E4-2005-141

Yu. E. Penionzhkevich!, G. G. Adamian'?,
N.V. Antonenko'?

PRODUCTION OF NEUTRON-RICH Ca ISOTOPES
IN TRANSFER-TYPE REACTIONS

Submitted to «European Physical Journal A»

1 Joint Institute for Nuclear Research, 141980 Dubna, Russia

2 Institute of Nuclear Physics, 702132 Tashkent, Uzbekistan

3 Institut fiir Theoretische Physik der Justus—Liebig—Universitit,
D-35392 Giessen, Germany



ITennonxkesuy 10.D., Ax man I'.T'., Auronenko H. B. E4-2005-141
INonyueHre HEUTPOHOM3OBITOUHBIX H30TONOB C B pe KIMSAX Mepei 4

[Ipo H MM3MPOB H BO3MOXHOCTh TOJYYEHUS HEHTPOHOM3OBITOUHBIX H30TOIOB
56,58,60Ca B pe kumax mepen 4. IIpeioXeHbl ONTHM JIbHBIE YCIOBUS OOp 30B -
HUS 9THX W30TONOB. DHEPrHU CBS3M HEUTPOHOB suep BOJIM3M HEHTPOHHOW JIMHUM
CT OMIBHOCTU MOXHO OLIEHHUTb, M3Mepssd (PyHKIMU BO30OYXJIECHUSI.

P 6ot Bbimonned B JI Gop Topum teoperuveckoii uzuku um. H. H. Boroso-
6o OWSIH.

Ipenpunt O6beIUHEHHOTO UHCTUTYT SIIEPHBIX MccnenoB Huil. Jyou , 2005

Penionzhkevich Yu.E., Adamian G. G., Antonenko N. V. E4-2005-141
Production of Neutron-Rich Ca Isotopes in Transfer-Type Reactions

Possibilities of production of neutron-rich isotopes °6:58:69Ca in transfer-type
reactions are analyzed. The optimal conditions for their production are suggested.
The neutron separation energies in nuclei near the neutron drip line can be estimated
by measuring the excitation functions.
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The fragmentation reactions at intermediate energies and fragment separators
[1-4] are often used now to produce and identify certain exotic nuclei. However,
these reactions seem to be not always efficient for synthesizing nuclei which are
far from the line of stability. In the fragmentation reactions the excitation energy
of fragments is in average rather large, that reduces the probability of survival
for weakly-bound nuclei. Due to this, there has also been actively discussed
the possibility of reactions of multinucleon transfers for the synthesis of nuclei
near the neutron drip line. These reactions have been known for producing exotic
nuclei for many years [5-8]. Since the products of multinucleon transfer reactions
have wider angular distributions, the experimental efficiency in the collection of
exotic nuclei is smaller than in the fragmentation reactions. However, the cross
sections for exotic nuclei production can be much larger in the reactions in
which the binary mechanism dominates [9] than the cross sections in high-energy
fragmentation reactions. In the transfer reactions the total excitation energy is
smaller and only binary processes are possible in which the control of excitation
energy of the reaction products is simpler. The primary neutron-rich nuclei should
be as cold as possible, otherwise they will be transformed into the secondary nuclei
with less number of neutrons because of the deexcitation by neutron emission.

In Ref. [10] we demonstrated the possibilities for producing the neutron-rich
isotopes of O, Ne, Mg, Si and Ca in some transfer-type reactions. In the present
work we will show new results on the production of 56:58:69Ca in the reactions
with 48Ca projectile and various targets. The details of the calculations are given
in Ref. [10] and only shortly presented in this paper.

The quasifission and fusion as well as transfer-type reactions can be described
as an evolution of a dinuclear system (DNS) which is formed in the entrance
channel during the capture stage of the reaction after dissipation of the kinetic
energy of the collision [5,6, 11-15]. The cross section oz y of the production
of primary light nucleus in transfer reaction is the product of the capture cross
section 0., in the entrance reaction channel and formation-decay probability
Yz n of the DNS configuration with charge and mass asymmetries given by Z
and N:

OZN = OcapYZ,N- (D

We treat only the reactions leading to the excitation energies of light neutron-rich
nuclei smaller than their neutron separation energies S, (Z, N). In this case the



primary and secondary yields coincide. The capture cross section is estimated as
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where p is the reduced mass for projectile and target. In Eq. (2) we set Je,p, = 30
in order to be sure that the exotic nucleus is produced with almost zero angular
momentum.

