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The probability of a compound residual hot hypernucleus formation at the end of pre-equilibrium phase of
high energy photonuclear reactions is calculated with a time dependent Monte Carlo Multicollisional Cascade
(MCMC) approach. The emission of hadrons during the rapid phase of the reaction is discussed and char-
acteristics of the residual nucleus are obtained. Results for mass and charge distributions of the formed hot
hypernucleus are shown and its excitation energy is discussed.

A renewed interest in the subject of strangeness pro-interaction model. First, a rapid intranuclear cascade is de
duction in proton-nucleus, pion-nucleus, and kaon-nucleusveloped through a sequence of hadronic binary collisions
reactions appeared since the observation of hypernucleusSubsequently, the hot residual nucleus slowly reaches its f
bound states for some nuclei such}dB, }2C, 38Si, %Y, nal configuration through a sequence of particle-evaporatiol
139La, 208Pp,299Bj, and338U [1-7]. The energy level den-  processes in competition with the residual-nucleus fissior
sity, branching ratio of non-mesonic to mesonic decays, andprocess.
hypernucleus lifetime have been investigated. Another im-  We have shown that quasi-free kaon production in pho-
portant subject is the effect of the Pauli exclusion princi- tonuclear reactions can be an important issue to determir
ple on the suppression of mesonic decay in favor of the the strangeness content of the residual nuclei at the er
non-mesonic decay of hyperons, mainly for heavy target of the rapid cascade phase[15]. These reactions permit |
nuclei. Moreover, the many-body re-scatteringV also  study thein-mediumeffects on the photonuclear absorption
contributes to the thermalization of the hyperon, and in- and the strangeness-production mechanism. The many-bo
creases its probability of being confined in the nuclear envi- cascade calculation proposed in Refs.[15, 16] for the rapic
ronment [6, 7]. Indeed, static calculations based on studiesphase of the photonuclear reaction takes into account the db
of the hyperon-nucleon potential[8, 9], chiral perturbation namical evolution of the multicollisional processes. The dy-
theory [10], and statistical models[11] have provided some namical characteristics of the MCMC calculation allow for
insight on the properties of hypernuclei such as their massa time-dependent analysis of the rapid and pre-equilibriurn
shifts, wave functions, fissioning path, and attachment prob-phases within a single theoretical approach, in contrast witl
abilities of hyperons in nuclei. standard calculations [12, 17, 18]. The final residual-nucleu:

Theoretical and experimental interest in photonuclear configuration at the end of the rapid phase is the starting
kaon-production reactions has grown from the observationpoint for the subsequent evaporation phase of the photont
of new nuclear\-bound states, which have been experimen- clear reaction. The excitation energy of the residual hyper
tally detected through the excitation of the target nucleus nucleus is determined taking into account the energy distri
by incident photons with energy in the range 0.8-1.4 GeV bution of bound baryons at the end of the pre-equilibrium
[4, 12]. Also, new phenomena related to the inclusion of a phase. The distribution is fitted to a finite temperature Ferm
A in the nuclear structure, such as the halo effects [13], havedistribution, from which the diffusion parameter is extracted
been observed. A typical examplefigle which is bound  as the nuclear thermal excitation. Excitation energy can b
by 0.17 MeV against the breaking infHe + n[13], be- obtained considering events with pion and kaon production
ing 3 He unbound by 0.89 MeV above the thresholdéte as well as for events with only kaon production. This subject
— « + n reaction. Another example is tHeC, which can is discussed in our previous work (see Fig.4 of Ref. [15]).
be thought of as a-particle attached to th&C nucleus, Pion and kaon production occurs only during the rapid
and theA-boundp-states are 11 MeV above thestate. By  phase of the photonuclear reaction. They are accompanie
measuring the spin-orbit splitting, and the gamma emissionby energetic baryons escaping from the formed excited nu
during the transitiopp — s, one can obtain information on  clear system. With MCMC approach we are also able tc
the signature of the hypernucleus existence [14]. discuss pion and kaon multiplicity, their spectra near anc

In the photomesonic energy region, the gamma-nucleusabove the threshold, as shown in [16, 19, 20] and reference
reaction has been explored in the framework of a two-steptherein. The existing amount of data for pion production al-
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lowed us to fix some parameters of the MCMC calculation, the characteristic exponential law. Finally, the cross sec
giving us confidence on the results offered by the developedof the pion absorption process [EqQ. (8)] has been taken
approach and code. With the purpose to study kaon pro-a Breit-Wigner distribution function, scaled by the ma
duction, strange particle processes were introduced in themum experimental value for the inelastic cross sectiol
MCMC. The result of this extended model was confronted the pion-nucleon reaction [26]. We have also considerec
with the available experimental data for carbon, presentingelastic process hyperon-nucleon, Eq. (9), whose cross
a satisfactory agreement (Fig 3. of Ref. [15]). Since the tion has been taken from reference [27]. The inclusio
MCMC model is designed for intermediate and heavy nu- these two processes is indeed relevant to the thermaliz
clei, the above result stimulated us to extract results for hy- of the hyperon energy, as will be discussed later.
pernucleus formation using carbon and heavier targets. We  The baryons in the target nucleus are confined with
determined the hot residual hypernuclei configuration at the potential well with a characteristic depth Bk = 43 MeV
end of the rapid and pre-equilibrium phase of the reaction. for nucleons, andy = VN/3 for hyperons. The binding
These results can not be directly compared with experimen-energy effect on the baryon kinematics is included by ¢
tal data. However, this is an important and necessary stepsidering effective masses,y anduy, in the dispersion re
to be used as input to the nuclear evaporation phase, givingation for bound baryons

final predictions to experimental data.

