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Abstract  This work reports on our continued efforts to study the production of rare isotopes
with heavy-ion beams at energy 15 MeV/nucleon. Our calculations are based on a two-step
approach: the dynamical stage of the collision is described with either the phenomenological
Deep-Inelastic Transfer model (DIT) [1], or with the microscopic Constrained Molecular
Dynamics model (CoMD) [2,3,4]. The de-excitation of the hot heavy projectile fragments is
performed with the Statistical Multifragmentation Model (SMM) [4]. We first present
experimentally acquired production cross sections of neutron-rich nuclides from collisions of a
*“Ar stable beam with targets of Ni, *Ni and *’Al [5] and we compare them with our
calculations. Then we performed calculations for the same beam (15 MeV/nucleon) with other
neutron rich targets such as **Ca and **U and find that the multinucleon transfer mechanism
leads to very neutron-rich nuclides in mass range A ~ 40-60. Motivated by the high production
cross section of target ***U, we performed calculation with beam of **Ca (15 MeV/nucleon).
We found that we can produce radioactive beams of **Ar and **Ca which can be separated and
hit another target of ***U, participating in reactions of multinucleon transfer which can produce
extremely neutron-rich and even new isotopes.

INTRODUCTION

The study of the nuclear landscape toward the astrophysical r-process path and the
neutron drip-line have received special attention by the nuclear physics community (see, e.g.,
[1]). To reach a high neutron-excess in the products, apart from proton stripping, capture of
neutrons may be necessary from the target. Such a possibility is offered by reactions of
nucleon exchange at beam energies from the Coulomb barrier [2,3] to the Fermi energy (20-
40 MeV/nucleon) [4,5].

In this section we present the results of the calculation of peripheral heavy ion reactions.
We compare our results with experimental data from the reaction *’Ar + **Ni at beam energy
15 MeV/A, which were acquired as described in [6], as well as from the reactions OAr +
'81Ta [7] and **Ca + '*'Ta [8] found in the literature. The calculation were performed with the
phenomenological model DIT [9] and the microscopic CoMD [10], which describe the
dynamical stage of the nucleon exchange, and the statistical de-exitation model SMM [11].
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CALCULATIONS FOR STABLE BEAMS OF “’Ar AND ®Ca AT 15 MeV/A

In Fig 1, we show the calculated mass distributions of projectile-like fragments with
7=12-19 from the reaction “’Ar (15 MeV/A) + *Ni performed by CoMD/SMM (dashed red
line) and DIT/SMM ( solid green line) compared with the experimental data (black points).
We observe that in the isotopes close to the projectile (Z=16-19), the results of the two
models are almost identical, while they are in good agreement with the data. Subsequently,
the largest part of the calculations will be performed with the DIT model, as it can conduct
results of higher statistics in less time than the CoMD model.

After the presentation of the comparisons between our calculations with the experimental
data, we can feel certain that the results of both DIT and CoMD can be considered as valid.
Hence, they can be used to predict the results of reactions that have not taken place yet.
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Fig. 1. Calculated mass distributions of projectile-like fragments with Z=12-19 from the reaction *’Ar
(15 MeV/A) + *Ni performed by CoMD/SMM (dashed red line) and DIT/SMM ( solid green line)
compared with the experimental data (black points) [6].
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Motivated by these results, we performed calculations with a beam of the same mass
range, but far more neutron rich, **Ca (15 MeV/A). In Fig. 2, we show our calculations for
the reactions **Ca (15 MeV/A) + */Ni (solid red line), **Ca (15 MeV/A) + **U (dashed green
line) and *Ca (15 MeV/A) + ***Pb (dashed-dotted yellow line) compared the data we found
in the literature from the reaction **Ca (140 MeV/A) + "*'Ta [8] (open blue points). Our
calculations for the low energy reactions seem to favor the production of neutron-rich
isotopes in contrast with the data of the high energy reaction, where neutron capture is rather
unlikely to happen. If we examine the distribution of the calcium isotopes we can see that

with the use of ***U as a target, we can produce nuclei that have captured up to 6-7 neutrons,
like **Ca.
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Fig. 2. Calculations for the reactions **Ca (15 MeV/A) + *Ni (solid red line), *Ca (15 MeV/A) + **U
(dashed green line) and **Ca (15 MeV/A) + *®Pb (dashed-dotted yellow line) compared with the data
we found in the literature from the reaction **Ca (140 MeV/A) + '®'Ta [3] (open blue points).

