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Statistical descriptions of nuclear decay

A.S. Botvina
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Russia

¢ 1. Development of the statistical approach for descnptlon of equilib-
rium stages of the nuclear reactions

e 2. Statistical multifragmentation models and their results

o 3. Comparison of experimental data with the statistical models and
extraction of relevant physical information

e 4. Applications of statistical nuclear multifragmentation and its con-
nection with other physical processes



Statistical approach in nuclear reactions:
conception of equilibrium

Preequlibrium emission
+ equilibration

Intermediate energy collisions

evaporation fission multifragmentation
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FIG. 4. Upper panel: decay channel probability as a function of
the excitation energy, corrected for detector efficiency. The hori-
zontal errors correspond to the excitation energy bin width; the
vertical ones represent two assumptions regarding the detector effi-
ciency. Lower panel: comparison between 8 GeV/c 7~ +'¥7Au re-
actions and central heavy-ion collisions. The shaded area corre-
sponds to the ISiS expansion energies extracted with SMM at 3V
(upper limit) and 2V, (lower limit). The dashed line summarizes
the expansion energies extracted in central heavy-ion collisions
with various assumptions regarding the source characteristics. See
[5,6,14,15] for more details.
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Fig. 3.1. The qualitative representation of different contributions to the total energy of a nuclear system undergoing
multifragmentation versus its radius R. The sum of surface and Coulomb energies has a characteristic bechaviour with a

potential barrier. :
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Fig. 2.2. Schematic classification of statistical ensembles used for describing break-up of the nuclear system with mass
number Ayp, charge Zo and total energy Ep in a volume V.
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Ave,rm?e 'mu%f}b&ui}, of fragments with mass number
A and oAarge Z (IRBondorf et ol., Pk/y,s./?%b.g_‘{{_" (1995)) :

(NpD= g4z _%’% A% exp[- L (Fag (TP)-pA-D2)]
where T - fe#n})a‘a.fu.re, AT - thermal We&ngf}l)
74; ‘dlg’e.nwy) Faz -_chicran ﬁ'ee(mr?? a.,f the
fmgmewé} Vf - “free’ volume , M ano{ O - chemical
Potmét:q,fs_ m/yoﬁsié& ﬁr cg\au'j,e owmol Mmoss con.ferva:éhn.

The oﬁmtrge estributoon of —fm'?ménts with goven A
(AS Bstvina ot al. Nuel Pltj(f-s, A4?5 (198%) €63) :

Na(2) ~ exp[-(z2-za)72(64)] |

the c}zow-?c dispersion :
S: = AT/8y" .

_ (4y+V)-A
Zar = 8y +2c-A*3 7

Where  y 2 25 MeV - the symmetry energy coefficiemt,
c= (3/5)-(e3/ro) (1 —(f/Po)’®) ~ Coulort enecgy
pa,rme:&or' in W-‘,g,ncr— Sectz ajb/brﬂ}tdma.éo"m ,

P -the nuclear MVLS:}Z{}. ot freeze-ou k.
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FIG. 1. Entropy S /4 of the compound nucleus (dot-dash) and of the °
multifragment nuclear system (solid curve—x = 0.1 and dashed curve—
% = 1.0) as functions of the temperature 7. The calculation was made for
a nucleus 4, = 220, Z, == 86 with a parameteér &, = 16 MeV.
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Fig. 5.5. Survival probability of the compound-nucleus Weomp versus the excitation enérgy of the decaying system with
Ag = 100, Zy = 44. The solid curves correspond to the microcanonical calculation with the & = 16 MeV and different
values of x given in the figure. The dashed curve shows the canonical calculation with €g'= 16 MeV and x = 2. The
dot-dashed curve is the microcanonical calculation with € = 40 MeV and k= 2.
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Fig. 5.4. Microcanonhical calculation of the M-fragment break-up probability W(M) for the system with Ag = 100 and
Zy = 44, The numbers near the curves give the excitation energy in MeV/nucleon. The parameters: g = 16 MeV and x = 2.
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Fig. 5.6. Average multiplicity of fragments (N,) versus the fragment mass A for the system with Ap = 100, Zy = 44. The
excitation energies are shown in the figure. The solid and dashed histograms are respectively microcanonical and camonical
calculations. Solid curve is macrocanonical calculation.
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Statlsncal multifragmentation in central Au + Au collisions at 35
MeV/u

