem to be even more sensitive probes for 
friction than 7-rays. In particular it has been found that the evaporation residue cross section 
obtained in the analysis of ref.20), where /3 = 20 * 1021sec-1 has been used, is incompatible 
with the experimental data of refs.30) and 4 0). This value of fi yields an order of magnitude 
too large evaporation residue cross sections, whereas CDSM with the standard parameter set 
reproduces not only the evaporation residue cross section of the 1 60 +208 РЬ-system reported 
in ref.40) (the data of ref.30) are a factor of 3 smaller), but is also in agreement with fission 
and survival probabilities for other systems19). The situation shows that it would be not only 
very important to have direct experimental information on the prescission 7-multiplicities, 
but also to have more precise measurements of evaporation residue cross sections. This would 
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help to discriminate between the different versions of friction used in the analysis of fission 
data. 

At higher excitation energies evaporation residue cross sections are dominated by charged-
particle emission and do not decrease rapidly, as recent data41*42) show, with increasing 
energy. Our calculations are in qualitative agreement with this experimental finding. 

Also the calculated fission times are fairly different for the different versions of friction 
we used. If these times would be measured, e.g. by crystal blocking techniques, they would 
also be a sensitive probe for the strength of nuclear friction, as was proposed in ref.43). 

An important point we want to make is that theoretical models should not try to calculate 
only one of the measured quantities, but they should try to reproduce data for all the quanti
ties discussed above simultaneously. The main message of the paper is that prescission giant 
dipole 7-multiplicities and spectra, and evaporation residue cross sections are more sensitive 
probes for identifying frictional effects in nuclear fission than neutron and charged-particle 
multiplicities and their spectra. 
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Clustering aspects of heavy nuclei deformation process 

Yu. V. Pyatkov.R.A.Shehmametiev,A. I.Slyusarenko,A. A.Naletov 

Moscow Engineering Physics Institute 

The consistently cluster model was suggested in [1] to des

cribe the deformation process for actinide nuclei at the descent 

from fission barrier. In the frameworks of this model the irre

versible elongation of the fissile system, described by the 

shell-model wave function, is supposed to combine with the pro

cess of probabilistic clusterization. This clusterization may 

take place at the bifurcation points determined by the energy 

conservation law and the spectroscopic factor and results into 

two big highly-coupled clusters (lines B,C,K and B',C',K' of the 

shell corrections map [2]) and a light neck fragment. For instan

ce if the U system has clusterized into Sn+Ge, the nucleons which 

are equivalent to Z4ioNe don't form such a nuclei until the big 

clusters are at the necessary distance to make the "insertion" of 

the Ne cluster between them possible from the geometric and ener

gy factors. Before this moment, these 10 protons with 14 neutrons 

appear to form a kind of plasma of light He clusters, nucleon 

pairs etc. The composition of such plasma give rise to odd-even 

effect in cold fragmentation yields. After condensation of neck 

nucleons into Ne nucleus, it is stretched by the rebelling big 

clusters until it decomposes into He clusters, alpha, tritons 

plus remainder, in analogy to Ikeda's rule [3]. The fragmentation 

of Ne is the reason for the system scission in this fissile chan

nel. 

The forming mechanism for valley in question is explained in 

Fig. l.In Fig la the schematic chart of the neck nuclei potential 

energy is shown as a function of deformation for different temper 

rature. The horizontal line shows the excitation energy value 

when the clusterization of the light nuclei starts. This process 

seems to take place not only at prolate deformation, as stated in 

[3], but at oblate deformations too. The fissile system configu

rations for the valley with two large spherical clusters corres

ponding to the different states of the neck nuclei are shown un

der Fig. la, while the kinetic energy distributions for the frag

ment with.Z from this valley are shown in Fig. lb. 
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Fig. 1 General scfteme of heavy nuclei deformation process. 
Fcr d e t a i l s see text . 

The recent experimental data, obtained in our experiments a t 
MEPhl's spectrometer [ 4 ] , seem to confirm such an approach. As 
was shown previously in [5] the sh i f t of the center of i so top ica l 
d i s t r i b u t i o n p(A/Z) a s a function of the fragment k i n e t i c energy 
or t o t a l k i n e t i c energy co r r e l a t e s well with mean number of neut
rons, emitted by the fragment with nuclear charge 2 and energy E. 
The s lopes of the curves p(A/Z) towards energy axis for the char
ges of t he l i g h t mass peak for 235U(n ,f) react ion are presented 
in Fig. 2 . One can identify two groups of fragments with approxi
mately equal s lopes: for Z=34-36,42 and for Z=38-40. The charges 
37,41 seem t o be a mixture of t h i s groups. The slops for z=3 2,3 3 
are very w e a k . I t ' s corresponded to "0" neutron m u l t i p l i c i t y . As a 
slope of the curve p(A/Z) i s proport ional to the s t i f fnes s of the 
fragment two groups of charges mentioned above form two indepen
dent va l leys the f i r s t one with soSn and 32Ge as big spher ica l 
c lus t e r s and the second with deformed заБг and spher ica l эгТевг. 
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This point of view is confirmed by two-dimensional plot 
fig.3, where dispersion D[p(A/Z)] of isotopical distributions is 
shown (six discret levels) as a function of charge and kinetic 
energy of the fragment. High dispersion values in the charge ran
ge 37 - 41 seem to be connected with different charge-neutron 
ratio in "Sn" and "Те" valleys. 
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Abstract 

A long-lived (31 year) four-quasiparticle isomer *7В"ЧШ (I, Kff= 16, 16+) was produced in 
microweight quantities using the nuclear reaction 1TeYb(*He, 2n). Methods of precision chemistry 
and mass-separation for the purification of the produced Hf material have been developed. Thin 
targets of isomeric hafnium-178 were prepared and irradiated by neutron and bremsstrahlung 
(luxes. First results on nuclear reaction on a high-spin exotic target were obtained using an 
activation technique. The high-spin isomeric state l79"4Hf was populated in (n,7)-reaction on 
I78mjllf. The upper limit of the 177mjHf isomer yield in the (7,n)-reaction was determined, too. 

1. INTRODUCTION 
During the last few years an intensive development of radioactive beam facilities has been taking 
place for the investigation of nuclear reactions and properties of radioactive nuclei by "in-beam" 
nuclear spectroscopic methods. At the same time radioactive target technique in many cases has 
advantages connected with a possibility to use traditional methods and earlier built experimental 
set-ups. In this case, of course, there are some limitations for the isotope's life-time and conse
quently the experiments of this type have been carried out with targets of actinides and of some 
other isotopes close to stability. One can cite here recent experiments on the nuclear level spec
troscopy using the method of the Coulomb excitation of such radioactive isotopes as 226Ra and 
531 Pa. 

Several years ago an idea [1] was suggested to use the long-lived isomer of 178m2jjf ^ a high-
spin nuclear target. This nucleus is described in the literature as a four-quasiparticle deformation-
aligned yrast trap with K=16 and identified with the shell model configuration (ir7/2+, 7г9/2~, 
i/7/2~, i/9/2+). Hence, the 178mjHf isomer can be interpreted as an exotic in structure nucleus. 
Besides, its spin 1=16 is much higher than that of all usually used target nuclei. Thus, a 178maHf 
target opens a new approach to future studies in the field of nuclear reactions with high-spin 
partners. Some light can be thrown on the structure hindrances in nuclear reactions, K-quantum 
number violation at high excitations and so on. 

2. PRODUCTION 
The creation of a 178maHf target made it necessary to solve a number of problems: 

• the choice of the producing reaction which is optimum with respect to both the absolute 
yield of accumulated nuclei and the isomeric to ground state ratio value; 

• intensive long irradiations to accumulate a microweight quantity of the isomer; 

• development of precision methods of radiochemistry and mass-separation to ensure the high 
purity of the 178Hf nuclide both from other isotopes of Hf and from ballast elements; 



• usage of pure materials and mcthodo of purity control for the successful solution of the above 
task; 

• the technology of application and control of thin uniform layers of hafnium on carbon foils 
for the creation of targets which remain stable on beams of charged particles. 

2.1. The choice of producing reactions. 
For the production of high-spin nuclei one has to use heavy particles ensuring a large enough angular 
momentum of reaction products. The cross section and the excitation function of the reaction 
17flYb(4He,2n),78mjHf has been measured in detail. A stack of 176Yb targets (96% enrichment) was 
irradiated on the Alma-Ata cyclotron. The cross section of the isomer formation was determined 
by the 7-activity. The results are presented in fig.l. 

Like it has been expected the isomer ex
citation function is shifted by approximately 
3 MeV to the right from the calculated ex
citation function for the 178Hf nucleus in the 
ground state. The isomeric ratio grows with 
the energy of 4Hc ions and reaches saturation 
on the level of 0.07-0.08. The optimum en
ergy interval is the one from 28 to 36 MeV, 
where the absolute cross section of the iso
mer formation is maximum and the isomeric 
ratio («0.05) is not small yet. The yield of 
178mjHf in some reactions was observed in refs. 
[2, 3, 4, 5j. 

It is known from ref.[2] that the proba
bility of i7*»n»IIf formation at the capture of 
thermal neutrons is rather low и 10"9. In 
the reaction t81Ta(p,a) an isomeric ratio of 
« 10"3 - 10"2 has been achieved (3, 4). We 
have made an attempt to determine the isomer 
yield at the irradiation of natural Hf with the 
7-quantaof the bremsstrahlung spectrum with 
Emax = 24 MeV and have obtained an esti
mate of the isomeric ratio on the level of 10"5. 
In fig.2 the known data are systemized versus 
the maximum angular momenta of bombard-

Fig. 1. Cross-sections for ™ H f andl78m*Hf pro- ing particles. With the increase of I m e t a reg-
duction and the isomeric to ground-state ratio ver- ular growth of the isomeric ratio is observed. 
sus the energy of 4He incident ions on the mYb Looking at fig.2 one could expect that the iso-
target. Horizontal error bars correspond to the en- m e r i c r a t i 0 should be rather high, » 0.3 in 
ergy loss in the targets. reactions with heavy ions of the type of l l D, 
12C. Consequently, the excitation functions of radioactive products in the reaction , 2C+ l 7 0Er have 
been measured. They are shown in fig.3. It turns out that the absolute cross section of 178m*Hf 
formation in the reaction 170Er(12C,a) is noticeably lower than in the reaction 176Yb(4He,2n) 
because of a lower probability of the charged particle emission as compared with neutrons. Since 
178Hf is a nucleus close to the /3-stability line, when using heavy ions, it is impossible to find 
a reaction with no charged particle emission. Taking account of the maximum target thickness, 
beam power limitations and etc., one can make a conclusion that the absolute yield of 178mallf on 
a heavy ion beam will be substantially lower than in the case of 4He ions. Bearing this in mind we 
have chosen the producing reaction l76Yb(4He,2n) in the ion energy interval from 28 to 36 MeV. 

Ett,MeV 
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Fig. 2. Isomeric to ground state ratio 
(ПатЧц/178, Hrj as a junction 0f tne incident 
particle maximum angular momentum. Litera
ture data /2-5/ points arc labelled as a), b), c). 

2.2. Producing runs. 
For the production of 178m3Hf isomer in the 
amount of hundreds of nauogramms, the 
FLNR U-2O0 cyclotron has been modified 
for operation in the mode of an intensive a-
particle beam. The plasma-type ion source, 
the ion optics of the cyclotron center, the bi
ological shielding against the cyclotron radia
tion and the elements of the beam extraction 
system using a stripper have been subjected 
to modifying. As a result of this the internal 
beam intensity on the final radius has reached 
150 ;iA of 4 H c + , and the extraction coeffi
cient — about 50%. One could obtain on 
the target up to 150 цА of 4 H e + + ions with 
an energy of 36 McV. This corresponds to 
the thermal power of about 3 k\V and brings 
about a serious problem of removing the heat 
from the target. A water cooled inclined tar
get has been chosen and two schemed designs 
of it are presented in fig.4. In the first of 
them a layer of 1 7 6УЬ 20з is pressed into an 
Al backing and in the second — the layer is 
applied via painting layer by layer the 176Yb 

178m2i HI 

«0 50 Bi ю 70 80 90 Ю0 
EL ,MeV 

Fig. 3. Excitation functions for radioactive 
isotopes produced in the reaction 12C+U0Er. 
The channels are specified in the plot. 
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Fig. 4. Sketch of the 176 Yb target construc
tions resistant to the high-intensity AIIe ion 
beam, variants a) and b). 
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nitrate solution on a bimetallic backing and heating it. The latter was manufactured by means of 
diffusion welding of a 200 /* Al foil to a copper plate. Aluminium is to decrease the activation of the 
target due to the intensive beam and copper is to ameliorate the heat transfer. The second variant 
of technology can be also accomplished by pressing down for the better mechanical properties of 
the layer. Targets of these designs could resist the 4He++ ion current up to 100 /zA, although there 
were observed certain losses of the ,76УЬ20з target material during long irradiation runs. The 
effective beam time used for the production of the 178mjHf in the course of 2.5 years totals about 
2700 hrs. All in all more than 1.2.1015 atoms of the isomer, i.e. about 400 ng have been produced. 

2.3. Radio chemistry and mass-separation. 
The reaction 4He+176Yb produces, of course, not only гтя"»Ш but also some other hafnium iso
topes, for example 178«Hf in the amount of 20-j-l. The number of 177IIf nuclei is also great and 
other isotopes are produced in less quantities. The task of creating a target from ,78m»Hf makes it 
necessary to maximally enrich the material with this nuclide. The choice of the 4He+176Yb reac
tion has already increased the concentration of ,7Sm3Hf by approximately one order of magnitude 
as compared with the reaction p+181Ta [3]. 

To preserve this advantage it is necessary: 

1. to minimize the share of other Hf isotopes during the production; 

2. to ensure a high degree purification of Hf from weight fractions and ballast elements during 
the chemical treatment of the irradiated target (made of 17eYb); 

3. to use the electromagnetic mass-separation of the produced hafnium for purification from 
other hafnium isotopes. 

At the implementation of all these requirements it is possible to increase the concentration of 
I78mjjjf t 0 o.o5 i.e. to the physical limit which is determined by the isomeric ratio value in the 
producer reaction. The task of separating the isomer from the ground state of the same isotope 
may be approached in future. 

The initial material — the commercial isotope 176Yb has the enrichment of 96%. At its appli
cation, along with the production of 178Hf, a big enough number of nuclei of light hafnium isotopes 
including such long-lived intensive 7-activities as ,75Hf(70d) and 172Hf(683d) is produced. Their 
presence is undesirable when th»; substance is used for nuclear spectroscopic measurements. On 
the PARIS mass-separator at Orsay, France, a high enriched isotope l76Yb (99.998%) has been 
manufactured. In the two long runs 7 g of l76Yb oxide (96%) were subjected to mass separation 
and about 1 g of the oxide of highly enriched isotope was obtained. The separator efficiency was 
about 15%. The obtained material was used for the production of 178m'Hf on the U-200 accelerator 
and about 8 • 1014 atoms of the isomer were accumulated up to now. This material was used in 
further experiments. Its isotopic content is presented in Table 1. It is seen that the yield of light 
Hf isotopes is substantially suppressed. 

The preliminary separation of hafnium from the irradiated target was performed by the ex
traction chromatography using tri-n-octilphosphine oxide (TOPO) and high purification from the 
lanthanides and some other elements was achieved. However, the method cannot provide a com
plete hafnium purification from Fe, Sc and other metals. 

Many activities were produced in the reactions on the admixtures in the target as well as 
in the fission of 176Yb (4He, f), their presence demonstrates the chemistry failure. A method was 
developed for precise purification. The hafnium fraction eluted from the TOPO column, in 0.2M HF 
solution is passed through a column filled with the anion exchanger Dowex - 1 x8, conditioned with 
0.2M HF. The column was consequently washed with 0.2M HF, 5M HF, 0.01M HF and 0.5M acetic 
acid solutions. The Fe, Ni, Co, Cu, Al and Sc were eluted. Finally, hafnium was eluted in a few 
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Table 1, Fsolopic composition of Hf 
material produced by the irradiation 
of a superenriched 17eYb target by 
a 36 MeV AHe beam at the end of 
1991. The data were taken on July 
15th 1992. 

Nuclide 

I79 H f 

iromjjjf 
178Hf 
178maHf 
lTTjff 
176Hf 
17sHf 
174H f 

m H f 

Tl/J 

stab. 
25.1 d 
stab. 
31 у 
stab. 
stab. 
70 d 
stab. 
1.9 у 

Number 
of atoms 
2.5 -1014 

7 • 1010 

4.8 -1015 

2.6 • 1014 

1.8 -1016 

1.8-1015 

io10 

5 • 1010 

1.4-Ю10 

Remark: The radioactive nuclides 
were determined by -y-activity mea
surements using a Ge(Li) detec
tor, while stable-isotope yields were 
calculated and normalized with us
ing known cross-section for 178m' Hf 
production. 

2.4. Control methods. 

drops with a mixture of 
1M CH3COOH and 2M HC1 (1-1). This hafnium ma
terial produced on a high enriched 176Yb target was used 
later for nuclear reaction studies. There was another group 
of experiments in which the mass-separation of Hf was nec
essary, namely for the collinear laser spectroscopy and for 
the implanted sources preps-i-ation. The Hf material pro
duced on the 96% enriched 176Yb target was suitable for 
these experiments. 

After the chemical separation cycle described above the 
Hf fraction in the form of a chloride was charged into the 
ion source of the separator "PARIS" and separated using 
ССЦ as a jet gas. Since the 178Hf quantities disposable 
for the separation were in the range of some fig, it was 
reasonable to use an additional portion of Hf as a carrier. 
The superenriched 17eHf isotope was playing a role of a 
carrier. It was prepared in a special run on the "PARIS" 
separator. The 178Hf admixture on the level of 10~5 g/g 
was obtained, thus, the addition of 25 fig of the 176Hf su
perenriched isotope did not worsen the isomer-to-ground 
state ratio of the isotopically separated 178"Hf+I78mjHf. 
Four separations of the 178Hf were accomplished and the 
total amount of about 5 • 1013 of 178"4Hf nuclei was deliv
ered on the focal plane of the separator and used for the 
laser collinear experiment, for the implantation in the Hf 
crystal and in the Fe foils as well as simply collected on a 
Cu catcher. The efficiency of the separation was between 
22 and 25% with a good reproducibility. 

In addition to the described above application of superenriched 176Yb and 176Hf materials the 
commercially supplied 99.999% Al foils and 99.9% Al bulk material as well as carbon and beryllium 
foils were used in the experiments. Admixtures of ballast materials should be at the level of 
100 ng or below it. Although methods of precision chemistry and mass-separation were used, the 
requirements to the purity of target components remained high. During the experiments there was 
a necessity to analyze a number of metallic foils, of massive materials and other samples on the 
content of admixtures in them with a sufficiently high sensitivity of analysis up to 10"8 g/g by such 
elements as Hf, Та and others. X-ray fluorescence method available at FLNR does not provide 
such a high sensitivity. Therefore, the methods of activation by neutron flux on the IBR-2 reactor 
(FLNP, J1NR) and on the MT-25 microtron (FLNR, JINR), by hard bremsstrahlung on the MT-25 
and by a-particle beam on the U-200 cyclotron (FLNR, JINR) were used. Then, after activation, 
the samples were measured on a Ge(Li) 7-spectrometer and by 7-activity, taking account of all 
necessary factors, a concentration of a great number of elements being the sample components was 
determined. Using an a-particle beam, special problems such as determination of Hf content in 
Yb [6] and the analysis of isotopic composition of the enriched 176Yb were solved. 

For example, the results of analysis of three metallic samples Al and Be of Russian production 
are presented in table 2. Their values of admixture concentrations in g/g were determined. In 
brackets the type of radiation used for the activation is indicated. These data allowed one to 
correctly organize the procedure of chemical separation and purification of Hf in order to minimize 
the yield of ballast elements. 
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In addition to Л1 and По, metallic samples of Та and Hf were also subjected to analysis. 
Significant admixtures of Nb in Та and Zr in Hf were detected, however it is difficult to define little 
admixtures because of high matrix activation. Nevertheless Cr, Zr and Mo contaminations were 
detected in Та foils by 7-activation. 

Table 2, Composition of contaminants in some Al and Be samples. 

Element 

Mg 
CI 
Sc 
Ti 
Cr 
Fe 
Co 
Ni 
Cu 
Zn 
Ga 
La 
Ce 
Er 
Hf 
Та 
Au 
Th 
U 

Al(Mg) alloy 
3-10-* 
— 
1.4-10-7 

1.5-10-4 

8-10~e 

1.5-10-3 

1.6-10-7 

— 
Ю-4 

1.8-10-4 

Ю - 4 

2.7-10"7 

3.2-10-7 

4-Ю"8 

5-Ю-7 

10-8 

Ю-9 

Ю-7 

7-Ю"7 

(n) 
(a) 
(») 
(n) 
(n) 

(«) 
(n) 
(») 
(n) 
(n) 
(n) 
(n) 
(n) 
(n) 
(n) 
(n) 

Specimen 
Al, reactor quality 
— 
— 
9-10"8 

— 
5-10-6 

5-10"4 

— 
— 
3-10"s 

2.6-10-5 

6-ю-5 

1.5-10-7 

— 
6-ю-8 

2-10-7 

<10~7 

5-10-9 

— 
6-ю-6 

(I») 

(n) 
(n) 

(«) 
(n) 
(n) 
(") 

(n) 
(") 
(») 
(n) 

(n) 

Be foil, 
— 
5-10"7 

2-Ю"5 

— 
7-10-5 

Ф10-4 

— 
6-ю-5 

3-Ю-4 

2-10-5 

— 
— 
— 
— 
— 
— 
— 
— 
— 

85 (im 

(7) 
(7) 

(7) 
(7) 

(7) 
(7) 
(7) 

The Hf fractions were analyzed too and in some conditions such elements as Na, Sc, Ti, Cr, 
Fe, Co, Ni, Cu, Br, Zr, Sb, Та and Pt were observed in 100 ng and lower quantities. Finally, 
thin 178m2]if targets prepared by using the electrospraying method [7] were controlled by the 
backscattering of deuterons and a-particles as well as by the activation. This information was 
important for additional chemical purifications and also for correct interpretation of the results 
in experiments when these Hf targets were used. It is impossible to prevent the contaminations 
absolutely, so it is important to know their composition. 

3. NUCLEAR REACTION STUDIES. 
3.1. Thermal and resonant neutron capture. 
Thermal neutron capture on the 1G+ isomeric state in 178Hf is' illustrated in fig.5. Three deex-
citation channels are opened after the capture: the inelastic scattering on the levels below the 
16+ state (neutron acceleration), a high-multiplicity 7-cascade to the ground state in 179Hf and a 
regular multiplicity 7-cascade to the isomeric state 25/2" in 179Hf. The experiment was performed 
[8] on the neutron channel of the IBR-2, FLNP, Dubna pulsed reactor in March 1992. Two iden
tical 178mjHf targets were prepared on high-purity quartz backings using the chemically separated 
hafnium material produced on the U-200 cyclotron in December 1990. This material contains 
only 178m'Hf, 175Hf and 172Hf-172Lu activities, the 25.1 d »79™MIf activity fully decayed to the 
moment of neutron irradiation. Thus, good conditions were created to search for the 179mJHf 
activity induced in the 178m2]If (n , 7) reaction. The 178m2Hf prepared targets were exposed to 
thermal and resonant neutrons. The total fluence of neutrons was about 6 • 1018 n/cm2 during an 
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11 day run. One of the l 7 8 m 'Hf targets was enveloped in a 0.5 mm Cd (liter while the .second one 
was exposed without a filter in order to separate the reactions induced by thermal and resonant 
neutrons, respectively. 

2.45MeV16+2LO 

—^ 25/2-25di 

I 1 

0*zBr& 9/2+"gXstab. Ш Hf 179 

'B.55MeV3V2+,33/;+ 

•1.106 MeV 

Hf 

Fiy.5. Scheme of the. neutron capture trrirlioii ou ,,Hmi Iff nurltiiti. 

After a 5-day cooling the chemical procedure of hafnium isolation by chromatographic methods 
was repeated. The aim of this treatment was to purify hafnium Ггош the ''•'l.u activity and 
from ballast material activities produced in the neutron irradiation. It also served to ensure that 
expected ->-UIICS of I T ! '"" | | f were really searched for in the hafnium fraction. Heady hafnium 
fractions were investigated by t -spectrometry using л C;e(l,i)detector. Kight lines of l , !""»||f were 
observed with a high yield in the sample exposed both with and without the filter. Thus, , 7 9 r a»| |f 
nuclei were indeed produced by the neutron irradiation of the l7fi'":<llf targets. The estimates for 
the background reactions on the stable hafnium isotopes (present in the targets) give a several 
order of magnitude lower yield. 

The ratio of the number of atoms produced in the reaction to the number of target atoms is 
determined by the reaction cross section and fluence values: 

•v,1;9""/^1;8"'2 = <7!ЛФ,Л + / , С Ф „ 

where с is the normalization constant of the neutron spectrum. Ф|/, and сФг were determined 
numerically using the 9SZr and n7Zr activities produced in a monitor " a tZr target. The measured 
values of Ф</„ сФг and N ^ ^ / N ^ 8 ™ 2 arc given in table 3 for both the targets exposed with and 
without the Cd filter. 

Table 3. Results of the experiment on l 7 R m*/// (n,-f?~,Jm* Hf reaction study 

target 
number 

1 
2 

filter 

0.5mm 
Cd 

cm * 
5.67-1018 

сФг, 
cm l 

5.75 • 1017 

5.94 • 1017 

^ ; a m v i v a
1

1 ' " m ! 

7.64 • 10-1 

4.75 lO"4 
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Thus, the ath and Ц, values for the reaction 178mJlIf (n, 7) 170m 'Hf can be deduced from the 
values given in the table: 

0ih = (51 ± 10) barns; 
Iy = (800 ± 130) Ьагпз. 

In the neutron capture reaction on the 16+ slate with Е*=2.447 McV in 178Hf the discrete levels 
of ,79Hf at K*=8.55 MeV and 1=33/2 and-31/2 are populated. The statistical-model calculations 
predict that the level density of this compound nucleus in the mentioned region has to be 20 times 
higher than in the region E*=6.1 MeV and 1=1/2 populated in the neutron capture on the ground 
state of ,78Hf. Thus, one may expect a high enough thermal cross section and resonance integral 
values for the neutron capture on the isomeric, 178m,Hf which is in a good agreement with our 
measurements. 