CALCULATIONS FOR RADIOACTIVE BEAM (RIB) OF **Ca (15 MeV/A)

Radioactive beams are a very useful tool in the investigation of reaction mechanisms and
nuclear stability. By using them, we are able to produce very rare isotopes near the neutron
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drip line. Motivated by the relatively high production cross section of the **Ca isotope from
the reaction **Ca (15 MeV/A) + **U, we decided to perform calculations with this RIB. In
Fig. 3, we show the DIT/SMM calculations for the reactions **Ca (15 MeV/A) + *Ni (solid
red line) and **Ca (15 MeV/A) + 2*U (dashed green line). These calculations are, in our
opinion, the most interesting result of this work, as it seems that with this RIB and this
neutron-rich target we can produce very rare and even new isotopes up to “’Ca, or even
beyond.

(15 MeV /nucleon) *'Ca + "Ni, U

W ¢ (Z=21) if
10" ¢ LE

10° |
10t &
1672
1074 £
101

10 15 50 55 60 i 15 50 55 G0

10% | Ar (Z=18)1
10! b ]
10° |

107t

102 E
1074 |
101

35 40 45 50 55 35 10 15 50

Cross Section (mb)

102 | I CI (Z:‘l'r) b I I SI (Z:iﬁ) |
10! 1E

100 |
107!

1072 F
1073 L

1071 L

10% | P (Z=15) 1}
104 | 1
10° | i

10°! £

1072 | "

1079 | [

101

25 30 35 10 15 25 30 35 40 45
Mass Number A

Fig. 3. DIT/SMM calculations for the reactions **Ca (15 MeV/A) + *Ni (solid red line) and **Ca (15
MeV/A) + **U (dashed green line).

After the presentation of the yields, we proceed to the presentation of the production
rates of some important isotopes. In Table 1, we show the predicted cross sections and
production rate estimates of some isotopes from the reaction BCa (15 MeV/A) + 2*U. We
have assumed a relatively high beam intensity of 500 pnA ( 3 x 1012 particles/s) and target
thickness 20 mg/cm’. In this table we report the cross sections and production rates of the
radioactive isotopes “Ar and 54Ca, which were used as RIB. Also, we show the
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experimentally measured (expt) or theoretically predicted (theo) half life time [12,13] of each
isotope.

In Table 2, we show the predicted cross sections and production rate estimates of some
isotopes from the reaction *Ca (15 MeV/A) + 2*U. As before, we have assumed that the
beam intensity is the production rate of **Ca from the reaction *Ca (15 MeV/A) + **U,
which is about 4600 particles/s, and a target thickness of 20 mg/cm®. We see that production
of very rare and even new isotopes , like *’Ca and ®°Ca, is predicted in peripheral low energy
collisions of the radioactive beam >*Ca.

Reaction Cross Section Rates {3'1}

Channel

0.09 s (expt) +1p + 6n

3
7.8 X 10

105 ms (expt) -1p +5n 0.05 17.6 x 10°

Table 1. Predicted cross sections and production rate estimates of some isotopes from the reaction
Ca (15 MeV/A) + Z*U.

1
Rare Rates(s )

isotope

7ms (expt) -Op+3n  0.59 14% 10" (12day ")

12 ms (theo) -Op +4n 0..16 3.75 X 10" (3 day )
6ms(theo) -Op+5n 004  975%10° (6week”)
4ms(theo) -Op+6n 0008 19y 10° (1week)

10ms (expt) -1p+1n  0.58 14%10" (12day’)

K 4ms (expt) -1p+4n 0.04 9.4%10° (6 week )

Table 2. Predicted cross sections and production rate estimates of some isotopes from the reaction
*Ca (15 MeV/A) + Z*U.
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SUMMARY AND CONCLUSIONS

In this work we performed a series of calculations of cross sections of projectile
fragments from peripheral heavy ion reactions with beam energy 15 MeV/A. More
specifically, we presented calculation for the reactions with the stable beams YAr (15
MeV/A) and **Ca (15 MeV/A) + *Ni, ***Pb, 2*U and with the radioactive beam **Ca (15
MeV/A) + *Ni, *U, using the phenomenological model DIT [9], the microscopic model
CoMD [10] and the statistical de-excitation model SMM [11]. We saw that our calculations
came to a satisfactory agreement with the available experimental data. Then, we predicted the
production of very rare and even new isotopes toward the region of ®’Ca, which has not been
produced yet.
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