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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.



Statistical approach in nuclear  reactions:  
         conception of equilibrium 

Intermediate energy collisions 
Preequlibrium emission  
       + equilibration  

evaporation fission multifragmentation 

Compound-nucleus decay 
channels (sequential evaporation 
or fission) dominate at low 
excitation energy  
of thermal sources E*<2-3 
MeV/nucl 

At high excitation energy  
E*>3-4 MeV/nucl there is a  
simultaneous break-up into  
many fragments  

N.Bohr (1936) 

V.Weisskopf (1937) N.Bohr, J.Wheeler (1939)  Bondorf et al. (1995) SMM 

starting 1980-th : 



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 18O, besides light particles (nucleons, d, t, α), in 
ground and particle-stable excited states [81]. This corresponds to the excitation energies 
ε(i) 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: 

Here the sum is taken over the ground and all particle-stable excited states  εj
(i) (i=0,1,…n) of 

the fragment j, gj
(i)=(2sj

(i)+1) is the spin degeneracy factor of the ith excited state, µj 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. 
ρAZ and ρA’Z’ are the level densities of the initial (A,Z) and final (A’,Z’) compound nuclei. 
calculated using the Fermi-gas formula. The cross section σj (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 particlein 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 processWas simulated by the Monte Carlo method using the algorithm described in Ref.[118]. The conservation of energy and momentumWas 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  ρsp(E) 
[1]: 
 

where Bf is the height of the fission barrier which is determined by the Myers-
Swiatecki prescription [120]. For approximation of ρsp  we used the results of 
the extensive analysis of nuclear fissibility and Γs/Γf branching ratios [121]. 
The influence of the shell structure on the level densities ρsp  and  ρAZ 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 fissionAn 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 resultsOf 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 

Fig. 4.1. Cross section for heavy cluster emission at 
backward angles (θ=120-160º) in the reaction 3He+Ag 
as a function of the laboratory kinetic energy of 3He. 
The data are from Ref.[119], and the curves show the 
results of the evaporation model calculation 
described in the text. 

J.P. Bondorf et al. Phys. Reports 257 (1995)133-221. 
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Eren N., Buyukcizmeci,N., Ogul R, Botvina AS, EPJA 49 (2013)48. 



