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Abstract

Cross sections of reaction froducts from the
interaction of 5-10 MeV/nucleon '2C, 14N and 160
ions with targets of mass around A=150 are inves-
tigated using gamma ray detection techniques. The
competition between various reaction channels in
which from O to 4 charges are removed from the
compound nucleus is studied as a function of exci-
tation energy of the compound nucleus (CN) and of
the distance of the CN from the stability line. The
experimental data are compared with the predic-
tions of the evaporation model using the ALICE
code.

1, Introduction

The principal limitation for the production of
very neutron deficient nuclei in heavy ion reactions
is due to the increasing probability of charged par-
ticle emission when either the excitation energy of
the compound nucleus, or its distance from the sta-
bility line, increase. Although qualitative features
of the competition between neutron and charged
particle emission are quite well understood, there
is a very limited amount of quantitative experimen-
tal data. This competition, was previously investi-
gated by Stephens et al.l . In this work an effec-
tive proton binding energy including the Coulomb
barrier was determined in a number of reactions
and a simple relationship between proton to neutron
evaporation rates, binding energies and nuclear
temperature was established, More complete
evaporation calculations were performed by
Winn et al,“/.

In the present work we investigate the pro-
duction cross sections of final nuclei, observed in
light-heavy ion induced reactions on a number of
targets with mass around A=150, Gamma ray tech-
niques were employed. The compound systems for-
med in these reactions span a large region of
nuclei in respect to the stability line. Varying
projectile energies, we were able to deduce the
relative importance of the charged particle emis-
sion (as compared to the neutron emission alone )
as a function of excitation energy of the compound
nucleus (CN) and the distance of the CN from the
stability line. Some part of the data presented in
this communication has been published before 3,

2. Experimental method

The 141Pr, 144Sm, 147Sm, 1505m, 1525y
and 154Sm targets, 10-20 mg/cm? thick, were

irradiated with 12C and 14N ions and l4lpr target
also with 160 ions from the variable energy cyclo-
tron at ISN, Grenoble, The incident energy was
varied between 71 MeV and 110 MeV for ~4C ions,
between 68MeV and 145MeV for 14N ions and
between 100 MeV and 130 MeV for 160 ions. Only
part of the collected data has been evaluated so
far,

The gamma rays were detected with a 10-15%
efficiency Ge(Li) detector, placed at 55° in res-
pect to the beam axis at a distance of about 10 cm
from the target. The gamma ray spectra were
measured in coincidence with the beam burst,
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Fig. 1 K-shell ionization cross section for target
elements with 37 ¢ Z<57 and l2C, 14N and
O projectiles in an universal representa-
tion, The abscissa represents the scaled
projectile velocity and the ordinate the redu-
ced cross section, The experimental cross
sections of Refs, 8, 9 are corrected for
polarization in conjunction with the binding
effect 11 , relativistic effect and Coulomb
deflection 3), The continuous line is the
Fg (M x/($0k) function calculated from
the PWBA and tabulated in Ref, 10, The
energies of ions from the present work cor-
respond to T K /('gGK)I'between 0.05 and
0.10, See Refs, 10, 11 for the meaning of
symbols used in this figure,
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Fig. 2 Distribution of the cross section for the 12¢ , 1445m reaction at 110 MeV
bombarding energy (103 MeV mean energy at the half thickness of the target),
The cross sections are given in mb, The relative errors are between 10%
and 20% for values exceeding 30 mb,

between bursts, and immediately after the beam 3. Results
shut-off, -

From the experiment we determined the dis-
tribution of the cross section among almost all the
residual nuclei with & > 10 mb, Fi%. 2 shows an
example of such a distribution in the 12C + l4dsm
reaction at 110 MeV incident energy. The com-
pound nucleus, 156Er, is the farest from the

