Statistical production and binding energy of hypernuclei
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In nuclear reactions of high energy one can simultaneously produce a lot of 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.
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Statistical approach in nuclear reactions:
conception of equilibrium

Intermediate energy collisions Preequlibrium emission
+ equilibration

N.Bohr (1936)

Compound-nucleus decay

Q channels (sequential evaporation
or fission) dominate at low
excitation energy

of thermal sources E*<2-3
/ \ o

starting 1980-th :

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

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




Multifragmentation in intermediate and high energy nuclear reactions

Experimentally established:

1) few stages of reactions leading to multifragmentation,
2) short time ~100fm/c for primary fragment production,
3) freeze-out density is around 0.1p, ,

4) high degree of equilibration at the freeze-out,

5) primary fragments are hot.
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At freeze—out : thermal and chemical equilibrium
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Fig. 7. Mean values of the multiplicity of intermediate-mass fragments (M}, the maximum fragment charge
{Zmax) and of the first and second fragment asymmetries (A12) and {A23) versus the bound charge Zy; for the
reactions "7 Au on C (triangles), Al (squares) and Cu (circles) at E/A = 600 MeV. A threshold of Z 2> 3
was required for all observables. The results calculated for '”7 Au on Cu are given by the histogram.
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Fig. 10. Distributions of of the atomic number Z,.x of the largest fragment within an event for the indicated
values of M;q for the reaction 1“7 Ay on Cu at E/A = 600 MeV. The measured data and the calculated results
are represented by the open circles and by the histogram, respectively.
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Fig. 12. Distributions of the charge asymmetry A of the two largest fragments for the indicated bins of
Z3 for the reaction 7 Au on Cu at E/A = 600 MeV. Events with at least two fragments with Z > 3 have
been selected. The measured data and the calculated results are represented by the open circles and by the

histogram, respectively.
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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. 7 Een 9
(V. Féhr, et al., Phys. Rev. C 84, (2011) 054605) interval v(MeV) v (MeV)
_ _ . o 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. 96-31 21 20
We have also found a decreasing trend of the symmetry energy with increasing charge 39.37 23 19
number, for the neutron-rich heavy fragments resulting from 124Sn projectile. 38-45 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 A\

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

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.




Hyperons: Baryons with Strangeness

Cascade or Xi

Lambda Sigma
C =0=(uss)
0= : ZO: UdS
A=(uds) (uds) m(E°) = 1314.86 +/- 0.2 MeV
0) = - = -
M(A?) = 1115.683 +/- 0.006 MeV. m(x?) = 1192.612+/-0.024 MeV S=-2
S=-1
Quark Symbol charge Strangeness @)@ o8
(e) (S) O _ Q9
Up (u) 2/3 0 =-=(dss)
Down (d) -1/3 0 2—:(dd5)
Strange (S) -1/3 -1 m(Z-) = 1321.71 +/- 0.07 MeV
Charm  (c) 213 0 m(Z) = 1197.449 +/- 0.030 MeV S=.2
Bottom  (b) -1/3 0 S=-1
Top (t) 2/3 0 Omega
lifetimes of ~1x10-10s ®®® %SD
with the exception of X° - =
e 3*(uus) 7=(ss)
whose lifetime is M(Q-) = 1672.45 +/- 0.29 MeV
shorter than 1x10-1 s m(=") :%8_9'317 *h0.07Mev S=-3

lifetime of ~ 8.2x10 s



Why Study Hypernuclei?

A hyperon can be put deep inside a nucleus => No Pauli blocking by the nucleons.

Hence, it can be used as a sensitive probe of the nuclear interior.

* NN interaction 3< Well known from elastic scattering data
*YN, YY interaction 3< \&ry little data

( short lifetime (ct < 10 cm), yield low)
sunified understanding of NN, YN and Y'Y interactions

*sProduction of nuclei-beyond drip lines

ssProduction of exotic multi-strange nuclei — may be without any neutrons and protons!




HYPERNUCLEI & ASTROPHYSICS

*Hyperons may appear at the high density core of the neutron star

At a density of four to five times that of
nuclear matter saturation density p, a

neutron star can become a hyperon star.

“*Theoretical models predict that the
presence of strange baryons in neutron
stars strongly affect their properties, like
Size, mass etc.