Survival probability of the compound nucleus 
Wcomp and fission probability Wfiss as a 
function of the excitation energy, for the 
disintegration of 235U as obtained in the present 
SMM calculations. 
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Details of the structure of breakup channels are widelydiscussed in the literature. The compound-nucleus channel is dominant at excitation energiesE < 1–2MeV/nucleon, and the probability of the channels with simultaneous formation of several fragmentsin the freeze-out volume is negligible. In fig. 1, we show the survival probability of the compound nucleus as afunction of the excitation energy, for the disintegrationof 235U. From these results one may estimate the maximumexcitation energy sustained by the nucleus beforereal multifragmentation break-up into several fragments.One should take into account that entering the multifragmentationregime with increasing excitation energy proceedsvia formation in the freeze-out volume of one bigfragment and few nucleons and lightest clusters. It leads tothe so-called U-shape of the mass distribution [5]. In thiscase, the big fragment can undergo fission during the secondaryde-excitation. It is difficult to separate such decayfrom original compound processes, therefore, we call themcompound-like channels. In fig. 1, we also show the probabilityof the fission processes for the same source whichcan serve as signature of compound-like channels. One cansee that the compound-like channels can be important atE < 2–3MeV/nucleon. At higher energies their survivalprobability drops down rapidly giving way to a simultaneousbreak-up into several large fragments. As evident fromthis figure and supported by many analyses (e.g., [5,7–9,18,19,22]), with the increase of the excitation energy upto E = 4MeV/nucleon, multifragmentation completelytakes over the compound-nucleus processes.In fig. 6, we show the evolution of the mass distribution for the fragmentation of 235U withexcitation energy. In this figure, the left-top panel forE = 0.05MeV/nucleon can be interpreted as the asymmetricfission with a double-peaked distribution, whichcan be obtained after the absorption of neutrons. Fromthe right-top panel one may see a triple-peaked distribution(for E = 0.1MeV/nucleon), which comes fromthe superposition of a single-peaked fission distributionand a double-peaked one. The lower panels show thatthe contribution from the symmetric fission (for E =0.2, 0.5, 1.0MeV/nucleon) increases rapidly with increasingexcitation energies, and all fission modes contributesto one big fission hump (see also refs. [33,48,49]). However,at high excitations, the fission contribution to thesefragments decreases. It is because the source undergoesfast multifragmentation process, which effectively reducesthe size of the excited fragments, and their fissions becomeimprobable. Most of the fragments in this “hump” regioncome from the multifragmentation and the following secondaryevaporation of these large fragments. It is instructivethat the correlation analyses of large fragments producedas a result of break-up at high excitations excludethe explanation of such a break-up as a sequential binaryemission of large fragments by thermal sources [47,50].We have compared our calculations of the characteristicsof fission fragments with some experimental data toget an idea of the accuracy of the method developed. Asmentioned, in all cases we have taken into account theevaporation light particles and its competition with thefission process. As was discussed, at high excitation energyof thermal sources multifragmentation channels contributeconsiderably to the yields of fragments. All theseprocesses were implemented in the code and the MonteCarlo method was employed, which gives a possibility toanalyse the experiment on an event-by-event basis [5]. Atlow energy of incident particles we have usually assumedtheir fusion with the target and formation of an excitedsource in thermal equilibrium. In the case of high-energyparticles an initial dynamical stage should be describedwithin dynamical models (for example, intranuclear cascade,QMD, BUU models [5]). During this stage secondaryparticles with sufficiently high energy (i.e., greater thanthe nucleus potential) leave the nucleus. However, the lowenergyparticles will be captured by the nucleus, and thismay lead to the formation of highly excited nuclear sourcewhich can be treated statistically. Despite the fact that inFig. 5. The mass distribution of low-energy nuclear-fissionfragments of Th. The histogram shows the calculation, andpoints the experimental data [38] (top) and [41] (bottom).reactions with intermediate-energy particles residual nucleihave a wide distribution in E, an appropriate choiceof the initial energy can be identified in our analysis indetails [7,17,18,22].Particles with energies around 10–20MeV interactingwith heavy nuclei is likely to be absorbed and to forma compound nucleus, which undergoes then evaporationand fission. In figs. 4 and 5, we show a comparison of suchcalculations with the experimental mass distribution offission fragments U and Th in interactions of different lowenergyparticles. Other examples one can find in ref. [5].As seen from the overall comparison, this model describesvery well both the data on the low-energy fission and thetransformation of the double-humped mass distributionof the asymmetric fission into the one-humped symmetricdistribution. At high incident energies for the calculationof the dynamical stage, one can use an intranuclear cascademodel [5], a sophisticated GiBUU model [20], as wellas 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 providesa quite relevant description of the reactions.In this respect, it is important to clarify contributionsto mass yields from normal fission and from highenergyprocesses like multifragmentation. It was demonstratedpreviously (see, e.g., [5,48]) that the evolutionof the mass yield distribution is dominated by the excitationenergy. It was shown that for heavy nuclei inthe range of 1–3MeV/nucleon of excitation energies, aW-shaped yield distribution is produced, which is verybroad. On the other hand, when the excitation energygoes beyond 3MeV/nucleon the mass yield distributionevolves to a plateau-like shape. At an excitation energy of5MeV/nucleon, the plateau-like shape maintains, but theresidual particle gets smaller, and it continuously transformsinto an exponential fall (for details, see, for example,[5, 7, 8,17,22]). By a naive view, big fission-likefragments may come only from fission processes, however,it is not true. In fig. 6, we show the evolution ofthe mass distribution for the fragmentation of 235U withexcitation energy. In this figure, the left-top panel forE = 0.05MeV/nucleon can be interpreted as the asymmetricfission with a double-peaked distribution, whichcan be obtained after the absorption of neutrons. Fromthe right-top panel one may see a triple-peaked distribution(for E = 0.1MeV/nucleon), which comes fromthe superposition of a single-peaked fission distributionand a double-peaked one. The lower panels show thatthe contribution from the symmetric fission (for E =0.2, 0.5, 1.0MeV/nucleon) increases rapidly with increasingexcitation energies, and all fission modes contributesto one big fission hump (see also refs. [33,48,49]). However,at high excitations, the fission contribution to thesefragments decreases. It is because the source undergoesfast multifragmentation process, which effectively reducesthe size of the excited fragments, and their fissions becomeimprobable. Most of the fragments in this “hump” regioncome from the multifragmentation and the following secondaryevaporation of these large fragments. It is instructivethat the correlation analyses of large fragments producedas a result of break-up at high excitations excludethe explanation of such a break-up as a sequential binaryemission of large fragments by thermal sources [47,50]