For a given target-projectile-energy combi-
nation the relative cross sections for the produc-
tion of final nuclei were deduced basing on in-beam
transition intensities leading to the ground or low
lying states of these nuclei as well as from radio-
active transitions (corrected for recoils) measured
between beam bursts and after the beam shut-off,
The energies and branching ratios of the radio-
active gamma transitions were taken mainly from
Ref, 4, The available literature data on the in-
beam transitions were catalogued in order to faci-
litate the atributions,
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The excitation functions and absolute cross
sections were obtained using the target K X-rays
measured simultaneously with the gamma rays in
each run, This normalization method was pre-
viously employed for lighter ions 2:°/, where the
K-shell ionization cross sections are relatively
well known or may be reliably calculated ’/, In or-
der to test whether the calculations may give relia-
ble K-shell ionization cross sections for heavier
projectiles the available experimental data from
Refs, 8, 9 were compared with the calculated
cross sections obtained from the plane-wave Born
approximation 10)(PWBA) with a number of correc-
tions 11-13), Fig. 1 shows these data in an univer-
sal representation in which the reduced cross sec-
tions are plotted against the reduced bombarding 1 L 1
energy and compared with calculations, The ex- &0 — 60 80
perimental data exist for projectiles of a similar E" (Mev)
atomic number as employed in the present work but
for slightly lighter targets, Although the calcula- Fig. 3 Fraction of the total observed cross sec-
ted curve deviates slightly (up to 20%) from the tion for different values of the removed
experimental data, at the present stage we use the charge (isotopic y-ield) as a function of
calculated K-shell ionization cross sections for Txgitation energy of the compound nucleus
normalization purposes. PEr,
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Fig. 4 Fraction of the total observed cross section for different values of the removed charge as a
function of the distance of the compound nucleus from the stability line. Data points, for a fixed
excitation energy (78MeV), were obtained from the interpolation of results similar to those,
shown in Fig. 3. The N/Z of the stability line is obtained from the abundance weighted N/Z values
of stable, even-even nuclei.
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Fig. 5 Absolute values of the total observed cross Fig. 6 Average removed charge and average remo-

section and of the (HI,xn) channel cross

section as a function of the distance of the

compound nucleus from the stability line

for EX*

= 78 MeV.,

ved mass as a function of the distance of
the compound nucleus from the stability
line for E * = 78 MeV, The error bars of
the AA values are smaller than data points.
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Fig. 7 Average removed mass as a function of
the excitation energy of the compound
nucleus.

stability line (among systems investigated in this
work). The total observed cross section of 1379mb
is distributed here among 19 final products.

The relative contribution to the total obser-
ved cross section of various reaction channels in
which from O to 4 charges were removed from the
CN (isotopic yield) is shown in Fig. 3. From simi-
lar data the relative contribution of various chan-
nels was deduced as a function of the distance of
the compound nucleus from the stability line and is
shown in Fig. 4. It is seen that for the excitation
energy of 78 MeV about 70% of the observed cross
section goes into (HI, xn) products in case of

Er*, whereas this fraction drops to 10% for
the 156Er® compound nucleus,

The absolute values of the total observed
cross sections and of the (HI,xn) channel cross
section are shown in Fig. 5 for the 78MeV exci-
tation energy. We see that at this excitation ener-
gy the (HI, xn) channel would have a negligible
cross section for a compound nucleus with
N/Z difference of -0.18 (e.g. 154Er).

The average values of the removed charge
( 3Z) and mass (AA) for the same excitation
energy are presented in Fig. 6, The extrapolation
of the experimental data suggests that even at this
rather high excitation energy the &Z value should
be close to zero at the stability line, This maX
indicate that the incomplete fusion mechanism 4)
is of no major importance in the energy range
studied in the present work. ( However, see also
the following section).

Finally, in Fig. 7 the average removed mass
is presented as a function of the excitation energy
of the compound nucleus, The slope of a straight
line fitted to the data points of Fig. 7 is
(12.6 ¥ 0.7) MeV/mass unit. No deviation from a
straight line, which would indicate a substantial
emission of fast particles, is discernable within
the experimental errors.