The experimental result means that a nuclear reaction from one high-spin isomer to another was 
observed for the first time. The shell-model structure of 179m'Hf isomer is identified in literature 
with the configuration (тг7/2+, 7r9/2"", v9/2+), i.e. not far from the structure of lr8mJ]If four-
quasiparticlc state. The well allowed population of 179m'Hf observed may be explained both by 
spin conservation reasons and some selection of levels similar in structure to the initial target 
stale. Hdwcver, the fractional cross-section leading to the ground state in 179Hf has not yet been 
measured in the 178m'IIf (л, 7) reaction, and the analysis cannot be finished at .the moment. 

The high value of the resonance integral, Ly, means that for 178"ч Hf (n/y) reaction strong enough 
neutron resonances exist in the eV region of neutron energy. There is a possibility to search for 
high-spin neutron resonances using a prompt 7-ray multiple detector in combination with the time-
of-flight technique (see below). At the' same time, one can use a simple way to test the position of 
the resonance by means of activation with selective neutron filters. The experiment was performed 
recently at the Saclay reactor Osiris. Four targets of 178miHf (1012 atoms on a pure Al foil) were 
placed in Cd shielded aluminium container with additional filters made of metallic 10B, Rh and 
oxide of Er and without additional filters. The Zr and Au samples were used as monitors. After the 
exposure to about 1018 cm - 2 resonance neutrons the induced activity of 179m2Hf was measured in 
all 178m?Hf samples. Rh and Er filters do not change the activation yield significantly, while the , 0B 
layer of 60 mg/cm2 thickness suppresses the 179mjHf yield almost like the 198Au one is suppressed 
in the gold sample. Assuming a single isolated resonance for 178m?Hf target we can estimate its 
position just near the 197Au resonance, i.e. about 5 eV. This conclusion is a preliminary one, the 
data analysis is continuing. 

3.2. Search for the neutron resonances. 
The direct observation of neutron resonances using a tiny weight (100 ng) self-radioactive (« 
106 7/s) target is not an easy task. Such an experiment was not performed earlier because of great 
difficulties of the exotic target preparation and of the problem of the background in the multide-
tpctor 7-spectrometer on the neutron beam. The target for the neutron resonance experiment was 
prepared using the above chemical methods from the hafnium material produced at the irradiation 
of the superenriched 176Yb target. The hafnium fraction was deposited onto it and covered with a 
30 цт Al foil of 99.999% purity. The target spot was 5 mm in diameter, the isotopic composition 
of the Hf material was the same as in Table 1. The total number of 178m*Hf was about 3.5-1014. 

The experiment was performed on the time-of-flight path of the linear electron accelerator 
"Fakel" at the Kurchatov Institute in Moscow. The scheme of the experimental set-up is given in 
fig.6. The pulsed electron beam with an energy of 50 MeV hits a water-cooled uranium target of 
35 mm thickness and generates neutron bursts of about 0.15 /is, the repetition period w3.3 ms and 
the total number of neutrons — about 5-109 n/pulse. The electron beam target was surrounded 
by a water moderator which served as a pulsed source of resonant neutrons. The multidetector 
granulated Nal array "Romashka" [9] was placed at an angle of 90° to the electron beam at 
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a distance of 10.7 m behind the concrete wall. The 178mJHf target was placed in the vacuum 
chamber inside the array of the 32 Nal detectors with the total weight of about 600 kg. Two thin 
stilben crystals mounted near the target can be used for detecting of the neutrons and 7-quanta 
emitted from the target. 

e-beom 

target--^ 
moderator 

sample neutron 
trap 

Hf+n 

Fig. 6. Experimental set-up used for a time-of-flight study of the 178ma Hf(n,y) reaction on a 
beam of resonant neutrons. 

For the background suppression a 
passive shielding was arranged using po
lyethylene and lead blocks. The detector 
array was shielded inside by 10B layer 
from scattered slow neutrons. Besides, 
the logic selection at the tract of fast co
incidences was used for the active sup
pression of the background. The events 
selection by the total energy and the 
multiplicity of the detectors fired could 
be done on the stage of detecting as well 
as on the stage of the off-line processing 
of information. However, the suppres
sion of the background down to the level 
of a hundred nanogramm target was not 
an easy task especially with the 7-active 
target material. 

During the 150 h run on the neutron 
beam there were two detector array rear
rangements. The electronic system logic 
was reorganized repeatedly to suppress 
the background without a loss in the ef
ficiency. By the end of the run the effect-
to-background ratio was improved, but 
the statistics collected under these con
ditions was rather poor. The 80 h run i 

• 1 1 1 1 1 1 

BOO 

Channel Number 

Fig. 7. Time-of-fiight spectrum of (n,y) reaction 
taken for the hafnium target containing 17Sm2JIf. 
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neutron timo-oMlight spectrum is presented fn flg.7. Tho resonance» of 177llf and , wIlf look 
intensive in tlra spectrum, liowovor, (ho background level Is not low. Some email resonances uxlstlng 
in the spectrum can he accepted, but their attribution to '7<"»>Hf isnot unambiguously proved. 
This npwirm h considered a» preliminary information about the possibility of such an experiment. 
After the suppression of tliu background and a significant increase of the absolute counting rate 
neutron resonances on the m m ' l l f target can be revealed successfully. 

3.3, Photonuclear reactions. 
The pholoriudear reactions on l7Sm'Jlf arc of a significant interest because of the unique possibility 
to get information about the giant tlipolc resonance built on a high-spin state of a quaeiparticle 
nature. Wc have tried to observe the 51 mill, activity of >"«»|If induced at the Irradiation of a 
ir«m,||f t a r g ( ! t |,y 1 п с brcmsstralilung on the 16 /M electron beam with an energy of 24 McV of 
the Dtibna rnicrotron accelerator. Precision purification of the hafnium Traction from tho ballaal 
materials was done, and the target on a 6 // beryllium backing was prepared v/ltlcli contained about 
1013 atoms of l7Hm>Hf. In the bremsslrahlung irradiation of a monitoring Та target the absolute 
sensitivity of the experiment was testified and the counting rate of the ,77m'Hf decay was estimated 
to be on a rattier low level. In order to enhance the efficiency;^ , r r a d | a t j o l l w a s , |o n c j„ compact 

geometry when the ,78"4J|f tar-
gel was placed just behind of the 

Counts 

630 
Ey.keV 

Fig.8. Spectrum of the -y-activity induced at the 
mm, иj iarget exposed to the bremsstrahlvng with 
Em=2S.5MeV. 

W converter (2.5 mm thick) in 
an electron beam; 

b) induced in the target l77"4lf 
activity was searched for by 
the line 0Ж2 keV in л •)• 
.spectrum measured using a stan
dard Ge detector. Л thick fil
ler (7 nun I4>f:».5 mm <'») h;<* 
been applied for I lie «норм»*-
(iiiiinif llm '™'"'llf salHlite line 
(iUi).S keV which <iri.si\s as a re
sult, of adding the cascade quanta 
213.»+120.1 keV; 

c) irradiation and counting time in
tervals were optimized for obser
vation of the searched activity. 

In spite of these optimizations about 
30 counts per one irradiation run were 
expected in the 638.2 keV line while 
the activation background was not neg
ligible. Such activities as 3""CI, ,9Cr, 
"Fe, 56Mn, s7Ni, «Zn, «Си, 80",Zr, 
89«Zr were identified in the spectra. 
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Thoy arc produced in pliotonucloar reactions on admixture elements in the target, The Coinptoii 
background of tlio 80Zr 7-lini!, 900 keV, was most destructive because of Us high enough intensity 
and lifoliino, 78 li. 

Some exposures of tlie ,78'"»|lf target to a bromsstnihlung with Vm-='1A MoV were fulfilled and 
the measured spectrum of induced -/-activity is shown in llg.8. The (Ш.2 keV line seems to lie 
present in (lie spectrum. However, its «red does not exceed enough I lie standard deviation. Оно 
can estimate the upper limit of the yield of l77"'3llf In the reaction ,7,""Mlf(7,ii) and compare it 
with tlio regular yield of a (7,11) reaction. Tor instance, the reaction ""Та(7,и),к"''Та used as a 
monitor is suitable for a comparison, 

At the moment, we have obtained that in the latter reaction the upper limit of the l77mMlf 
yield is about 3 times smaller than the yield of 18""Ta. So the isomeric ratio can be limited: 
Vtni/Yg+m < l / 3 for tho'roaction ,78",4lf(7,ii),77m»'*Hf. This not so very high yield of the iso
meric state is unlike that for the reaction l78m»llf(n,7) in which the 17u'n*llf state was populated 
successfully, Such situation can be explained if one remembers that the spin and number of un
paired quasiparticles should be increased in the reaction for the '77'"11 IIf slate population in contrast 
to the l70"4JIf case where the spin and quasiparticlc number are decreasing. The experimental 
estimation of the isomeric ratio in the 178mjllf(7,n)-rcaction is a preliminary one because of the 
rather poor statistics in the experimental spectrum. 

In order to achieve higher sensitivity one has to use a more powerful electron beam or(and) 
more efficient counting systems such as the Ge crystal ball. Unfortunately, Compton shielded 
7-detector at compact geometry is useless since high-multiplicity cascade of the 177mIIf decay will 
fire anticoincidences and suppress the efficiency. There is also another variant: to detect the 
conversion electrons of the 177mIIf decay by a high solid-angle spectrometer instead of 7-qiianta. 
The experiments in this direction will he continued. 

It is also important to study the 178m3IIf (7,7') reaction at the energy below the neutron binding 
energy since there is a challenge of a 7-lascr creation using such reactions according to rcf,[10]. 

4. S U M M A R Y 
Investigations with the hafnium-178 isomer can provide new information both in the field of the 
nuclear structure of many-quasiparticlc states and of nuclear reactions on them, The described 
experiments may be considered as anew experimental approach to study high-spin neutron reso
nances and the giant resonance built on a four-quasiparticlc state. The structure selection of the 
states populated in nuclear reactions can be also studied. 

The work was partly supported by the grant No.93-02-3720 of Russian Foundation 
of Fundamental Researches. 
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SOME ASPECTS OF HIGH-SPIN ISOMER 1 7 8 m2ilf TARGET 
PREPARATION. 

M. Hussonnois, O. Constantinescu, J. B. Kim', D. Trubert, 
Institut de Physique Nucleire, B.P. n°l, F91406 ORSAY Cedex, 

R. Mcunier, D. Le Du, Ch. Briangon, 
Centre de Spectrometrie Nucleaire el Spectrometrie de Masse, 

F91406 ORSAY Cedex 
Z. Szcglowski, B. Gorski, Yu. Ts. Oganessian, 

Flerov Laboratory of Nuclear Reactions, J.I.N.R., DUBNA, Russia. 

The high-spin isomer , 7 8 m2Hf is an unique case of an yrast trap with a 
high spin Ire = 16+ at a relatively lo'" exdtatrn energy of 2.447 MeV and 
with a long half-life T1/2 = 31 years. 

A collaboration between the Flerov Labiraoi/ of Nuclear Reactions at 
ihe Joint Institute of Nuclear Research of DUBNA and two laboratories of 
ORSAY: the Nuclear Spectrometry and Mass Spectrometry Center and the 
Institute of Nuclear Physics has been established to provide targets of this 
isomer suitable for different planned experiments. 

The production of microweight quantities of 2Hf by the 
176Yb(4He,2n) reaction in long irradiations with intense beams of the FLRN 
U200 cyclotron has been described in previous articles (1,2). 

In this paper, we will present successively: 
- the chemical separation and purification of the produced 

hafnium isotopes from the bulk of the target material and from all 
contaminants, 

- the surenrichment of the ytterbium in order to avoid the 
production of the other radioactive hafnium isotopes, 

- the isotopic separation of 178m2Hf realized with high yields at 
the PARIS mass separator of the CSNSM, 

• the preparation of different targets suitable for the different 
physical studies which are possible with this isomer. 

1- Chemical Separations. 
After many assays, the 78m2Hf isomer is now regularly produced in 

amount of hundreds of nanograms in each 4He irradiation of 1 7 6Yb oxide 
target. Typical beam intensity of 100 Ц.А 4He ions with an energy of 35 MeV 
during 500 hours is necessary to synthesize around 5.1014 atoms of isomer. 
The target consists of a 1 7 6 Y b 2 0 3 layer (about 20 mg.cm'2 thickness and 15 
cm 2 area) pressed onto a water-cooled aluminium backing. 

After irradiation, the target material is scrapped from the backing. 
Thus the chemical procedure must separate Hf isotopes not only from 
ytterbium but also from aluminium and many radioactivities induced 
during the irradiation (rare earth radioisotopes and activation of 
aluminium and its impurities). 
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The ytterbium oxide is dissolved in a mixture of concentrated HNO3, 
HC1 and ИСЮ4 (18:6:1) at 180°C into an autoclave during 10 hours. Always 
a small residue which contains only few percent of the initial quantity of 
isomer cannot be dissolved. 

The decant-off is evaporated to dryness, three times in presence of 
cone. HNO3, and finally dissolved in 10 ml of 6M HNO3. This solution is 
loaded on a column (1 = 60 mm, <j> = 3 mm) filled with tri-n-octylphosphine 
oxide (TOPO) sorbed on Wofatite EP-60 (100-200 цт ) . Washes with 30 ml of 
6M HNO3 ensured the elimination of Yb and other rare earths. Finally, the 
Hf fraction is eluted by 2 to 3 ml of 0.2M HF. 

Impurities, as Fe, Sc, Sb or Co are not eliminated during TOPO 
separation. As Hf form strong anionic fluoro-complcxcs, the Hf fraction in 
0.2M.HF is percolated on a teflon column (1 = 40 mm, f = 3 mm) filled with 
the pnion exchanger Dowex 1X8. Washes with 0.2M HF eliminate Fe, Ni and 
Co which have small distribulior coefficients. Cu, Al and partially Sc are 
eluted by 5M HF. The complete eliwion of Sc is realised with 0.5M acetic 
acid. The Hf fraction is recovered in 2-3 ml of a mixture of 1M CH3COOH 
and 2M HC1 (1:1). 

Till now, 6 irradiations were performed using I 7 6Yb enriched at 96%. 
In these cases, in addition to the isomer, we registered great activities of 
175Hf (T 1 / 2 = 70 d) and n 2 H f (T1 /2 = 683 d) produced by (4He,xn) reactions 
on light Yb isotopes. These radioisotopes can be eliminated in two ways: 
either diminish their production by reduction of quantities of light Yb 
isotopes present in the target material, e.g., 1 7 6Yb surenrichment, or either 
the isotopic separation of m2Hf. 

2- 1 7 6 Y b su ren r i chmen t . 
The surenrichment of 176Yb was realized at the PARIS mass separator 

of CSNSM. In each separation, 300 to 400 mg of l 7 6Yb (96%) oxide were 
chlorinated by CCI4, ionized in the ion source, accelerated to 40 kV, and 
mass separated. The mass 176 was collected in a graphite box from which it 
was periodically scrapped. Calcination in a quartz crucible eliminated the 
carbon. Surenriched 17°Yb was dissolved in HC1, purified by percolation 
through an anion exchange column, followed by oxalate precipitation. 
Finally, calcination provided 1 7 б УЬ20з . , 

In 25 mass separations, carried out during 3 months, 910 mg of 
surenriched 1 7 6 Y b 2 0 3 were recovered from 7 g of 1 7 6Yb203 (96%). The mean 
yield of separation was of about 15%. Neutron activation analysis have 
shown that only one per thousand of the initially present 1 7 4Yb remained 
in the surenriched product. As the lighest Yb isotopes are the most 
eliminated, we can evaluate the surenriched 1 7 6 Yb purity at 99.998%. Two 
long irradiations, at the U200 cyclotron, of this material have provided 
practically pure isomer. 
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After each separation, the unseparated , 7 6 Yb which remained in the 

different parts of the mass separator was recuperated and purified from 
different metals, constituents of the separator, by appropriated chemical 
procedures. Finally, that 5 g from the 7 g of initial product were recovered. 

3- Isotopic separation of 1 7 8 m z H f . 
I 4 Q 1 "7 ft m *ч 

The isotopic separations of Hf and its high spin isomer 2H f 
were also carried out at the PARIS mass separator of the CSNSM. 

Tests on the hafnium isotopic separation, to define optimal 
conditions, were realized with natural hafnium labelled with two 
radioisotopes, l 7 5 Hf (T 1 / 2 = 70 d) and 181Hf (Ti / 2 = 43 d). Yields, varying 
from 0% at the beginning to 15%, were achieved. As the quantities of , 7 8 H f 
separate were of few micrograms, we conclude from the previous tests that 
the separation should be controled by addition of Hf carrier. To avoid a 
modification of the initial isomeric ratio 2Hf / Hf, we have chosen to 

1 "7 A 

prepare, with the mass separator, surenriched Hf containing less than 
10"4 g/gof 178Hf. 

178 
Five separations of Hf were carried out with initir.j quantities of 

2Hf ranging from 1013 to 2.1014 atoms . After the chemical separation 
described above, the Hf fraction in hydrochloric solution was mixed with 30 
u,g of surenriched l Hf. This solution was evaporated on quartz wool, 
placed inside a carbon tube introduced into the furnace of the ion source. 
Using CCI4 as chlorination agent and transport gas, the gaseous hafnium 
chloride was introduced in the arc chamber, where it was decomposed and 

178 4. ionized. The ground and isomeric states H f ions, accelerated at 40 kV, 
mass separated, were either delivered for laser collinear spectroscopy or 
implanted into a Hf single crystal (<j> =5 mm) and Fe foils for nuclear 
orientation experiments, as well as simply collected in Cu catcher for 
conversion electron measurements. The efficiency of the separation was 
always between 22 and 25% with a good reproductibility. The quality of the 
separation is demonstrated in Fig.l, where у spectra before and after 

175 172 
separation are compared. The total suppression of Hf and Hf — > 

Lu activities is evident. 
4- Target prepara t ion . 

The preparation of a 8m2Hf target could be considered as successfull, 
if we could succeed in producing a thin, homogeneous Hf layer on a thin 
carbon backing, with a high efficiency of transfert, if the isomer is available 
in small quantities. 

The electrospaying either of Hf nitrates in methanolic solutions or of 
Hf acetates in glacial acetic acid was chosen. With solution concentrations 
in the range of 10 to 200 u,g.ml"1, many test targets of stable enriched 
hafnium isotopes were manufactured on carbon foils with thicknesses of 20 
to 40 p-g.cm" . The deposit diameters varied from 3 to 15 mm and the 
thicknesses from 5 to 1000 ng.em"2. 
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FRACTION Hf 

IN 0.2 MHF 

0.2 MHF 
washing 

5MHF 
5*5ml 
0.01MHF 
washing 
0.5MCH3COO1J 
5ml 

1МСН3СООН 
+2M HCl 

DOWEX 1x8 

I =40 mm 

i.d = 3mm 

conditioned 
with 

0.2 M HF 

Sc.Sb.Fe, 

Ni.Co.Ag.Na 

. F e l K ^ U N i l K ^ 0.001 
Co.Cr 
.Cu(Kcjc:0.001),Al(K=3) 
Sc(partialy),Co,Q" 

.Discard 

_Sc 

Hf 

EVAPORATION 

9M HCl 
f 

*? I x2 ] 

DISSOLUTION 
1 

EVAPORATION 

Scheme: Chemical purification. 
I 

DISSOLUTION 

Finally, a target of the hafnium material produced in the irradiation 
of surenriched 1 7 6Yb was prepared with a diameter of 5 mm and a thickness 
of about 1015 atoms.cm"2 of 1 7 8 m 2Hf. This target was used in (p,p*) and 
(d,d') experiments realized in Munich and (p,t) reactions studied in Orsay, 
described in these proceedings. 

This work was supported by the agreement of collaboration between 
the National Institute of Nuclear Physics and Particle Physics in France and 
the Joint Institute of Nuclear Reseach of Dubna, Russia. 
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Spectroscopic study of the К = 8 and К=16 isomeric states in ntHf 
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1. Introduction 

In prolate, axially symmetric nuclei the projection of the total nuclear angular momentum I 
onto the symmetry axis, K. is an approximately good quantum number, For low K-values, one 
has the well known rotational alignment where the angular momentum aligns to an axis per
pendicular to the symmetry axis (y = 0°). These collective states have been commonly observed 
to be energetically the most favourable mode for generating spin. However, in "Wit has been 
found [1] that some 2- and 4-quasiparticle (qp) states can occur lower in energy than members 
of the ground state rotational (gs) band with corresponding spin. This is due to the occurrence, 
for both protons and neutrons, of many high-П single-particle orbitals near the Fermi surface. 
The single-particle angular momenta align in parallel to the deformation axis leading to high 
K-values. In the extension of the picture suggested by Bohr and Mottelson [2], this may corre
spond to a situation where a rotation around the prolate symmetry axis (y = — 120°) has become 
energetically favourable. Figure 1 shows the partial level scheme for " W with the K' = 0+ 
ground state rotational band, the K* = 8~ 2-qp band and the K* = 16* band head of a 4-qp state. 
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Fig. 1: Partial level scheme for mHf 
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Transitions between the two classes of quantum states are governed by the K-selection rule 

[3] . As a consequence of this, multiquasiparticle states with high K-values ara often isomeric, 

decaying only by virtue of small admixtures of lower K-components and therefore tend to decay 

stepwise through lower-lying K-bands in order to minimize the K-forbiddenness. 

The findings of a K, I" = 25,25* isomer in ™Os [4] which decays directly to the !• = 24* yrast 

level raised serious questions as to the validity of the K-selection rule. One single transition 

changes the K-value dramatically. On the basis of the new data a barrier penetration mode was 

suggested where the direct decay is explained as the penetration of a potential barrier sepa

rating the K-isomer (y = -120°) from the rotational aligned state (y =0°). 

A natural test of this idea would be to study the Coulomb excitation of the К = 8 isomeric 

state in w,Hf. In this scattering experiment, which will be described in section 2, the nuclear 

shape is turned with respect to the angular momentum from a rotational aligned K = 0 config

uration to a situation where the angular momentum is parallel to the nuclear symmetry axis. 

In a second experiment (section 3) the nuclear properties of the К = 16 isomeric state in 

" W w e r c investigated. 

2. Coulomb excitation of the K' = 8- isomer in " W 

First indications for a population of the lowest K'= 8" isomer in mHf by heavy ion scattering 

at incident energies close to the Coulomb barrier were reported by Hamilton ct al. [5] nearly 

ten years ago. However, the reaction mechanism for the population of this isomer remained a 

puzzle. 

To investigate the reaction mechanism for populating the K* = 8_ isomer, we performed a 

Coulomb excitation experiment using the Darmstadt-Heidelberg Crystal Ball (CB), by bom

barding an enriched ™Hf target of 0.5 тд/ст1 thickness wilh a pulsed 1307e beam. Three beam 

energies of 560, 590 and 620 MeV below the Coulomb barrier [6] {Vc = 634 MeV) were used in 

the experiment. Both prompt and delayed y-rays were recorded with the Crystall Ball. 

The 8- isomer at 1147.4 keV with f,„ = 4 s is known to decay dominantly to the 8* state in the 

K = 0 ground state rotational band via a hindered 88.9 keV E1 transition. The delayed y-ray 

cascade of 8+-»6*-»4 f-»2+ in the ground state rotational band was used to idenify the popu

lation of this isomer (the 2*-»0* and 8_-»8* transitions are highly converted and lie below the 

detection threshold of the CB). The decay of the 8" -isomer could be observed in this way at all 

three incident energies, thereby confirming the results of Hamilton et al. [5] and their sug

gestion that the excitation of the isomer is caused by Coulomb excitation. Fig.2 shows the 

y-гау spectrum of the CB, where the three peaks of 426.4, 325.6 and 213.4 keV, respectively, 

correspond to the delayed y-rays depopulating the isomer. 
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Fig. 2: Delayed y-ray spectrum of the Crystal Ball obtained at a bombarding energy of 590 MeV. 
In the right corner the partial level scheme of the y-ray cascade depopulating the isomer is 
displayed. 
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In a Coulomb excitation process nuclear levels are populated primarily through multi-step 
collective E2 and E3 transitions. If one assumes that the projection of the total angular mo
mentum I on the symmetry axis, K, is a good quantum number, a direct transition from the К = 0 
ground state rotational band to the K = 8 isomeric state and the rotational states built on it is 
forbidden. However, an admixture of different K-quantum numbers in the nuclear wave func
tions could allow for direct transitions to the isomer band in V,H(. If one includes a small К = 8 
admixture in the wave function of the ground state rotational band, the E3 matrix elements can 
be calculated from the Alaga-rule [7]. 

< I//M(E3)//I, > = ^21/ + 1 < 1,3X071,* > /WM (1) 

With К = 8. Fig.3 shows the E3 matrix elements coupling the ground state rotational band with 
the К = 8 isomeric band. From the measured lifetime (fv, = 4 s) of the 8- state, we can estimate 
an upper limit of the reduced intrinsic E3 matrix element of /И» 2 0.01 eb"' leading to an 
excitation cross section, which is too small to account for the observed population of the 8-
isomer in the mb range. It is interesting to note, however, that in case of a small К = 0 
admixture in the wave function of the isomeric band the E3 matrix elements (using eq.1 with 
K = 0 ) for transitions from the ground state rotational band to the even-spin members of the 
isomeric band vanish, while it is possible to excite the odd-spin members in the isomeric band 
directly from the ground state rotational band via E3 transitions, i.e. 6*-»9-, 8*-«9-, 8*—»11~ . 

16 
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Fig. 4: Experimental excitation cross section for the K = 8 isomer at different beam energies 
compared with the semi-classical Coulomb excitation calculations for various intrinsic E3 matrix 
elements AfjoCeb"1] . The error bars correspond to statistical uncertainties only (see text). 
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Hence, the'isomeric 8~ stale can be populated by M1 and E2 transitions from higher lying levels 
in the band. Free from the constraint set by the known 4 s hall-life of the 8- level, one can de
termine an intrinsic E3 matrix element in the limit of the Alaga-rule. Fig.4 shows a comparison 
of the calculated cross sections with the measured ones for the 8~ isomer in V,HI. Good 
agreement is obtained for an intrinsic matrix element of M« = 0.1818$ eb1" (including system
atic uncertainties). 

Our interpretation mainly shows (hat (here Is a reasonable way to explain the observed yield 
of the 8" isomer by a pure Coulomb excilation process. The nuclear levels are divided into two 
classes of states that are weakly but measurably coupled through a relatively transparent bar
rier. In future experiments with EUROBALL arrays one may have a chance to observe the direct 
population of the rotational states built on the 8~ isomer. This will enable a model-independent 
determination of individual E3 matrix elements which would allow to shed more light on the 
excitation path of the 8 ' isomer. 

