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Introduction

Press Release 30.05.2012 21:27
Element 114 is Named Flerovium and

ivermorium

ame flerovium, with
number 114 and the

International Union of Pure for the cleinicit of

and Applied Chemistry

Priority for the discovery of thes ‘ | llaboration between
the Joint Institute for Nuclear Rg¢ ,. LLawrence Livermore
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The name flerovium will honor t N I Reactions where
superheavy elements are synthes < R o 990) — was a renowned
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heavy-ion physics, and founder i | == " Research the
Laboratory of Nuclear Reactions by '

The name livermorium honors tl Laboratory. A group
of researchers of this Laboratory with the heavy element research group of the Flerov
Laboratory of Nuclear Reactions took part in the work carried out in Dubna on the
synthesis of superheavy elements including element 116.
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Searching for the island of stability
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About synthesis of super heavy elements
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The Origin of the Nuclear Energy.

Exothermic Chemical Reactions

Heat is evolved in the chemical reaction in which hydrogen and
oxygen are combined to be water;

(1)

i.e. th reaction in which
heat i e chemical

equat n is written

Name J of heat is evolved.
Anot

Ry -
{5 AULDAY.RU

where one mol of carbon is oxidated t o be carbon dioxide with
producing 394 kJ of heat.



Heat at burning of hydrogen and carbon

The above chemical equations, (1) and (2), are for one mol of hydrogen and
carbon, respectively. In order to compare these chemical reactions with
nuclear reactions, it is convenient to rewrite these equations "for one
molecule". For this, let us divide the heat production by the Avogadro constant

Ny = 6.02 = 10%° mol ™’ leV = 1.60 % 10717 ]
Then they are rewritten as

l
Hy + 5 Oz — Hz0 4 3.0eV (3)

O+ 0y — CO2 + 4.1 eV (4)

Equation (3) means that the process in which two hydrogen and one oxygen
molecules combine to be one water molecule generates 3.0 eV energy
emission. And Eqg. (4) says that, when a carbon atom combines with an oxygen
molecule to be a carbon dioxiside molecule, 4.1 eV energy is released.

As learned before, eV is a unit of energy extensively used in the atomic and
nuclear world. It is the work done on an electron that is accelerated through a
potential difference of one volt. Its value is
We can understand that "the energy evolved from one process of an
exothermic chemical reaction is about 3 or 4 eV".



Exothermic Nuclear Reactions

Nuclei show various types of reaction: For example, one
nuclide splits into two or more fragments. This type of
reaction is called nuclear fission.

Contrarily, two nuclides sometimes combine with each
other to be a new nuclide. This type of reaction is called
nuclear fusion.

There are many other types of reaction processes; they are
generally called nuclear reactions.

Among these various types of nuclear reactions, there are
some types of exothermic reactions which are sometimes
called "exoergic" reaction in nuclear physics.



Cold fusion-fission reaction

First controlled "atom smasher’ experiment by Cockcroft
and Walton.

'p+ LLi — SHe +3He

m,=7.239 MeV, m;=14.908 MeV,
Q=173 MeV. m_ =2.424 MeV

Incoming proton had energy of 0.125 MeV.

First direct experimental check of E=mc?



Exothermic reactions

Where is the exothermic heat energy coming from?

The heat comes from the energy stored in the nuclear
binding energies of the reactant nuclei. The binding
energies of initial nuclei are greater than the energy
stored in the binding energies of the reaction products.

In endothermic reactions, the situation is reversed: more
binding energy is stored in the reaction products thanin
the reactants nuclei.



Exothermic Nuclear Reactions

The nucleus of deuterium atom is called deuteron which consists of
a proton and a neutron. It is represented by a symbol "d". The
nuclear reaction in which two deuterons bind with each other is an
example of nuclear fusion. This exoergic reaction is written as

d+d — 3He 4+ n 4+ 3.27 MeV (5)

If a neutron is absorbed in the uranium-235 nucleus, it would split
into two fragments of almost equal masses and evolves some
number of neutrons and energy Q. One of the equations for the
processes is written

35T a7 07 1~ ‘ u %y
U+n— SiBa + 9Kr 4+ 2n+Q (6)

This is an example of nuclear fission.
Here it is quite interesting how much the amount of the energy
emission Q is. It must be about 200 MeV.

l
Hy + 5 Oz — Hz0 4 3.0eV (3)

O+ 0y — CO2 + 4.1 eV (4)

The nuclear reaction energy is million times more than energy of chemical reactions !



Nuclear Power in the World Today
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Part of the nuclear power stations in
world electricity production.

Over 60 further nuclear
power reactors are under
construction, equivalent to
Coal 40.8% 17% of existing capacity,
while over 150 are firmly
planned, equivalent to 48%

World Electricity Production 2008 g%

Other 2.8% Gas 21.3% '
Oil 5.5% of present capacity.
Nuclear 13.4%
Hydro 16.2%

Total: 20,269 TWh

Source IEA Electncity informahion 2010
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Nuclear Electricity Generation

Nuclear Electricity Generation 2010 O
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Analogies of four basic chemical and nuclear reactions
types: synthesis, decomposition, single replacement
and double replacement.