The nuclear reaction starts with the primary photonu- E2=p%+ 42. (10)
clear interaction producing pions or kaons in the following Lo !

channels: . . . .

During the time evolution of the cascading system,

YyN — N, (1) prolcz_sseshof r:reflection agd re;rgctLon o_f boun_d baryc_)n

including the hyperon produced in the primary interactiol

YN o= f —rr N, 2) on the nuclear potential surface [19, 28] are taken into

TN — KTY. ®) count. The hyperon produced in the primary interaction

capes from the nucleus whenever its kinetic energy is hil
than the Coulomb barrier or when the hyperon tunnels
Cbarrier. Otherwise, the hyperon is kept bound until the
of the rapid and pre-equilibrium phases of the photonuc
reaction.

The Pauli exclusion principle is included in the pres

Direct one-pion production is introduced through Eg. (1).
The production of two pions is mediated by a delta reso-
nance, Eqg. (2). Cross sections for these two photomesoni
processes have been taken from Ref. [21]. The kaon pro-
duced through Eq. (3) is accompanied by a hyperon\ 61

¥)); the cross section for thep channel has been taken from

Ref. [22]. Due to the lack of experimental information, the Calculation by using the same prescription of our eal
cross section for the-n reaction producings* has been works [15,16], where collisions with relative kinetic ener

considered equal to that one for thep interaction with the ~ Smaller than the Fermi energs(t collisiong are forbidden.
same total isospin in the final statg— K+3°. In the en- We emphasge that .thIS prescription has been qsed forl
ergy range of interest, the energy dependence of the experilhe baryons in th_e final state of baryon-baryon interact
mental cross sections of thep interactions is parametrized and the nucleon in the final state of the delta-resonanc:
by fifth-degree polynomials (see Ref.[15]). cay. _The nucle_on scattereo! in the primary interaction is
Following the primary~-nucleon interaction, the cal- réquired to satisfy the Pauli exclusion principle.

culation scheme tracks the sequence of binary collisions It is important to remark that the medium effect

among the particles of the overall system [19,20]. Hyper- baryon propagation is represented by the simultaneou
nucleus production and its thermalization are studied by in- tion of the following ingredients introduced into the Mor
cluding the following elastic and inelastic elementary pro- Carlo simulation: a) the Pauli blocking to baryon-baryon

cesses in the multicollisional intranuclear cascade model:  dividual collisions described above; b) changes in the k
matic relation of baryon-baryon collisions, due to the us

B1B, — BjB, 4) an effective mass parameter (introduced to take into acc
NN — NA, (5) mean field correction for binding baryons mass); c) tr
NA — NN ©) sients change at nuclear surface represented by the con

’ potential well together with the coulomb barrier for chare

A — 7N, () baryons at geometric boundaries of the nucleus. Du
N — A, 8 its propagation along the nuclear medium the hyperon
AN — AN, 9) fers successive binary collisions, which are less blocked

have only one nucleon in the final state) in comparison \
whereB; and B stand for baryons in general, ahddstands a successive nucleon-nucleon collision (with two nucle
for nucleons. The cross sections for the baryon-baryon elas-being blocked) along a nucleon propagation with same
tic processes [Eq. (4)] are taken from reference [23]. For theergy. Mean free path is smaller for hyperons than for nu
delta-formation process [Eq. (5)], the VerWest parametriza- ons propagating in the nucleus. Consequently, the hyp
tion of the cross sections [24] has been used, while the ex-excitation energy is redistributed to the medium partic
tended detailed-balance relation of Refs. [20, 25] has beeneasier than in the case of excited nucleons, increasin
used for the inverse process [Eq. (6)]. The lifetime associ- chances of low energy hyperon formed in the primary in
ated with the delta-resonance decay, Eq. (7), is governed byaction to be kept in the hot residual nuclear system form
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The main purpose of the present work is to discuss the number of events in which hyperons are produced but nc
hypernucleus formation in-nucleus reactions at incident hecessarily are bound in the residual nucleus;x. The
energies in the range 0.8-1.4 GeV. We first concentrate at-ratio My /My k, shown in Fig. 1-b, decreases with the pho-
tention on estimating the chances for hypernucleus forma-ton energy. As already asserted when discussing Fig. 1-
tion in these reactions. In order to have this estimate we by increasing the incident energy the number of bound hy
define the inclusive probability of hyperons to be incorpo- perons does not follow the number of produced hyperons
rated to the residual nucleus at the end of the rapid reactioni-€., although more hyperons are formed, many of them ar