10 20 230 40 50

Fig. 1. Charge distribution N(Z). Points show experimental data
and lines show results of SMM predictions for sources with pa-
rameters A; =343, Z; = 138, E; /A = 6.0 MeV, gy = py/3 (pan
a)) and A; =315, Z; = 126, £] /A = 4.8 MeV, Eggu/A = 08
MeV, p; = py/6 (part b)). Dashed curves are the unfillered cal-
culations and solid curves are the fillered ones. The dot-dashed
and dotted curves represent filtered calculations for thermal exci-
tations E; A+ 1 MeVfu and E} /A — | MeV/u, respectively.
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Fig. 4. Two lation fi I 4 R(ueg) for
3<z‘<30ms°<9..,.<23° (parta)) and for3< Z < 10
and 23° < fiy < 40° (pant b)). Full points show experimen-
u.l data. The solid and dashed lines are SMM predictions for
= po/3, and p; = pp/6 {other source paramemsasm Fig. 1).
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Fig. 3. Mean centre-of-mass kinetic coergy per nucleon, (E/A),
as a function of the charge Z, for fragments emitied at
B =90° L 10° (leR panel) and (for Z =6, 10, 14} as a func- |
tion of fom (right panels). Points give the experimental values of
{E/A) and vertical bars give the standard deviations AE/A of the
distributions. The solid and dashed lines are SMM predictions of
(E/A) (in the left panel show the two values (EfA) £AE/A) for '

5= pof3, and p; = po/6, respectively (other source parameters
ISI.IH‘.I) Thwmgcksh:mmdwbﬁminmh
right panel
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Fig. 2. Charge distribution of the six heaviest fragments, sedered
such as Z; > Zi if i < k. Experimental dala are shows by
points, the solid and dashed curves show the results of SMM
caleulations for oy = po/3, and p, = po/6, respectively {osleer
source parameters as in Fig. 1),
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Two-stage multifragmentation of 14 GeV Kr, La, and Au

FIG. 24. Second stage fragment charge distribution as a function
of ZIZ ppeciiie- Results are shown for three reduced multiplicity

intervals for both data and SMM.
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FIG. 7. Size of the largest fragment as a function of E} for Kr,

La, and Au from data and SMM.
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Au(600 MeV/n) + C, Al, Cu

Zpy

Fig. 7.13. Mean IMF multiplicity (Miac), maximum fragment charge (Zass), first (Aiz) and second (4z) fragment asym-
metries (see text) versus the bound charge Zs3 in the reaction Au(600 MeV/nucleon) + Cu [189].
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Fig. 3. Measured N/Z (top) and mean value (N/Z) (bottom) as a function of the atomic sember Z
of projectile fragments from the reaction '%7Au + Cu at E/A = 600 McV. The lincs in the top pamel
represent the valley of stability according to the Weizsiicker mass formula (long dashed) and dhe FPAX
parameterization [16] (short dashed). In the bottom pancl, the experimental data arc gives by e open
circles and the prediction of the statistical multifragmentation model by the histogram.
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Z. Phys. A 359, 397-406 (1997)

401

0O 20 40 60 80 100 120 140 160 180 200

Fig. 8. Excitation energy E.. /A as a function of the mass A for the ensembile
of excited spectator nuclei used as input for the calculations with the statistical
multifragmentation model. The area of the squares is proportional 0 the
intensity
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Au(G600 MeV/n) + Cu
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Fig. 7.14. Differential distributions of \megmntaﬁon events in the reaction Au(600 MeV/nucleon) + Cu [189): in the IMF
multiplicity for events with ag-al-@{upperpad);mnnmmummfmgummz.. for cvents with My = 4
(middle part); in the first fragment asymmetry Az for events with Zsy = 31-40 (lower part).
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Principal component analysis
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Fig. 4. Source variable correlated distributions S, (E*, A) for (a) the SMM model and (b) the Gemini
model, corresponding to the ALADIN sample of events. The mass of the parent nuckcss is demoted by A and
its excitation energy by E*. The observable CPDF used in the backtracing procedure is O ( Zga, M).
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FIG. 5. Isoscaling p (top) and symmetry energy (bottom)

