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Relativistic collisions of ions, hadrons and leptons with nuclei can produce various hypernuclei by
the capture of hyperons in nuclear residues.

The disintegration of such hypernuclear systems can be described with statistical approaches
suggesting that the fragment production is related to the binding energies of hypernuclei.

We demonstrate how the hyperon binding energies can be effectively evaluated from the yields of
different hyper-isotopes using the double ratio method.
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In nuclear reactions of high energy one can simultaneously produce a lot of nuclei and  hypernuclei after the capture of hyperons by nuclear residues. We consider statistical disintegration of such hypernuclear systems and the connection of fragment production with the binding energies of hyperons. Relativistic heavy-ion collisions offer the possibility of creating excited nuclear systems with hyperons.
Some hyperons can be absorbed in the spectator part of the colliding nuclei. Then single- and multi- 
lambda hypernuclei can be produced after multifragmentation of this spectator. Statistical 
multifragmentation model in conjunction with two mass formula  have been used to provide an insight 
into the possible relative yield of multi-strange hypernuclei in nuclear fragmentation reactions. In general, 
multi-lambda hypernuclei are found to be more probable for nuclei with higher Z values.
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Evaporation from hot fragments

The successive particle emission from hot primary fragments with A>16 is assumed to
be their basic de-excitation mechanism. Due to the high excitation energy of these
fragments, standard Weisskopf evaporation scheme [2] was modified to take into
account the heavier ejectiles up to 20, besides light particles (nucleons, d, t, a), in
ground and particle-stable excited states [81]. This corresponds to the excitation energies
el) of the ejectiles not higher than 7-8 MeV. By analogy with standard model the width
for the emission of a particle j from the compound nucleus (A,Z) is given by:
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Here the sum is taken over the ground and all particle-stable excited states gj(‘) (i=0,1,...n) of
the fragment j, g/'=(2s,(1+1) is the spin degeneracy factor of the ith excited state, i, and B,
are corressponding reduced mass and seperation energy, E*,, is the excitation energy of the
initial nucleus (55), E is the kinetic energy of an emitted particle in the centre of mass frame.
paz and p,, are the level densities of the initial (A,Z) and final (A’,Z’) compound nuclei.
calculated using the Fermi-gas formula. The cross section o; (E) of the inverse reaction
(A,Z’)+j=(A,Z) was calculated using the optical model with nucleus-nucleus potential. The
evaporational process was simulated by the Monte Carlo method using the algorithm
described in Ref.[118]. The conservation of energy and momentum was strictly controlled in
each emission step.
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Here the sum is taken over the ground and all particle-stable excited states  j(i) (i=0,1,…n) of the fragment j,
gj(i)=(2sj(i)+1) is the spin degeneracy factor of the ith excited state, j and Bj are corressponding reduced mass 
And seperation energy, E*AZ is the excitation energy of the initial nucleus (55), E is the kinetic energy of an emitted particle
in the centre of mass frame. In Eq. (60) AZ and A’Z’ are the level densities of the initial (A,Z) and final (A’,Z’) compound nuclei.
They are calculated using the Fermi-gas formula (41). The cross section j (E) of the inverse reaction (A’,Z’)+j=(A,Z)
was calculated using the optical model with nucleus-nucleus potential from Ref.[117]. The evaporational process
Was simulated by the Monte Carlo method using the algorithm described in Ref.[118]. The conservation of energy and momentum
Was strictly controlled in each  emission step.


.

Nuclear fission

An important channel of de-excitation of heavy nuclei (A>200) is fission. This
process competes with particle emission. Following the Bohr-Wheeler
statistical approach we assume that the partial width for the compound
nucleus fission is propotional to the level density at the saddle point p(E)

[1]:
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where B; is the height of the fission barrier which is determined by the Myers-
Swiatecki prescription [120]. For approximation of p,, we used the results of
the extensive analysis of nuclear fissibility and I',/T’; branching ratios [121].
The influence of the shell structure on the level densities p,, and p,; is
disregarded since in the case of multifragmentation we are dealing with very
high excitation energies E*>30-50 MeV when shell effects are expected to be
washed out [122].
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4.3.4. Nuclear fission
An important channel of de-excitation of heavy nuclei (A>200) is fission. This process competes with particle emission. Following the Bohr-Wheeler statistical approach we assume that the partial width for the compound nucleus fission is propotional to the level density at the saddle point  sp(E) [1]:

Where Bf is the height of the fission barrier which is determined by the Myers-Swiatecki prescription [120]. For approximation of sp  we used the results
Of the extensive analysis of nuclear fissibility and s/f branching ratios [121]. The influence of the shell structure on the level densities sp  and  AZ is disregarded since in the case of multifragmentation we are dealing with very high excitation energies E*>30-50 MeV when shell effects are expected to be washed out [122].


sequential evaporation of fragments nuclear fission
J.P. Bondorf et al. Phys. Reports 257 (1995)133-221.
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Details of the structure of breakup channels are widely
discussed in the literature. The compound-nucleus channel is dominant at excitation energies
E < 1–2MeV/nucleon, and the probability of the channels with simultaneous formation of several fragments
in the freeze-out volume is negligible. 
In fig. 1, we show the survival probability of the compound nucleus as a
function of the excitation energy, for the disintegration
of 235U. From these results one may estimate the maximum
excitation energy sustained by the nucleus before
real multifragmentation break-up into several fragments.

One should take into account that entering the multifragmentation
regime with increasing excitation energy proceeds
via formation in the freeze-out volume of one big
fragment and few nucleons and lightest clusters. It leads to
the so-called U-shape of the mass distribution [5]. In this
case, the big fragment can undergo fission during the secondary
de-excitation. It is difficult to separate such decay
from original compound processes, therefore, we call them
compound-like channels. In fig. 1, we also show the probability
of the fission processes for the same source which
can serve as signature of compound-like channels. One can
see that the compound-like channels can be important at
E < 2–3MeV/nucleon. At higher energies their survival
probability drops down rapidly giving way to a simultaneous
break-up into several large fragments. As evident from
this figure and supported by many analyses (e.g., [5,7–9,
18,19,22]), with the increase of the excitation energy up
to E = 4MeV/nucleon, multifragmentation completely
takes over the compound-nucleus processes.

In fig. 6, we show the evolution of 
the mass distribution for the fragmentation of 235U with
excitation energy. In this figure, the left-top panel for
E = 0.05MeV/nucleon can be interpreted as the asymmetric
fission with a double-peaked distribution, which
can be obtained after the absorption of neutrons. From
the right-top panel one may see a triple-peaked distribution
(for E = 0.1MeV/nucleon), which comes from
the superposition of a single-peaked fission distribution
and a double-peaked one. The lower panels show that
the contribution from the symmetric fission (for E =
0.2, 0.5, 1.0MeV/nucleon) increases rapidly with increasing
excitation energies, and all fission modes contributes
to one big fission hump (see also refs. [33,48,49]). However,
at high excitations, the fission contribution to these
fragments decreases. It is because the source undergoes
fast multifragmentation process, which effectively reduces
the size of the excited fragments, and their fissions become
improbable. Most of the fragments in this “hump” region
come from the multifragmentation and the following secondary
evaporation of these large fragments. It is instructive
that the correlation analyses of large fragments produced
as a result of break-up at high excitations exclude
the explanation of such a break-up as a sequential binary
emission of large fragments by thermal sources [47,50].