phase as not kept bound in the residual nucleus. Regarding the targe
S Ny(Z,A) nucleus mass, the ratitly /My k is, in general, larger for
Py = Nr ) (1) heavy nuclei than for light ones. The baryon-baryon multi-

collisional processes reduce the hyperon kinetic energy (ds
creasing the probability of its direct ejection from the nu-
clear medium), so the increase of the number of nucleon
in the target increases the probability of the hyperon to b
bound in the residual nucleus. At energies close to the hy
peron photomesonic threshol@{ lower than 850 MeV),

it is very hard to obtain statistical convergence by Monte
Carlo calculation for the ratid/y /My . However, hyper-

ons formed at threshold are almost at rest and the probabili
of being bound is near to one. In Fig. 1-b we connected th
0.04 extremes _of the ca_lcula_ted curves to the value one on tt

. U L L ' vertical axis by straight lines, to give the trends.

- . We previously showed that the hyperon production ir
the primary interaction suppresses the ejection of nucleor

whereNy is the number of residual hypernuclei with charge
Z and baryonic numbed occurred afteiNg events gener-
ated in the Monte Carlo simulation of the photonuclear re-
action. In Fig. 1-aPy is displayed as a function of the inci-
dent energy fory-carbon (solid line);y-neon (dashed line),
~-calcium (dotted line), ang-nickel (dot-dashed line) reac-
tions. Asiitis clear from Fig.1-a, this quantity increases with
incident energy, being steeper for heavier nuclei.

0.03 ¥ - Carbon 7 by the target nucleus [16]. A stronger suppression is ex

L T 77 ¥-Neon 2 pected to occur when the hypernucleus production take

>~ | 7 Y - Calcium ,;//// place. Therefore, it is important to investigate the residual
S 0.02— — - y-Nickel ',//,’ = nucleus mass and charge distributions at the end of the rap
| i N phase of the reaction. These distributions are relevant t

,,,/" the evaporation phase of the photonuclear reaction, and tl

001+ /” — number of baryons in the nuclear matter is determinant i

& (a) deciding the clustering-fissioning path chosen by the sys

i . i tem. Also, due to the low kinetic content of the bound hy-

0 R NN NI peron, we expect that this hyperon, once kept bound in th

rapid phase of the reaction, will not be able to escape fror
the nuclear mean field during the evaporation phase.
Finally, in Fig.2 we show the residual nucleus distri-
butions in the (Z,A)-plane fory-Carbon (first row),~-
Aluminum (second row), ang-Nickel (last row) at 1.2 GeV
incident photon energy. In the first column it is shown the
distribution for inclusive meson production events (either ¢
pion or a kaon is produced in the primary interaction). In the
middle column we show distributions taking into account
only events with hyperon production in the primary inter-
action, however without considering if the hyperon is kept
bound or not. In the last column, it is shown the distribution
for events in which the hyperon is maintained in the nuclea
800 1000 1200 medium until the end of the pre-equilibrium phase, e.g.
E [I\/Ie\/] events with a hot hypernucleus formed. Considering dis
Y tributions in each row (although presenting different spread
Figure 1. Hypernucleus multilicity (a). andfy/M,.. ra- ing) they have roughly the same centroid (whose Io_cat|0|
tiog (b), as a fiﬁction of incidenrt) en}éréy)deC(W},/KJ’fZSolid depends on t_he _phOton 'n(_:'dent energy). Conceming th
lines),2°Ne(y,k ) (dashed lines}°Caf, K *) (dotted lines), and N€ight of distribution peaks in the last two columns, we note
38Ni(y,K 1) (dot-dashed lines) reactions. In (b) the short dashed that fory-Carbon andy-Nickel reactions approximately 1/2
lines linking the curves to the vertical axis do not result from cal- of formed hyperon in the primary photon interaction left the
culation (see text for more details). nucleus during the pre-equilibrium phase. This fraction is ar
intricate function of target mass and photon incident energy
Another important quantity to be explored is the ratio being reduced to 1/3 when comparing the two columns fo
of the number of events with bound hyperoiig,-, to the ~-Aluminum reaction (second row in Fig. 2).
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Figure 2. Residual nucleus mass and charge distributions-€@arbon (first row);y-Aluminum (second row), ang-Nickel (last row) at
1.2 GeV incident photon energy. In the first column we display results for events inclusive in meson production (either a pion or
produced in the primary interaction). In the middle column we show distributions of mass and charge considering only events witt
production in the primary interaction, however disregarding if the hyperon is kept bound or not. In the last column the distribution f
having a bound hyperon formed at the end of pre-equilibrium phase of the residual hot nucleus. The results in columns are 1
respectively, by 19, 2 x10%, and 2 x 10.
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