+*The effect strongly depends upon the

interactions of strange baryons which is
still very poorly known!

More experimental data needed to
constrain theoretical models.

http://en.wikipedia.org/wiki/Neutron star

J. Schaffner and I.N.Mishustin,
"Hyperon-rich matter in neutron stars".
Phys. Rev.C 53 (1996) 1416-1429.
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Nuclear reactions: production mechanisms for hypernuclei
e+p->e +A+ K*

Traditional way for production of hypernuclei:
Conversion of Nucleons into Hyperons
by using hadron and electron beams

(CERN, BNL, KEK, CEBAF, DA®NE, JPARC, MAMI, ...)

Advantages: rather precise determination of masses
(e.g., via the missing mass spectroscopy) : K+
good for nuclear structure studies ! i ./

K-
Disadvantages: very limited range of nuclei in A and o S B-

Z can beinvestsigated; the phase space of the reaction - —>AA
IS narrow (since hypernuclei are produced in ground
and slightly excited states), so production probability

o 1. Primary production of

Is low; it is difficult to produce multi-strange nuclei. °o— hyperon-anti-hyperon
What reactions can be used to produce oicrma § )
. . . . seconda 203MeV

exotic strange nuclei and nuclei with many target;

atomic
hyperons ? transition 50 AAA

conversion



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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At freeze—out : thermal and chemical equilibrium


Sunan
Sunum Notları
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
AE

1 - :
,mg-_ £XD [_? (Fazm — paze) mean yield of fragments with mass

number 4. charge Z. and A-hyperon
number H
pAaze = Au+2Zv+ HE

AzZH = Q'AE.HTF‘}

F T Vy=FB LS L powym  pC | phyp liquid-drop description of fragments:
Az (L V) =F + FX + F iz +Faz +Fan bulk. surface. symmetry. Coulomb (as in

Wigner-Seitz approximation). and hyper

| T energy contributions

Fi(T) = (-'wu - —) A, T Bondorf et al.. Phys. Rep. 257 (1995) 133

e o 34 . . W aigcs ) .
F3(T) = & ( ;,_; ;?;) A2 parameters = Bethe-Weizsdcker formula:
| o 16 I"ir'IE'*."k'r. .'fn = 18 }‘Ifx\;"? .Tr: = 18 l‘IE“'fr
Fi =1 _f__;zr}_ .7 =25 MeV

o ~16 MeV

Y AYazm =Ap. Y ZYagm = Zo. »  HYazn = Ho.  chemical potentials are from mass, charge
AZH AZH AZH

and Hyperon number conservations
F};}’ = E™p — H . (—10.68 + 48.7/(A%3). -- C.Samanta et al. J. Phys. G: 32 (2006) 363

| (motivated: single A in potential well)
FI¥F = (H/A) - (—10.684 + 21.274%7),

-- liquid-drop description of hyper-matter
A.S Botvina and J.Pochodzalla, Phys. Rev.C76 (2007) 024909


Sunan
Sunum Notları
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].
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Sunan
Sunum Notları
We show experimental data on the separation energy of lambda hyperons in hypernuclei,
Together with our liquid drop approximation and with RMF calculations in these refs.

We see reasonable agreement and reproduction of the main trend: increasing and saturation of
Separation energy of hyperons with mass number of nuclei. Therefore the liquid drop approximation
Can be used for the estimation of single hyper nuclei.

We compare the predictions of the RMF model with our approach for some multiple hypernuclei.
There is a similar agreement in binding energies and reproduction of trend of the increasing binding 
Energy with increasing hyperon number.
İn fig 1 we see that at intermediate and heavy nuclei predictions ot the LD approximation slightly underestimate 
Hyperon binding , by comparison with both data  and RMF.