3. Nuclear Structure Investigations by Inelastic Oeuteron Scattering 
on an Isomeric Target of n*"^Hf 

The aim of the scattering experiment was the search for excited states built on the К = 16 
isomer in v'Hf. As suggested a long time ago, the isomeric state with its relative long half-life 
of 31 years should be mostly of 4 quasl-particle nature. Its nuclear structure can be studied 
from the decay of the rotational band built on the K=16 isomer. At least, one transition in this 
band is needed in order to determine its collective properties, such as the moment of inertia 
and the transition quadrupole moment. Such a study can lead to a better understanding of the 
interplay between single-particle and collective degrees of freedom in a rotating nucleus. 

Two years ago a Dubna-Orsay-GSI collaboration has been established to produce this 
isomer in microweight quantities which are sufficient for target preparation to be used for nu
clear structure investigations. The 17,Yb(a. 2n) reaction at a beam energy of ~ 35 MeV was 
chosen for the isomer production [8,9], Up to now 3 x 10" isomeric atoms have been produced 
in several irradiations at the U-200 cyclotron in Dubna. For the (a, 2n) reaction the mYb target 
material was highly enriched (99.999%). Therefore, only a few Hf isotopes have been produced. 
The isotope distribution after the irradiation contains the stable isotopes "W(1.8 x 101'aforos), 
,7W(1.8 x 10") , "W(4.8 x 10") and "W(2.5x 10") . After the chemical separation of the 
hafnium isotopes from the bulk of the reaction products, a target was prepared by 
electrospraying a Hf-solution onto a thin carbon foil (~30^g/cm2). • 

In a first experiment the isomeric Hf-larget was bombarded by proton and deuteron beams 
from the Munich tandem accelerator at incident energies of 22 MeV and 26 MeV. Elasticalty and 
inelastically scattered ions from the target were observed at laboratory angles of 100* and 135° 
using the Q3D spectrograph which was equipped with a focal plane detector of 1.2 m length. A 
complete description of this detector and performance data for protons and deuterons in the 
spectrograph have been reported in detail by Hertenberger [10]. For the present experiment 
with the isomeric target an energy resolution of 12 keV full width at half maximum for scattered 
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deulerons was obtained which is more than adequate to separate the ground band rotational 
states in the different HI isotopes. 
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Fig. 5: Spectrum for 22 MeV deuterons scattered from Hf-isotopes at a laboratory angle of 
100». 

Figure 5 shows a typical deutcron spectrum as observed in our experiment. The prominent 
peaks for excitation energies up to 400 keV can all be assigned to the population of the ground 
state bands in the different Hf isotopes. In addition nuclear states from a Pt impurity can be 
observed which arose during target preparation. The only peak in the spectrum which can not 
be assigned to the excitation of low-spin states in Hf- or Pt-isotopes is marked with an asterisk. 
If one assumes that this state belongs to the К = 16 rotational band in mHf an excitation energy 
of 353 keV can be determined. This preliminary result has to be confirmed by the analysis of the 
measured cross sections. 

In the future the isomeric target will be used in a Coulomb excitation experiment [11,12] with 
heavy ions in order to get new information on nuclear properties at higher spins. This exper
iment will be carried out at the UNILAC accelerator of the GSI laboratory. Since target impuri
ties strongly effects this measurement, the use of an isotopically pure target as produced in an 
isotope separator would be appreciated. 

This work was partly supported by the Deutsche Forschungsgemeinschaft (Grant Bo 1109/1) 
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L-H. ROSIER, J. VERNOTTE, 0. CONSTANTINESCU, M. HUSSONNOIS, J.B. KIM, 
IPN-ORSAY 
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Yu.Ts. OGANESSIAN, S.A, KARAMIAN, JINR-DUBNA 

The 17em2Hf isomer, (E, = 2446 keV, T = 31 y, J' = 16+) is though to result from а К = 
1G 4-aligncd-quasi-particules configuration: (7f7/2[404])(7r9/2|514])(*/7/2[5i4])(i/9/2(624)). 
Levels members of а К = 1G band with the same configuration are known in JT0Hf. The 
cross-section for the L = 0 transition from 178m2Hf to the (J" = 1G+, E, = 3266 kcV) head 
band is expected to be weaker than for the ground state to ground state transition, due to 
the blocking of orbitals of aligned neutrons. 
Effect of blocking of the two orbitals can be observed also in reaction on odd targets: 
(«/7/2(514)) for the main L = 0 transition on 177Hf target -• mHf321, (*9/2[624)) for the 
main L = 0 transition on l70Hf target —> 117Шца-
A crude estimation of the 1G+ —• 16+ cross section can be deduced from the reaction cross-
section for the main L = 0 transition from ground states of lif isotopes: 

04781112 - ( v / 0 | 7 7 + s/^170 - у/оТтв) ( l ) 

The experiment on the 17e'"7Hf was performed, using a proton beam from the Orsay M.P. 
tandem accelerator. An incident energy'of 19 McV was chosen, as the (p,t) reaction on the 
ground states of the different isotopes of HF (and of Yb) had been already studied *' at 
this energy. Triton spectra were measured at five angles (4°, 12.5", 27°, 42.5", 55") corrc-
sponding to the maxima and minima of the L = 0 angular distribution, using a split-pole 
spectrometer and a position sensitive, 75 cm long, 128 wires drift chamber. 
The target, prepared using the main part of the products of the irradiation number 7, con
tains (activity measurement) 2.07 lO^ atoms of 178m2Hf isomer. This number is less than 
one percent of the total number of atoms of different Hf isotopes in ground states. The tar
get contains also impurities (namely plalinium and zirconium). Nevertheless, the expected 
location of the peak corresponding to the 16+, К = 16 level in the l7em2Hf(p,t) reaction is 
free from any contamination with a peak from a reaction of any Hf isotope or any identified 
impurity of the target, except the 4/", 811 keV level of ,04Pt. The contribution of this lust 
one to the observed peak is estimated as less than a tenth of the observed intensity. 
Angular distribution obtained for the rnsiin L = 0 transition on ,7e-»*Hf and 17e'"2Hf targets 
are compared on figure 1 with typical experimental forms *' at the same energy. Though the 
fit for the 16+ —»16+ transition is rather good, the large counting rate at forward angles 
may be an indication of an unidentified contaminant. 
The cross-sections for reaction on ground-state targets arc known (from ref. 1 ). 
From our measurements, we obtain the product of isotopic target thickness by cross-section, 
and then deduce isotopic target local thickness. 
If we suppose (assumption 1) that the target thickness is uniform, the product of local thick
ness by target area gives the total number of atoms for each isotope. Knowing the number of 
isomeric atoms in the target, the deduced isomeric ratio is 3.1 % and the ratio of the 16+ -* 
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16+ transition to the ground state -* ground state transition cross-section is 19.3 /(1587 x 
0.031) = 0.392 ± 0.078 at 27° (maximum of the angular distribution). 
The observed >80Hf isotope present in the target was surely not produced by a bombardment 
of Yb (production of isomer). If it is supposed that it results from contamination by natural 
Hf, and if it is also supposed (assumption 2) that the isomeric ratio of the produced 17e"l2Hf 
has the calculated value (5.4 %), the deduced isomeric ratio in the target is 4.5 % and the 
ratio of the 16+ -t 16+ transition to the 0 + -» 0 + transition cross-section is 0.270 ± 0.054. 

Measurement of isotopic composit ion. Evaluation of isomeric ratio of the target 
Deduced normalization o f the cross section for the 16 + to 16+ transition 

Target Hf *ЙгОЛ/.г) &xN e 0zb/sr) 
isotope (ref 1) x (atom/cm2) atorn/cmJ 

N c x sf. 
d = 5 mm 

isomeric 
ratio 

assump
tion 

176 
177 
178 
179 
180 

<435 ±34 
<342 ±14 
464 ±15 
230 ±15 
501 ±25 

713 xlO16 

4380X1010 

1587x10'° 
220 xl0'° 
360 xl0'° 

1.64±0.15 10'° 
12.8 ±0.6 10'° 
3.4 ±0.4 10'° 
0.96±0.09 10'° 
0.72±0.06 10ie 

0.32 10lc 

2.51 10'° 
0.67 10'° 
0.19 1010 

0.14 10,G 

178m2 182 ±36 
125 ±25 

19.3x10'° 0.105 10,G 

0.153 10'° 
0.0207 10'° 
0.030 10'° 

0.031 
0.045 

The blocking effect in Hf(p,t) reaction is illustrated on figure 2; the two values of the experi
mental cross section obtained using either assumption 1 or 2, are both in agreement, within 
uncertainties, with the expected value obtained using relation (1): 
a = 147±25/ ib /sr(c l 6 + _ < l 6 + /<r u + _ 0 4- = 0.32 ± 0.5 ) 

1) M.A. Oothoudt, N.M. Hi'ntz, Nucl.Phys. A213 (1973) 221 
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Abstract. The developments at Dubna have opened the possibility of 
producing microweight quantities of the nucleus 178mJHf with Ti/j=31y, spin 
F=16 + and excitation energy E=2.446 MeV. Such samples can be used to 
produce mass separated fast atomic beams. The magnetic moment /i/, elec
tric quadrupole moment Qs and the isomeric shift can then be measured by 
collinear spectroscopy. For this purpose we have set up a collinear experiment 
at the P.A.R.I.S. mass separator at Orsay. The optical transition 5d36s3 3Pj 
- 5d6s36p 1Pi> (Л = 572 nm) has been chosen for its high sensitivity and the 
A- and B-factors for this transition have been determined for X77,17eHf. In 
a first measurement with 178maHf we recorded two almost coinciding reso
nances of the hyperfine structure of this isomer. Recent modifications on the 
apparatus have effected a fifteen-fold improvement in the signal/background 
ratio. With these improvements we expect to measure the complete hyper
fine spectrum of 178m3Hf in an upcoming experiment tentatively scheduled 
for June 1993. 

1. Introduction 
The isotope chain of Hf belongs to the well deformed refractory elements following the 
region of the strongly deformed rare earth elements. The hafnium nuclei exhibit series 
of more or less long lived spin isomers. The yrast trap state F = 16+ in 178Hf [1] has a 
half life of Ti/a=31y [2] at an excitation energy of 2.446 MeV [3]. Its nuclear structure is 
supposed to be a four quasi-particle state [1]. Microgram quantities of 178Hf + "втащ 
with an enhanced yield of the isomer produced by the reaction 17eYb(a,2n) have been 
prepared by a Dubna-Orsay collaboration [4] and now a detailed study of this isomeric 
state is possible. 

A research program has started recently using 178Hf samples containing about 
5% of 178mJHf as targets for nuclear reactions and Coulomb excitations. Laser spec
troscopy of г 8m2Hf allowes determinations of the magnetic moment /i/, the spectro
scopic quadrupole moment Qs and the isomeric shift due to the change of the mean 
square charge radiue 6 < ra >is- Collinear laser spectroscopy experiments on 178Hf and 
stable Hf isotopes have been performed at the P.A.R.I.S. separator of the C.S.N.S.M. 
(Orsay) [5, 6]. 

In a first run we have used an isomer sample produced at Alma-Ata and 
have loaded the ion source with 1.4(.2) • 1013 178mJHf atoms. Signals have been recorded 



393 

at mass 178 and two almost coinciding resonances besides the ground state have been 
observed. In a second investigation performed with a sample with a lower isomeric en
richment the results of the first experiment have been confirmed. 

2. Nuclear properties 
Three isomers are known in 178Hf : an 8~ state (T1/J=4.0s) with an excitation energy 
of 1147.4 keV, the long lived 16+ isomer (Т!/2=31у) at 2446 keV and another 8~ level 
at 1479 keV that is not populated in the decay of the 16+ isomer [7]. The two 8~ levels 
are mixtures of {p[514]9/2 + p[404]7/2}8_ two-proton and {n[514]7/2 + p[624]9/2}8" 
two-neutron configurations. The percentages of the two-proton configuration are 39% 
for the 1147.4 keV and 61% for the 1479 keV level respectively [8, 1]. 
The V, К = 16+, 16 state is supposed to be the sum of the configurations given above and 
thus to be of a four-quasi-particle nature {p[514] | +p[404] J. -rn[514] | +p[624] f}16+ . 
Via E3 and M4 transitions, this 16+ state decays into 13" and 12" levels from a ro
tational band built on the K=8~ isomer (1147.4 keV). The already slow E3 and M4 
transitions are further retarded by the K=8 hindrance factor. 
Static properties of 178Hf have been calculated in a Hartree-Fock plus BCS framework 
[9]. These calculations yield a prolate deformed nucleus. The wavefunctions of the al
ready mentioned 8" and 16+ isomers are constructed from single particle states whose 
main components are the §+n[624]T, \~п[514]|, §~p[514]t, |+p[404] | asymptotic levels. 
These calculations also reproduce the low energy collective excitations quite well. 

3 . Experimental set up 
We have set up a collinear laser experiment on line with the the P.A.R.I.S. mass sepa
rator at the CSNSM in Orsay [6], where hafnium atoms with 40 keV kinetic energy are 
excited by a single mode dye laser in a contralinear geometry. 

Hydrochloric solutions of Hf isotopes are evaporated onto quartz wool, placed 
inside a carbon tube which is inserted into a furnace just at the entrance of the ion source. 
By heating and chlorination with ССЦ, the hafnium tetrachloride vapor is flowed into 
the ion source, in which it is decomposed and ionized. The elemental ions are extracted 
and accelerated by a 40 kV potential and finally mass separated. An aperture (25 mm x 
3 mm) in the focal plane permits delivery of the selected mass into the collinear setup. 

In the collinear section [10] the ion beam is neutralized in the sodium vapour 
of a charge exchange cell. A large number of the atoms are therefore in the 5d26s2 3P2 
state used as the initial level of the optical excitation. A Coherent 599 single mode dye 
laser operating with Rhodamine 6G is used to excite the atoms into the 5d6s26p *Pi 
state. The laser frequency i/& is fixed and stabilized on a molecular absorption line of 
i a 7Ij . The atomic resonances vi are scanned via Doppler shift i/pi = "i(l — P)l and 
7 = (1 — /32) - 1 '2 by a change of the beam velocity /3 with a tuning voltage at the 
charge exchange cell. The resonances voi = VL are detected via the fluorescence light 
of the 5d36s6p *Pi excited state decaying to the ground state (A = 378 nm). The light 
is collected by an ellipsoidal mirror and focused with a lens and a light pipe combina
tion on a RCA 8850 photomultiplier. The light is filtered by an interference filter and 
an additional SCHOTT glass BG3 in order to suppress stray light from the laser. The 
experimental line width of Sv = 60 MHz FWHM is due to a residual Doppler profile. 
With calibrated Hf samples we obtained a total detection efficiency of 5 • 10 - 5 counted 
photons per incoming atom. 
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4. Exper imenta l resul ts 
In order to complement the measurements on 17Sm2Hf we have measured the hyper-
fine structure and isotope shift of stable isotopes. We extracted the following A- and 
B-factors in the 5da6s2 3 P a — • 5s26s6p г Р г (A=572nm) transition for the odd isotopes: 
177Hf: A(3P2) = 70.9(.7) MHz B(3P2) = -1207(7) MHz 

A ^ P i ) = -22(1) MHz B( JPi) = 688(4) MHz 
l79Hf : A(3P2) = -44.7(.2) MHz B(3P2) = -1364(3) MHz 

A(%) = 13.9(.3)MHz B C P i ) = 776(2) MHz 

The electronic factor i<s72nm and the specific mass shift SMSwinm iox this resonance line 
have been determined from a King plot procedure with transitions from the ground-state 
multiplet 5c?6s73F to higher levels with а 5£?6з6р configuration [11]. A small positive 
isotope shift and a negative specific mass shift due to a broken d-shell electron pair is 
observed. 

In the first experiment on 178m2Hf, we have used a sample which contained 
1.4(.2) • 1013 atoms of the isomer (1=16) together with a twentyfold amount of the 
ground state 178Hf (1=0) mixed with 30 t̂g of surenriched 176Hf in order to control the 
time dependent operation of the ion source. Prom the measured current of the collected 
176 mass, a separation yield of 20% to 25% has been achieved. 

Signals have been recorded at mass 178 and two almost coinciding resonances 
rising three times the statistical noise above the background are attributed to 17Bm2Hf. 
Their position relative to the ground state has been extracted in a preliminary data 
analysis. 

Due to the high isobaric background it was impossible to record the remaining 
hyperfme resonances. In a recent modification the signal/background ratio has been 
increased by a factor of 15. This has been accomplished by a new drift tube which 
includes a cryogenic section for a reduction of the noise due to collisions with residual gas 
and a superior configuration of the magnetic field that is necessary for the suppression 
of optical pumping [10]. With these improvements a measurement of the remaining 
hyperfine lines and thus a determination of /ij and Q, for the isomer 178maHf is possible. 
The comparison of the experimental positions of the hyperfine components of 178m2Hf 
with all possible hfs patterns and isomer shifts indicates that our partial result does not 
support the previous measurement of fir by nuclear orientation [7]. 
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ABSTRACT 
II is stated that there is order in the large and chaos in the small quasiparticlc 

or phonon components of the nuclear wave functions. The order-to-chaos tran
sition is treated as a transition from the large to stnall components of the wave 
functions. Therefore, the experimental investigation of the fragmentation of many-
quasiparticle and quasiparticlc-phonon states plays a decisive role. Using as a tar
get 176Lu and laoTa, it is possible to study the fragmentation of three-quasiparticle 
states in the onc-nucleon transfer reactions. Using as a target the isomer 1 7 8 m S # / , 
it is possible to study the fragmentation of five-quasiparticle states. Information on 
the fragmentation of the few-quasiparticle-phonon configuration can be obtained 
from gamma-decays of high-spin isomers. 

1. O r d e r a n d Chaos in T e r m s of Nuclear Wave Funct ions 

A nuclear excited state is characterized by angular momentum I, parity 7r, 
other quantum numbers, energy and a wave function. Much attention has been 
paid to an interplay between order and chaos in nuclei ' . Studies concerning the 
nearest-neighbour level spacing distribution in nuclei have usually identified chaos 
via agreement with Gaussian Orthogonal Ensemble (GOE) statistics 1. The nu
clear wave function of an excited state with energy more than 2-4 MeV has many 
components with a different number of quasiparticles, with different К quantum 
numbers, with isospin quantum numbers To and To + 1 and so on. Such wave func
tions are superpositions of several interacting GOE spectra. Therefore, the GOE of 
level-spacing distribution cannot prove that the nuclear structure is chaotic. In ref 
2, this has been demonstrated using a simple soluble model in which the appear
ance of a GOE-type distribution function for the nearest-neighbour level spacing 
does not directly correspond to a dissolution of the quantum numbers associated 
with the model. Therefore, it is necessary to investigate an order and a chaos in 
nuclei and the order-to-chaos transition in terms of properties of the nuclear wave 
functions 3. 
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The purpose of this paper is to discuss the order-to-chaos transitions is terms 
of nuclear wave functions. 

The nuclear mean field is responsible for the order. The residual interaction 
plays a two-fold role: 1) The superconducting pairing interaction stabilizes the reg
ularity of the nuclear mean field. The coherent interaction between quasiparticles 
leads to the formation of low-lying vibrational states and giant resonances gener
ating regularity in the nuclei. 2) The quasiparticle-phonon interaction leads to the 
fragmentation of quasiparticle and phonon states. It generates the chaos in the 
nuclei. 

To simplify the problem as much as possible, we confine ourselves to the low-
spin bound and quasibound stationary nonrotational states of rigid nuclei. We treat 
all nonrotational states as small-amplitude collective or weakly collective vibrational 
or quasiparticle states. The ground, low-lying and high-lying nuclear states are very 
complex. We find a representation in which several states are described in the sim
plest way, though the wave functions of other states are very complex. If the density 
matrix is diagonal in the Hartree-Fock-Bogolubov approximation, then the average 
nuclear field and superconducting pairing interactions can be separated 4. A rep
resentation is usually used in which the density matrix is diagonal for the ground 
states of the doubly-closed shell or well-deformed nuclei. This is the mean field 
representation. In the mean field representation, the wave function of an excited 
state can be written as an expansion of a number of many-quasiparticle and many-
phonon operators. In this representation, there is a hierarchy of the components of 
the wave function with different numbers of quasiparticles. According to s ,s, the 
wave function of an excited state with a fixed angular momentum and the parity of 
a doubly even-mass nucleus has the following form: 

*»(•>*) = ( E *?,«?«? + E KQi + E %з4"М<*зМ + E %««M<?a+ + 
12 a 1234 12a 

E M ^ + E *?23456«M«34V«6+ + ---}*0 (1) 
oo' 123456 

Here | bn |2 defines the contribution of the corresponding quasiparticle or phonon or 
quasiparticle-phonon component to the normalization of the wave function (1). A 
highly excited state can be occupied through one component of the wave function 
(1) and decays through another component of the wave function. In this case, the 
excitation of a state is independent of its decay. In this consideration, there is no 
sense in investigating how a complex state is formed from a simple one. 

The wave function (1) consists of the phonon operators. Several high-spin 
isomers cannot be treated as pure many-quasiparticle states. The decays of an iso
meric state with a mean life of 4.5/is and spin 65/2" in 213JPr 7 and of on isomeric 
state with 34ps and a spin 34+ in 212Fr 8 demonstrate a very large E3 transition 
strength, namely B(E3) = 20 — 60 s.p.u. Therefore, several excited states in n3Fr 
and iUFr should be treated as many-quasiparticle- octupole phonon states. The 
two-quasiparticle and two-phonon octupole excitation 12+ at 3.981 MeV in 148Gd 
has been observed in 9. Due to the Pauli principle the phonon operators are de-
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stroyed by many-quasiparticle operators in the wave functions. These experimental 
data have shown that phonons survived among many-quasiparticle configurations. 
Therefore, the wave function (3) should consist of the phonon operators. This wave 
function can be used for a treatment of the excited states whose life time is much 
longer than the internal equilibration time. 

2. Order-to-Chaos Transition as a Transition from Large to Small Com
ponents of the Nuclear Wave Function 

It is stated 3 that there is order in the large and chaos in the small quasipar-
ticle or phonon or quasiparticle-phonon components of the nuclear wave functions. 
The available experimental data on the large components of the wave function of 
low-lying, isobaric analog states as well as high-spin many-quasiparticle isomers 
have demonstrated a regularity in nuclei. 

Practically, there are no experimental data on the small components of the 
wave functions of the low-lying states. The experimental values of the reduced 
neutron and partial radiative widths were used in 25'26 to estimate the average 
values of the one- and two-quasiparticle components of the wave functions of the 
neutron resonances. For nuclei in the region 50 < A < 250 they were found to 
be | b p = 10~5 — 10~8. The small components of the wave function manifest 
themselves in the distribution function of partial widths for the transition from 
a neutron resonance to few-quasipaxticle components of the wave function of the 
low-lying state. The distribution of the partial radiative widths of the neutron 
resonances is in good agreement with the GOE statistics. This shows that the one-
or two-quasiparticle components of the wave functions of a neutron resonance have 
a chaotic character. This distribution, however, does not contain any information 
concerning the entire wave function. 

We consider the transition from order to chaos as a transition from large 
to small components of the nuclear wave function. It is important to analyze how 
the nuclear wave function changes with increasing excitation energy. Therefore, it 
is needed to investigate the fragmentation (strength distribution) of the few- and 
mary-quasiparticle and quasiparticle-phonon configurations. In our consideration, 
if all quasiparticle and phonon components of a wave function are small, it means 
chaos. Fluctuation properties, generic to all systems that show chaos, are indepen
dent of the specific properties of the system. In this case, one does not need to 
study such excited states. It is highly desirable to establish the excitation energy 
limit for the order-to-chaos transition as a function of the nuclear mass. Our treat
ment is different from ones which used a statement that if the classical system is 
nonintegrable, its quantum correspondent shows chaos. It is possible to state that 
none of physical problems can be solved mathematically rigorously. Only simple 
models are integrable. From this point of view, all physical problems are chaotic. 
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3 . Fragmentation of One-Quasiparticle and One-Phonon S t a t e s 

There is experimental information that the wave functions of the low-lying 
states have one dominating oue-quasiparticle or one-phonon component. They 
demonstrate the regularity in nuclei. A reasonably good description for the low-
lying states has been obtained by means of the dominant component alone. The 
low-lying states show individuality. 

With increasing excitation energy, the structure of the states becomes more 
complex and the wave function (1) has several relatively large components; the 
domination of the single component decreases. The fragmentation of the one-
quasiparticle component increases with the excitation energy. Experimental in
vestigations on the fragmentation of the one-quasiparticle states in spherical nuclei 
have shown 10 that pronounced maxima of the strength distribution take place up 
to an excitation energy of 10 MeV. This means that one-quasiparticle states with a 
large angular momentum lying in a region rather far from the Fermi surface are not 
fully fragmented. The fragmentation of one-quasiparticle states in spherical nuclei 
has been described within the QPNM with the -wave function containing quasipar-
ticle, quasiparticle-phonon and quasiparticle-two-phonon components 10~12. The 
role of the quasiparticle-phonon interaction increases with the excitation energy. 
The structure of the nuclear states becomes more complex and the contribution 
of few-quasiparticle components to the wave function strongly decreases with the 
excitation energy. The wave function of the states with energies greater than 3-4 
MeV are superpositions of many terms with different numbers of quasiparticles and 
phonons. 

In 13, it is stated that the broad peaks in the one-nucleon transfer reactions 
on the targets wmapb*™Bi*9Y and w<^Zr at excitation energies of the giant 
quadrupole resonances are due to the excitation of one-quasiparticle states. It is 
highly desirable to establish the excitation energy limit for complete damping of one-
quasiparticle states as a function of the target mass. Usually 14, such a damping of 
one-quasiparticle states is considered as a transition to chaos. It is not true. The 
many-quasiparticle configurations can give a large contribution to its wave function. 

4. Fragmentation of the Three- and Five-Quasiparticle States in De
formed Nuclei 

The study of the fragmentation of the three- and five-quasiparticle states is 
the next step in investigating an order-to-chaos transition. The fragmentation of 
three-quasiparticle states in usYb,17S<in Lu, 
119Hf and 179 '181Га can be investigated in (d,p), (d,t) and (t ,a) reactions on the 
doubly-odd targets 176Lu and 180Ta. The fragmentation of the five-quasiparticle 
states in 177Lu and 1 T 7- 1 7 9#/ can be studied in a one-nucleon transfer reaction on 
the long-lived isomer 1S 35 1 7 8 т 2 Я / with 1С = 16+ . The energy centroids of the 
three- and five-quasiparticle states in these nuclei have been calculated in 16. 

