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Abstract: Evaporation of hypernuclei is investigated similar to evaporation of normal nuclei taking
place in deep-inelastic nuclear collisions. Final cold hypernuclei can be obtained in such processes and offer a
new direction for investigation. This may concern the production of exotic states which can exist due to the
presence of a hyperon. It will be difficult to obtain such exotic states in other reactions since there are practical
limitations on the use of radioactive targets in experiments. We have investigated the evaporation mechanism of
some heavy hypernuclei for emission of light hypernuclei which take place from the target and projectile
residues. Theoretical calculations are carried out by using computer codes developed for the statistical
multifragmentation model generalized to hypernuclei.
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Agir Hipercekirdeklerin Uriinlerinin Arastirllmasi

Oz: Hipercekirdeklerin buharlasmasi, derin esnek olmayan niikleer carpismalarda meydana gelen
normal ¢ekirdeklerin buharlasmasina benzer sekilde incelenmistir. Son soguk hipergekirdekler bu tiir islemlerde
elde edilebilir ve arastirma igin yeni bir yon sunar. Bu, bir hiperonun varligindan dolay1 var olabilecek egzotik
durumlarin tretimiyle ilgili olabilir. Deneylerde radyoaktif hedeflerin kullaniminda pratik smirlamalar
oldugundan, diger reaksiyonlarda bu tir egzotik durumlart elde etmek zor olacaktir. Hedef ve mermi
kalintilarindan meydana gelen hafif hipercekirdeklerin emisyonu i¢in bazi agir hipergekirdeklerin buharlasma
mekanizmasini arastirdik. Teorik hesaplamalar, hipergekirdeklere genellestirilmis istatistiksel ¢oklu pargalanma
modeli igin gelistirilen bilgisayar kodlar1 kullanilarak yapilmistir.

Anahtar Kelimeler: Buharlasma, Hipercekirdekler, Istatistiksel Cok Katli Pargalanma Modeli

1. Introduction particular, ALADIN (Kreutz et al., 1993;

The production of nuclear fragments Botvina et al., 1995; Xi et al., 1997; Ogul et
in relativistic nuclear reactions is one of the al., 2011), EOS (Scharenberg et al., 2001),
important topics in nuclear physics. It is  ISIS (Viola et al., 2001; Pienkowski et al.,
known since the late 1970s that many  2002), FASA (Karnaukhov et al., 2008) and
different light complex nuclei can be  other experimental collaborations have
produced in central and peripheral nucleus-  provided very high-quality data. In the
nucleus collisions. A lot of experiments was  literature, many dynamic and statistical
devoted to this study associated with the models were developed for the theoretical

nuclear liquid-gas type phase transition. In  scope. The success of the hybrid approaches
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which include the descriptions of the non-
equilibrium dynamical reaction stage and
the following decay of the equilibrated
nuclear sources is well known. The
description of the last stage with the
statistical models such as SMM (Bondorf et
al., 1995) and MMMC (Li et al., 1993) was
very instructive. The success of the
statistical models in the description of the
fragment production has encouraged to
generalize them for hypernuclear matter,
the production of

and Pochodzalla,

and, finally, for

hypernuclei (Botvina
2007). The involvement of hyperons (A, Z,
), £) obtained in high-energy reactions

provides a complementary method to
improve traditional nuclear studies and
opens new horizons for studying particle
physics and nuclear
(Hashimoto et al., 2006; Schaffner et al.,
1993; Gal et al., 2012; Buyukcizmeci et al.,

2013).

astrophysics

2. Material and Methods

In this study, we have used the
statistical multifragmentation model which
is modified for single and multi-Lambda
nuclei and called as hyper-SMM (Botvina
and Pochodzalla, 2007; Buyukcizmeci et al.,
2013; 2018; 2019; 2020; Botvina et al.,
2016).

In the Grand Canonical approach,
average yields of individual fragments

Yazn is given as follows:
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and where w,.,. =Au+Zv+ HE,

with A mass (baryon) number, charge Z, and

the A-hyperon number H. T is the

temperature, Fazu is the internal free
energies of these fragments, Vr is the free
volume available for the translation motion
of the fragments, gazun 1is the spin
degeneracy factor of species (A, Z, H), Ay =
(2mh?/my T)Y? is the baryon thermal
wavelength, mn is the average baryon mass.
The chemical potentials p, v, and & are
responsible for the mass number, charge,
and strangeness conservation in the system,
and they can be numerically found from the
corresponding conservation laws accounting
for the total baryon number Ao, the total
charge number Zo, and the total hyperon
number Ho in the system. In this model the
statistical ensemble includes all break-up
include and excited

channels baryons

fragments. The primary fragments are
formed in the freeze-out volume V. V =
Vo + V¢, where Vy = Ay/p, (p, = 0.15 fm
%), and V; = K.V, is the free volume, with
K =2, as similar in experiments. The
binding energy E?" of one hyperon at the
temperature T inside a hypernucleus with
(A, Z, H) is defined as ES" = Fpzy —