We have compared our calculations of the characteristics
of fission fragments with some experimental data to
get an idea of the accuracy of the method developed. As
mentioned, in all cases we have taken into account the
evaporation light particles and its competition with the
fission process. As was discussed, at high excitation energy
of thermal sources multifragmentation channels contribute
considerably to the yields of fragments. All these
processes were implemented in the code and the Monte
Carlo method was employed, which gives a possibility to
analyse the experiment on an event-by-event basis [5]. At
low energy of incident particles we have usually assumed
their fusion with the target and formation of an excited
source in thermal equilibrium. In the case of high-energy
particles an initial dynamical stage should be described
within dynamical models (for example, intranuclear cascade,
QMD, BUU models [5]). During this stage secondary
particles with sufficiently high energy (i.e., greater than
the nucleus potential) leave the nucleus. However, the lowenergy
particles will be captured by the nucleus, and this
may lead to the formation of highly excited nuclear source
which can be treated statistically. Despite the fact that in
Fig. 5. The mass distribution of low-energy nuclear-fission
fragments of Th. The histogram shows the calculation, and
points the experimental data [38] (top) and [41] (bottom).
reactions with intermediate-energy particles residual nuclei
have a wide distribution in E, an appropriate choice
of the initial energy can be identified in our analysis in
details [7,17,18,22].
Particles with energies around 10–20MeV interacting
with heavy nuclei is likely to be absorbed and to form
a compound nucleus, which undergoes then evaporation
and fission. In figs. 4 and 5, we show a comparison of such
calculations with the experimental mass distribution of
fission fragments U and Th in interactions of different lowenergy
particles. Other examples one can find in ref. [5].
As seen from the overall comparison, this model describes
very well both the data on the low-energy fission and the
transformation of the double-humped mass distribution
of the asymmetric fission into the one-humped symmetric
distribution. At high incident energies for the calculation
of the dynamical stage, one can use an intranuclear cascade
model [5], a sophisticated GiBUU model [20], as well
as empirical analyses of the dynamical stage [8,18,19,47].

Those analyses demonstrate that the hybrid approach [5]
together with the above-described fission procedure provides
a quite relevant description of the reactions.
In this respect, it is important to clarify contributions
to mass yields from normal fission and from highenergy
processes like multifragmentation. It was demonstrated
previously (see, e.g., [5,48]) that the evolution
of the mass yield distribution is dominated by the excitation
energy. It was shown that for heavy nuclei in
the range of 1–3MeV/nucleon of excitation energies, a
W-shaped yield distribution is produced, which is very
broad. On the other hand, when the excitation energy
goes beyond 3MeV/nucleon the mass yield distribution
evolves to a plateau-like shape. At an excitation energy of
5MeV/nucleon, the plateau-like shape maintains, but the
residual particle gets smaller, and it continuously transforms
into an exponential fall (for details, see, for example,
[5, 7, 8,17,22]). By a naive view, big fission-like
fragments may come only from fission processes, however,
it is not true. In fig. 6, we show the evolution of
the mass distribution for the fragmentation of 235U with
excitation energy. In this figure, the left-top panel for
E = 0.05MeV/nucleon can be interpreted as the asymmetric
fission with a double-peaked distribution, which
can be obtained after the absorption of neutrons. From
the right-top panel one may see a triple-peaked distribution
(for E = 0.1MeV/nucleon), which comes from
the superposition of a single-peaked fission distribution
and a double-peaked one. The lower panels show that
the contribution from the symmetric fission (for E =
0.2, 0.5, 1.0MeV/nucleon) increases rapidly with increasing
excitation energies, and all fission modes contributes
to one big fission hump (see also refs. [33,48,49]). However,
at high excitations, the fission contribution to these
fragments decreases. It is because the source undergoes
fast multifragmentation process, which effectively reduces
the size of the excited fragments, and their fissions become
improbable. Most of the fragments in this “hump” region
come from the multifragmentation and the following secondary
evaporation of these large fragments. It is instructive
that the correlation analyses of large fragments produced
as a result of break-up at high excitations exclude
the explanation of such a break-up as a sequential binary
emission of large fragments by thermal sources [47,50]
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Fig.8. Charge distributions for peripheral and midperipheral collisions (open point:experimental data; histogram:SMM predictions).


Multifragmentation versus sequential evaporation
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FIG 3. Left panel: dots present the raw measured probability to
detect an event with at least one heavy-fragment, Z=8, and solid
{dotted) line presents the SMM (GEMINI} model prediction filtered
with the experimental detection efficiency. An initial angular mo-
mentum of Z=20f for the hot nucleus was assumed for GEMINI
model calculations. Right panel: as i left panel, but for the prob-
ability of detecting events with at least two heavy-fragments, Z

=8
E /A=1-3 MeV  3-5MeV  5-7MeV 79 MeV

B i

0.4

0 100 0 100 0 100

O,y (deg)