MULTICS 
Au(35MeV/N)+Au, peripheral 

Fig.8. Charge distributions for peripheral and midperipheral collisions     
          (open point:experimental data; histogram:SMM predictions). 
 
M.D'Agostino et al., Nucl.Phys. A650 (1999) 329 
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Fig.8. Charge distributions for peripheral and midperipheral collisions (open point:experimental data; histogram:SMM predictions).



Multifragmentation versus sequential evaporation 

ISIS ALADIN 
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Au (600 MeV/n) +X. π-(8GeV/c)+Au 
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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 volüme 
Vf may be calculated in microcanonical approximation: 



Fermi-break-up for  
light nuclei 

J.P. Bondorf et al. Phys. Reports 257 (1995)133-221. 



Statistical (chemical) equilibrium   
is established at break-up of hot  
projectile residues ! In the case of  
strangeness admixture we expect  
it too !  

R.Ogul et al. PRC 83, 024608 (2011)    ALADIN@GSI 

124,107-Sn, 124-La (600 A MeV) + Sn →  projectile (multi-)fragmentation 
Very good description is obtained within Statistical Multifragmentation Model, including fragment  
                                 charge  yields, isotope yileds, various fragment correlations.  



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. 
 (V. Föhr, et al., Phys. Rev. C 84, (2011) 054605) 
 
Experimental data are well reproduced with statistical calculations in the SMM–ensemble . 
To reproduce the FRS data symmetry energy term is reduced as shown in the table. 
We have also  found a decreasing trend of the symmetry energy with increasing charge  
number, for the neutron-rich heavy fragments resulting from 124Sn projectile. 
H. Imal, A.Ergun, N. Buyukcizmeci, R.Ogul, A.S. Botvina, W. Trautmann, C 91, 034605 (2015) 

Symmetry-energy coefficients. 



Hypernucleus 
Discovery of a Strange nucleus: 
Hypernucleus 

above the ground. exposed to cosmic rays at about 26 k 

10-12 star. Time taken ~ sec (typical for weak decay) 

hyperfragments or hypernuclei. 

 

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

First-hypernucleus was observed in a stack of photographic emulsions 
 

J.P                        M.D  

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 =>  9α + 11H + 1 ΛX 
 

The fragment  ΛX disintegrates  later , makes the bottom 

 

This particular nuclear fragment, and the others 
obtained afterwards in similar conditions, were called 



multifragmentation in intermediate and high energy nuclear reactions 
   + nuclear matter with strangeness      

 Λ hyperons captured 

   production of hypermatter 

hyperfragments 

   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  
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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



𝑌𝑌𝐴𝐴𝑍𝑍𝐴𝐴 = 𝑔𝑔𝐴𝐴𝑍𝑍𝐴𝐴𝑉𝑉𝑓𝑓
𝐴𝐴3 2⁄

𝜆𝜆𝑇𝑇3
𝑒𝑒𝑒𝑒𝑒𝑒 −

1
𝑇𝑇

(𝐹𝐹𝐴𝐴𝑍𝑍𝐴𝐴 − 𝜇𝜇𝐴𝐴𝑍𝑍𝐴𝐴)  