Let us consider the three- and five-quasiparticle states in 179Hf. Exper
imental data 17 on the three-quasiparticle and quasiparticle-phonon states with 
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Fig. 1. Experimental data on the quaei-
particle-phonon states and the calculated 
energy oentroids of the three- and five-quasi-
particle states in Hf excited in the (d,p) 
and (t,dL) reactions. 
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energies below 1.5 MeV and the calculated energy centroids of the three- and five-
quasiparticle states are given in Fig. 1. A nonrelational state is denoted by I(n, 
the projection of the angular momentum onto the symmetry axis of a nucleus and 
parity, and the proton p and neutron n asymptotic quantum numbers ЛГп,А f at 
К = А + 1/2 and NntX J. at К = A - 1/2 of the single particle state. The gamma-, 
beta- and octupole phonons are denoted by 2*, 0% and l^ t . In the 180Га(г,аг) re
action, it is possible to study the fragmentation in 179Я"/ of the three-quasiparticle 
states in the energy range 2-5 MeV. Using as a target the isomer l7Sm7Hf Д"п = 1G+ 

with the configuration p514 f +p404 | +n514 i +n624 "J", it is possible to study the 
fragmentation of the five-quasiparticle states in the (d,p) and ( а , 3 Я е ) reactions in 
the energy range 3-6 MeV. Experimental data on the three-quasiparticle states and 
the energy centroids of the three and five-quasiparticle states excited in 176Lu (d,p) 
J ^ J nam7fff ( t ,a) reactions are given in Fig 2. In these reactions, it is possible 
to study the fragmentation in 17T£u of the three-quasiparticle states in the energy 
range 2-4 MeV and the five-quasiparticle states in the energy range 4-6 MeV. 

The ireLu(t, a) reaction can be used to study the fragmentation in 17iYb 
of the following three-quasiparticle states: Л 'п = 13/2", 15/2~ p404 J. +n514 j 
±p411 1 with energy centroid 1.8 MeV; Kn = 7/2+, 21/2+ p404 1 +n5 l4 i 
±p523 T with 2.5 MeV; Kn = 5/2+, 23/2+ p404 1 +n514 i ±p514 T with 2.6 
MeV; Kn = 11/2- , 17/2" p404 1 +n514 l ±рШ | with 3 MeV and /C n = 
9 /2 + , 19/2+ p404 i +n514 | ±p532 T with 3.3 MeV. 

Using a target 180Га, Кж = 9~ with the configuration p514 + rc624, it is 
possible to study the fragmentation of the three-quasiparticle states in mTa in the 
dy t and 3He, ft reaction which are presented in Fig. 3. 

5 . F ragmen ta t ion of t h e T w o - P h o n o n and Few-Quas ipar t i c le -Phonon Sta tes 
in Spherical Nucle i 

Information on the fragmentation of the few-quasiparticle-phonon config
urations can be obtained from gamma-decays of high-spin isomers. For exam
ple, the gamma-ray de-excitations of 65/2" isomer in n3Fri7 and 34" isomer in 
П2рги ^-g demonstrated as fragmentation of several quasiparticle- octupole-phonon 
states. Several states arising from three- and five-quasiparticle configurations have 
been identified in u3Nd via I30Te(18O,5n) reaction 18. Partly fragmented two-
quasiparticle-two-phonon states in 14&Gd have been observed in 9 . 

The nucleus шБт has been studied with the n, n'7 reaction in ref. 19. The 
fast E l transitions were observed and led to the identification of possible members 
of the octupole-octupole and the quadrupole-quadrupole multiplets. The fragmen
tation of the two-phonon octupole strength was indicated. The fragmentation of the 
three-phonon configuration over several nuclear levels in 1 4 6 5 т has been observed 
in 20. 

The experimental data on the fragmentation of the one- and two-quasiparticle 
and one-phonon state do not allow one to establish the excitation energy limit for 
the order-to-chaos transition. Therefore, the experimental investigation of the frag-
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mentation of the few- and rnany-quasiparticlc nnd quasipurticlo-phonon states in 
atomic nuclei is necessary. 

0. Conclusions 

The above consideration allowed us to derive the following conclusions; 

1. The order (« governed by the large components of the wave function of the 
excited states. 

2. Chaos takes place in the small components of the wave function of the nuclear 
excited states, The excited state is chaotic if its wave function is composed 
of only small components of few and many-quosiparticle or few and inany-
phonon configurations. 

3. It is possible to consider the order-to-chaos transition as a transition from the 
large to the small components of the nuclear wave function. 

4. The experimental investigation of the fragmentation of the many-quasiparticle 
and quasiparticle-phonon states play a decisive role in studying the order-to-
chaos transitions. 
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1. Introduction 
The investigated hafnium isotopes with neutron numbers 100-110 lie in the middle of the 
region of deformed nuclei. For the light hafnium isotopes the quadrupole deformation pa
rameter /?2 increases with the growth of the neutron number, reaches its maximum at N=104 
and after that a decrease is observed. Naturally, such a change in the nuclear deformation 
contributes to the changes of the mean-square charge radii 6 < r2 > , magnetic dipole /i 
and electric quadrupole Q, moments. Another feature of hafnium is the presence of a large 
number of isomers. Each isotope has several isomeric states with different spins occurring 
as a result of the decoupling of the proton and neutron pairs. The deformations and conse
quently .the charge radii of the ground and isomeric states may be different. In this sense it 
is interesting to measure and compare these parameters. 

One of the most effective methods used to determine the changes in mean-square charge 
radii 8 < r2 >AA'=< r2 >A' — < r2 >A and nuclear moments is based on the measurement 
of the isotope shifts (IS) and hyperfine splitting (HFS) in the atomic spectra. In the case of 
hafnium, however, most of the experiments have been performed using classical interference 
spectroscopy [1-3]. The relatively large uncertainties of the measured quantities do not allow 
a more detailed analysis of the changes in the nuclear charge radii. There are only a few 
measurements where the more precise and sensitive laser spectroscopic techniques have been 
applied [4,5] and in most cases only for limited number of isotopes. 

At the Flerov Laboratory of Nuclear Reactions (FLNR), JINR, there are on-going ex
periments on the measurement of the changes in the mean-square charge radii and nuclear 
moments of hafnium isotopes and isomers for a large range of neutron numbers. All these 
isotopes and isomers can be produced in 7-, a- and heavy-ion-induced reactions on the ac
celerators at FLNR [6]. Here we report the first results on the 8 < r2 > , ц, Q, values for 
the stable Hf isotopes and 182Hf (Ti / 2 =9xl0 6 y) deduced from the IS and HFS measured on 
the laser spectrometer at FLNR. 

2. Experimental apparatus 
The spectrometer used is based on the detection of the laser exited fluorescence of the atoms 
in a well collimated atomic beam. A schematic view of the experimental arrangement is 
shown in fig.l. 
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Table 1 
The- characteristics of the investigated transition 

A, nm 
590.3 
594.8 

E, cm"1 

2357—>19293—>0 
5638-^22451—>2357 

Term 

a3F3 —>z5G° —>a3F2 

aiD2—»z sF5—>a3F3 

Configuration 
5d26s'J —>5cF6s6p 
5d26s2—>5d6s26p 

Table 2 
The isotopic shifts for the investigated optical lines of Hf 

A A' 

174 176 
176 178 
177 178 
178 179 
178 180 
180 182 

At/A-A', MHz 
A=590.3 nm 
-846.4(2.1) 
-862.0(8.1) 
-614.8(0.8) 
-370.1(4.1) 
-989.3(3.2) 
-680.0(12.7) 

A=594.7 nm 

-1097.4(3.0) 

1260.5(1.9) 
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The atomic beam, the laser radiation and the direction of fluorescence detection are mutu
ally orthogonal. This geometry makes it possible to carry out measurements with extremely 
high spectral resolution (up to the natural linewidth of the transition). The interaction takes 
place in a vacuum chamber evacuated by a turbo molecular pump. For excitation of the 
atoms a tunable cw dye-laser Spectra Physics 390D, pumped by an Ar+ ion laser Spectra 
Physics 2030, is used. The frequency of the dye-laser is tuned automatically in a range up 
to 30 GHz. The resonantly excited fluorescence is detected by a photomultiplier operating 
in the single photon counting mode. The spectrum is recorded by a multichannel analyzer 
synchronized with the frequency tuning. With the help of beam splitters a fraction of the 
radiation is directed to a A-meter and two Fabry-Perot interferometers. The transmission 
peaks of the first one (with a dispersion range of 150 MHz) are recorded simultaneously with 
the spectra. They introduce a scale which allows to determine the peak separations. The 
second interferometer (8 GHz) is connected to an oscilloscope and is used for visual control 
of the frequency tuning. 

Hafnium is one of the elements which are most difficult to vaporize. Respectively, pulsed 
laser evaporation was found to be a convenient atomization method [7]. In our experiments 
a Q-switched Nd:YAG laser with the following parameters: A=1.06 /mi, pulse duration 
т=10 ns, max. energy in a pulse J=50 mJ, repetition rate 12.5-100 Hz has been used. A 
synchronization between the laser pulses and the registration system ensures photon counting 
only when the atomic bunch is in the interaction region. 

The following samples were used in the present experiments: 
1. Metallic hafnium foil of natural abundance 
2. Hafnium oxide (Hf02) pellets enriched by 177Hf and 179Hf 
3. Tungsten plate irradiated by bremsstrahlung (E=25 MeV). The isotopes l78Hf, I80Hf and 
182Hf were produced in (7,0) reactions with stable W isotopes. 

3. Measurements and results 
Excitation on the transitions a3F3 -» zbG% (A=590.3 nm) and axD2 -* z3F$ (A=594.6 nm) 
were used. In order to reduce the background from the scattered laser light the spontaneous 
decay to the ground state а 3F2 was detected. The characteristics of these transitions are 
presented in Table 1. Some of the recorded spectra are shown in figs.2-4. It can be seen 
that all the peaks corresponding to the even-even isotopes and to the hyperfine structure 
components belonging to the odd isotopes are completely resolved. The registered linewidth 
(FWHM) is 45 MHz which is determined by the Doppler broadening. The measurements with 
enriched 177Hf and 179Hf samples allowed to identify the HFS components belonging to this 
isotope and to obtain the corresponding IS and magnetic dipole A and electric quadrupole 
В hyperfine splitting constants. 

The experimentally observed IS are listed in Table 2 and one can see the high accuracy 
of the measurements. However, certain difficulties exist in the estimation of the parameters 
needed for the evaluation of the changes in the mean-square nuclear charge radii 8 < r2 >AtA . 
In particular this is a serious problem for Hf because of its complex spectra with very strong 
and practically unknown configuration mixing. These problems have been solved using the 
well known King-plot [8,9]. If IS measurements are available for more than one transition 



frequency m a r k e r s (150 MHz) 
407 

700 

"ЗбОО: 

Л 500 : 
Л 
^ 4 0 0 : 
и 
дЗОО 
э 
g 2 0 0 -

о 
00 

оо 
1^ 

тнгтг-у—гт~г~У-v—г~»—к—г 
Hf I 
Л =590.46 rim 

со 

100 
11 fi п i 
250 

Дг М П I1!*! 
300 150 200 

channe l s 
Fig.2. Fluorescence, spectrum for the 590.3 nm transition in lifl (sample of natural 

abundance). 
1200 i -r-7-Y—m» i i i i i i 

1000 

т * i I i' l i 

i 

|Ц||УМ1^ИЦП|Л|1П|Ч|ГМ|Я|П1|ИН1|1ПМ|И||ПП||М 
SO 100 ISO 200 250 300 350 400 450 

channels 
F ig .3 . HFS ofV7Hf (X=590.S nm) obtained with an enriched sample of171Hf02 

4200 

4100 

! 

I 

4000 

3900 

3800 

3700 • 

3600 ' i i i i i i 

0 150 300 450 600 750 900 1050 1200 1350 1500 
frequency, Iffis 

Fig.4. Fluorescence spectrum for 1S0Hf and l82Hf (sample: tungsten plate) 



408 

one can obtain a functional relationship between the experimental data: 

tf * = ( а д к Г + {syfS - syfSiEi/Ej)} (i) 
here C$j' = BB№ jv-A^vt{f)exp. 'xs t n e modified IS; B\В are the mass numbers of a reference 
isotope pair. 

As can be seen from (1), if the electronic factor and the mass shift for a reference tran
sition are known the corresponding values for the investigated one can be found. Usually 
ns7 — nsnp and ns — np transitions are used as a reference because in these cases one can 
calculate Ej and 6VJ,SM following standard procedures. According to previous theoretical 

о 

and experimental analyses [1,10] the transition 5<P6s7 3F4 —+ 5cP6s6p SG% with A = 5453 A 
is a pure ns7 — nsnp transition. Making use of this fact and on the basis of the Goudsmith-
Fermi-Segre approximation, with experimental data from [11] and screening ratio from [2] 
the following parameters were obtained: electronic factor £j=-0.454(27), specific mass shift 
£к£я£"Цо.О±9.4) MHz. Values of £,=-0.313(21) and of ЦУ$8 0=-112(28) MHz for the 

о 

investigated transition with A=5903A were then deduced using (1). In the calculations the 
statistical errors of all experimental IS and the errors in the determination of the parameters 
of the reference transition were taken into account. 

Using a nuclear factor /(Z)=39.908 GHz/fm2 [11] the changes of the mean-square charge 
radii with respect to 178Hf were calculated (Table 3). It is noteworthy that our value for 
8 < r7 > , r8 '180=0.075(4) fm2 obtained from semiempirical calculations coincides with the 
one from the recent work [3] where a complex theoretical analysis is made. At the same time 
the values deduced from the IS in the К X-ray spectra [13] and in the spectra of /i-atoms 
[14] are considerably higher: 6 < r7 > ,78 '180=0.103(7) and 0.106(7) fm2, respectively. 

For the identification of the HFS components in the 3/*з —»SG° transition and for the 
evaluation of the magnetic dipole and electric quadrupole HFS constants A and B, a least-
square fit program combined with statistical x2-test to reject the incorrect assignment was 
used. The HFS of the investigated transition has the following features: 

1) 177Hf has a nuclear spin / = 7/2, therefore the upper and lower atomic levels (having 
equal J) split into seven hyperfine sublevels with total angular momenta F from 1/2 to 13/2. 
This leads to nineteen HFS components in the optical spectrum. 

2) The nuclear spin of 179Hf is / = 9/2 and the atomic levels under investigation also split 
into seven HFS sublevels with F from 3/2 to 15/2, i.e. there are nineteen HFS components 
of the optical transition. This case is more complicated, because no data on A and В for 
the investigated levels are available. As a first order approximation in the evaluation of the 
HFS constants we made use of the fact that the ratios of the A-values as well as the ratios of 
the B-values for the upper and lower levels are nearly equal for different isotopes of a given 
element. 

Table 4 summarizes the obtained results. The ratios of the HFS constants and of the 
magnetic dipole and the electric quadrupole moments for the two stable odd Hf isotopes are 
presented. 

4. Discussion 
In fig.5 the experimentally obtained changes in the mean-square nuclear charge radii for the 
neighbouring even-even hafnium isotopes are shown. The value of 8 < r2 > for the isotopes 
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Table 3 
Changes in the nuclear charge radii for Hf isotopes 

A 
174 
176 
177 
179 
180 
182 

A178-*, rel 
-1.698(27) 
-0.853(13) 
-0.617(14) 
0.338(14) 

1.00 
1.656(62) 

Д < ra > , 7вЛ Гт" 
-0.126(6) 
-0.063(3) 
-0.046(3) 
0.024(2) 
0.075(4) 
0.124(8) 

ftrVW m as /80 
г 

0/0 

/00 /04 /08 

Fig.5. Changes in charge radii and parameters of deformation for Hf - isotopes. 
о experiment, •— calculation by the two parameter droplet model formula 

Table 4 
The ratios of nuclear moments for odd Hf - isotopes 

Level, cm l 

/i(177)//i(179) 
•Q.(177)/Q.(179) 

2357(a3F3) 
-1.241(6) 
1.036(10) 

19293(z5G!j) 
-1.240(14) 
1.036(13) 
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pair m ' 1 7 4 Hf [15] is shown, too. As seen from fig.5 the dependence of 8 < r2 > on neutron 
number N is very smooth. The droplet model predictions are drawn also in fig. 5. In this 
model the changes in the mean square charge radii are written as a sum of two terms: 

8 < r2 >A'A'= S < r2 >A'A' +8 < r2 >fA' (2) 

The first term in (2) is connected with the increase of the nuclear volume with the addition 
of neutrons; the second accounts for the changes in the deformations: 

S < r 2 >*•*'= (5/4ir) < r2
 >tph £ > < # >Л'А' (3) 

where /J; is the deformation parameter of order i. The droplet model values 6 < r 2 >p 
calculated from (2) with taking into account only the quadrupole deformation /32 deviate 
strongly from the experimental ones and show another type of dependence on N. 

According to [16] the quadrupole deformation parameter /?2 passes through a maximum 
in the isotope region considered, which leads to different signs of 8 < r2 >p. The discrepancy 
between experimental and droplet model values of the ms radii changes may be decreased 
if higher order deformations e.g. octupole or hexadecapole (see the /З4 values in fig.5), are 
included in (2). There may be, however, some other factors, which compensate the influence 
of the deformation and thus stabilize the charge radii of Hf isotopes. 

Thanks are due to the Bulgarian Ministry of Education and Science for financial support. 
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Abstract: A technique of studying nuclear ground-state properties by laser 
desorption and multi-step resonant ionization is described. This technique has been 
used to measure the hyperfine splitting and isotope shifts for two transitions of the 
stable isotopes 17б-180н£ These measurements are intended to complement collinear 
laser spectroscopy measurements of the long-lived, high spin isomeric state of 
l78m2Hf ancj t0 determine the feasibility of measuring the hyperfine structure of the 
isomer by laser desorption and resonant ionization. 

Introduction: 

Laser spectroscopy provides an elegant method of studying nuclear properties. The atomic 
system surrounding the nucleus can be probed in detail due to the outstanding accuracy of single-
mode tunable lasers. Thus, the subtle effects of the nucleus on the atomic system can be discerned by 
measurement of the hyperfine structure (HFS) and isotope shift (IS) over long series of 
radionuclides. This marriage of nuclear and atomic physics has produced a wealth of systematic 
information on nuclear ground-state properties 

In general, laser spectroscopy of radioactive nuclei is performed on-line (at isotope separator 
facilites such as ISOLDE at CERN). However, certain nuclides are only available as daughter 
products after a nuclear decay which makes direct on-line study quite difficult. To study such 
nuclides, we have developed a technique that uses a laser-desorbed implantation of atoms as a 
secondary source; the desorbed atoms being then selectivley photoionized by a two- or three-step 
laser excitation. This method, called PILIS (Post-Isol Laser Isobar Separation), provides a sensitive ] 
means of measuring optical resonances by time-of-flight particle detection. PILIS has been used 
extensively for the study of gold and platinum isotopes1. j 

The particular case of the 178Hf nucleus is interesting due to its long-lived (m2) isomeric state j 
with high nuclear spin at moderate excitation energy. It also has the interesting characteristic of being ? 
produced in only minute quantities (1014 atoms) thus making measurements of this isomer very з 
challenging.2 At the PARIS mass separator in Orsay, attempts to measure the HFS of H8m2Hf by 
collinear laser spectroscopy are in progress.3 To complement this work, we have performed a series 
of multi-step ionization laser spectroscopy measurements on stable Hf isotopes using the PILIS "!, 
installation at Orsay. The aim of this work is twofold: (1) to obtain complementary and systematic 
information about the stable Hf isotopes for use in extracting the nuclear information from the 
collinear studies of 178ffl2Hf; and (2) to determine the feasibility and requirements for using the PILIS 
system itself to measure the HFS of 178m2Hf. 

Description of Apparatus: 

Shown in figure 1 is a schematic diagram of the PILIS system as well as an atomic transition 
used for the ionization. Hf atoms are desorbed from a metal target by a Nd:YAG laser operating at 
532 nm giving 10 ns pulses of up to 500 ml at 10 Hz. The first excitation step is produced using a 
single-mode tunable dye laser that is frequency-doubled to provide UV. In order to obtain the 
requisite power but to maintain single-mode quality, the CW beam is amplified by an intra-cavity 
amplifier that is itself pumped by a pulsed eximer laser. The CW dye laser is pumped by an argon 
ion laser. The second (ionization) step is furnished by an eximer-pumped dye laser. This laser 
provides enough power to saturate the transition and as the electron is excited to the continuum, a 
narrow-band pulse is not required. The magnet provides suppression of light masses that are 
desorbed as ions by the Nd:YAG laser as well as the oxides of hafnium that are always present. The 
time-of-flight signal is detected by a set of micro-channel plates, sent to a digital oscilloscope and then 
recorded on a micro-computer. 
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Figure 1: Schematic diagram of experimental apparatus (PILIS) and resonant ionization transition. 

Description of Measurements: 
We have made HFS and IS measurements of the stable isotopes 17б-180ц£ Spectra were 

obtained for two atomic transitions: / = 0 -*• 1 (A = 292.546 nm) and J = 3 -> 4 (A = 289.911 nm). 
Time-of-flight (TOF) spectra are collected for each step of a laser frequency scan of the first step in 
the excitation (Ay). The resulting data form a two-dimensional array of TOF versus frequency from 
which both the HFS and IS may be projected. Calibration of the frequency scale is accomplished by 
simultaneous recording of a Fabry-Perot etalon and the molecular absorption spectrum of Iodine. 
Shown in figure 2 are the hyperfine spectra for the / = 0 -» 1 (A = 292.546 nm) transition of the 
stable isotopes 176-180Hf. The isotope shift is also seen from the figure. We are in the process of 
extracting the A and В factors for these transitions (and thus the spectroscopic moments) as well as 
the isotope shifts. 

These measurements together with earlier results from Pt isotopes have demonstrated 
efficiencies of about 105 detected ions per implanted atom. In order to detect a signal of 100 ions we 
would therefore require a implantation of about 107 atoms. Hence, a 500 point frequency scan would 
require some 5 x 1010 atoms. In the collinear measurements, the sample of 178m2Hf comprises about 
5 x 1014 atoms. Therefore, a PILIS type measurement of i78m2Hf would seem feasible. 

References: 

IF. Le Blanc etal., Nucl. Instr. Meth. B72(1992)lll. 
2Y. Oganessiane/a/.,J.Phys. G18(1992)393. 
3N. Boos et a/., Collinear Laser Spectroscopy of 178m2Hf, presented at this conference. 
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Figure 2: Hyperfme spectra for the 5<P6s* 3P0 -> 5dP6s 3Dt transition (A = 292.546 nm) 
of the stable 176"180Hf isotopes. The isotope shift can also been seen by comparing the 
center of gravity of each spectrum. 
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Abstract 

A rapid method of continuous production, separation and purification has been developed at the 
Tandem accelerator of Orsay (FRANCE). This device concepted in Dubna for transactinide chemistry, 
was tested in producing different neutron deficient hafnium isotopes. Most of the spectroscopic 
properties of the isotopes produced was unknown. We have develope a special device for the study of 
this isotopes. Through irradiations by 1 60 ions with appropriate energy, of mono-isotopic targets 
154,155,I56Q(J m^ ^-^ ^ ^ ф 0f thc continuous purification through chromatographic ion exchange, 
we are able to obtain pratically pure X and 7 spectra of the selected isotope. Coincidence measurements 
have also be done and analysis is now in progress. As an example, for 68Hf, more than 100 new 
gamma rays have been identified. Thus, spectroscopy of hafnium from 169 to 164 and half-lives 
ranging from 26 minutes to 76 seconds has been investigated. We only present here, some of the 
preliminary results obtained. 

Introduction and purpose 

We have implanted at the Tandem accelerator of Orsay, a device for the study of short life 
isotopes issued from nuclear reactions. Originally our device is similar to the one used in Dubna [1,2] 
for experiments on the chemistry of element 104. But, many improvements have been done so as to 
optimize time and yields of transportation and dissolution. 

In order to check this method of continuous production, separation and purification of short life 
isotopes, we have produced different hafnium isotopes of masses ranging from 169 to 164, with half-
lives ranging from 26 minutes to 75 seconds. Indeed, element 104 is consider to be the chemical 
homologue of hafnium, and tests could be so done using these gamma emitters. 

The first experiments show a very high yield of production and separation. According to this 
high production, and considering that the spectroscopy of many of these neutron deficient isotopes of 
hafnium-is mostly unknown, it would be possible to investigate the gamma spectroscopy of these 
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isotopes. We have devcloppcd a special chemistry device for identification of these isotopes with the 
same principle that the one of transactinides chemistry, with different adaptation due to the fact that 
according to the high production rates, time transfer appears not as a crucial parameter, Choosing 
energy, using monoisotopic target of Od (154,155,156), and selecting the collecting time, we are able 
to obtain pratically pure spectrum of the selected isotope. Therefore, direct, y-y and y-X coincidence 
measurements have been done on these radio-isotopes. 

At the present time, analysis of the coincidence data are in progress and in (he next future, 
according to the encouraging results obtained, the study of transactinide properties, strictly speaking, 
will start at the begining of 1994. 

Experimental 

Irradiation and He (KCI) jet 

Irradiations have been done at the Tandem accelerator of Orsay (15 MV maximal voltage) using a 
10 mm diameter parallele beam, with an intensity of about 1 цА (for 1 6 0 ions). A general lay out of the 
irradiation setup facility used is shown in figure 1. 

A system of removable alumines placed on a motorized support, allowed to align the beam in 
both vertical and horizontal directions. A perfored alumine (1cm diameter) could also be placed in the 
beam axis at the aim of controling by the leaching of the aperture edges, the reproductibility of the initial 
faisceaulogy. 

A small chamber, located before the irradiation device, permit to control continuously the 
incoming intensity and energy of the beam. Indeed, a gold foil 100 \ig cm*2, placed at an opening angle 
of 30° from the beam direction, diffuse a small amount of the beam onto a barrier surface detector. This 
later, collimated in order to limit the number of ions detected, give a response, for a given energy, 
directly proportionnal to the incident intensity. 

In the irradiation chamber, the beam passed through a 10 (im thickness (2.7 mg cm'2) aluminium 
window insert between two grils (to limit mechanical deformations), defining a transmission ratio of 
about 70% for the beam. This window separate the accelerator vacuum from the recoil chamber, where 
helium gaz flows at a typical pressure of 1,25 bar. The gaz, charged with aerosols particulates of KCI, 
comes into the recoil chamber from the back side of the target through apertures, made in the support 
around the target deposit (described in figurel). Reaction products recoiling from the target were 
adsorbed on the aerosols particulates filling continuously this cavity. An outgoing pipe, connecting to 10 
meters teflon tubing, allowed the transportation of aerosol particulates, together with reaction products, 
to the chemistry room, where separations and purifications were done [1,2]. 