FIG. 2. The measured folding-angle (the angle between two £
=8 fragments) probability for the indicated excitation-energy bins.
Solid, dashed, and dotted lines show the SMM-hot, SMM-cold, and
GEMINI model predictions, respectively, filtered with the experimen-
tal detection efficiency.
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The Fermi break-up

For light primary fragments (with A< 16) even a relatively small excitation
energy may be comparable with their total binding energy. In this case we
assume that the principal mechanism old deexcitation is the explosive decay
of the excited nucleus into several smaller clusters (the seconday break-up).
To describe this process we use the famous Fermi model. It is analogous to
the above-described statistical model, but all final-stage fragments are
assumed to be in their ground or low excited states. In this case the statistical
weight of the channel containing n particles with masses mi(i:1,...n) in volime
Vf may be calculated in microcanonical approximation:
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J.P. Bondorf et al. Phys. Reports 257 (1995)133-221.
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R.Ogul et al. PRC 83, 024608 (2011) ALADIN@GSI

Isospin-dependent multifragmentation of relativistic projectiles

124,107-Sn, 124-La (600 A MeV) + Sn — projectile (multi-)fragmentation

Very good description is obtained within Statistical Multifragmentation Model, including fragment
charge vyields, isotope yileds, various fragment correlations.
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FRS data @ GSI

FRS projectile fragmentation of two symetric systems 124Sn + 124Sn and 112Sn + 112Sn at an

incident beam energy of 1 A GeV measured with high-resolution magnetic spectrometer FRS. ~ SYpmetry-eraygy coetheignts.

(V. F&hr, et al., Phys. Rev. C 84, (2011) 054605) interval v(MeV) v (MeV)
10-17 16 16
Experimental data are well reproduced with statistical calculations in the SMM-ensemble . 18-95 19 18
To reproduce the FRS data symmetry energy term is reduced as shown in the table. 26-31 21 20
We have also found a decreasing trend of the symmetry energy with increasing charge 39-37 93 19
number, for the neutron-rich heavy fragments resulting from 124Sn projectile. 3845 25 18

H. Imal, A.Ergun, N. Buyukcizmeci, R.Ogul, A.S. Botvina, W. Trautmann, C 91, 034605 (2015)
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Discovery of a Strange nucleus:
Hypernucleus

M. Danysz and J. Pniewski, Philos. Mag. 44 (1953) 348 ™\

First-hypernucleus was observed in a stack of photographic emulsions
exposed to cosmic rays at about 26 k above the ground.

b +/ Proton Incoming high energy proton from cosmic ray

colliding with a nucleus of the emulsion, breaks it in
several fragments forming a star.

All nuclear fragments stop in the emulsion after a short path

From the first star, 21 Tracks => 9o + 11H + 1 X

The fragment ,X disintegrates later , makes the bottom
star. Time taken ~ 1012 sec (typical for weak decay)

—_ This particular nuclear fragment, and the others
obtained afterwards in similar conditions, were called
hyperfragments or hypernuclei.




A.S.Botvina and J.Pochodzalla, Phys. Rev.C76 (2007) 024909

Generalization of the statistical de-excitation model for nuclei with Lambda hyperons
In these reactions we expect analogy with

multifragmentation in intermediate and high energy nuclear reactions
+ nuclear matter with strangeness
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Normal fragmantation and multifragmentation e.c 

Afterwards you have faster processes , 10-20 fm/c , it expand to 
After secondary 

This is the general picture in nuclear reactions


Statistical approach for fragmentation of hyper-matter

A3/2 1 mean yield of fragments with mass number A,
Yazu = 9azuVs PE exp [— 7 (Fazy — Uazy) charge Z ve A — hyperon number H
T

Hazy = Ap + Zv + HS Liquid-drop description of fragments: bulk,

surface, symmetry, Coulomb (as in Wigner-
Fazu(T,V) = Ff + F} + E.3 +F,¢fz+€4}2}p Seitz approximation) and hyper energy
2 contributions.
>A

T
FE(T) = <—a)0 —— J. Bondorf et al. Phys. Rep. 257 (1995) 133.