𝐹𝐹𝐴𝐴𝑍𝑍𝐴𝐴 𝑇𝑇,𝑉𝑉 = 𝐹𝐹𝐴𝐴𝐵𝐵 + 𝐹𝐹𝐴𝐴𝑆𝑆 + 𝐹𝐹𝐴𝐴𝑍𝑍𝐴𝐴
𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐹𝐹𝐴𝐴𝑍𝑍𝑐𝑐 + 𝐹𝐹𝐴𝐴𝐴𝐴

ℎ𝑠𝑠𝑠𝑠 

𝐹𝐹𝐴𝐴𝐵𝐵 𝑇𝑇 = −𝜔𝜔0 −
𝑇𝑇2

𝜀𝜀0
𝐴𝐴 

𝐹𝐹𝐴𝐴𝑆𝑆 𝑇𝑇 = 𝛽𝛽0
𝑇𝑇𝑐𝑐2 − 𝑇𝑇2

𝑇𝑇𝑐𝑐2 + 𝑇𝑇2

5 4⁄

𝐴𝐴3 2⁄ , 

𝐹𝐹𝐴𝐴𝑍𝑍𝐴𝐴
𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛾𝛾

(𝐴𝐴 − 𝐻𝐻 − 2𝑍𝑍)2

𝐴𝐴 − 𝐻𝐻
 

mean yield of fragments with mass number 𝑨𝑨, 
charge 𝒁𝒁 ve 𝚲𝚲 − hyperon number 𝑯𝑯 

𝜇𝜇𝐴𝐴𝑍𝑍𝐴𝐴 = 𝐴𝐴𝜇𝜇 + 𝑍𝑍𝑍𝑍 + 𝐻𝐻𝐻𝐻 Liquid-drop description of fragments: bulk, 
surface, symmetry, Coulomb (as in Wigner-
Seitz approximation) and hyper energy 
contributions .   
J. Bondorf et al. Phys. Rep. 257 (1995) 133. 
 
Bethe-Weizsacker formula parameters 

𝜔𝜔0 = 16 MeV, 𝛽𝛽0 = 18 MeV, 𝑇𝑇𝑐𝑐 = 18 MeV 

𝛾𝛾 = 25 MeV, 𝜀𝜀0 ≈ 16 MeV 

Statistical approach for fragmentation of hyper-matter  

�𝐴𝐴𝑌𝑌𝐴𝐴𝑍𝑍𝐴𝐴
𝐴𝐴𝑍𝑍𝐴𝐴

= 𝐴𝐴0, �𝑍𝑍𝑌𝑌𝐴𝐴𝑍𝑍𝐴𝐴
𝐴𝐴𝑍𝑍𝐴𝐴

= 𝑍𝑍0, �𝐻𝐻𝑌𝑌𝐴𝐴𝑍𝑍𝐴𝐴
𝐴𝐴𝑍𝑍𝐴𝐴

= 𝐻𝐻0 Chemical potentials are from mass, charge and 
hyperon number conservation  𝜇𝜇, 𝑍𝑍 ve 𝐻𝐻 

𝐹𝐹𝐴𝐴𝐴𝐴
ℎ𝑠𝑠𝑠𝑠 = 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠

ℎ𝑠𝑠𝑠𝑠 = 𝐻𝐻 ⋅ −10.68 + 48.7 𝐴𝐴2 3⁄⁄      C. Samanta et al. J. Phys. G, 32 (2006) 363.  