as a function of excitation energy of the fragmenting source for
the **Fe + **Ni and **Fe + **Fe reactions. (Top) The dashed and
the solid curves are the calculated values of & from the primary

and secondary fragment yield distri using SMM, respectively.
(Bottom) Symmetry encrgy calculated using the primary fragment
yield distribution.

' energy Cyym and given as follows (see Ref. [6]):

z: 2
aT=4Cw(A—%—A—§),

where Z;, A; and Z3, Aj are the charge and the mass numbers
of the fragmenting systems. Figure 5 (top panel) shows the
experimentally determined (symbols) isoscaling parameter «
from the reduced neutron density as a function of excitation
energy of the fragmenting system. Also shown in the figure are
the calculated values of the scaling parameter from the primary
(dashed curve) and the secondary (solid curve) fragment yield
distribution using the statistical multifragmentation model.
Within the uncertainties in the input parameters of the SMM
calculation, the decrease in the o« values with ing ing

)
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multifragmentation model and that a high degree of feamal-
ization is expected during the fragment formation, wie awe
attempted to obtain-an estimate of the symmetry emengly Caum
of the primary fragments using Eq. (5). The tenapesatione for
the estimate was determined using the double isotope satie
of the fragment yield [14]. Because the determimation of
the temperature from the fragment yield is also affected by
the secondary deexcitation, a maximum correction of 70%
was applied to be consistent with the previous determination
of temperature ‘for similar reactions (see Ref. [21]). This
correction results in a temperature value of 6-7 MeV emer
the energy range studied. The difference (Z}A)f - (Z)‘Aﬁ
of the fragmenting system was estimated at t = 50 fmc
using the dynamical model calculations [10,17,22] and was
about a 3% lower than the difference in the initial Z/A of
the systems. Within these uncertainties, one obtains Cyyn
between 15 and 20 MeV over the excitation energy range
studied, The estimated values from both the systems, ¥Fe +
*Fe and *¥Fe + %¥Ni, are comparable to each other and
shown by the thin and thick dashed lines in Fig. 5 (bottom).
These observed values are significantly lower than the standard
value of 25 MeV (dotted line) often assumed for a stable
and unexcited nuclei. Furthermore, the symmetry energy is
also observed to decrease slowly with increasing excitation
energy. It should be mentioned that the estimated value of
the symmetry energy is sensitive to the corrections assumed
for the (Z/A)} —(Z/A) in Eq. (5). A lower value of the
(Z/A)} — (Z/A); could raise the value of symmetry energy.
An uncertainity in (Z/A)} ~ (Z/A)} of 30% could increase
the symmetry energy value to about 19-20 MeV. However, it
would require a correction of more than 70% at the highest
excitation energy to reproduce the standard value of 25 MeV.
Such an increase in not supported by any dynamical calcw-
lations and appears unlikely. It thus appears impossible te

. reproduce the standard value of the symmetry energy by amy

means. The data along with the calculations thereby suggests
that the symmetry energy is below 20 MeV and well below
the standard value. The reduced value of the symmetry enengy

‘shows that the primary fragments are not only excited and

peutron tich but also expand to a reduced density when
formed. For higher excitation energies the fragments appear to
expand to even lower symmetry energies. A self-consistent
check of the SMM calculation shows strong variations im
the properties of the primary fragments when Cyyy, is vawiied
in the range 15-25 MeV. Recently [5], it has been shown
that neutron-rich hot nuclei can be produced in stellar ssater

excitation energy is well explained by the calculation once
the secondary deexcitation effect in the primary distribution
is taken into account. Also, the calculated values from the
secondary fragment distribution are not very different from
those calculated from the primary fragment distributions
for the lower excitation energies. However, with increasing
excitation energy and isospin (N /Z) of the system they differ
significantly. More specifically, the scaling parameter o for
the neutron-rich primary fragments produced at excitation
energies greater than 5-6 MeV/nucleon are strongly affected
by the secondary decay effect.