€0
T2 — T2 5/4 Bethe-Weizsacker formula parameters
FAS(T) — ﬁO < CZ 2) A3/21
e +T wy = 16 MeV, B, = 18 MeV, T, = 18 MeV
A—H—22)?
545;;,”:)/( T ) y = 25 MeV, gy ~ 16 MeV

Chemical potentials are from mass, charge and
E AYyzy = Ay, E LYpzy = Zy, E HY,zy = Hy calp 1 : &
hyperon number conservation p, v ve &

AZH AZH AZH
EYP = ELYP = H - [(—10.68 + 48.7) /A%/3] C. Samanta et al. ]. Phys. G, 32 (2006) 363.
qugm = (H/A) - (—10.684 + 21.274%/3) > Liquid-drop description of hyper-matter

A.S.Botvina and J.Pochodzalla, Phys. Rev.C76 (2007) 024909
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The model assumes that a hot nuclear spectator with total mass (baryon) number A0, charge Z0, number of _ hyperons H0, and temperature T expands to a low-density freeze-out volume, where the system is in chemical equilibrium. The
statistical ensemble includes all breakup channels composed of nucleons and excited fragmentswith mass numberA, charge Z, and number of _’s H. The primary fragments are formed in the freeze-out volume V .We use the excluded volume approximation V = V0 + Vf , where V0 = A0/ρ0 (ρ0 ≈ 0.15 fm−3 is the normal nuclear density), and parametrize the free volume Vf = κV0, with κ ≈2.
 
Nuclear clusters in the freeze-out volume are described as follows: Light fragments with mass number A < 4 are treated as elementary particles with corresponding spin and translational degrees of freedom (“nuclear gas”). Their binding energies were taken from experimental data [1,7,24]. Fragments with A = 4 are also treated as gas particles with table masses, however, some excitation energy is allowed, Ex = AT 2/ε0 (ε0 ≈ 16 MeV is the inverse volume level
density parameter [7]), which reflects the presence of excitedstates in 4He, 4
_H, and 4_He nuclei. Fragments withA > 4 are treated as heated liquid drops. In this way one can study the nuclear liquid-gas coexistence of hypermatter in the freeze-out volume. The internal free energies of these fragments are parametrized as the sum of the bulk (FBA ), the surface (FSA), the
symmetry (FsymAZH ), the Coulomb (FCAZ), and the hyper (FhypAH )
energies:
FAZH (T,V) = 
 
The first three terms are written in the standard liquid-drop form [7]:
 
The model parameters w0 = 16 MeV, β0 = 18 MeV, Tc =18 MeV, and γ = 25 MeV were extracted from nuclear phenomenology and provide a good description of multifragmentation data [7–10]. The Coulomb interaction of the
fragments is described within theWigner-Seitz approximation, and FC
AZ is taken as in Ref. [7].
The new term is the free hyperenergy F hyp AH . We assume that it does not change with temperature, i.e., it is determined solely by the binding energy of the hyper fragments. We have suggested the liquid-drop hyperenergy term [11]
FhypAH= (H/A)(−10.68A + 21.27A2/3). (5)
In this formula the binding energy is proportional to the
fraction of hyperons in the system (H/A). The second part
represents the volume contribution reduced by the surface term
and thus resembles a liquid-drop parametrization based on the
saturation of the nuclear interaction. The linear dependence at
a lowH/A is in agreement with theoretical predictions [3] for
hypermatter.
The breakup channels are generated according to their
statistical weight. In the grand canonics this leads to the
following average yields of individual fragments:
 
Here gAZH is the ground-state degeneracy factor of species
(A,Z,H), λT = (2π¯h2/mNT )1/2 is the nucleon thermal
wavelength, andmN is the average nucleon mass. The chemical
potentials μ, ν, and ξ are responsible for the mass (baryon)
number, charge, and strangeness conservation in the system.
They can be found from the balance equations:
 
Previously we have demonstrated within this model [11]
that the fragment mass distributions are quite different for
fragments with different strangeness contents. This means
that the multifragmentation of excited hypernuclear systems
proceeds in a differentway compared with conventional nuclei.
The reason is the additional binding energy of hyperons
in nuclear matter. It was also shown that the yields of
fragments with two _’s depend essentially on the binding
energy formulas (i.e., on details of _N and __ interactions)
used for the calculations [11,25]. Therefore, an analysis of
double hypernuclei can help to improve these mass formulas
and reveal information about the hyperon-hyperon interaction.
In Ref. [26] the decay of light excited hypersystems was
considered within the framework of the Fermi breakup model.
It was also concluded that the production rate of single and
double hypernuclei is directly related to their binding energy.
In thiswork we extend our analysis to systems containing up to
four hyperons, which may be produced during the dynamical
stage of relativistic heavy-ion collisions [16,23].