Fa_1zp-1. In this work we consider the

generalization of the evaporation developed
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in Refs. (Bondorf et al., 1995; Botvina et al.,
1987; Buyukcizmeci et al.,, 2005) and
extended version for hypermatter (Botvina
et al., 2016, Botvina and Pochodzalla, 2007,
Buyukcizmeci et al., 2013, 2018, 2019,
2020).

3. Results and Discussion

We have carried out calculations to
compare the size effect of the different
nuclei and hypernuclei over million events.
In Fig. 1 and Fig. 2, we consider initial
masses of nuclei and hypernuclei systems
(Ao=100, and 165) that can be naturally
produced after the dynamical stage and with
different isospins. Mass distributions are
compared to show the evolution of produced
and evaporated nuclei from normal and
heavy hypernuclei for temperatures T=2-6
MeV. This temperature range was adopted
in order to investigate the region of
coexistence of big and small fragments,
typical for liquid-gas-type phase transition
in finite systems, which is also observed in
multifragmentation reactions (Botvina and
Pochodzalla, 2007; Ogul et al., 2011;
Scharenberg et al., 2001; Buyukcizmeci et
al., 2013). The evolution of the mass
distributions with temperature is compared
in the present work for A;=100 and Ao=165
nuclei: At a low temperature (T =2-3 MeV)
we have a “U-shape” distribution, at the

lightest (nucleons and light clusters) and
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largest to the system size fragments, and the

“valley” in between. The yield of
intermediate-mass fragments increases with
increasing temperature and at about T = 4
MeV we see a “plateau’-like distribution. At
higher temperatures (T = 5) we will have an
exponential decrease in yield with mass
number as established in multifragmentation
reactions with normal nuclei. At moderate
temperatures, hyperons are predominantly
accumulated in big fragments because of the
high binding energy. At low temperatures,
when the largest nuclei survive, one can be
sure that they contain practically all the
Lambda’s of the system. In Fig. 2, at higher
temperatures (T = 5) one can see a steeper
behavior of exponential decay in yield with
the mass number due to the larger initial
source can decay more easily.

We have presented fragment yields
of normal Carbon and Nitrogen isotopes
emitted from initially excited nuclei with
Ao=100, Zo=40, Ho=4 and A¢=200, Zo=80,
Ho=4 system around at T=4 MeV in Fig. 3
similar as in Ref. (Buyukcizmeci et al.,
2020). The larger initial source gives a
larger probability for the yield production
since it is more neutron-rich even if N/Z
ratios are similar, in this way, we have
verified the size effect of the initial source
for the reproduction of yields. As a further

step in Fig. 4, we demonstrate the results for

relative yields of 14N, 14AN, 14N,
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Figure 1. SMM predictions of total yields per event versus their mass number, after the disintegration of
excited systems containing four A hyperons. Initial mass number A0=100, charge number Z0=40, hyperon
number H0=4, and temperatures T of the systems are shown. Lines are calculations for fragments with a certain
number of A hyperons.
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Figure 2. The same as Fig. 1, but for AO=165, Z0=67 and H0=4, neutron-rich system.
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Figure 2. The same as Fig. 1, but for A; = 168, Z, = 67 and H, = 4 source nucleus.
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Figure 3 Relative yields of Carbon (top panel) and
Nitrogen isotopes (bottom panel) as a function of
their mass number, after the decay of excited initial
nuclei with A¢=100, Zy=40 (full symbols) and
A¢=200, Zy=80 (open symbols), at T =4 MeV.
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Figure 4 Isotope yields of Nitrogen isotopes
produced after decay of an excited hypernuclear
system at different excitation energies. Top panel
shows the results for A¢=100, Z;=40, and bottom
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143aN, and 144aN isotopes as a function of
excitation energies for both initial source
systems. The ordered distributions of the
yields from normal nuclei with higher
probability to hypernuclei. While the
relative yields of normal and hyper-Carbon
isotopes show an increasing trend up to 3-4
MeV/nucleon, they show almost a flat
distribution after 5-6 MeV/nucleon. We

hope that our theoretical findings would be
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