4, Discussion

The experimental data of the previous sec-
tion were compared with the evaporation model
using the code ALICE 15), The calculations were
performed using Myers-Swigtecki Lysekil liquid
drop masses with no paring and no shell correc-
tion. The s-wave approximation with a liquid drop
moment of inertia was chosen, The absolute values
of the calculated cross section were normalized to
the observed cross section using a multiplicative
factor which was close to 0,8,

The comparison of the experimental data
with the evaporation calculations is shown in
Figs. 8-10, It is seen that the ratios of the calcu-
lated over the experimental values of the cross
section and of the average values{ &Z and &A)
change smoothly both as a function of excitation
energy and of the distance from the stability line.
The calculated average evaporated mass is sys-
tematically about 10% lower than the AA of Fig. 7
in the whole energy range. For all but 156,
compound nuclei the code seriously underestimates
all channels with charged particle emission in
comparison with the (HI,xn) channel, (In the 156%
case only AZ =4 channel is strongly depressed in
the calculation). It was thought that a part of this
discrepancy, at least for the 4dZ=2and AZ=4
channels, may perhaps be accounted for by the
presence of other than complete fusion processes.
In order to investigate this possibility the calcu-
lation was performed using the "Sum Rule
Model" of Wilczyriski et al,l7) with the same para-
meters as in Ref. 17. At the highest energies
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Fig. 8 Comparison of the observed mass and
charge distribution of the reaction pro-
ducts from the 12C + 144Sm reaction with
predictions of the evaporation model, The
experimental data (open rectangles) are
deduced from Fig, 2, Calculated cross
sections (solid bars) are obtained with the
code ALICE, with parameters described
in the text and after the normalization of
the total calculated cross section to the
total observed cross section, The energy
spread in the target is taken into account
in the calculation,
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Fig. 9. Comparison of the isotopic yields as a function of the excitation energy (for the 2C + Pr
reaction) and distance from the stability line (for E ¥_78MeV, experimental data of fig. 4 )
with the predictions of the evaporation model, The error bars are only from the experimental

data, See also caption to Fig. 8,

employed in this work the calculated cross section
for the emission of fast f particles (the strongest
non-equilibrium channel) was as high as 1/3 of the
observed cross section for the AZ = 2 products.
However, the model does not account for the sub-
stantial cross section of the 4Z =1and 4Z =4
products and for the relatively slow variation of
the cross section of the AZ = 2 products with the
incident energy.
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Therefore, taking into account the results
discussed in connection with Figs, 6 and 7, we
conclude that the ALICE code underestimates the
reaction channels in which one or more charged
particle is removed from the compound nucleus,
However, in view of the Er result, this con-
clusion may be not valid very far from the stability
line,
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Fig. 10, Comparison of the average removed mass and charge as a function of the excitation energy
(for the 12¢ 4 l4lpy reaction) and distance from the stability line (for E* = 78MeV, experimen-
tal data of Fig, 6) with the predictions of the evaporation model. See also caption to Fig, 8,
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5. Summary and conclusions

Employing the gamma ray detection techni-
ques we were able to determine the distributions
of the cross section among all the residual nuclei
with &.» 10 mb for many target-projectile-
incident energy combinations, These data allow
us to follow in a quantitative way the competition
between various reaction channels in which from
0 to 4 charges are removed from the compound nu-
clei of different excitation energy or different
distance from the stability line. It was shown that,
for a fixed excitation energy of the compound
nucleus, the cross section of the (HI, xn) channel
and the average removed charge change linearly
with the distance of the compound nucleus from the
stability line, Within the energy range investiga-
ted in this work, the average removed mass also
exhibits almost linear dependence on the excitation
energy of the compound nucleus and is independent
of the position of the compound nucleus in respect
to the stability line.

The evaporation calculations performed with
the code ALICE show a moderate agreement with
the experimental data, With the options used in
this work the code underestimates the reaction
channels with charged particle emission in compa-
rison with the (HI,xn) channel. Only part of this
effect may be attributed to the presence of the
incomplete fusion reactions,
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discussions, We also thank Mr G, Margotton,
Dr M. Moszytiski and Mr P, Richaud for techni-
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work has been carried out within the Grenoble -
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