The statistical method for finding Yz n uses the DNS potential energy
U(R,Z,N,J) calculated as in [10, 13]. There is the pocket in the nucleus—
nucleus potential which is situated for pole—pole orientation at the distance R,, =
R (14++/5/(4m)BL)+Ru(1++/5/(4m) B )+0.5 fm (3L, and By are the deforma-
tion parameters of the nuclei with radii R;, and Ry ) and keeps the DNS nuclei in
contact. The decaying DNS with given Z and N has to escape from this pocket by
overcoming the potential barrier Byf(Z,N) = U(Ry, Z,N,J) —U(Rm, Z, N, J)
in Rat Ry ~ R,,, + 1 fm.

The quasistationary regime is established quite fast in the DNS, specially
along the trajectory in charge (mass) asymmetry corresponding to N/Z equilib-
rium in the DNS. For this trajectory, N = Ny(Z), i.e. the neutron number
follows Z. Therefore, the formation probability for the configuration with Z and
No(Z) is estimated as

Jeap(Jeap + 1), 2)

3)

U(Ry,Z,Ny,J)—U(Rp, Z;, N;, J
PZ,NO (tO) ~ exp (_ ( 0 ) ( )) )

O(Z;, N;)

The temperature ©(Z;, N;) is calculated by using the Fermi-gas expression © =
v/ E*/a with the excitation energy E*(Z;, N;) of the initial DNS and with the
level-density parameter a = Ago/12 MeV !, where A is the total mass number
of the system. Z; and N; are related to the DNS in the entrance channel.

The formation of the DNS containing the light neutron-rich nucleus with
given Z is considered as a two-step process. The probability Pz n,(to) is firstly
calculated. Then one should calculate the probability Gz n = Ag) NN to of
the formation and decay of the DNS with exotic nucleus. Since the DNS with
Z and Ny is in the conditional minimum of potential energy surface, we use
the Kramers-type expressions for the quasistationary rate Ag N.N, [10] of decay
through the barrier Br(Z, N) = U(Ry, Z,N,J) — U(Rm, Z, No, J) which this
DNS should overcome to observe the decay of the DNS with Z and N. As known
from the experimental study of deep inelastic collisions, the isotopic distribution
follows to the ()44 value [5-7]. Using the expression above for Gz n, we apply
the (Qg¢ value to estimate the relative yield of various isotopes of the element
with certain Z.

The time of decay in R from the initial configuration or from more symmetric
configurations mainly determines the time of reaction t¢y. If we define the quasi-
stationary rate A%, of decay through the barrier Br(Z;, N;) = Byf(Zi, N;) =



U(Ry, Zi, Ni, J) — U(Ry, Zi, Ni, J) and the rate A}SY}‘{, of symmetrization of
the initial DNS through the barrier B, . in the direction to more symmet-
ric configurations, than to = 1/(A} . + AJ%). Since By (Zi, N;) =
0.5—1.5 MeV and Bqy(Zi, Ni) > 4 MeV in the considered reactions, AZ, v <
AZV‘}V and to ~ 1 /AZY‘}“\, Therefore, we can calculate Y x as in Ref. [10]

Yzn = PzNGz N ~ 0.5exp x
% ( U(RmaZ7N07J)_U(RmaZinim])+anym(Zi,Ni) BR(Z,N))

©(Z;, N;) O(Z, No)
“4)

The temperature O(Z, Ny) is calculated for the excitation energy E*(Z;, N;) —
[U(Rm, Z,No,J) — U(Rp, Ziy N;, J)]. As follows from Eq. (4), the yields of
neutron-rich nuclei with Z and N will be larger if the potential energies of the
DNS containing these nuclei are closer to the potential energy of the initial DNS.