𝐹𝐹𝐴𝐴𝐴𝐴
ℎ𝑠𝑠𝑠𝑠 = 𝐻𝐻 𝐴𝐴⁄ ⋅ (−10.68𝐴𝐴 + 21.27𝐴𝐴2 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. Thestatistical 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 leveldensity 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), thesymmetry (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 thefragments is described within theWigner-Seitz approximation, and FCAZ 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 thefraction of hyperons in the system (H/A). The second partrepresents the volume contribution reduced by the surface termand thus resembles a liquid-drop parametrization based on thesaturation of the nuclear interaction. The linear dependence ata lowH/A is in agreement with theoretical predictions [3] forhypermatter.The breakup channels are generated according to theirstatistical weight. In the grand canonics this leads to thefollowing 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 thermalwavelength, andmN is the average nucleon mass. The chemicalpotentials 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 forfragments with different strangeness contents. This meansthat the multifragmentation of excited hypernuclear systemsproceeds in a differentway compared with conventional nuclei.The reason is the additional binding energy of hyperonsin nuclear matter. It was also shown that the yields offragments with two _’s depend essentially on the bindingenergy formulas (i.e., on details of _N and __ interactions)used for the calculations [11,25]. Therefore, an analysis ofdouble hypernuclei can help to improve these mass formulasand reveal information about the hyperon-hyperon interaction.In Ref. [26] the decay of light excited hypersystems wasconsidered within the framework of the Fermi breakup model.It was also concluded that the production rate of single anddouble hypernuclei is directly related to their binding energy.In thiswork we extend our analysis to systems containing up tofour hyperons, which may be produced during the dynamicalstage of relativistic heavy-ion collisions [16,23].
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Hyper fragment distributions (Λ=1) for different excitation energy   

Botvina et al. PhysRevC 94 054615 (2016) 





Botvina, Buyukcizmeci, Ergun, Ogul, Bleicher, Pochodzalla PhysRevC 94 054615 (2016) 



Botvina, Buyukcizmeci, Ergun, Ogul, Bleicher, Pochodzalla PhysRevC 94 054615 (2016) 



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

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

𝑌𝑌𝐴𝐴𝑍𝑍𝐴𝐴 = 𝑔𝑔𝐴𝐴𝑍𝑍𝐴𝐴𝑉𝑉𝑓𝑓
𝐴𝐴3 2⁄

𝜆𝜆𝑇𝑇3
𝑒𝑒𝑒𝑒𝑒𝑒 −

1
𝑇𝑇

(𝐹𝐹𝐴𝐴𝑍𝑍𝐴𝐴 − 𝜇𝜇𝐴𝐴𝑍𝑍𝐴𝐴)  

𝜇𝜇𝐴𝐴𝑍𝑍𝐴𝐴 = 𝐴𝐴𝜇𝜇 + 𝑍𝑍𝑍𝑍 + 𝐻𝐻𝐻𝐻 

𝐹𝐹𝐴𝐴𝑍𝑍𝐴𝐴 𝑇𝑇,𝑉𝑉 = 𝐹𝐹𝐴𝐴𝐵𝐵 + 𝐹𝐹𝐴𝐴𝑆𝑆 + 𝐹𝐹𝐴𝐴𝑍𝑍𝐴𝐴
𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐹𝐹𝐴𝐴𝑍𝑍𝑐𝑐 + 𝐹𝐹𝐴𝐴𝐴𝐴

ℎ𝑠𝑠𝑠𝑠 

𝐹𝐹𝐴𝐴𝐴𝐴
ℎ𝑠𝑠𝑠𝑠 = 𝐻𝐻 𝐴𝐴⁄ ⋅ (−10.68𝐴𝐴 + 21.27𝐴𝐴2 3⁄ ) 
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The difference of binding energies of 
hyperons in nuclei extracted from the double 
yield ratio (ΔEbh) divided by the temperature 
T versus the mass number difference of 
these nuclei ΔA, 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. 

single    double     triple 

Figure1 



The difference of binding energies of hyperons in nuclei (ΔEbh)  versus the mass number 
difference of these nuclei ΔA 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 Δebh according to the adopted hyperfragment formula  at T=0 and V →∞  

Figure2 



Figure3 
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. 



Influence of the secondary deexcitaiton on the difference of binding energies of hyperons in 
nuclei (ΔEbh) as function of their mass number difference of ΔA 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 ΔEbh  and  ΔA 
after the deexcitation evolution of many nuclei leading to the same daughter ones. 

Figure4 
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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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