Break-up of excited
hyper-residues

Normal nucle1 + hypemuclel can
be formed via evaporation. fission
and multifragmentation processes,

Liquid-gas type phase transition
in hyper-matter is expected at
subnuclear densities.

Very broad distributions of nuclei
similar to ones in normal nuclear
matter. At moderate temperatures
hyperons concentrate in large
species

Important: formed hypernuclei
can reach beyond traditional
neutron and proton drip-lines
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Fission of heavy hypernuclei formed in antiproton annihilation

T.A. Armstrong et al., PRC 47 (1993) 1957

Heavy hypernuclei are produced in the annihilation of antiprotons in **®U. The delayed fission
of heavy hypernuclel and hypernucle of fission fragments are observed by using the recoll-distance
method in combination with messurement of secondary electron multiplicity. The lifetime of hy-
pernuclei in the region of uranium is found to be (1.25 + 0.15) x 107" sec. It is observed that A
hyperons predominantly stick to the heavier fission fragments. The vield of hypernucled is found to
be (7.4%1.7) x 10°* per stopped antiproton. No coincidences with K™ were found. Statistical and
systematic errors on the number of events expected do not rule out this possibility.
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FIG. 1. Schematic representation of the recoll-distance
method as applied Lo the study of (o) delaved fission of haavy
hypernuclei, and (b] decay of hypernucled of fission fragments.
Both types of events can provide hits in the shadowed region
{hatched) of the detectors while prompt fission cannot.

The main results of the present experiment are the
following. (i) The annihilation of antiprotons in 238U
leads to the production of hypernuclei of fission frag-
ments and of heavy hypernuclel in the region of uranium.
(ii) The lifetime of the heavy hypernuclei is found to be
(1.25 £ 0.15) x 10~ sec, (iii) When the fission of an ex-
cited hypernucleus occurs, the A hyperon predominantly
sticks to the heavy fragment; this fact can be used in the
analysis of the dynamics of fission [17]. (iv) The proba-
bility of A-hyperon attachment to a heavy nucleus, fol-
lowing § annihilation, is estimated to be about 25%. (v)
We do not find with significant confidence that K+ are
produced in coincidence with the hypernuclear events,
However, this conclusion depends on complex and poorly
known features of kaon production in heavy nuclei.
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FIG. 2. Scheme of the experimental setup (not to scale).
PPAC is the parallel plate svalanche counter; KRT is the
Kaon range telescope.



A-hvperon lifetime in very heavy hypernuclei produced in the p+TU interaction

The recoil shadow method for the detection of fission fragments has been used to mvestigate delayed fission
of very heavy A hypemucle1 produced in the p-U interaction at the projectile energy of 1.5 GeV. From the
measured distnibution of delayed fission events in the shadow region and the calculated momenta of hypemu-
cler leaving the target the lifetime of the A hyperon m very heavy hypermnucler was determuned to be
7=2.40= 60 ps. The companison of the number of delayed fission events with that of the prompt events leads
to an estimation of the cross section for the production of A hypemuclei mn p+ U collisions at 1.5 GeV of
o, =150"50 4b_ [S0556-2813(97)04506-8]

hi
J (kzphragm
/
H. Ohm et al.. PRC 55 (1997) 3062 /" Fragments from
= / Promot and Delayed
= Fission
: , y
N B8 —a— Sradow Edge y
COSY Beam -— /! ,

Axis

FIG. 1. Schematic presentation of the expermmental setup. The
thickness of the target holder 1s enhanced in the drawing to show
the details. The real distances are given.
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Table 1
The height of the inner and outer fission barriers for the 38U and Ef*ju nuclei

when the A particle occupies the lowest single-particle state during fission.