The irradiation setup is completly built in copper, and is cooled with external water circulation. 
The enured chamber is isolated against ground, and the beam stop also isolated from the chamber could 
be used as a faraday cup for beam current measurements. 
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Figure 1: Arrangement of the faisccaulogy controler, the Rutherford diffusion device, and the irradiation 
setup. 

The aerosol particulate generator consist in two vertical ovens crossed by a quartz tube in which 
circulate helium gaz, with a flow of 1.2 liter per minute at a typical pressure of 1.25 bar. A cavity in the 
tube, locate in the first oven (figure 2), contains KCI crystals, initially heated at high temperature (the 
size of these crystals is typically of 2 mm diameter). The first oven is heated at a temperature (Tl) close 
to the fusion temperature in such a way that the vapour pressure of KCI will be high. These vapors arc 
carried with helium into the second oven, were a gradient temperature (T2) is fixed, in order to control 
the cristallisation of micro-particulates into the gaz. 

Studies of the yield and size of the aerosols as a function of temperature have been done in order 
to optimize production and transportation of aerosols. As a matter of fact, size, shape and amount of 
particulates appears to be limiting factors in transportation yields. The optimum parameters are very 
difficult to define, but temperature Tl and T2 appears to be the much more important factors. A 
compromise has to been found between yields directed by Tl, and size, mostly governed by gradient 
temperature T2. 

Optimalized temperatures of Tl '== 730°C and T2 = 720°C has been determined. In these 
operating conditions, the yieldsiof production is of about 1.5 109 particulates per liter and 95 % of these 
aerosols have a diameter lower than 0,5 цт. The complete size distribution of the aerosols is shown in 
figure 2. 
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Figure 2 : Aerosol generation setup, together with tlie size distribution of the aerosol particulates, 
(temperatures values are: Tl = 730°C and T2 = 720°C). 

Chemistry setup 

The chemistry room is situated at about 10 meters from the irradiation facility. The teflon tubing 
(2 mm inner diameter) brings aerosol particulates into a confined setup, which could be divided in two 
distinct parts: 
- Collection and dissolution of aerosols. 
- Chromatographic separation and purification. 

Due to the necessity of using mineral acids and reagents (ИР, ПС1,...) of all concentrations in 
some of the separation procedures, the chromatographic system was built so that, the liquid phases 
contact only inert materials (TEFLON®, KEL F®, polyethylene,..). All our columns are made in teflon, 
with porous teflon plugs in both ends; all connections between columns and tubings are also in teflon. 

A general scheme of the complete chemistry setup is presented in figure 3. 

Products collection and dissolution 

Reaction products attached to the KG aerosols comes into a dissolvcr-degazer system. A selected 
solvent (hydrofluoridric acid) is supplied by a peristaltic pump to the dissolver inlet, into a mixing 
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chamber, where gaz and solvent arrive perpendicularly to each other, through capillar tubes, in such a 
way that the solvent is sprayed into the gaz. Then a seric of defined Nuclcoporcs filters (few цт 
porosity) induced an homogenization of the two phases and allowed, therefore, a completed dissolution 
of the aerosols and die reaction products. Then a lateral outlet tubing permit to separate gazes from Ihc 
solution. Gazes arc then stored till the residual activity lias decreased. 

The dissolver-degazer system has been built optimizing time and yield of dissolution. Typically, 
the dissolution time is about 2 or 3 second and the dissolution is pratically complete. 

The obtained solution is taken by a second peristaltic pump and supplied to the chromatographic 
columns within 5 seconds. 

Dia l afutlort Chromatographic 
•operation 

Figure 3 : General scheme of the separation apparatus. 
1, aerosol generator; 2, irradiation chamber; 3, degazer-dissolver system; 
4, solvent inlet through peristaltic pump; 5, peristaltic pump ; 
6, cationic resin column ; 7, anionic resin column ; 8, cationic resin column. 
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Chromatographic purification 

The solution containing the radioactive nuclides passed through a scric of three columns filled 
with ions exchange resins (figure 3). 

The first column, filled with cationic resin DOWEX 50®, have the aim to separate hafnium from 
lanthanides (or separating element 104 from actinides). The second one, DOWEX 1X8 , retains 
hafnium (or element 104) which could be directly measured on the column if the isotopes fixed are 
gamma emitters. The last column, DOWEX 50®, retains the decaying products, lanthanides or actinides, 
issued from the desintegration of Hf isotopes (or clement 104) which could also be measured directly on 
the column for gamma emitters (or eluted off line in order to prepare a source for alpha measurements). 
The amount of element fixed on the third column is related to those adsorbed on the second one, and so 
directly proportionnal to the quantity of hafnium (or element 104) produced. 

In order to avoid escape of the impurities fixed on the first column, this one was regularly 
replaced by a new one after that 500 ml have passed through the columns. 

Identifications of the elements is for Hf directly performed on the column with у and X 
measurements, and the decaying products are also identified by у detection. For the radionuclide 104, 
identification will be made through its descendants 253Fm and 253Es, after desorption of these actinides 
from the third column. The solution so obtained is purified and electrosprayed on a platinium backing 
[3], and then measured with a barrier surface detector [ 1,2). 

Improvement of the experimental setup with Hf isotopes 

The few results known on the chemistry of element 104, lead to conclude that the behaviour of 
this element in studied media is the homologous to hafnium. Relativistic effects could cause some 
qualitative changes in the electronic structure of element 104. The electronic configuration was predicted 
as 7s 7p instead of 6d 7s . But, till now, any experiments have baught to the fore a p-caracter of this 
element. Hafnium could so be used as a homologue of element 104 for checkings and improvements 
[1,2,4,5]. 

This likeness could not be applied to element 105 and to Та because of the ingrowth of relativistic 
effects. Recents experiments have shown that the behaviour of element 105 is complexe.[6,7] 

In this experiments, we have used HF 0.2 to 1,5 M as the solvent of aerosols and reaction 
products. In this medium, Hf forms strong anionic complexes, while lanthanides remains under cationic 
form[l,2J. As a result, separation of lanthanides from hafnium is feasible on cationic DOWEX® 50 
resin. On this exchanger hafnium ions are not retained, while all the lanthanides are sorbed with a high 
extraction coefficient (from 104 for HF 0,2 M to 5.103 for HF 1,5 M [1]). 

The second column filled with anionic resin DOWEX® 1X8 retains quantitatively hafnium with 
an extraction coefficient higher than 104. The last column filled with DOWEX® 50 resin retains the 
lanthanides (Lu, Yb,...) decaying from hafnium isotopes. 
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Irradiation and targets 

Monoisotopic targets of gadolinium (masses : 154, 155, and 156) were prepared at the mass 
separator P.A.R.I.S. of CSNSM (ORSAY, FRANCE), on aluminium backing of 8 um thickness[8]. 
The deposit, ranging between 300 and 500 |ig cm'2 for each target, contains more than 99 % of the 
selected isotope. Finally, the targets were covered with 20 ng cm'2 carbon in order to prevent a rapid 
alteration of die deposit. 

Irradiation of these targets have been done in 2 runs of 48 hours each, using a parallele beam of 
, 6 0 7 + . The intensity of the beam ranged between 0.5 and l|iA. Energy was selected as a function of the 
hafnium isotope studied, Tanging between 90 and 118 MeV before the irradiation setup. These values 
correspond, considering energy losses in window, gaz, target backing, to 70 and 100 MeV on the 
target. 

Cross sections 

Cross sections have been calculated using the well known calculation code ALICE for the 3 
targets used [9,10]. This program takes into accounts many nuclear parameters and allowed to calculate 
cross sections with compound nucleus formation. Results of thoses calculations for neutron 
evaporation, are presented on figure 4. Considering the energies available at the Tandem (maximum 120 
MeV for 1бО ions), among possible reactions, only evaporation reactions lower to 7 neutrons could 
occur. 

Modified chemistry device and spectroscopy measurement arrangement 

The setup created for the hafnium spectroscopy measurements was built with the aim at obtaining 
the purest isotopes as possible. A scheme of the complete device is shown on figure 5a. 

Time transportation, which is one of the most important factor in transactinide chemistry, is not 
here, according to the high production cross section, a crucial parameter. For instance, the columns were 
connected each other by 70 cm tubing (0,5 mm inner diameter), to allow the individual measurement of 
each columns. A 3 way valve was added before the first separation column, alternatively to fixe or to 
eliminate the incoming solution (for long counting or for half-life determinations). Moreover, a tubing 
inlet has been added between the First column (purification of hafnium from lanthanides) and the second 
column (fixation of hafnium isotopes). This tubing, supplied by a peristaltic pump through a 3 way 
valve, allowed : without solution coming from the first column, either to elute continuously, with HF 
1.5 M, the ingrowing lanthanides out of the second column, or to desorb hafnium from this column, 
wim a mixture of CH3CO2H 1M and HC12M. 

The first and third columns of 2 mm inner diameter has a the resin bed of about 2 cm in height. 
The second column has an smaller diameter and length (1 mm and 1.5 cm respectively) in order to 
eliminate as quickly as possible, the ingrowing lanthanides. Solution flows were of about 2 cm3 per 
minute depending on the half-life of the nuclide involved. 
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Figure 5 : a) Modified separation device for the study of neutron deficient hafnium isotopes. 
b) Coincidence measurement arrangement. 

Gamma spectroscopy measurements were performed directly on the column, bothly in measuring 
the gamma and X direct spectra and in measuring the y-y and y-X coincidences.' 

The two у detectors consist in coaxial Gc HP detectors of 40 % and 20 % efficiency, with an 
energy resolution respectively of 1.75 and 1.9 keV on the 1.33 MeV 60Co y-line. The X ray radiations 
are detected with a planar detector of 20 cm2 area (10 mm thickness) with an energy resolution of 0.5 
Kev at 122 KeV. The X ray detector was placed downlooking, opposite to the 40 % у ray detector, the 
20 % у detector was disposed at 90 ° from both other detectors (figure 5b). All detectors are shielded 
with 5 cm lead inside covered with copper foils (1.5 mm). The anionic column was placed between the 
detectors into 2 tubes, outside covered with 5 mm copper, shielding the inlet and outlet tubings of the 
column. The lead tubes were ajusted, to define a window of about 2 cm between them. This 
arrangement allowed to mesure only the column were hafnium isotopes were fixed, and to avoid the 
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detection of decaying products during their transfer in tubings. Direct gamma spectra were recorded 
respectively on a 8k and 4k computerized multi-channel analyser. Coincident events, between any pairs 
of the three detectors, were selected by a hardware cuircuitry, and the information from the ТЛС and 
ADC converters was stored on hexabyte tape in the event-by-event mode. The time gate of coincidence 
was defined as 150 ns. Energy gates were therefore set off-line on the main y-lines. 

Results 

Hafnium isotopes from ,69Hf to ,64Hf were produced in selecting energy and target: 
" ,69Hf and ,68Hf with ,56Gd target at 70 MeV and 80 MeV (reactions 3n and 4n) 
* ,67Hf and I66Hf with ,55Gd target at 80 MeV and 90 MeV (reactions 4n and 5n) 
" ,66Hf, ,65Hf and ,64Hf with "''Gd target at 90 MeV and 100 MeV (reactions 4n, 5n and 6n) 

Figure 9 present the decay chains together with half-lives of studied elements 
Excepting for ™Hf, the gamma spectroscopy of these isotopes is mostly unknown. We will 

present here some preliminary results concerning Hf, data coincidence are now in progress and will 
be published later. A spectrum of I64,165Hf will also be presented. 

According to his long half-life (26min), spectra of pure ,68Hf were made in accumulating 30 
minutes the hafnium isotopes on the anionic column. Then a continuous elution with HF 1.5 M allowed 
to eliminate lanthanides issued from decay. After approximatively 10 minutes, the Hf also form by 
irradiation has decreased, so the counting was started for 30 minutes. After this period, remaining Hf is 
desorbed from the column using the mixture HCl 2M and CH3CO2H 1M, then the medium of the 
column is changed into HF 1.5 M and the accumulation could start again. About 40 cycles were done in 
order to measure direct and coincident spectra. 

Some spectra were also made "off line" in collecting directly during irradiation, the reaction 
products on an aluminium foil. After dissolution of the catcher foil, quick separation and purification 
were made on HDEHP column, the HF eluate solution containing ,68Hf is hold on a anionic column and 
then counted as described above with continuous elution of decay products. 

All other isotopes were measured during short accumulations (of 90 to 300sec depending of the 
isotope). Between two collections, anionic column was cleaned from Hf and decay products with HCl 
2M, CH3CO2H 1M, followed by washings with HF 1.5 M to restore the fixation medium. The number 
of cycles depends on the isotopes, for example for l6sHf, 30 runs were done. Then all spectra of each 
isotopes were added. 

Spectroscopic measurements 

Some of the Y rays of the spectrum of 168Hf have been reported previously by Hartmatz and 
Handley [11]. However, any decay scheme could be constructed with those data because of the absence 
of some of the main y-lines. In Nuclear Data Sheets [12), about 2 lines are identified and 18 are 
suggested, however, only the 2 defined lines were done using 7 measurements, the other lines were 
suggested in measuring conversion electrons [11]. The decay of ,68Hf feeding the ,68Lu levels is 
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completely unknown. The ground state level of l68Lu svas assumed to be a 6" or 5" level (with 5.5 min 
half-life), while an excited stale of Jrt= 3+ was predicted to be at 220 ± 140 kev (with 6.7 min half-life). 

The separation technique used allowed to obtained pure spectra of 16RIlf. Most of the gamma 
lines of the spectrum presented in figure 7 belong to 168Hf, except the presence of 34mCI (unique 
gamma line at 146 kcV) also retain on the anionic column. Л small contamination in 'f,sLu can also W 
seen, due to the desexcitation of these nuclides during the transit through the column, but this negligible 
contribution can easily be deduced. It is important to note that spectrum made on line and off line for 

Hf lead to the same spectrum 
We, presently confirmed most of the previous gamma ray transitions but we are in desagreement 

with the presence of the line at 40.2, 49.0, 202.8 keV, which cannot be seen in our experiments. The 
complete deconvolution of X and Y spectra, corrected from the small contamination in ,f)8Lu, show the 
presence of more than 100 new gamma lines with reasonable intensities (>1%). The coincidence scheme 
will be built according to the coincident gates on the major gamma lines, together with the comparison of 
the level scheme of the neighbourg elements l66Lu and 170Lu. 

The half-life of this isotope was reported to be 25.95 min 112|. In this work, we have measured 
this parameter using the decay of 5 major gamma lines (figure 6). We have derived from these data, a 
half-life of 26.0 ± 0.5min, which is in perfect agreement with the previous values. 
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Figure 6 : Half-life determination of 168I If using 5 of the major gamma lines 
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Fig 7 : Direct spectra of 168Hf, measured on the anionic column. All lines except the 146 keV 
^""Cl) belong to 168Hf. Stars mean lines referenced in Nuclear Data Sheets [12] 
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Fig 8 : Direct spectra of 164Hf and 165Hf, measured on the anionic column. Those spectra arc 
the sum of 30 spectra of 100 secondes 
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Preliminary analysis of 167Hf and 1 6 9Hf spectra shows also a large amout of new 
transitions,which will be also published later. Using a target of 154Gd, we have also produced isotopes 
more deficient in neutron : 164Hf and 165Hf with half-lives respectively of 2,8 min and 1.7 min. The 
isotope 165 having a half-life of the same order than the isotope 261104 (65s) and easily detectable 
through its gamma radiations, appears to be the most interresting isotopes for improving experiments on 
element 104. 

A spectrum of ,64Hf and 165Hf is presented in figure 8. This spectrum is the sum of 30 spcclra 
of 120 sec counting each. Excepting the 146 keV y-line from 34mCl, all gamma rays belong to this two 
isotopes. The long live daughters and the short accumulations allowed to avoid any contribution of the 
decay products. 

These experiments show clearly the feasibility of our experimental device. The high tranport 
yield and quick separation and purification made of this method, a good technique for the study of 
nuclear properties of all elements with short half-Hfc (> 10 sec). These results are very encourageous for 
the study of transacdnides elements (104,105), which will probably start in ORSAY and in DUBNA at 
the beginning of 1994. 
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THE SPECTROSCOPY OF EXCITED SUPERDEFORMED BANDS 
IN A = 150 REGION USING EUROGAM 

P. J. TWIN 
Oliver Lodge Laboratory, University of Liverpool, 

Liverpool. L69 3BX. United Kingdom. 

Abstract: Data from the first experiments with the EUROGAM spectrometer on 
superdeformed bands in the A = 150 region are reported. Topics covered include a 
description of the EUROGAM array, excited superdeformed bands in l52Dy, an interaction 
between superdeformed states in 150Gd, identical bands and the influence of holes in the 
[301]V6 proton orbital, and evidence for both proton and neutron pairing correlations. 

Introduction 

Since the first observation '" of a discrete rotational band built on a superdeformed 
(SD) intrinsic configuration other examples |2) have been reported in neighbouring 
nuclei in the A = 150 mass region. The classification ,3A5|of these bands in terms of 
the occupation of several high-N (N being the principal oscillator number) intruder 
orbitals has been very successful in explaining many of the properties of die SD 
bands. High-j, low-fi orbitals (N = 6 protons and N = 7 neutrons) possess large 
single-particle alignments and quadrupole moments. In addition, each intruder state 
is affected differently by me nuclear rotation. Hence the variation of the 3 й ' moments 
of inertia of the bands can be traced back to the occupation of different high-N 
intruder orbitals. The lowest energy (yrast) SD bands are characterised by an increase 
in the occupation of high-N intruder orbitals with increasing particle number and a 
corresponding increase in the 3В) moment of inertia. For example, the sequence of 
N = 86 isotones 150Gd, ,MTb and I52Dy have the occupation of the N = 6 proton 
intruder orbital increasing from яб2 to яб4. Keeping the proton number equal to Z = 
66, the sequence of isotones J5,Dy, 152Dy and I53Dy has the neutron intruder (N = 7) 
occupations increasing from v7' to v73. 

Some excited SD bands have been observed ,21 and many of these have similar, or 
sometimes identical, ?-ray energies to yrast SD bands in neighbouring nuclei, and thus 
involve the occupation of differing numbers of intruder orbitals through particle-hole 
excitations. The intensity of the excited bands were at the limit of observation of the 
previous generation of arrays such as TESSA3, Nordball, the 8я and HERA. Further 
advances required detailed spectroscopic studies of the known excited bands and the 
discovery of additional uses. These measurements have been made possible with the 
commissioning of the new EUROGAM array at Daresbury. 
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Fig 1. A schematic of the EUROGAM tapered Ge detector and its escape suppression shield. 

Fig 2. a) Schematic diagram of EUROGAMII showing that the tapered germanium detectors 
are placed in the forward and backward quadrants with the clover detectors around 0 = 90°. 
b) The 4 germanium crystals from two neighbouring clover detectors are shown. 
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The EUROGAM Array 

The EUROGAM array |6,7,8|is a joint UK/France collaboration to build a new 4я array 
for y-ray spectroscopy in two phases. Phase I commenced operation on the Nuclear 
Structure Facility at Daresbury at the beginning of October 1992. It consists of 45 
large tapered co-axial germanium detectors in bismuth germanate (BGO) Compton 
suppression shields (fig 1). These detectors cover 65% of Ал with a recoil mass 
separator in the forward quadrant. The array has a total full energy peak efficiency 
of 4.5% for a 1.33 MeV y-ray emitted at the target position. The completely new 
compact electronics and data acquisition system is based on the VXI-VME standard 
and the complete analogue and digital circuitry for 6 germanium channels are 
contained on a single VXI card. Similarly 60 BGO channels are accommodated on 
a single VXI card. The data flow is controlled by a VXI trigger card and processed 
by an event builder in VME. Experiments typically operate with a threshold of 5 7 
Ge detectors recording coincidence data which, after suppression by the BGO shields, 
result in an average fold of approximately 4 for suppressed (y)" events. The data 
acquisition system can handle the typical event rates of 7ks'' onto tape so that in an 
experiment of six 8-hour shifts a total of >109 events are recorded. These include 
many high fold events which when unpacked produce up to 10'° triple (y-y-y) 
coincidences and 5 x 10' quadruple (y-y-y-y) coincidences. 

In Phase П the array will cover the full 4x solid angle by using 30 of the current co
axial detectors and incorporating 24 clover germanium detectors in two rings of 12 
around 8 = 90° (fig 2a). A clover detector comprises four 50 mm diameter co-axial 
germanium detectors shaped to produce a square profile and housed in a single can 
as illustrated in fig 2b. These detectors have a very large peak efficiency of 140% 
and a greatly improved granularity which reduces the energy resolution degradation 
caused by Doppler broadening. Each detector can operate as a Compton polarimeter 
to measure the y-ray linear polarisation. The polarisation sensitivity (Q) has been 
measured to be 0.15 at 700 keV, which is a factor of two lower than a conventional 
3 Germanium device. However the clover has a much larger detection efficiency (e£2) 
and the overall figure of merit (Q2eQ) is five times larger for the clover. The clover 
detectors cover nearly 2я of the solid angle which increases their overall efficiency 
by another factor of over 20 and this should result in gated (y)2 data providing 
polarisation measurements of y-rays witii intensities well below the 10'2 level. The 
total full energy peak efficiency of Phase П will be 8% and this will greatly increase 
the statistics of higher fold (y)4 and (y)5 events so that the observational limit of weak 
7-ray cascades will be a factor of 5 smaller than Phase I. 

Excited SD bands in the closed shell nucleus '"Dv 

The ,52Dy nucleus was populated via the reaction loePd CCa^n^Dy at a beam 
energy of 200 MeV. An isomer detector positioned 25 cm down stream of the target 
was used to select events passing through the 60ns 17* isomeric state in ,52Dy. The 
isomer efficiency for 152Dy is 72%. A total of 1.7 x 10' Compton suppressed 
coincidence events were recorded which, after unpacking higher fold events, yielded 
8.5 x 10' double and 4.3 x 10' triple coincidence events. 
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Fig 3. A spectrum of band 2 which is the most strongly populated excited SD band in l52Dy. 
It was obtained from triple (7-7-7) coincidence data by setting 2 gates on y-ray transitions 
marked with an asterisk. 
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Fig 4. The dynamic moments of inertia are plotted as a function of rotational frequency for 
the excited SD bands in ,52Dy and also for the yrast SD bands in neighbouring nuclei with 
different high-N configurations; ,5,Dy (JI64V7'), I53Dy (я6\73), ,50Gd (яб^ 2 ) , 15,Tb (J16V72). 
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Three excited superdeformed (SD) bands in l52Dy have been observed with intensities 
relative to SD band (yrast) of 14 ± 2% (band 2), 10 ± 2% (band 3) and 6 ± 3% (band 
4). The spectrum of band 2 is presented in fig 3. The low intensity of these excited 
bands indicates that there is a large energy gap between the yrast band and the excited 
bands in the feeding region confirming that ,52Dy, with a configuration of Ji62v72, is 
a closed shell SD nucleus. Band 3 has a dynamic moment of inertia 3,2) which is 
similar to the l53Dy yrast SD band "', as shown in fig 4. In order to obtain the same 
high-N configuration as l53Dy a neutron has to be excited into the 73 orbital from an 
orbital with little contribution to the 3<2)- At the large deformation of fl2 = 0.62 the 
[642]5/2* a = -V4 orbital is closest to the Fermi surface. Thus it is proposed that the 
band 3 is based on the l53Dy yrast SD band configuration of K64V73 with a hole in the 
[642]5/2f orbital. The 3(2> moment of inertia of band 4 (fig 4) is very similar to that 
of the yrast SD band in l5'Dy "ol. Furthermore its 7-ray transition energies are 
identical to the 3A point energies of the l5lDy band. Therefore the JI64V7'[402]5/2*, a 
= -V4 configuration is proposed for this band with a smaller deformation of B2 = 0.58 
similar to 151Dy. Some evidence exists for the expected signature partner to this band, 
however the low intensity of the band together with the fact that most of the 
transitions lie under larger peaks make it difficult to separate this band from 
contaminants. 

As bands 3 and 4 are identified as the most probable neutron excitations it is likely 
that the strongest excited band (band 2) involves proton excitations. Comparison of 
the 3<2> of band 2 with that of the neighbouring SD bands initially points to a ,50Gd 
yrast SD like structure as the higher frequency points are almost identical (fig 4). 
This structure requires the promotion of two protons from the N = 6 orbitals into 
orbitals having no contribution to 3(2) at the top of the band. It also requires an 
interaction at a frequency of -0.5 MeV where there is a deviation from the moment 
of inertia of the l50Gd band. Such an interaction is not present in the available orbitals 
unless it is due to proton pairing. These orbitals with no contribution to 3(2) are not 
the most favourable energetically at the highest frequencies. Energetically the lowest 
empty proton orbital is the 7' from the next major shell and it could be filled from the 
6* orbital creating а я7! excitation on a l5lTb yrast SD band core. A larger 
deformation could provide the additional 3<2> and a crossing with the JC55 orbital plus 
inclusion of predicted octupole correlations "1| produce the 3(2) bump at 0.5 MeV. 

These data on the excited bands of l52Dy show that there is a large energy gap 
between the yrast and excited SD bands. There are indications that the first excited 
SD band involves a proton excitation into the N = 7 orbital, the first observation of 
such an excitation and possibly of octupole correlations in the A = 150 region. 

4. Interaction between Superdeformed Bands in lslGd 

Superdeformed states in 150Gd were studied using the ^Mg + 1MTe reaction at a beam 
energy of 149 MeV. The experiment produced a total of 5.2 x 10* double, 5.2 x 109 

triple and 3.2 x 109 quadruple coincidences when higher fold events were unpacked 
and five SD bands have been observed. Two of these, bands 1 (yrast) and 2, have 
been previously reported and assigned the high-N intruder configurations Jt62v72 (band 
1) and л63® [301]'/£'v72 (band 2)|12-131. Double gated (triples) coincidence spectra for 
bands 2, 3 and 4 are presented in fig 5. 
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Fig 5. Triples coincidence spectra of excited SD bands in l50Gd; (a) band 2, (b) band 3, and 
(c) band 4. The transition energies, with typical uncertainties of ±0.1 keV rising to ±0.5 keV 
for the highest transitions, are labelled in keV. The assigned spin values for the highest 
observed transition in each band are indicated. The arrows in fig 5a and 5c indicate the 
transitions from the 55" -» 53" states in bands 2 and 4 which most perturbed by the band 
interaction. 
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Fig 6. a) The difference in 7-ray energies between transitions in band 2 and the 
corresponding transitions in its high-N core band in ,5ITb. b) The same for bands 3 and 4 
but compared with the W and 3A point energies of the yrast SD band in I49Gd. In each case 
the solid lines are smooth fits to the energy differences and serve to guide the eye. Note the 
5 keV perturbation in the transition energies at 1272 keV for band 2 and 1376 keV for band 
4 caused by the band interaction. 