The excitation energy of the initial DNS should not exceed the threshold
above which the excitation energy of the neutron-rich product is larger than
the neutron separation energy. In the DNS formed from the initial DNS by
miltinucleon transfers one can assume the thermal equilibrium and define the
excitation energy of light nucleus with the mass Ay, as Ef (Z, N) = [E*(Z;, N;)—
{U(Rm, Z, No, J)=U (R, Zi, Ni, J) } —Br(Z, N)|AL /Atot. The deviation from
the thermal equilibrium is expected only for the DNS decays near the injection
point.

The cross section oz x for the production of exotic nucleus (Z, N) increases
with E*(Z;, N;) up to the moment when Ej (Z, N) becomes equal to S, (Z, N).
Further increase of E*(Z;, N;) would lead to the strong loose of neutron-rich
nuclei because of the neutron emission. The calculated excitation functions for
the production of 52:54:56,58,60C4 in the reaction *®Ca+238U are presented in Fig. 1.
The production cross sections for *°Ca are about 5 orders of magnitude larger
than the production cross section for %°Ca. For %6:58:60Ca, the predicted values
of S, (Z,N) are taken from the finite range liquid drop model [16]. The solid
arrows indicate the values of E. ., at which E}(Z, N) reaches S,,(Z, N). Since
the predictions of S,,(Z, N) have some uncertainties, for 56°%.60Ca we indicate
by dashed arrows the values of E; . at which E}(Z, N) reaches 0.55,(Z, N)
and continue the excitation function to the right from the solid arrows. One can
see that the decrease of S,,(Z, N) by about 2 MeV shifts the arrows to the left
by about 10 MeV. The measurement of the excitation functions up to the right
side, where they stop suddenly, would be thus useful to estimate .S,,(Z, N) for
neutron-rich nuclei.

In the *8Ca + '°7Au reaction the maximal expected production cross sections
for 52:54:56:58C4q are shown in Fig. 2. The values of E, ,,,. correspond to the condi-
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Fig. 1. The excitation functions for producing 52:54°6:58:60C4a in the multinucleon transfer
reaction **Ca + 233U are presented by solid lines. The solid arrows indicate the expected
maximal cross sections at E. . corresponding to the thresholds for neutron emission from
corresponding Ca isotopes. For 5¢:°8:99Ca, the dashed arrows indicate the expected cross
sections at Fc.m. corresponding to the half of thresholds for neutron emission

tions E (Z, N) = S,(Z, N) for closed circles and E} (Z, N) = 0.55,(Z,N) —
for open circles. One can see that the cross sections in Fig. 2 are more than
one order of magnitude smaller than the corresponding cross sections in Fig. 1.
Taking heavier target with “3Ca beam for producing neutron-rich isotopes of Ca,
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Fig. 2. The expected maximal cross sections for the indicated neutron-rich isotopes of
Ca produced in the *®Ca + '°7Au reaction at the values of E. . corresponding to the
thresholds for neutron emission (closed circles) and to the half of thresholds for neutron
emission (open circles) from corresponding Ca isotopes

we gain in () value as well as in the value of Bp because of the stronger Coulomb
repulsion. As a result, the production cross section grows up (Fig. 3). For °6Ca
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Fig. 3. The expected maximal production cross sections for °Ca (open circles) and **Ca
(closed circles) in the reactions with *®Ca and indicated targets as functions of the mass
of target. The values of E¢ . in the calculation correspond to the thresholds for neutron
emission from 5-°%Ca

and 9%Ca, this increase of the production cross sections occurs in the similar
manner. Replacing 24Sn by 24Cm, one can increase cross section by about 3
orders of magnitude.



The production of neutron-rich isotopes of Ca was analyzed in the transfer
reactions with “8Ca beam and different targets. The cross sections increase with
the mass number of target. This effect is quite strong to be taken into account
in the planned experiments. The reactions with actinide targets seem to be
preferable. In the multinucleon transfer reactions the production of nuclei near
the neutron drip line increases with the available excitation up to the moment
when the excitation energy of exotic nucleus reaches the threshold for neutron
emission. Therefore, one can estimate the neutron separation energies for the
unknown isotopes by measuring their excitation functions.
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