Fission Barrier (MeV)
0D = ML BN O =l O WO O

EHEU 2_"1:1*3'[_[
P S S S w— B j"{ inner) (MeV) 8.20 847
0 20 40 60 B0 100120140160 180 200220 E;'{Dulﬁr] (MeV) 6.60 742
Q2 (barn)
Fig. 1. The fission barrier of 2381 (the dotted line) and E-ﬁU ithe solid line) nuclei obtained with the Skyrme-Hartree—
Fock method. The A particle is assumed to occupy the lowest single-particle state during fission. The energy curves are
shifted so that the ground state configuration has zero energy.
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Fig. 2. (The left panel): The energy of the core nucleus Epy for the 238y (the solid line) and E'LgU {the dashed line) nuclei
as a function of the total quadrupole moment ;. The A particle is assumed to be at the lowest single-particle state. (The
right panel): The energy of the A particle E 4 for BEU with respect to that for the ground state as a function of (J7.
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Fission studies with 140 MeV a particles
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FIG. 4. (Color onlineg) The fission probabality as a function of the
fssility parameter. The dots with ermor bars are the present results

and diamonds are from Ref. [21]. The lines are to guide the eve. The
sguares are for proton-induced fAssion at energies 150 o 200 MeV
[22,23]. The other data shown were measured with 190 MeV protons:
triangles down [24], triangles up [25]). and those shown by crossed
sguares were measured by radiochemical methods [26].

TABLE II. Cross section for fission for the different target
nuclei. Also given are estimates for the fission bammers obtained
by the lincar dependence of the fission parameter [denoted by (1]
and on the exponential given in the text [denoted by (1))

Target e (mb) B (MeV) (1) By (McV) (I
“ag 0.030 + 0.007 38.8 49.1
¥ a 0.007 + 0001 49.5 62.8
g 0.600 + 0,050 408 454
197 A 128 £+ 18 26.9 25.7




probablity

Statistical calculations of probabilities of the heavy hyper-nuclet’s
fission and evaporation of Lambda-hyperons.
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Estimated hyper-fission cross-section taking into account the dynamical stage for p(2GeV)+U :
Sigma ~ 2000 mb * 0.001 * 0.5~ 1 mb

It is practically as the fission cross-section in normal muclei (i.e..forU~1b.Pb~200mb ...)

by high energy protons. scaled by the factor of the hyperon capture. In addition, there is a delayed

fission caused by the Lambda-hyperon decay in the hyper-nucleus.
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Hyper fragment distributions (A=1) for different excitation energy
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Strangeness in neutron stars (p>3-4p,)
Strange hadronic matter (A — )
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Nuclear chart for stellar matter
Statictical Model for Supernova Matter (SMSM) calculations
N. Buyukcizmeci, collaboration with A.S. Botvina and I.N. Mishustin (2016)

In future, we plan to include hypernuclei in these kind of calculations for supernova matter.
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Double ratio method for hypernuclei

Buyukcizmeci N. et al Phys. Rev C 98, 064603 (2018)

Grand canonical approximations leads to the following average yields of individual
fragments with the mass (baryon) number A, charge Z and the A-hyperon number H:

A3/2 1 h
Yazu = GazuVy PER [— T (Fazu — Mazn) Fazu(T,V) = Ff + F3 + Eppy + Fip + Ei”
T
Hazy = Ap+ Zv + H¢ F)YP = (H/A) - (—10.68A + 21.27A%/3)

It 1s convenient to rewrite the above formulas in order to show separately the binding
energy ERP of one hyperon at the temperature T inside a hypernucleus with A, Z, H :

B = Fayzn—Faizm-1 . (4)

Since A-hyperon 1s usually bound, this value is negative. Then the yield of hypernuclel
with an additional A hyperon can be recursively written by using the former yields:
. 1

AzH=Ya_1zn-1 Cazn-exp {_f (E_ih — B — 5)} : (5)
where Cazn = (9azn/9a—12n-1) - (A%?/(A—1)*?) depends mainly on the ratio of the
spin factors of A, Z, H and A — 1, Z, H — 1 nuclei, and very weakly (especially for large
nuclel) on A. Since in the liquid-drop approximation we assume that the fragments with
A > 4 are excited and do populate many states (above the ground) according to the

given temperature dependence of the free energy, then we take ga z iy = 1. Within SMM