437 

The intensities of the excited bands havebeen measured to be 50% (band 2), 45% 
(band 3), 40% (band 4) and 40% (band 5), relative to the yrast SD band (which itself 
carries about 1% of the total 150Gd intensity flux"21). Bands 3 and 4 have transition 
energies typical of a signature partner pair with no signature splitting. The behaviour 
of their dynamic moments of inertia is very similar to that of the yrast SD band in 
|,<9Gd which has been assigned the negative parity ябЧ>72 intruder configuration ,MI. 
In addition, at high spin, their transition energies are close to the XA and V* point 
energies of the yrast SD band in '""Gd, a position corresponding to zero energy 
difference in fig 6b. Therefore, bands 3 and 4 have been assigned the tt62v7' intruder 
configuration with the additional 86th neutron excited from the 73 orbital and 
occupying either the [402J5/2* or the [514]9/2" high-fl orbitals which are predicted to 
be close to the Fermi surface l4,s\ Occupation of either of these orbitals is expected 
to lead to a pair of SD bands with zero signature splitting but with either positive 
parity if the final neutron is in the [514]9/2" orbital or negative parity if it is in the 
[402]5/2* orbital. Spin values have been assigned to the bands (see fig 5) based on 
the above high-N configurations and the procedures outlined by Ragnarsson "5|. 

A careful examination of the 7-ray spectra for bands 2 and 4 (see fig 5) reveals that 
one of the 7-rays in band 2 of energy 1272.2 keV (55" -> 53') is shifted down in 
energy by 5 keV from its expected position, while one of the transitions in band 4 of 
energy 1375.7 keV (55" -» 53") is correspondingly 4.9 keV higher in energy than 
expected from the average energy spacing in the bands. In contrast, the 7-ray energies 
of its signature partner, that is band 3, vary smoothly over the entire band. The 
perturbation in the transition energies is much more obvious in fig 6 which plots the 
difference in 7-ray energies between bands 2, 3 and 4 and their 'high-N core' SD 
bands, the yrast SD bands in l5lTb and ,49Gd, respectively. Figure 6 shows that the 
adjacent transitions (57" -> 55") and (53" -» 51') in bands 2 and 4 are also slightly 
shifted from their expected positions by an average of 1 and 1.5 keV, respectively. 
The observed shift in the 7-ray energies can be explained by an interaction between 
levels of the same spin and parity in bands 2 and 4 which have a near degeneracy in 
excitation energy. Hence band 4, and therefore its signature partner band 3, must have 
the same parity (negative) as band 2. We can therefore assign these bands the 
:t62v7'[402]5/2 configuration. 

The large shift in one 7-ray energy and much smaller shifts in adjacent 7-ray energies 
is consistent with the major part of the interaction being fairly evenly split between 
two levels. From the measured shifts in the energies of the transitions we estimate 
that the interaction strength between them is IVJ^ = 11 ± 1 keV. This gives a 17% 
and a 26% admixture in the amplitude of the wave functions of the 55" and 53" levels 
respectively and leads to an expected 15% cross-band intensity from the 55" state. In 
the data there is evidence of a cross-talk branch of -20% between the SD bands in the 
interaction region. 
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5. Identical bands and one hole in the [301116 orfaitals 

The yrast SD band in '^Dy has the high-N configuration n6"v72 and that in '^Tb has 
n63v72 and these bands have different variations with frequency of their dynamical 3 
moments of inertia. An excited SD band in l5ITb was discovered "31 with the same 
variation of 3<2) as l52Dy and, even more surprising, with identical gamma-ray energies 
to within 1 - 2 KeV. The configuration of this identical band was identified "61 as лв* 
{[301]i/2 a = -Щл v72. This N = 3 orbital crosses the second N = б orbital at a 
deformation slightly higher than that calculated for the SD band in 152Dy and thus a 
simple particle-hole excitation is expected. The observation of identical energies 
inferred that, in the strong coupling limit, the decoupling parameter of me [301]'/ihole 
in the ,52Dy core was a = 1 and that the creation of the hole had not affected the 
moment of inertia. The decoupling parameter of the [301]'/4 hole is a = 0 in the 
normal asymptotic limit but a = 1 in the pseudo-SU(3) asymptotic limit. Nilsson 
model calculated decoupling parameters are usually closer to the pseudo-SU(3) limit 
and it was proposed ,16' that the identical band in 151Tb was a perfect example of the 
pseudo-SU(3) symmetry. The constancy of the moment of inertia implies that the 
{[301]V4 a = -Щ hole has not modified the ,52Dy core. 

Three new superdeformed bands have been observed and assigned to l51Tb in a data 
set obtained with the EUROGAM I array using the 13*Ге (^Al^n) reaction at 154 
MeV. The previously reported SD bands have been labelled band 1 (the yrast band) 
and band 2 (the band which has identical gamma-ray energies to 152Dy). The 
intensities, relative to the yrast SD band, of the four excited SD bands in l51Tb are 
50% (band 2), 35% (band 3), 15% (band 4) and 15% (band 5). Thus band 3 is 70% 
as strong as band 2 and over twice as intense as bands 4 and 5 which are neutron 
excitations as their gamma-ray energies are close to the VA and 3A points of the yrast 
,50Tb band. These bands are expected to be the lowest energy configurations 
involving neutron excitations and as band 3 is much more intense it is probably a 
proton excitation. 

The gamma-ray spectrum of band 3 is shown in fig 7 together with that from band 2. 
Both bands extend to below 700 keV and they have very similar gamma-ray energies 
in the range 1.0 - 1.2 MeV. In band 3 the energy separation between adjacent 
transitions is always -1.3 keV larger than in band 2. This latter feature results in the 
bands having a similar variation of the 3<2> moment of inertia with frequency but for 
band 3 it is 2 - 3% lower in magnitude. These characteristics indicate that band 3 
probably has the same high-N configuration as band 2, i.e. яб\72 , and it is a 
candidate for its signature partner with a hole in the proton {[301]V6, a = Щ orbital 
which lies close in energy. 

The aligned spins relative to 152Dy for both bands 2 and 3 are given in fig 8 as a 
function of the frequency. Band 2 has an experimental alignment of 0.5h equivalent 
to an alignment of -0.5Ъ for the proton in the [301]'Д о = -xh orbit. This value 
corresponds exactly to the pseudo-SU(3) limit whereas the Nilsson-Strutinsky type 
cranking model calculations "5| give a smaller value of -0.3K For the other signature 
partner (band 3) the pseudo-SU(3) value for the alignment is +0.5Ъ, whereas the 
cranked Woods-Saxon shell models|51 give values close to zero at a frequency of 0.3 
MeV. 
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The experimental value for band 3 at low frequency is approximately zero and close 
to the cranked Woods-Saxon shell model predictions. However, the large linear 
change in alignment to -0.9Ъ is not predicted in either model and it may not be an 
alignment effect but linked with a smaller moment of inertia of the nucleus. In band 
2 the energy differences relative to 152Dy change only by 1.5 keV over the whole band 
whereas in the macroscopic limit changes of 8 keV would be expected from the 
scaling of the moment of inertia by [(152/151)5'3]. For band 3 the energy differences 
relative to 152Dy change by 18 keV which is over twice that expected in the 
macroscopic limit. The changes are also in the opposite direction for band 2 and 3. 
For the [301]VS, a=-V£ hole the change is equivalent to a small increase in the moment 
of inertia of 0.2% in ,5lTb. These changes could be due to a small increase in 
deformation as this is energetically favourable for the [301]V4 particle hole excitation. 
For band 3 in 151Tb the change is equivalent to a decrease of 2.5% in the moment of 
inertia whereas, again, a small increase in deformation is energetically favourable for 
the particle-hole excitations. Thus, if band 3 is associated with the removal of the 
proton in the [301]'Д cc=+>/6 orbital from the 152Dy core the data shows that it has a 
dramatic effect causing a large reduction in the moment of inertia. One possible cause 
is a reduction in deformation but there is currently no explanation for the origin and 
understanding of these causes and effects. 

6. Identical bands and two holes in the f3011V5t orbital 

One of the new SD bands identified in I50Gd, labelled band 5, (fig 9) has some 
transitions with y-ray energies very similar to those of the yrast SD band in l52Dy. 
This feature indicates band 5 has the high-N configuration of Jt64v72 and it is formed 
by exciting both signature partners of the [301]V$ orbital into the 63 and 64 orbitals. 
The band has an intensity of 40%, relative to the yrast SD band in IS0Gd, slightly less 
than the 50% of band 2 formed by the single excitation of the [301]V$ a = -!£ orbital. 
The double excitation must, therefore, lie close in excitation energy to the single 
excitation in the feeding region and indicating that there are some pairing correlations 
present even at the highest spins and frequencies. The band shows a smooth variation 
for E, with reducing frequency (fig 9) until, at just below 0.5 MeV, it exhibits a 
sudden discontinuity which is termed at backbend. The backbend involves two 
unresolved transitions at both 967 keV and 997 keV as these peaks are broader and 
more intense than the other y-rays in the spectrum. It is useful to plot the aligned spin 
relative to the yrast SD band in ,52Dy and this shows (fig 10) that there is a loss of 
4h at the backbend. This discontinuity is interpreted as an interaction with the band 
involving a pair of N=6 quasi-particle protons and from the data the interaction 
strength is estimated to be -40 keV. The only difference between this band and the 
yrast band in ,52Dy is the pair of [3011VS holes and these holes have greatly increased 
the pairing strength. 

It appears that a hole in the upsloping {[301]V4 a = л/г\ orbital does not influence the 
core nor do two holes in both signature partners. However, a single hole in the 
downsloping orbital {[301]te a = -Vi} has a dramatic effect. 
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Fig 11. Part of the gamma-ray spectrum of SD band 2 in N9Gd created from quadruple 
coincidence data with 3 gates on members of the band. 

7. Band Crossing in '^Gd : evidence of neutron pairing 

Л large data set was obtained on ,,,9Gd using the 124Sn (/"Si, 5n) reaction at 158 MeV. 
A total of seven excited SD bands have been observed and assigned to i49Gd. They 
vary in intensity from 5 - 25% that of the yrast SD band. The strongest band has 
been assigned '" to be a neutron particle hole excitation so that the high-N 
configuration is я6^72 as the 3(2> moment of inertia shows a behaviour similar to the 
yrast SD band in 150Gd. The EUROGAM data enables the band to be extended to 
lower spins and it shows the band undergoes a backbend (fig 11). Calculations by 
Nazarewicz et al |51 for the yrast configuration in ,50Gd predicted that the alignment 
of an N=7 neutron pair occurs at a rotational frequency Ъш « 0.4 MeV. This 
alignment should be shifted to higher frequency due to the lower deformation expected 
for band 2 in 149Gd. Thus we identify the backbend with this paired alignment which 
shows that static pairing must be present in this SD band. The measured gain in 
aligned angular momentum due to this neutron pair alignment is approximately equal 
to 4K This small value, compared with the 14Ъ gain expected for the full alignment 
of a j l W nucleon pair, could be explained by a weaker Coriolis interaction (cth2/23) 
in SD than in normal-deformed nuclei. 

8. Conclusions 

I have reported on some of the new EUROGAM fiata on SD bands in the A = 150 
region and indicated some of the new physics. The spectroscopy of excited SD bands 
has proved to be extremely productive and yielded many new insights and quite a few 
surprises. It has been emphasised the importance of building new instruments which 
greatly reduce the minimum intensity of observation of weak 7-ray cascades. 
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EUROGAMI has been very successful and there is much more analysis of the current 
data to be completed before we commence operation of Phase II by the beginning of 
1993. 

The work reported here was carried out by four collaborations involving colleagues 
from Liverpool University, CRN Strasbourg, and many other laboratories. I wish to 
particularly thank Con Beausang, Sean Clarke, Paul Dagnall, Paul Fallon, Bernard 
Haas, Francis Beck, Thaddeus Byrski, Dominic Curien, Gilles de France, Stephen 
Flibotte and Jean-Pierre Vivien for their considerable contributions. EUROGAM is 
jointly funded by SERC (UK) and IN?,P3 (France). 
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Abstract 
The two isotopes 3M 'M,Pa were studied by nuclear reactions and 
by Coulomb excitation «sing a variety of experimental methods 
(spectroscopy of conversion electrons, gamma rays, ejcctilcs) which 
allowed to determine the level scheme and some matrix elements for 
the lowest levels. The results are compared to calculations obtained 
by the qitasiparticlc'plus'phonon model including Coriolis mixing. 
The level structure is found to be similar to the one known for 
nuclei with stable octupolc deformation. 
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The following nuclear reactions and 
structure of the isotopes И0,И1Ра: 

Reaction 

22 McV Ml -r231Pa->22DPa + 3 I I 

14 McV 111 + V30Th -»MBPa + 2n 

14 McV Ml + M 2 Th-» M , Pa + 2n 

11 MeV MI + 2 3 , Pa-» 2 3 , Pa+ 'H 

21 McV *\lc + 23,Pa -»23,Pa + 4Ile 

85 McV ,fi0 + 231Pa -»23IPa + I 60 

145 MeV 32S + 231Pa ->231Pa + 32S 

experimental methods were used to study the 1 

detected product 

Щ 

а-,ч 

c",7 

p Coulex 

a Coulex 

1 60, 7 Coulex 

3 2 0, 7 Coulex 

detector 

Q3D magnetic spectrograph 

coincidences e~e~ and a~i 

coincidences c"e~ and c~f 

Q3D 

Q3D 

coincidences 1607,77 

coincidences 32S7,77 

evel 

ref 

1,5 

1 

2 

3 

3 

4 

4 

Typical spectra arc shown in figures 1 - 5. The gamma spectra arc corrected for Dopplcr 
shift. Part of the analysis is still in progress and the results must therefore be considered 
preliminary. Figures 6 and 7 summarize the results of the nuclear-structure calculations and 
of the experiments for the two isotopes. In both nuclei so far unassigned lines are present 
that may be identified with calculated levels or transitions. 

Our recent measurements on 231 Pa and the nuclear-structure calculations show that the in fi
gure 6. The previously unassigned strong gamma transitions (ref. 2) at energies 127.7, 129.4, 
139.8, 218.5 keV find an interpretation based on calculations (ref. 6) using the quasi parti cle-
plus-phonon model. The most prominent transitions go from the negative-parity states built 
on the 1 /2(530] ground-state rotational band and to the positive-parity states built on the 
3/2[651] Nilsson orbit. The calculated branching ratios and intensities are in fair agreement 
with measured values. 

In the nucleus 229Pa the level scheme originally established by Ahmad et ah (ref. 8) was found 
to be inconsistent with our (p,t) and (p,2n) data (ref. 1). In a recent publication Ahmad 
and Butler (ref. 7) propose a revised decay scheme which is, however, again incompatible 
with some of our findings: In our electron-gamma coincidence experiment following the 
230Th(p,2n) reaction we find a value for the conversion coefficient of the 119.2 keV line that 
excludes Ml multipolarity for this transition. This Ml multipolarity was, however, essential 
in establishing the new level scheme proposed in ref. 7. In addition our experiment seems 
to exclude Ml multipolarity for the 88.4 keV transition. The level scheme, as proposed in 
ref. 7, must thus be revised. 
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Rotational properties of the Oseiue nuclei 
in the Л=180 аавв region 

by 

D.L.Balabanski and D.Hr.Hristov 
Faculty of Physics, Sofia University, BG-1126 Sofia. Bulgaria 

R.M.Lieder, H.Gast, T.Kutsarova1, T.Rzaca-Urban2, H.Schnare3, and W.Urban4 
Institut flier: Kernphysik, Forschungszentrum Juelich, 

D-5170 Juelich, Germany 

Abstract: The current status of the experimental studies 
of the osmium nuclei in the A=180 mass region at high 
angular momenta is reviewed. A few chosen topics, which 
reveal the wealth of phenomena observed in these 
transitional nuclei, are treated in more detail. 

1. Introduction. 
Nuclear rotation have appeared to be a very sensitive tool in probing 

nuclear structure, as the features of the nuclear rotation excitations are 
extremely susceptible to the properties of the characteristic single-
particle orbitals. Nuclear reactions between heavy nuclear projectiles and 
heavy-element targets are utilized to .produce compound nuclei that are 
spinning extremely fast. Studying the decay of these nuclei to the "ground 
state helps to understand the interplay between the various forces that 
control nuclear behavior under these extreme conditions. Since the level 
density in the yrast region is relatively low and the population intensity 
of the levels is sufficient, in the deexcitation process of evaporation 
residues obtained from (HI,xn)-reactions, not only the energies of the 
quantum states are identified, but also the spectroscopic properties of the 
states other than energies can be measured. Various informations, like band 
crossings, spin alignment, attenuation of pair correlations, moments of 
inertia, band termination and so on, can be can be extracted as a function 
of spin and energy in these experiments. 

In recent years the shape-evolution effects have created considerable 
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i n t e r e s t . A systematic invest igat ion of the r o t a t i o n a l proper t ies of the 
neutron def ic ient Os nuclei with N=103-106,109,110 at high angular momenta 
was done recent ly by the Jue l ich spectroscopy group [ 1 - 7 ] . The l i gh t e r Os 
isotopes were s tudied by the Camberra group [8-10] . These nuc le i l i e in the 
t r a n s i t i o n a l region between the well deformed pro la te ra re -ear th nucleii 
the spherical lead nuclei and the s l ight ly- to-moderate ly ob la te Pt-Hg 
nuclei with N>108. The precise knowledge about the nuclear deformation i s 
important for understanding the ro ta t iona l band s t ruc tu re of deformed 
nuc le i , s ince crucia l p rope r t i e s , l ike the moment of i n e r t i a , depend 
c r i t i c a l l y on the exact deformation of the nucleus. Recently some 
experimental evidence has been obtained tha t d i f fe ren t shape changes take 
place for the A=180 0s nuclei as the angular momentum increases in 
ro ta t iona l bands with d i f fe ren t quas ipar t i c le configurat ions. Some of these 
r e s u l t s wi l l be discussed in the present paper. 

2 . Experiments. 
The high-spin s t a t e s in I79,i80os n a v e Deen populated by the 

i 5 0 N d ( 3 4 S ) X n ) . r e a c t i o n afc 15g M e V . Targets of 1 mg/cm* "<Ш backed by 12 
mg/cm2 and 7 mg/cmz 197Au was used in the experiment. The i5°Nd(36S,6n)-
react ion a t 177 MeV has a lso been u t i l i z e d to populate the high-spin s t a t e s 
in 1B0Os. Both, backed th in t a rge t s and a self supporting enriched 150Nd 
t a rge t of about 500 jjg/cm2 were used in the experiments. The pulsed 34>36S 
beams were del ivered by the VICKSI acce lera tor of the Hahn-Meithner-
I n s t i t u t in Berlin and the у-decay of the obtained nucle i was studied with 
the 7-spectrometer OSIRIS, consis t ing of 12 Compton-suppressed Ce de tec to r s 
and a 48 element BGO calorimeter . The nucleus 1790s was studied previously 
by G.Dracoulis e t . a l . [ 8 ] . I t s level scheme was extended considerably with 
the present experiments. A de ta i l ed report about the band s t ruc tu re of 
1790s is to be published elsewhere [ 1 ] . The nucleus 1800s was s tudied 
e a r l i e r by R.L.Lieder e t . a l . in the 1 6 6Er( 1 80,4n)-react ion, using an I80 
beam of 85 MeV from the FN tandem acce lera tor at the NBI Copenhagen [2] and 
by G.Dracoulis e t . a l . using the 1 6 8Er( i eO,4n)-reaction a t a beam energy of 
85 MeV [11] . Eleven ro t a t i ona l bands were es tab l i shed in t h i s nucleus. I t 
was possible to obtain new information about s t a t e s lying above spin 1=24 
in most of the bands from the d i sc re t e spectroscopy analys is of the present 
experimental da ta . Three new isomers have a lso been observed in 1 8 0 0s . A 
high-K isomer with I,K>20 and a h a l f - l i f e of T1/2=12+/_3 ns has been 
es tabl ished. I t deexcited v i a two t r a n s i t i o n s into the 18+ member of the 
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yraat band indicating an unusually email K-hindranco factor [3]. 
Experimental ovidence on the existence of strongly deformed bands in this 
nucleus was found both from discrete and continuum spectroscopic studies 
14]t This result is supported by the work of the Borkoloy group on 1Te0s, 
whore large deformation at very high spin has alao been observed [12]. 

The isi.iflzos nuclei were studied at the NSF Daresbury utilizing the 
150Nd(3eS,xn)-reaction at 160 MeV. The target consisted of a stack of four 
150Nd foile one of 310 /jg/cm2 and the rest of 400 jjg/cm2 thickness, The y-
radiation was measured with the ESSA30 spectrometer, which for this 
experiment consisted of 28 Compton-suppressed Ge detectors• The level 
schemes of these two nuclei were considerably extended with the present 
experiment. Experimental evidence for t-bands, reflecting a rotation about 
an axis tilted with respect to the principal axes, was found in these 
nuclei [5]. These consist of а Д1=1 sequence, show no signature splitting 
and are characterized by large angular momentum projections on both, the 
symmetry and the collective axes. The decay of the 1820a nucleus, as well 
as of the 1840s nucleus [13], were studied in order to understand the 
abnormally short half-lives of the observed high-K isomers. No compelling 
evidence for stable triaxial shapes in the level structure was found from 
these investigations. 

The 188W(4He, xn)-reaction at a beam energy of 55 MeV wae used to 
populate the high-spin states in the 185,18вд8 nuclei in an experiment at 
the Institut fuer Kernphysik, Forschungszentrum Juelich. The у-ray decay of 
these nuclei was studied with six Compton-suppressed Ge detectors of the 
OSIRIS spectrometer. The level schemes of both nuclei were extended 
considerably [6,7]. A prolate-oblate shape-change was found to take place 
in the ground-state band of 1860s at in =18+ [7]. 

In all cases у у-coincidence matrices were sorted and analyzed in order 
to establish the level schemes of the nuclei under consideration. The 
detectors were arranged under different angles and, thus, у у-angular 
correlations were measured simultaneously. A large number of different 
shape-evolution tendencies at high angular momenta were established in the 
nuclei of the chain, which presents excellent opportunities for theoretical 
investigations. 

3. Hexadecapole deformation. 
The unique parity band v i13/2-bands in the odd-A Os nuclei are known 

to display large staggering in the {E(I)-E(I-1)}/2I vs. I2 (moment-of-
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irifrtU jiurnmclor) plot 11,5,0,8,9,14], Such л staggering Is typical only 
for low К band». An inoreaso of the hexadecapole deformation was suggested 
to bring the (660 1/21-orbit close to the Fermi surface and a Coriolls 
mixing may explain the observed effoct 115], This effect shows up ns 
В Р П Ш Л Й between the quaaiparticle energies оГ the sequoncos of different 
signature, represented in the intrinsic frame. The calculated Routhians of 
the ilil/2-qiia8ineutronB spl i t if negative у-deformation is considered 
[2,161. 
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Fig.l. Dependence of the band-crossing frequencies 

afiu=tiuBC-ti(oAD on c4 for several values of the у -deformation. 
The calculations are done within the CSM, using the standard 
set of parameters [18]. The rotational frequency is given in 
units of the harmonic oscillator frequency ttuQ=4lA-lf3. 

An inversion of the band-crossing frequencies in both branches of this 
band, •hwAD<riwBC, has been observed in the 1790s nucleus. This effect can be 
understood in the Ггате work of the cranked shell model [17]. The 
calculations demonstrate that the ti(jA0 and fiuBC frequencies become 
degenerate for large values of the hexadecapole deformation - e4, assuming 
asymmetric shape of the nuclear potential. This is illustrated in fig.l, 
where the dependence of A-hu=nuAD-tiuBC vs. e 4 is plotted for different 
values of y. A degeneracy of these band-crossing frequencies has been 
observed throughout this region of nuclei, i.e. in l"0s [8], I8ipt [19] 
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183Pt [20]. This might be considered ав an experimental ovidonce for an 
increase of the hexadecapole deformation in this region of nuclei. 

4. Triaxial nuclear shapes. 
The deviation of the nuclear potential from axial symmetry is expected 

as a quantal effect in nuclei. The question what might be the experimental 
evidence for the existence of triaxial nuclear shapes is discussed by 
I.Hamamoto and G.Hagemann [21]. They proposed to compare the signature 
splitting of the energies, Де', in the intrinsic frame with the signature 
dependence of the Ml transition matrix elements below the band-crossing in 
a rotational band build, on a high-j orbit in an odd-A nucleus. In a case of 
axial symmetry of the nuclear mean-field one expects that 

AB(M1) 4(Ae')(hu) 
<B(M1)> (де')2+(Ьи)2 

(1) 

2.00 

1.90 ' 
Л 
—̂ 
a 
9 i.oo 
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| I I . I I 

: • T ',. - i 

i i i i ... i i 19/2 19/2 17/2 17/2 11/2 21/2 23/2 29/2 
tplnjft) 

Fig.2. Comparison between the left-hand side (full 
circles) and the right-hand side (open circles) quantities of 
relation (1), both of which are estimated by using experimental 
data. 

where ДВ(М1) is the splitting of the reduced transition probabilities of 
both sequences of different parity and <B(M1)> is their average value. 
Since the B(E2) values are expected to be rather constant, the B(M1)/B(E2)-
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ratios, which can be much easily derived from the experimental data, were 
used to estimate the left-hand quality. The results are shown in fig.2, 
where they are compared with the right-hand quality, which is obtained from 
the splitting of the quaeiparticle energies. No natter of the large 
experimental errors, a discrepancy between the two quantities is found 
throughout the entire observed region. This violation ie consistent with a 
shape of -20°<y<-30°. A similar analysis has been done recently by 
O.Dracoulie et.al. for the ui13/2-band in the nucleus 1750s and a triaxial 
shape has also been-suggested for the nucleus in this configuration [10]. 