Having demonstrated the fact that the observed scal-
ing parameter is well reproduced by the statistical

between the protoneutron star and the shock front in a type M
supernova explosion. In particular, it has been shown @t a
slight decrease in the symmetry energy coefficient can shiflt dis
mass distributions to higher masses. This property of bot nmchei
could thus be interesting to investigate for understanding e
relative abundance of elements in the core collapse supermoime

explosion.

VL. CONCLUSION
In conclusion, we have studied the isotopic properties

" of the primary and secondary fragment yieM distribation

using the reduced nucleon densities in melfragmeatation



Development of the statistical
multifragmentation model (SMM).

Grand Canonics: density of fragments with mass A and charge
Z in nuclear matter

V; A3/2 1
(paz) = gazvfﬁ exp {—? (Faz — pA — fZ)] (1)

Total density p = M/V = £(paz), M is number of nucleons
and V is volume of the system. The 'free’ volume Vy =~ V.

gAz is the degeneracy of fragments, Ay = ((2«?%2)/(mNT)}H2 is
the nucleon thermal wavelength.

u and £ are the chemical potentials for the nucleon number
and charge conservation in the system.

Free energy of fragments:
Faz = Fiy + Fi; + ES; + Ej7
Bulk energy: F%, = (=Wp — T?%/e) A,
Wy = 16 MeV is the binding energy of nuclear matter, and
€p = 16 MeV is the inverse level density.
Surface energy: F35, = BoA¥3((T2? — T?) /(T2 + T?))%/4,

By = 18 MeV is the surface coefficient, and T, = 18 MeV is the

critical temperature of nuclear matter.

Coulomb energy: ES, = cZ?/A'3,
in the Wigner-Seitz in the case of electro-neutrality
¢ = (3/5)(e*/r0) (1 — 1.5(p/po)*/® +0.5(p/ po)), With ro=1.17 fim.
Symmetry energy: E3y" = v(A —2Z)*/A,
v = 25 MeV is the symmetry energy parameter.



Reactions with leptons, in equilibrium:
e +p—>n+ i)e
et+n—-p+7,

(and inverse reactions, also with all nuclei)

Including electrons.
density of electrons: p, = pe- — pe+

charge conservation (electro-neutrality): ¥ p4zZ = p,
share of electrons: Y, = p¢/p

equilibrium: g, = —§

Relativistic degenerate electron gas:
_1 “e)3[ -2(22 3 24)]
pe—3?r2 (ﬁc 14 p “ (7T 2m¢c

Including electron neutrinos.
density of neutrinos: p, = p,,— ps,
conservation of leptons: Yy = (pe + pv)/p = const
equilibrium: g, — p, = —¢

1 ()2 —-2_2m2
o= () orsorr]

Self-consistent calculation of all densities p4z, pe, and p, !
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Application of statistical models of nuclear multifragmentation:

e Hybrid calculations of particle transport in complex matter: nuclear transmutation
(environment), electro-nuclear breeding (new methods of energy production), pro-
ton and ion therapy (medical research), radiation defense of space detectors (space
research). The process of multifragmentation take as much as 10-15% of the total
cross section in high-energy hadron-nucleus reactions, and much more for high-
energy nucleus-nucleus collisions. Multifragmentation can be a dominating channel
for production of some particular isotopes.

e As part of investigation of the phase diagram of nuclear matter: determination of
properties of hot nuclei/fragments (e.g. their symmetry energy) produced in multi-
fragmentation reactions. Influence of surrounding matter on the fragment proper-
ties. Important astrophysical consequences.

e Mathematical methods of statistical multifragmentation can be used for develop-
ment of thermodynamics of finite systems. Links with cluster physics, condensed

matter physics, ...