We suggest the following receipt for obtaining iformation on the binding energies
of hyperons inside nuclei. Let us take two hyper-nuclei with different masses, (A, 2, H)
and (As, Zy, H), together with nuclei which differ from them only by one A hyperon.
When we consider the double ratio (DR) of YA, 7,1/ Ya,—1.2,00-1 10 Ya, 71/ Yas—1.20.1-1
we obtain from the above formulae

Ya 1Y,
DR 1.41,H A1-171,H-1

— (X4, 4,€XP [ (AEAIAJ) ) (6)

Yaozom/Ya,—12, H-1

where
AEY, = ER - ER, (7)

and the ratio of the C-coefficients we denote as
A A, = Cayz,1/Crszom . (8)

As one can see from eq.(6), the logarithm of the double ratio is directly prr::-portional
to the difference of the hyperon binding energies in A; and A, hypernuclei, AER! A1 Ao
divided by temperature. Therefore, we can finally rewrite the relation between the
hypernuclel yield ratios and the hyperon binding energies as

AEE}:AE =1 [ﬂn(aﬂlﬁz) - En‘(DRﬂlf‘xz)] : (9)

(g z/8a1zi-) A TA =) Yy 2w/ Va2
AEy =T | 8ALZ1 I 8A1-17, H-1 /(A I azii! Ya-12, 1 ol

(8a 2o/ Sr-120 1) - (AT (A = 112) Yo Y1201
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Figurel

The difference of binding energies of
hyperons in nuclei extracted from the double
yield ratio (AEbh) divided by the temperature
T versus the mass number difference of
these nuclei AA, as calculated with the
statistical model at different temperatures
relevant for multifragmentation reactions.

Baryon composition and temperatures (for
groups of curves) of the initial system are
given in the figure.
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The difference of binding energies of hyperons in nuclei (AEbh) versus the mass number
difference of these nuclei AA for single hypernuclei, The statistical calculations are performed
involving the double ratio yields shown in the figure for temperatures T=2 MeV (dashed line),
4 MeV (solid line with circle symbols), and 6 MeV (dotted line). The stars (thick line) are the
direct calculation of Aebh according to the adopted hyperfragment formula at T=0 and V —eo
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The temperature versus the excitation energy for the disintegration of the hypernuclear
system with parameters given in the figure. The statistical calculations including different
initial numbers of hyperons (0, 2, and 4) are shown by different symbols and lines. The
helium-lithium isotope temperature calculated within the standard multifragmentation model
are represented by diamonds.
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Influence of the secondary deexcitaiton on the difference of binding energies of hyperons in
nuclei (AEbh) as function of their mass number difference of AA by taking single hypernuclei
(which are the same as in Fig. 2.). The calculations of double ratio yields for primary hot nuclei
are shown for temperature 4 MeV (solid line, color circle symbols). Triangles, squares, and
stars stand for the calculations with modified double ratios after the secondary deexcitation
(via nuclear evaporation) of primary nuclei at excitation energies of 1.5, 2, and 3
MeV/nucleon, respectively. The same color symbols show the modification of AEbh and AA
after the deexcitation evolution of many nuclei leading to the same daughter ones.
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FIG. 5. The same as in Fig. 4, however, for double hypernuclei



Summary

We have investigated the evaporation and fission of middle and heavy hypernuclei
since they were not considered up to now because of scarce experimental data [H.
Ohm et al., Phys. Rev. C 55, 3062 (1997)]

It is demonstrated that the hyperon binding energies can be effectively evaluated
from the yields of different isotopes of hypernuclei. The advantage of double ratio
method is its universality and the possibility to involve many different isotopes. This
method can also be applied for multi-strange nuclei, which binding energies were
very difficult to measure in previous hypernuclear experiments.

We believe such kind of research would be possible at the new generation of ion
accelerators of intermediate energies, as FAIR (Darmstadt), NICA (Dubna), and others.
It is promising that new advanced experimental installations for the fragment
detection will be available soon.
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