A systematic study of the properties of the 7-bands in these nuclei 
was carried out in order to throw more light on 7-softness and the possible 
development of axially asymmetric shapes in the A=180 Os nuclei. Such bands 
have been established for all the Os nuclei with even mass numbers and 
N>100. In the case of lso0s the even spin members of the band are depressed 
with respect to the odd-spin ones. From the clustering of the levels can be 
concluded that this nucleus is soft against у-deformation, since such 
effect is predicted in models using 7-unstable potentials [22]. The latter 
gives rise to a staggering in the plot of the moment-of-inertia parameter 
vs. spin. However, a comparison with the staggering plot of the у-band of a 
typical y-soft nucleus such as *86Pt [23] reveals that the staggering 
amplitude in 18"0s is an order of magnitude less. D.Bonatsos has proposed 
to study the changes in the relative displacement of the odd-spin levels 
with respect to their even-spin neighbours [24]. The quantity, which is 
taken into consideration is: 

5E(I) = E{I) - - L E(I-l) + -—- E(I+1) 21+1 21+1 

In fig.3 6E(I, 1=3,5) is plotted vs. the neutron number N for the W, 
Os and Pt nuclei. For the nuclei, which can be described in the vibrational 
limit of the IBM model, 6E(5) takes smaller values than 6E(3), whilst for 
the nuclei in the rotational limit is just the opposite. These trends are 
generally supported by the plot on fig.3. However, it is clear that the 
ieo,i86gs and the 184W nuclei cannot be classified that easy with respect 
to this scheme. They lie on the trend-change border. The results in fig.3 
indicate that the Os nuclei which approach the rotational limit, 182»1MOs, 
are less stiff than the W nuclei, while the nuclei with N<104 and N>110 are 
у-soft. 
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Fig.3. Comparison between the 5E(3) and the 6E(5) values 
derived from the energy levels in у-bands for isotopes with 
Z=78 (upper part), Z=76 (in the middle), and Z=74 (lower part). 

5. T-bands. 
Recently the existence of bands reflecting a rotation about an axis 

tilted with respect to the principle axes has been established [25]. They 
consist of Д1=1 sequences, display no signature splitting and are 
characterized by large angular momentum projections on the symmetry and 
collective axis, respectively. Such bands were observed in the nuclei 
l8i,i82os. in i82o8 two positive parity bands were known from previous 
studies [26]. They form at low frequencies a sequence without a signature 
splitting (cf. fig.4), which has been interpreted as a t-band of a 
("Чэ/г)2 configuration [25], for which the two quasi particles obey the 
Fermi aligned coupling scheme [27]. The band starts with i3=K=8h and a 
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substantial alignment. In ш 0 в а пей Д7=1 sequence was established, which 
starts at a band head with I=K=23/2 and shows no signature splitting (cf. 
fig.4). It acquires quickly considerable alignment and can be interpreted 
as a t-band, resulting from the coupling of the [514 7/2] quasineutron to 
the {u I13/2)2 configuration [5]. 

2.2 

1.8 

- , — i — , — ^ — т — i — i — i — ) — i — 

IB 24 30 36 
I <h) 

Fig.4. Excitation energy vs. spin for bands in wi.ieaos. 

6. Shape-coexistence. 
The levels in the ground-state band of 1860s were established up to 

Iя =18+ by Spanhoff et.al. [29]. In the experiments of the Juelich group 
three i-transitions - of 463 keV, 531 keV and 880 keV - were identified to 
feed this level. They contribute to 85X of the total intensity of the 
transitions which feed this level. In fig.5 a partial level scheme of 860s 
is shown. It reveals the transitions and the energy levels, which were 
identified above the 3439.7 keV level (I" =14+) of the gs-band. The spin 
assignments were carried out using the DCO method [30]. From the DCO data 
relevant to the transitions, which feed the 4493.6 keV level a definite 
conclusion can be done that the spin difference for these transitions is 
not two. As to the 569.9-662.7-747.5 keV cascade, which is observed to 
coexist with this structure, although the uncertainties are too big for any 
firm conclusion, it seems that the 662.7 keV and the 747.5 keV transitions 
are stretched quadrupole transitions. They are most probably the first two 
members of a rotational band, which coexists with the irregular structure, 
which terminates the gs-band of 1860s. The hypothesis that this irregular 
structure is connected with -an oblate shape of the nucleus is proposed to 
explain the experimental observations. Thus, it seems that shape-
coexistence has been established in this nucleus. 
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7. Conclusions. 
The current status of the experimental studies of the high-spin 

structure of the neutron deficient Os nuclei with A=180 is reviewed in this 
paper and a few chosen topics, which reveal the wealth of phenomena 
•observed in these transitional nuclei, are treated in more detail. The 
investigation of the neutron deficient Os nuclei located at the upper edge 
of the deformed region has demonstrated the complexity of their band 
structure. Our systematic investigations, which were performed recently, 
contribute to the understanding of the structure of the Os nuclei at high 
angular momenta. They show that the nuclear properties change very much as 
the neutron number increases. A lot of other interesting phenomena, which 
were not discussed here but deserve special attention, have been observed 
in this region of nuclei. Such are K-isomerism [3,13], configuration-
dependent deformation driving effects [1], three-band crossings [11], large 
nuclear deformation [4,12]. 
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Abst rac t : The characteristics of the Giant Dipole Resonance in hot nuclei formed 
by incomplete fusion of "'Ar + !,"Zr at 27 MeV/u have been measured at GANIL 
with the MEDEA detector. This set up allows the simultaneous measurement of 7 
rays, light charged particles, and fusion residues. Preliminary results indicate that 
the giant dipole resonance shows up prominently in coincidence with the incomplete 
fusion residues which have a mean excitation energy of 550 MeV. By dividing the data 
into different momentum transfer bins, indications for the saturation with increasing 

i excitation energy of the gamma multiplicity from Giant Dipole Resonance decay are 
; obtained. 
i 

I - INTRODUCTION 

The study of the properties of hot nuclei has been one of the fastest growing 
fields of nuclear physics over the last decade. Information concerning these highly 
excited species has been painstakingly gathered through very detailed measurements 
of their numerous decay products: light particles, intermediate mass fragments, fission 
fragments, and evaporation residues[l]. Such investigations have yielded access to 
excitation energies, temperatures, and in some cases spins and shapes of the hot 
nuclei. However these decay products carry only limited information on the detailed 
structural characteristics of the emitting system. Recently, it has been realized that 
the 7-ray emission from the decay of the Giant Dipole Resonance (GDR) excited in 
these hot systems constitutes an important complimentary probe. More specifically, 
the GDR built on highly excited states can provide insight into the properties and 
the damping of collective excitations in hot nuclear matter, and also into the shapes 
and fluctuations of hot nuclei[2]. 

'Experiment performed at the GANIL national facility, Caen, France. 
; "'and Dipartimento di Fisica dell'Universita, Catania, Italy 
i ''On leave from Division de Physique Theorique, Institut de Physique Nucleaire, Orsay, Prance. 
i ""On leave from University of Teheran, Iran. 
\ г'Оп leave from University of Sao Paolo, Brasil. 
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The aim of several recent experiments has been to follow the evolution of the 
characteristics of the GDR (energy, width, and strength) with increasing excitation 
energy and nuclear temperature. The most complete systematics have been obtained 
for medium mass nuclei in the vicinity of A%115 [3, 4, 5 , 6] in the excitation en
ergy region between 50 and 600 MeV. Over this extended range the energy of the 
GDR proves to be remarkably stable at around 15 MeV. Up to about 300 MeV the 
collectivity of the hot nuclei appears to remain intact, as 100% of the dipole energy 
weighted sum rule strength is observed. Above this excitation energy a saturation 
of the 7 yield has been measured and has given rise to divergent interpretations. 
In the analysis of Yoshida el al. [7], the GDR is assumed to retain full sum rule 
strength and, in order to reproduce the experimental results, its width must increase 
very strongly with excitation energy. The net result of such un interpretation is that, 
above approximately 230 MeV excitation energy, the GDR becomes so broad that its 
decay contributes only marginally to the 7 spectrum around 15 MeV. 

Using an opposite point of view, Bracco et al. [8] fit their results assuming a 
saturation of the GDR width above approximately 150 MeV excitation energy. This,! 

in turn, implies a decrease of the strength of the resonance above 300 MeV, which 
can be explained by a loss of collectivity of very hot nuclei, or, alternatively, by a 
rapid decrease of the light particle decay time with temperature, which would become 
shorter than the time necessary to couple the GDR to the compound nucleus. Such 
an effect would preclude the presence of the GDR before a considerable cooling down 
of the compound nucleus. 

We have undertaken at the GANIL facility a study of the GDR in hot nuclei 
formed in the :,tiAr + ""Zr reaction at 27 MeV/u bombarding energy. At such high 
bombarding energies, however, the simple measurement of residue velocities can only 
yield fragmentary information on the characteristics of the initial hot nucleus. There
fore, the experimental set up was designed, not only to observe the 7-rays arising from 
GDR decay with high efficiency, but also to pin down as precisely as possible the ex
citation energy and temperature of the decaying nuclei through the measurement of 
evaporation residue velocities, light charged particle (LCP) spectra and LCP multi
plicities. 

II - EXPERIMENTAL METHODS 

In order to produce hot nuclei through incomplete fusion reactions, a 30G>g/cm2 

""Zr target was bombarded with the 27 MeV/u wAr beam from the GANIL facility, 
with an average intensity of 20 nA. 

Gamma rays and light particles were detected with the MEDEA multidetector [9] 
which consists of a ball built with 180 barium fluoride (BaF2) crystals that covers the 
angular range between 30" and 170" and a forward phoswich wall covering the angles 
between 10° and 30". To allow for the simultaneous measurement of 7-rays and 
LCFs the entire system operates under vacuum inside a large scattering chamber. 
The following discussion will be restricted to the results obtained with the BaF2 

detectors. 
To obtain 7-ray and particle identification the BaFy signal is charge integrated 

during two gates called "fast" and "total energy". Moreover a time of flight mea
surement, with a resolution of approximately Ins, is performed between each BaF2 
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detector and the cyclotron RF. Figure 1 displays time vs "total energy" and "fast" 
vs "total energy" scatterplots. By applying contours to both of these planes ал un
ambiguous separation of 7-rays from light particles is achieved. The electronics were 
adjusted in order to minimize the detection thresholds for LCPs, however this setting 
precluded the mass identification of Z= l species. 

"total energy" (a) and "fast" vs "total energy" (b) identification 
;tector. 

Figure 1: Time vs . . 
plots for a QsiF-, detector. 

The BaF-j detectors were calibrated in energy with the 4.4 and 6.1 MeV gamma 
rays from AmBe and PuC sources respectively. These calibrations were checked by 
measuring cosmic rays [9] and 15.1 MeV 7-rays from the :i(iAr + i aC reaction. The 
LCP calibration was deduced from the 7 calibration using the results of a calibration 
run performed with light particle beams [10]. 

Fusion-like residues were detected in two rectangular parallel plate avalanche 
counters (PPAC) covering between 6" and 22" on either side of the beam. Fig. 2 
shows a time of flight-energy loss scatterplot where quasi-elastic reaction products, 
incomplete fusion residues, and slow target-like fragments are clearly distinguished. 
In the following we will concentrate on the fusion-like residues. 

In order to study 7 emission in coincidence with all central collisions the exper
iment was divided into two parts with different trigger requirements. In the first 
part the trigger was given by one PPAC firing in coincidence with at least one BaF^ 
detector: To focus on eventual violent collisions which do not give rise to evaporation 
residues, the second part of the experiment was triggered by the requirement of a 
total multiplicity greater than 5 in the backward hemisphere. Only those events with 
at least one 7-ray with energy greater than 6 MeV were treated in the analysis. In 
the following only preliminary results using the PPAC trigger will be presented. This 
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trigger requirement eliminate» all cosmic ray contamination of the 7-spectra. 

I l l - E X P E R I M E N T A L RESULTS 

n) Character is t ics of the Hot Nuclei 

A widely used method for characterizing the composite system formed in incom
plete fusion reactions is the determination of the linear momentum transfer [11]. The 
mass of the composite system and its excitation energy can then be deduced from 
the fraction of the linear momentum transfer by applying a massive transfer model 
[12]. From the time of flight spectrum of fig. 1 we deduce a mean linear momentum 
transfer of about 80% of the full momentum transfer for fusion-like events, which 
corresponds to an excitation energy of about 5C0 MeV. This is in agreement with the 
Viola systcmatics for momentum transfer as a function of bombarding energy [11]. 

The time spectrum is broad, showing that a wide range of linear momentum 
transfers, and thus of excitation energies, arc populated in the reaction. This is a 
very attractive feature of intermediate energy heavy ion reactions since, as long as 
the hot nuclei produced can be correctly characterized, extended excitation functions 
can be measured at a single bombarding energy. Here, the data have been divided 
into three bins, depicted on fig.l, centered respectively at 50%, 70%, and 90% of full 
momentum transfer, corresponding to mean excitation energies of 360, 480 and 630 
MeV respectively. 

Two main effects will tend to undermine the reliability of the determination and 
selection of excitation energies based on the massive transfer model. First of all, at 
this high bombarding energy, pre-equilibrium particle emission becomes important 
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Figure 3: Time of flight spectrum for а РРЛС counter. The linear momentum transfer 
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and is not correctly taken into account, since the massive transfer hypothesis sup
poses that all non-equilibrium particles are emitted at zero degrees with the beam 
velocity, which is at best a crude approximation. Second, a large number of parti
cles are evaporated during the de-excitation of the compound nucleus. This will not 
affect the mean measured linear momentum transfer but will tend io smear out the 
relationship between residue velocity and initial excitation energy. An analysis of the 
light particle spectra is necessary to confirm that the different momentum transfer 
bins truly correspond to different excitation energies, and to extract temperatures of 
the hot nuclei. 

For each momentum transfer bin, proton spectra were extracted fur several angles 
covering between 69" < (?/„<, < 160". Fig. 2 shows a representative example for the 
90% linear momentum transfer bin. The full lines are the result of a moving source 
fit using two sources with maxwelJian surface emission {13]. The compound nucleus 
source dominates at backward angles (вы, > 90"), while the intermediate velocity 
source is important only for forward angles and the high energy part of the spectra. 
At the angles studied the inclusion of a projectile-like source is unnecessary. It was 
estimated that the influence of the deuteron contamination of the proton spectra on 
the extracted parameters of the compound nucleus like source was negligible. The 
extracted apparent temperatures and velocities are given in table 1. These parameters 
are in reasonable agreement with those extracted for proton spectra in ref.[14]. 

The temperature and velocity of the compond nucleus-like source increase with in
creasing momentum transfer while the parameters of the intermediate velocity source 
do not vary significantly. This behavior confirms that the selection of events according 
to increasing momentum transfer allows to focus on hotter and hotter nuclei. 

The initial temperature T„„( of the compound nucleus can be inferred from the 
apparent temperature T „ w obtained from the moving source fit. In the literature, 
different ratios between these two quantities are given depending on the type of 
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Figure 4: Proton spectra measured at different angles in coincidence with fusion 
events corresponding to the momentum transfer bin centered at 90% of full linear 
momentum transfer. Full lines represent the result of a moving source fit (see text). 

light particle considered[15]. The relationship obtained for protons is Tlm, = l.3T„p,„ 
which was used to obtain the values listed in table 2. To convert temperature values 
into excitation energies a crucial point is the choice of the level density parameter 
a. Several theoretical calculations[l6, 17] indicate that a decreases from A/8 at zero 
temperature to values as low as A/13 at temperatures above 5 MeV. Nevertheless 
experimental values at high temperatures for the mass region A»110 are widely 
scattered between a=A/9 and a=A/13 [13, 14, 18, 19]. Using the value A/13 yields 
excitation energies markedly lower than those obtained from the massive transfer 
model while A/10 gives a reasonable agreement (table 2). In any case it is clear that 
nuclei with excitation energies far in excess of 300 MeV are populated and that higher 
momentum transfers correspond to the formation of hotter nuclei. 

b) Gamma Spectra 

An example of a 7 spectrum measured in coincidence with all fusion events with 
momentum transfer greater than 50%, corresponding to a mean excitation energy 
of 560 MeV according to the massive transfer model, is presented in figure 3. The 
spectrum is summed over BaF2 detectors of the ring centered at 0/„ь = 105° where 
the Doppler shift is negligible. At about 15 MeV, a pronounced bump can be seen 
which corresponds to the direct gamma decay from the GDR. One can notice the 
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Tabic 1: Temperatures and velocities of the two sources extracted from the moving 
source lits. 

Bin 
50% 
70% 
90% 

T,..v(MeV) 
4.67 
5.21 
5.35 

Pes 
0.59v<v,i/ 
Q.7&vcM 
OMVCM 

T,„,(MeV) 
9.65 
0.93 
10.26 

/?,»< 
0.b2vunm 
0.52vfa.,„„ 
0.51vf„mN 

Table 2: For each luoiiiualuiii transfer bin: temperature of the compound nucleus 
source, deduced initial temperature of the compound nucleus, excitation energy cal
culated with tlte Fermi gas model witli a=A/iO and a=A/13, and with the massive 
transfer model. 

.Bin 

50% 
70% 
90% 

Tex (MeV) 

4.67 
5.21 
5.35 

Г,„„ (MeV) 
[T,„„ - 1.3Tf-.v] 

6.07 
6.77 
6.95 

E (MeV) 
[a^A/13] 

300 
400 
455 

E- (MeV) 
[a=A/10] 

390 
520 
590 

E- (MeV) 
Mas. Trans. Mod. 

360 
480 
630 

good quality of the gamma spectrum as well as the high statistics. 
Such a spectrum can be qualitatively understood as being composed of three 

components. At low energies statistical 7-rays emitted by the compound nucleus 
at the end of its decay chain give rise to a steep exponential decay; the photons 
above 35 MeV are interpreted as due to nucleon nucleon bremsstrahlung during the 
initial stages of the collision process, which once again gives rise to an exponential 
distribution. By subtracting from the spectrum exponential functions fitted to these 
two components (dashed lines on fig. 3), a strong excess of 7-rays centered around 
15 MeV is observed (insert of fig. 3), which can be attributed to direct decay of the 
GDR. Note that the bremsstrahlung slope obtained from the fit is approximately 10 
MeV, which is in good agreement with the known systematics [20]. 

c) G a m m a Yield as a Function of Excitat ion Energy 

To investigate the evolution of the GDR properties as a function of excitation 
energy, 7 spectra were extracted for each momentum transfer bin shown in fig. 3, 
and normalized to the number of residues in each bin. These spectra are presented 
in fig. 6. 

Apart from the cross section of the bremsstrahlung component which increases 
with linear momentum transfer the three spectra exhibit very similar features. In 
order to quantify the GDR-gamma yield as a function of linear momentum transfer, 
exponential functions were fitted to the low energy statistical and bremsstrahlung 
regions of each spectrum and then subtracted in order to estimate a GDR-gamma 
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Figure 5: Gamma spectrum measured in coincidence witlt fusion like events. 
Dashed lines correspond to exponential Tits to the low energy statistical part and 
bremsstrahlung part of the spect rum. The solid line is the sum of these two expo
nentials. The insert displays the difference between the experimental spectrum and 
the solid line. 

yield, Fig. 7 shows the evolution of the CD It and brcmsstrahlung component . For 
the experimental points the excitation euergy determined according to the massive 
transfer model was used. However, as shown above, the use of excitation energies 
extracted from proton slope measurements would slightly modify the energy range 
explored but not change the qualitative conclusions. The remarkable feature is the 
Constance, within the error bars, of the GDR yield over the whole excitation energy 
region populated in the present reaction. This behavior seems to confirm the sat
uration of the GDR-gamma yield at high excitation energies observed in previous 
experiments. 

The bremsstrahlung multiplicity, which was obtained simply by integrating the 
experimental spectra above E. - 35 MeV, increases as a function of linear momentum 
transfer. This behavior is in agreement with a simple geometrical picture in which 
the hottest nuclei are formed in the most central collisions. 

More detailed information on the behavior of the GDR can only be obtained 
through the comparison of the experimental spectra with Cascade calculations in 
which various theoretical descriptions of the G D R are entered. Some preliminary 
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Figure 6: Gamma spectra measured for different momentum transfer bins centered 
at 350, 490 and 630 MeV of excitation energy. 

calculations are presented below, 

d) Stat is t ical Calculations 

Figure 8 shows the 7-spectrum corresponding to the intermediate momentum 
transfer bin (E" % 500 MeV) after subtraction of the brehmsstrahlung component, 
along with three statistical calculations performed using the code CASCADE [21]. 
All calculations suppose an equilibrated compound nucleus of ' l5Sn with an angular 
momentum of 50 h. 

In the calculations labeled (1) and (2), following ref. [2], the GDR parameters 
were taken equal to E(;„/t = 16 MeV, TCun = 13 MeV and St;y«=100% EWSR and 
a level density parameter a=A/8 was used. These parameters were kept constant 
during the whole decay chain. Such simple calculations allowed a good reproduction 
of 7-spectra obtained at excitation energies up to 300 MeV[2]. The two calculations 
were performed with initial excitation energies of 500 and 230 MeV respectively. The 
results were folded with the detector response and normalized to the experimental 
spectrum in the region of low energy statistical decay. The following observations 
can be made: 

• The slope of the low energy statistical 7-rays is well reproduced by the calcu
lations. 

• The yield of 7-rays above 10 MeV is much lower than predicted for a nucleus 

Bremsstrahlung! 
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Figure. 7: Measured GDR gamma yield and measured bremsstrahlung gamma yield 
as a function of excitation energy (see text). 

containing the excitation energy measured for the fusion-like nuclei (ss 500 
MeV). This missing yield for very high excitation energies was already observed 
in previous studies [4, 7]. 

In order to check that the simplifying assumptions of the above calculations are 
not responsible for the large discrepancy observed between the calculation at 500 MeV 
and the experimental spectrum, a further calculation was performed in which certain 
parameters were allowed to vary along the decay chain. In particular, the centroid 
energy of the GDR was taken equal to E(;/»< = 76.5 * A~,f:i where A is the mass 
number of the nucleus and the level density parameter was varied between A/8.5 
at zero temperature and A/12 at high temperature according to the prescription 
of Ormand et al. [16]. The result is labeled (3) on fig. 8. The use of a more 
realistic level density parameter strongly influences the spectral shape. However the 
calculation still overshoots the data in the GDR region. This means that at least one 
of the two major assumptions of the calculations, full sum rule strength for the GDR 
at high temperatures and a width saturating at Т^ци = 13 MeV, must not be valid. 

From a theoretical point of view, Smerzi et al. [23] predict a strong increase 
of the width of the GDR with excitation energy due to damping through two-body 
collisions. Chomaz [24] argues that the width of the GDR must contain contributions 
from the short lifetime of the highly excited compound nucleus states towards which it 
decays, and also concludes to a very broad GDR at high temperatures. Whatever the 
underlying theoretical reason, a broadening of the GDR at high excitation energies 
will lead to a depletion of the 7-yield in the region around 15 MeV since GDR 7-rays 
will be spread over a wide energy range. 

Bortignon et al. [25] take into account the equilibration time of the GDR with 
the compound nucleus. At high excitation energies this time is much larger than the 
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Figure 8: Gamma spectrum for the 70% momentum transfer bin after subtraction of 
the brclunsstralilung component compared with three statistical calculations using 
the code CASCADE : dots (1) : E" = 500 MeV and level density parameter Л/8; 
solid line (2) : 230 MeV and A/8; dashed line (3) : 500 MeV and variable level 
density parameter, (see text). 

neutron evaporation time, which precludes the emission of GDR 7-rays during the 
first stages of the decay cascade. 

Cascade calculations including the above theoretical prescriptions, which will all 
contribute to a decrease of the GDR 7-yield, are in progress. 

IV C O N C L U S I O N S 

Gamma-rays were measured in coincidence with light charged particles and fusion-
like residues from :,fiAr + '"'Zr collisions at 27 MeV/u using the MEDEA detector. 
From measurements of the residue velocities and the proton spectra, it is shown that 
hot nuclei with excitation energies largely above 300 MeV are formed. Up to the 
highest excitation energies the direct decay of the GDR shows up in the 7-spectra 
as a prominent bump located around 15 MeV. However, the results presented show 
a constant value for the 7 multiplicity from GDR decay as a function of increasing 
excitation energy. 

The saturation of the GDR yield at high excitation energy is confirmed by the 
fact that the photon yield in the GDR region is substantially lower than predicted 
by Cascade calculations for compound nuclei of mass A%115 and excitation energy 
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500 MeV when 100% of the energy weighted sum rule is assumed. 
Wc have shown that the simultaneous measurement of high energy photons and 

light particles, permitted by a 4;r detector sucli as MEDEA, can provide valuable 
insights on the collective properties of very hot nuclei. Much more information will be 
extracted from the present data, in particular through the study of LCP multiplicities 
and 7-ray angular distributions. A very recent experiment has been performed at even 
higher bombarding energies to study photon emission from hot nuclei in a regime 
where evaporation residues are no longer a reliable signature of the most central 
collisions. 
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Heavy Ion Collisions from the Perspective 
of Gamma-Ray Studies 

B.FornapM t R .Broda^ ,1. G.Beard ет»ь>, R .B.Mnyer»,D.Niaiusb), Z. W. Grabowak j*>, 
P.J.Dal^^.P.Carpenter^,R.Henry^}R.V.F.Jantsen»e\T.L.Khooe\ 

T.LauriUen"), Y.Liang^ 

"'Institute of Nuclear Physice,Cracow, Poland 
^Purdue University, USA 

c)Argonne National Lab., USA 

To explore the yrast spectroscopy of heavy tin nuclei which are not accessible by fusion-
evaporation processes, we performed a series of experiments in which targets of 122 ,124Sn 
(backed with Pb) were bombarded with /xs-pulsed beams of 7eGe and 80Se (15% above 
barrier) from ATLAS accelerator at Argonne National Laboratory. The in-beam and off-
beam 7-ray singles as well as 7-7 coincidences obtained with Argonne-Notre Dame 7-Ray 
Facility were found to include new information about a score of nuclei around A=124 and 
A=80; these were products of deep-inelastic reactions involving transfer of many nucleons 
between target and projectile. 
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Fig. 1. Relative yieldi determined for even-even 
products of the reaction 12*Sn + S44MeVBOSe. The 
nuclear potential energy contours calculated for this 
dinuclear system are also shown. 

The measurements 

mere in 122 Sn 

identified 
10+ iso-seniority y=2 {yh.iy2) 

and " 4 S n and 
niority v=3 ( i /h u / 2 ) n 27/2" iso
mers in 119Sn and 121Sn, pinpoint
ing half-filling of the vhn/2 sub-
shell close to N=731>. 