Break-up of excited
hyper-residues

Normal nucle1 + hypernuclei 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 hypernuclel
can reach beyond traditional
neutron and proton drip-lines
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Double ratio method for hypernuclei

ArxiV:1711.01159v2

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:

A2 1

Yazu=09azu-Vy \2 exp [—? (FA,Z,H — #AZH)] :
T

oz = Ap+ Zv + HE. (1)

Here 7" 1s the temperature, F4 7 1S the Internal free energies of these fragments, V;
1s the free volume available for the translation motion of the fragments, ga z g 1s the

spin degeneracy factor of species (A, Z, H), Apr = (Q?Tﬁg / mNT) 12 1s the baryon thermal
wavelength, my 1s the average baryon mass. The chemical potentials p, v, and &
are responsible for the mass (baryon) number, charge, and strangeness conservation in
the system, and they can be numerically found from the corresponding conservation

SYIm h
Fazn= FY+F+ i+ F, + Fiy

FISP — (H/A) - (—10.68A + 21.27 A%\ MeV

Fy



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 :

E —Fazu—Fa1zm-1 . (4)

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

1
Yazn=Ya1zn-1-Cazn- EKP[—?(EA U f)} (5)
where Cazn = (9az1/9a—121-1) - (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
nuclei) 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 gy z g = 1. Within SMM



We suggest the following receipt for obtaining information 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,—1.2,0-1 10 Ya, 71/ YA, —1.2, 11
we obtain from the above formulae

Ya, z,u/Ya, 12,11
DR = Lo L — o ex:r[ AFE ] 6
i Ya, zom/Ya,—1.2,H-1 At ( AIA?‘) ’ (6)

where
AEAIAE EAgﬁ (7)
and the ratio of the C'-coefficients we denote as

aa A, = Ca,z,1/Crrzo (8)

As one can see from eq.(6), the logarithm of the double ratio is directly pmportion&l

to the difference of the hyperon binding energies in A; and A, hypernuclei, AEP! 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 [Jn(&fhﬂz) - En(DRﬂlAz)] : (9)
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FIG. 1: (Color online) The difference of binding energies of hyperons in nuclei (AEy;) divided
by the temperature 7" versus the mass number difference of these nuclei AA as calculated with
the statistical model at different temperatures typical for multifragmentation reactions. Baryon
composition and temperatures (for groups of curves) of the initial system are given in the figure.
The results for used isotopes (see the text) are demonstrated by different color symbols connected
with lines: Circles (solid lines) are for single hypernuclei, inverse triangles (dotted lines) are for

double hypernuclei, squares (dashed lines) are for triple hypernuclei.
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FIG. 2: (Color online) The modelled difference of binding energies of hyperons in nuclei (AFEyy)
versus the mass number difference of these nuclei AA for single hypernuclei. The statistical calcu-
lations are performed involving the double ratio yields shown in the figure, and for temperatures
T=2 MeV (dashed line), 4 MeV (thin solid line, circle symbols), and 6 MeV (dotted line). The
stars (thick solid line) are the direct calculation of AFE4yy;, according to the adopted hyper-mass

formula (2)—(7) at T=0. The initial parameter of the hyper-nuclear system are as in Fig. 1.

statistical process. As was previously established in multifragmentation studies [41, 42], the

selection of adequate reaction conditions can be experimentally verified.
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FIG. 3: (Color online) The caloric curve (the temperature versus the excitation energy) for the
disintegration of the hyper-nuclear 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. (For hetter view the symbols are shifted slightly along the abscissa axis heing
at the same E*.) The helium-lithium isotope temperature (see the text) calculated within the

standard multifragmentation model are presented by diamonds.
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FIG. 4:  (Color online) Influence of the secondary de-excitation on the difference of binding
energies of hyperons in nuclei AEy;, as function of their mass number difference AA, by taking
single hypernuclei (which are same as in Fig. 2). The calculations of double ratio yields for primary
hot nuclei shown for temperature 4 MeV (dashed line, color circle symbols). The triangles, squares,
and stars are the calculations with modified double ratios after the secondary de-excitation (via
nuclear evaporation) of primary nuclei at excitation energies of 1.5, 2.0, and 3.0 MeV /nucleon,
respectively. The same color symbols show the evolution of the AEy, (starting from the circles)

corresponding to the nuclei evolution during de-excitation. Other notations as in Fig. 2.
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FIG. 5: (Color online) The same as in Fig. 4, however, for double hypernuclei (see the text).



Summary

We have demonstrated that the hyperon binding energies can be effectively
evaluated from the yields of different isotopes of hypernuclei.

The double ratio method is suggested for this purpose. The advantage of this
procedure 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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