From a broader point of view, 
the 77 coincidence intensities al
lowed us to map the observed dis
tribution of yields with A and Z. In 
particular, for the reaction of 124Sn 
with 80Se ions, we have performed 
extensive product yield determina
tions. These results are illustrat
ed in Fig. 1, which shows relative 

Se 77 coincidence intensities (between 
the 2+—*0+ transition and all 7-

Qe rays feeding the 2 + etate directly in 
each case) for different even-even 
nuclei. Analysis of these distribu
tions gave an estimate of the aver
age number of neutrons evaporated 
from the excited reaction products , 
which was then used to extract the 
pattern of primary products. 
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This pattern may be understood in terms of N/Z equilibration in the dinuclear 
system formed in the heavy-ion collisions. Calculated minimum potential energy 
surfaces can be used to explain the gross features of the observed yield pattern as 
well as to predict the outcome of future experiments using other target-projectile 
combination. 

A very interesting feature of -y-raye from the deep-inelastic reactions is the fact 
that the cross-coincidences, i.e. coincidences between 7-rays emitted simultaneously 
from two reaction products, can be observed. In this case a given binary reaction product 
may be assocciatcd with two or more different partners, one the primary complementary 
partner nucleus itself, the others secondary products resulting from subsequent evapora
tion of one ore more nucleons. 

400 

• Те isotopes 
o76Ge 

Ш 
CD 
О 

;М^МИ 
500 600 700 800 900 

Ey [keV] 
Fig. t. The 7 — 7 coincidence spectrum for the i+—*0* tranaition in 7t Ge reaction 

product. 

The situation is illustrated in Fig.2 where the spectrum obtained by setting the gate 
on the 2 + - + 0 + transition in 7eGe, a product of transfer of two neutrons and two protons, 
is shown. In addition to -7-rays from 7e Ge itself the spectrum exhibits many lines from the 
partner tellurium isotopes with A=124-128, indicating that the processes assocciated with 
evaporation of 0-4 neutrons took place. Analysis of the cross-coincidences can be used 
for studying the correlations in mutual excitations of the deep-inelastic reaction partners. 
In the presented case the statistics was not sufficient to perform such investigation but 
the new data from the more powerful 7-ray arrays, which are beeing analyzed, should 
yield these valuable information. 

[lj R.Broda et al., Phys. Rev. Lett. 68, 1671 ( 1992 ). 
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Beta Decay of Deformed A=100-120 Nuclei 

A. Jokinen 

Department of Physics, University of Jyviiskylu, 
P.O. Box 35, SF-40351 Jyvuskylu, Finland 

Abstract Symmetric fission of2 U induced by 20 MeV protons has been used 
to produce new nuclei. The decay of these nuclei has been studied with new 
experimental techniques. Altogether 24 new half-lives have been determined. 
Decay schemes and Q-values of beta decay have been measured. Experimental 
Gamow-Teller strength have been determined for selected even-even nuclei. 
The beta decay observables have been compared with the half-life predictions, 
atomic mass predictions and macroscopic-microscopic calculations. 

1. Introduction 

We review our recent studies on beta decay of neutron-rich nuclei produced by symmetric 
fission at the IGISOL on-line mass separator facility. The main focus of our investigations 
has been on the strength and its distribution for the Gamow Teller (GT) beta decay as a 
function of deformation between nearly spherical Z=46 (Pd) and highly deformed Z=40 
(Zr) neutron-rich nuclei. The mass region studied is one of the few areas on the neutron-rich 
side of the nuclide chart where fast beta transitions occur between the spin partner shell 
model orbits. In a studied region these orbits are vgm and ng^. In spherical approximation 
only one GT-transition, IO+)-*|vg7n''wg9;2;l+), is possible. However, under nuclear 
deformation spherical states are split to Nilsson states, which are labeled by the asymptotic 
quantum numbers K*[Nn3A]. The spin-flip transitions obeying the additional asymptotic 
quantum number selection rules: AK=1, AN=0 An3=0 and АЛ=0 in the single particle model 
(I=£2=K) are called allowed unhindered (au) and can be identified by their low log ft-values, 
log fbS5 [1]. 

The simultaneously acquired half-life and decay energy data for new neutron-rich 
nuclei are also very valuable in testing the validity of theoretical models for half-lives and 
binding energies used, for example, in the analysis of nuclear synthesis of elements in the 
r-process. Figure 1 shows the isotopes, whose half-lives have been measured at the IGISOL-
facility. It also displays those even-even nuclei, whose decay has been studied in greater 
detail in this work. 
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Figure 1. Nuclide chart showing the isotopes studied at the IGISOL facillity. Those 
even-even isotopes whose beta decays have been studied greater detail in this work has 
been filled with dark grey. 

2. Experimental techniques 

The experiments were performed using the MC-20 cyclotron and the IGISOL on-line mass 
separator facility locat<*d at the Department of Physics of the University of Jyvaskyla' [2]. 
Fission fragments from four 20 mg/cm2 natural uranium targets, bombarded with 20 MeV 
protons, were slowed down and thermalized by helium gas and transported by the ion quide 
technique into an isotope separator. The ions were accelerated with 40 kV voltage and mass 
separated before implantation to the catcher tape for subsequent detection of their 
radioactive decays. The method is chemically non-selective and allows fast separation (1= 
ms) of all elements with nearly constant efficiency. For example, typical intensities of the 
order of a few times 103 ions/s per isobar are obtained for highly refractory elements from 
Zr up to Pd. The neutron-rich isotopes of these elements are produced by the symmetric 
mode of fission. 

Internal conversion process is known to be strongly present in the de-excitation 
process of fission products with A=100-120 and A=140-160 [3]. For this reason a special 
emphasis has been put on the conversion electron and X-ray spectroscopy in addition to a 
conventional methods of gamma and beta ray spectrocopy. Emission of characteristic 
KX-rays provides Z-identification of the decaying nucleus, which together with the mass 
analysis provides a unique isotopic identification. The emission of KX-rays has been 
detected by using the 10-mm-lhick planar Ge detector with an area of 10 cm2 placed in close 
geometry behind the catcher tape. Beta rays were detected with two 0.9-mm-lhick plastic 
detectors. We have also developed a novel magnetic lens type conversion electron 
spectrometer, ELLI, which can be used in the focal plane position of the IGISOL-system to 
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measure implanted sources directly with high efficiency and low background [4]. It can also 
be operated In coincidence with (3, ynnd Х-rny detectors. 

A reduced GT-strcngth is connected with the experimental obscrvablcs via the 
expression B(GT)=»3862/ft, where f is the phase space factor and t is the partial half-life. 
The constant in expression has been calculated using the free nuclcon value of the ratio of 
the axial (o vector coupling constants lgA/gYl= 1.263 [5]. The determination of B(OT) 
involves the measurement of thG halMifc and the decay energy as well as the determination 
of the level scheme of the daughter nucleus. Beta particles observed in coincidence with 
particular y-transitions were detected with plastic scintillator telescope. The analysis of the 
observed beta spectra were done by using the shape fitting method [6] instead of the widely 
used Fermi Kurie analysis. In this way the complicated procedure to remove the effects of 
the response function of the detector was not needed. The mediod is based on the 
availability of a set of single component calibration beta spectra produced at IGISOL. The 
present set include» wNb, "V, IMSn, IMln and '"Xe, which provide endpoint energies from 2 
to7McV. 

3. pVhalMives for new Isotopes 

There has been a noticeable gap in the data of the beta half-lives for n-rich nuclei with 
Z=43-46, which are highly interesting, because they lie just below the second main 
r-abundance peak near A=130 [7]. The r-process path is expected to lie far out of the region 
of the known neutron-rich nuclei, except in the case of the closed neutron shells at N=50,82 
and 126. Therefore no experimental information on the associated nuclear physics 
parameters, such as the beta decay half-life, the neutron binding energy and the neutron 
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capture cross section, arc available and they have to be taken from the model calculations. 
The comparison of these calculations with the experimental data as far from stability as 
possible is crucial importance. 

Spectroscopy on the beta decays of fission products at the IGISOL-facility has 
produced 24 new or improved half-lives for n-rich Zr, Nb, Mo, Tc, Ru, Rh and Pd nuclei. 
The newest data have been obtained for ,0$Zr, ,otNb, ,091,oMo, m T c , 1,sRu and 150Pd [8]. 
Tabic 1 summarizes the half-life data for these nuclei, Figure 2 shows a comparison of the 
newly measured halMivcs with the predictions of four models, which are the new version of 
the Gross Theory [9], TDA model of Klapdor et al [10], the QRPA model of Staudt and 
Klapdor [11] and the QRPA model of MOllcr and Randrup [12]. In general, the older 
models, TDA-model and Gross Theory, seem to have clear trend to overestimate the 
half-lives of the nuclei of the studied region. The better agreement between the experiments 
and the predictions is achieved by using the QRPA-models. Predictions of these models 
behaves smoothly for each clement number, but the variaton between different clement 
number is larger in the case of [12]. This variation is removed in rcf. [11] by renormalizing 
the coupling constant XQT separately for different Z. 

Table 1. New isotopes identified at the IGISOL-facility and corresponding half-life 
predictions based on the QRPA-model of [12]. 

Nuclide 
1 0 5 Z r 

107Nb 
l09Mo 
ll0Mo 

T1/2[ms] 
-1000 

330(50) 
530(60) 

250(100) 

QRPA [ms] 
595 
835 

2250 
1560 

Nuclide 
,,3Tc 

"5Ru 
rapd 

T,n [ms] 
130(50) 

740(80) 
500(100) 

QRPA [ms] 
88 

1300 
1600 

Half-life predictions far from the stability rely heavily on the mass predictions, 
because the experimental data are not available. In the QRPA-calculation of the [12] the 
decay energies are based on the mass predictions of ref. [13]. Predictions of the Qp-values of 
1Ю.1 ил U£U j^g a b o u t i MeV lower than the experimental Qp-values. Thus the correction for 
the decay energy will reduce the ratio of theoretical and experimental half-lives by nearly a 
factor of three leading to an excellent agreement between theory and experiment. This 
implies the importance of the decay energy measurements far from the stability. Figure 3 
shows the effect of Q^-correction for the half-life predictions in the case of l 0 ,"4Ru. The 
rolfe of these measurements is also of high importance in explaining, for example, the severe 
underproduction of A-100-120 elements in the recent r-process calculations [14]. 

4. Decay energies 

Prior to our studies, the decay energies of Ru isotopes were known up to ,wRu [15]. 
We have determined the decay energies of l l0,121,4Ru isotopes first time and this data can be 
used to test the mass predictions of the neutron-rich Ru isotopes. Fig 4 shows a comparison 
of the experimental decay energies with a set of mass predictions. All mass predictions of 
the compilation of [16] seems to underestimate the decay enegies of Ru isotopes. On the 
contrary, macroscopic-microscopic model of [17] can reproduce the decay energies of the 
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studied Ru isotopes, when the liquid drop part is taken according to rcf. [18). The similar 
result was shown in the case of Pd-isotopcs [19]. 

5. Gamow Teller strength of deformed nuclei , 

The first series of experiments concentrated on the study of the decays of (he cvcn-cvcn 
ii4.ii6.nipj } s o t o p e s [i9], дп е г t n a t w e n a v e reinvestigated the decay of ll8Pd and also 
studied the beta decay of a new nuclide l20Pd [20]. In each case, detailed level scheme was 
constructed and two to four 1* states were observed to be fed by the allowed beta 
transitions. The beta decaying Pd istopes and their daughter nuclides are relatively weakly 
deformed [21], with different shapes competing at low excitation energies, even for the Г 
states. This complicates the analysis of the beta strength. Thus, it was of interest to extend 
these studies to Ru isotopes, which are expected to have more pronounced ground state 
deformation. 

Prior to our study only the half-life and the 112 keV y-ray were known in the decay of 
ll0Ru. No reliable experimental data were available or known for 112Ru and IMRu. The decay 
schemes of "°Ru and "2Ru have been presented in ref. [22]. The level scheme of ll4Rh has 
been constructed by using the conventional methods of (J, у and X-ray spectroscopy. The 
transition multipolarities are based on the combination of the conversion electron 
measurements and fluorescence yield data. To construct me decay scheme of "4Ru we have 
also measured me half-life of the beta decay of "4Ru and me total beta decay energy of 
"4Ru [23]. The data for the beta decay of >'«•"«•> ».»opd and '««•""••"•'I«RU are summarized in 
Table 2. 

Table 2. Summary of decay data for the even-even ^Pd and ^Ru isotopes. 

Nuclide 
"4Pd 
"6Pd 
l l ,Pd 
i »p d 

l0!Ru 
110Ru 
"2Ru 
ll4Ru 

Т1Я [s] 
145(9) 

10.8(2) 
1.9(1) 
0.5(1) 
273(3) 
11.6(6) 
1.75(7) 
0.57(5) 

QB [MeV] 
1.45(10) 
2.62(10) 

4.1(2) 
5.5 

1.35(6) 
2.81(5) 
4.52(8) 

6.12(20) 

log ft 
4.14 
3.93 

4.0 
<3.96 

4.17 
4.18 
4.23 

<4.35 

B(GT) 
0.28 
0.45 
0.49 
0.42 
0.26 
0.26 
0.23 
0.17 

IOOIWB* 
7.5 

14.2 
17.0 
15.9 

-
4.9 
5.1 
4.4 

Ref. 
[19] 
[19] 
[20] 
[20] 
[23] 
[22] 
[22] 
[23] 

The total experimental strength was compared to the strength calculated with the 
spherical QRPA model [24]. This model includes several single particle orbitals, which can 
act together lowering the amplitude of the leading term, (vg7/2"'rtg9/3). However, even in the 
less deformed 1,4120pd isotopes, this was not enough to bring the teoretical values down to 
me level of the experimental GT-strength, which was of the order of 10-20 % of the 
predicted one. This can partly be due to nuclear deformation, which was not included in the 

http://ii4.ii6.nipj
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Figure 5. Potential energy surfaces of the ground states of the even-even Ru isotopes 

calculation. In the case of the more deformed 1081MRu isotopes, the experimental 
GT-strength was even lower compared to the calculated strength, as shown in Table 2. 

To test a possible role of deformation we have applied the macroscopic-microscopic 
model of [17] to calculate the Г distribution of Ihe odd-odd Ag and Rh isotopes. According 
to calculations, the main part of the GT-strengLh is connected with transitions originating 
from the (Л^'л&я) parentage. The observed splitting of the Г states could be 
approximately reproduced in the calculations. These calculations suggest oblate 
deformation for the even-even Pd and Ru isotopes with a quadrupole deformation of the 
order of P2= -0.2. There is also a second minimum in prolate side with (^=0.2. The energy 
difference of the oblate and prolate minima is roughly 300 keV in ,08Ru and increases to 1 
MeV in the case of U4Ru. Potential energy surfaces of ground states of 108mRu isotopes are 
shown in Fig 5. 

These studies are now continued on even more deformed Mo and Zr-isotopes. The 
analysis of data is still going on, but we have constructed preliminary decay schemes for 
106Mo and ,0,Mo and measured their half-lives. Altogether 17 and 10 excited states have 
been deduced to belong to the decays schemes of ,06Mo and I08Mo, respectively. 
Preliminary results suggest, that GT-strength is divided mainly by two transitions in the 
case of 106Mo. Logft values for these transitions are below 5. In the case of 108Mo, altogether 
four transitions with logft value below 5 was observed. In the case of ,02Zr and ,MZr we 
applied the conversion electron spectroscopy to determine transition multipoles of low 
energy Y-transitions to complete the decay schemes published in refs. [25,26]. We have also 
measured the decay energies of 102104zr and 1061O8Mo isotopes. In the case of "°Mo, low 
fission yield prevents the determination of decay energy, but we have identified this nucleus 



Figure 6. Evidence for the 
observation of the "°Mo 
decay. Figure shows the 
beta correlated X-ray 
spectrum at A=l 10. 

200 

150 

СЛ 
E-
!Z; 
D100 
О 
о 

50 

0 

1 1 1 1 1 1 1 1 l - J Г—1 1 1 1 1 1 1 1 f—1 Г 

~ xa " 
X, 

4 г к 
-

: x Г 
в г 

Ьй 
3 
К 

х„ 
« 
о 
Н Г 

- пг,(ЦПг 

Тл Г 

V 

-
-
-

ц 
-

• -

-

1 п 

А Л : 
• i • i i i i i i i i i 1 i i i • • • 1 > 1 

16 18 20 22 24 
ENERGY [keV] 

and determined its half-life and observed few gamma-lines, which might belong to the 
decay of ll0Mo. Fig 6 shows the part of the beta gated X-ray spectrum at mass A=l 10. 

6. Summary 

Combination of the charged particle induced fission of mU and IGISOL-technique has 
proven to be competitive way to study the medium mass neutron-rich nuclei. As an result 
about 20 new isotopes of refractory elements have been identified. Comparison to the 
half-life predictions has shown some uncertainties, which may lie on the complex nuclear 
structure of transitional nuclei or/and on poorly estimated decay energies. To find out the 
role of these effects we have studied the nuclear structure of the Г states of the odd-odd 
isotopes and also measured decay energies of the even-even Ru and Pd isotopes. Results are 
compared to the various theorical models to solve, for example, the puzzle of the oblate vs. 
prolate deformation when going from Pd to Mo isotopes. Experimental efforts were 
extended to more deformed nuclei, like Mo and Zr isotopes. The analysis of these 
experiments is in progress. 

The construction of the new heavy ion cyclotron at JyvSskyla' will provide a new 
possibilities for the spectrocopy in the studied region. The beam selection will be wider and 
the energies and intensities will be higher than earlier. We have also modified the 
IGISOL-device to improve its efficiency. The coming years will show the output of these 
changes. 
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Recent Result on Search and Study of New 
Neutron-Rich Heavy Nuclides in IMP1 

Yuan Shuanggui,Zhang Tianmei.Xu Shuwei,Li Zongwei, 
Pan Qiangyan,Zhang Xueqian.Zhao Zhizheng,Yang weifan, 

Yin Xijin,Li Weisheng.Du Yifei and Wang Yilmo 
(Institute of Modern Physics, Academia Sinica 

Lnnshou 730000, The People's Republic of China) 

The search and study of new neutron-rich heavy nuclides with Л 
> 170 have been active in recent years in IMP due to the anomalous 
half-lives calculated and the predicted new decay modes as well as 
large deformation for some of them. 

During the last four years, the search and study of new neutron-
rich heavy nuclides have been conducted in IMP. The 208Hg and 
185Hf were identified for the first time, their half-lives have been 
determined to be 4 2 t " m i n ^ and 3.5±0.6 m i n ^ , respectively. 

The new neutron-rich isotope 208Hg has been identified for the 
first time from the reaction products in a fully-stopped thick " n t Pb 
target bombarded by 30MeV/u 1 2 0 beam at IIIRFL. The assign
ment of a08Hg was based on the measurements of the 2614.6keV 
7 transition energy and the 3.05min half-life of the daughter 208T1 
which wae grown up with 308Hg (3 decay. 

The unreported hafnium isotope 188Hf has been identified for the 
fitst time. Sources of 18BHf prepared by 14MeV neutron irradiation 
of tungsten followed by radiochemical separation have been studied 
following the time variation of the 7-rays. In addition, a new 
164.5± 0.5keV 7-ray was found and assigned to 18BHf based on 
the measurements of transition energy and half-life. 

In order to extend our studies of new noutron-rich heavy nu
clides in this region to higher Z, we made recently search for the 
2 3 7Th. The present paper reports the identification of the new 
isotope 2 3 7Th. 

The neutron induced fusion-evaporation reaction or direct pro
cesses at heavy target nuclei is considered as one of the best ways 
for producing heavy neutron-rich nuclei with A>170. In our previ-

'Thh work hai been itipportSng by Acidemia Sixties 
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ous paper'2! reported the new hafnium isotope 18БШ was produced 
in the n + 18eW reaction. 

Up to now, the heaviest isotope of thorium reported is 238Th. 
The present paper reports the identification of new isotope 23TTh 
produced via the a38U(n,2p)23rTh reaction. 

The experiments were carried out at the 600-kV Cockcroft-
Walton accelerator of the Institute of Modern Physics, Academia 
Sinica using 14-MeV neutrons. The neutrons were produced by 
reaction of deuterons with a rotating TiT target. Each sample 
contained an average of 16g of (NEUjaUaOr powder and was irra
diated for 15 min. 

Following the bombardments, the irradiated targets were dis
solved immdiately in water containing 4ml concentrated nitric aeid. 
The thorium activity was separated from uranium, protactinium 
and fission products by a solvent extraction cycle including ex
traction with 0.05M PMBP-CHC13, washing with 0.5N H N 0 3 and 
back-extraction with 4N H N 0 3 . The aqueous-pha.se was then sep
arated for 7-ray counting. 

Following the chemical separation, about 12 min after the end 
of the irradiation, the measurements started. The sources and 
the 18% HPGe detector were placed in a well shielded lead room. 
In the experiments, the 7-epectra were measured over successive 
time periodcB. The time sequence spectra were recorded on mag
netic disks with a PC-CAMAC Multiparameter Data Acquisition 
System'3'. The measurements lasted 30 min to fit the half-life of 
a3rPa decay (Ti/ a=8.7±0.2 min)'4' so as to observe possible rapid 
build up of 33TPa activity and the consequent decay. Altogether, 
25 separate runs were made. Because of the large sample quantity 
and a large amount of the fission products as well as short chem
ical separation time, some fission products and U along with Pa 
activities remained in the sources after the chemical separation. As 
a consequence the spectra contained the 7-rays from activities of 
fission products, U and Pa isotopes as well as these from 33TPa and 
Th radioactive isotopes. The 7-raye of 853.7 and 865.0keV which 
were assigned to the M r Pa decay were identified through their T^a, 
transition energies and relative intensities^'*!. The assignment of 
the J 3 rTh was primarily based build up of the 237Pa activity as 
shown in Fig.l . The most intense 7-ray of 853.7keV was followed 
carefully. 

http://aqueous-pha.se
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A radioactive-series decay analyzing program^ was applied re

sulting in the half-lives of 5.0±0.9 min and 8.5±1.0 min for 237Th 
and a3 rPa, respectively (Fig.l). The latter is in good agreement 
with the previous result'4', and the former is consistent with the 
value calculated by using the proton-neutron quasiparticle random-
phase approximation (QRPA) with a Gamov-Teller residual interaction'7'. 

We would like to thank the accelerator staff for efficient co
operation during the experiments. 
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Figure 1: Growth and decay curve for the 853.7keV 7-ray 
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THE N E W ISOTOPE 219U AND ALPHA-DECAY STUDIES IN 
T H E REGION OF Ac-Pu 
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1 T h e new isotope 219U 
In continuation of our work [1] on a-decay properties of nuclides in the vicinity of N=126 closed 
shell the new light uranium isotope 219U has been produced and identified in the complete fu
sion reaction 2 7Al+ , 9 7Au at the beam energy of 5.5 MeV/u. The experiments have been carried 
out using kinematic separator VASSIL.ISSA [2]. A position-sensitive silicon strip detector cou
pled with a large-area time-of-flight system were exploited provided for the measurements of 
the recoil nuclei and their o-decay energies in the focal plane of the separator. The method 
of recoil-o and a-a time and position correlation analysis has been applied for the isotope 
identification. The a-decay energy of 219U was determined to be (9680±40) keV, and, from the 
measured time intervals between recoil and first a-decay signals, assigned to 219U wc deduced 
the half-life value of (42ijg)/is. The production cross-section for 219U was determined to be 
cr=(4.7±1.9) nb at the beam energy of E/A=5.5 MeV/u. Figure 1 shows a plot of maximum 
cross-section values for uranium isotopes. 
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Fig.l The maximum production cross-sections 
for uranium isotopes produced in our experiments 
(circles) and data from ref.[3] ( triangle). 

Fig.2 Calculated and experimental 
half-life values for uranium isotopes. 

In Fig.2 we compare the calculated and experimental half-life values T j / 2 for uranium iso
topes. The calculations were carried out using semi-empirical formulae [4, 5] based on the 
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fission-like model of a-dccay. The best overall agreement with experimental da t a was achieved 
with the formula from ref.[4] which gives for the 2 , y U the half-life value of 28 fis. To obtain the 
Q„-valnes for yet unknown uranium isotopes the mass-tables of Liran-Zeldes [6] were used. 

In paper [11] the evaluation of experimental masses for uranium isotopes with 224<A<226 is 
performed. Now, as the tt-decay energies of 218-2I9U are measured, the masses of these uranium 
isotopes can be deduced from known masses of 2 1 4 , 2 , 5 Th. Thus , the mass excesses of 21.875 
MeV and 23.175 McV were calculated for 2 1 8U and 2 1 9U, respectively. 

The list of the new isotopes and their a-decay properties is given in Table I. 

T a b l e 1. T h e characteristics of new neutron deficient isotopes synthesized at t h e kinematic 
separator VASSILISSA. 

our results 
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Ea 
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90 
10 
100 
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80!5g 

500 ± 200 

[П] 
M 

[8] 

8044 ±20 

7650 ± 20 
7677 ± 20 

100 31 ± 8 

510 ± 6 0 
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[9] 

In Figure 3 the plot is shown of the cross-section values of different evaporation channels of the 
compound nucleus 224U as a function of the "loss" of atomic, charge. Comparison is made for 
the reaction 27Al+ , 97Au, studied in our experiments, and for more symmetrical one '10Ar+18''W 
[7]. One can see that for the reactions in question the evaporation channels with ZCN-T^ER>^ 
are dominant and the charged particle evaporation at the early stages of deexcitation process 
is crucial for the survival of the evaporation resudues. 
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2 Reduced o;-Widths 
Reduced a-widths for alpha-decay transitions between ground states of double-even nuclei are 
generally taken as a reference for unhindered a-decay. The sharp decrease of reduced a-widths 
in translcad region for the nuclei close to the N=126 neutron shell is well known and is explained 
due to the shell structure of parent and daughter nuclei. 

Figure 4 displays a plot of the reduced cr-widths as a function of atomic number for the 
isotopes witli N=124-128 and 84<Z<92. The reduced a-widths were calculated according to 
Rasmussen [10]. 102 
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Pig.3 Evaporation residue cross sections as a function of a "charge loss" Zc/v-Ze/j. 

For the isotopes 2 , 7Th and 2 ,9U we assumed that their ground states are (9/2)+ as predicted 
by the shell model and in analogy to other N=127 nuclides with known decay schemes, i.e. 2 , 1Po, 
213Rn and 2 ]5Ra. Thus the value 1=5 was taken in the calculations of the reduced widths of 
2 , 7Th and 2 , 9U. The 8* values calculated for 218-219U are 0.03 and 0.019 MeV, respectively. 
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Pig.4 Reduced a-widths as a function of atomic number for the isotopes with N=124-128 and 
84<Z<92. 
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