A + O — AYB synthesis
Q0O L A - O decomposition
QO+ O mr QO + @ singlereplacement
DO+ GO mh OO + O) doublereplacement



Sources of atomic energy

An absorption or release of nuclear energy occurs in nuclear reactions or
radioactive decay.

Those that absorb energy are called endothermic reactions and those that
release energy are exothermic reactions. Energy is consumed or liberated
because of differences in the nuclear binding energy between the
incoming and outgoing products of the nuclear reactions.

The best-known classes of exothermic nuclear transmutations are fission
and fusion. Nuclear energy may be liberated by atomic fission, when
heavy atomic nuclei (like uranium and plutonium) are broken apart into
lighter nuclei. The energy from fission is used to generate electric power in
hundreds of locations worldwide.

Nuclear energy is also released during atomic fusion, when light nuclei like
hydrogen are combined to form heavier nuclei such as helium. The Sun
and other stars use nuclear fusion to generate thermal energy which is
later radiated from the surface, a type of stellar nucleosynthesis.

In order to quantify the energy released or absorbed in any nuclear
transmutation, one must know the nuclear binding energies of the nuclear
components involved in the transmutation.


http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Endothermic
http://en.wikipedia.org/wiki/Exothermic
http://en.wikipedia.org/wiki/Atomic_fission
http://en.wikipedia.org/wiki/Atomic_fusion
http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Hydrogen

Mechanism of releasing nuclear energy.

Reaction energy balance Q is determined by mass
difference between the initial and final sets of particles

7

O=Amc* = (ma + My, — Ny —my, )c?

a) If Q >0, reaction is exothermic (energy released as
kinetic energy and g-rays).

b) If Q <0, reaction is endothermic. There is a threshold
of the energy of the incoming particle to make the
reaction happen.

c) Q =0 is elastic scattering. Total kinetic energy is
conserved



Why 1s energy released during fission ?
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Mass excess, binding energy and energy balance

Mass excess Am(A,Z)=M(A,Z)-A-u
M(A,Z) is the mass of nucleus and A is its mass number.; uis mass units

u=M,,-/12=931.494 MeV; or u=1660538.73(0.13)1033kg
M, =7.289 MeV; M, =8.071 MeV,;

Binding energy B=Am(A,Z)-Z:-M, -N-M,

Am=42.44 MeV; B /A= 7.586
B,=42.44-92-7.289-144-8.071=-1790.372 MeV;
Amg,=-71.78 MeV; B, /A= 8.265

By,=-71.78-56:7.289-88-8.071=-1190.212 MeV;
Am,=-76.72 MeV; B, /A=8.617

By,=-76.72-36-7.289-53-8.071=-766.887 MeV,

Energy balance in nuclear fission 236U — 144Ba+89Kr channel:
Qg .=my-Mg,-m,,=215.154 MeV



Fission Energy Distribution

In the fission process, the fragments and neutrons move away at high speed
carrying with them large amounts of kinetic energy.

The neutrons released during the fission process are called fast neutrons because
of their high speed. Neutrons and fission fragments fly apart instantaneously

in a fission process.

« Gamma rays (photons) equivalent to 8 MeV of energy are released within a
microsecond of fission.

« The two fragments are beta emitters. Recall that beta decays are accompanied
by antineutrino emissions, and the two types of particles carry away approximately
equal amounts of energy.

Estimated average values of various energies are given in a table:

Energy (MeV) distribution in fission reactions

Kinetic energy of fission fragments 167 MeV

Prompt (< 10-6 s) gamma ray energy
Kinetic energy of fission neutrons
Gamma ray energy from fission products
Beta decay energy of fission products

Energy as antineutrinos (ve)

8

8
7
7
7



The neutron with the thermal energy (E,= 0,025 eV)

causes excitation and fission of atomic nuclei

Kission




Fission Chain Reaction

| neutron goes in, 2-3 neutrons go out! They can also
g0 on to induce fission
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The neutron with the thermal energy (E,= 0,025 eV)

causes excitition and fission of atomic nuclei

Nuclear Fission
Chain Reaction

— 235U

¢ — Neutron

@ — Fission Product



Experimental results to study fission mechanism
and role of the nuclear structure

In the experiment they measure kinetic energy
and velocity, angular distributions of the
fragments, neutron multiplicity and energy
spectra, as well as gamma multiplicity
accompanying fission fragments.



Exoerimentalsetuo CORSET




CORSET setup

position sensitive
stop detector
X, Yy, TOF

TOF-start

detector

mass
resolution — 2 am.u

!

Target

232’I‘h,

238J 242py angular
resolution — 0.3°

solid angle — 0.3 sr
Both fission products are registered in coincidence.




Fission of nuclei
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Fission induced by protons

A=N+/Z
® —>
- @@
M, + M,
V4 - Z, + Z,

—

2 2
M, + M,v,
2

Qggz(Ml-I_MZ_M)CZ é Ep+Qgg >

The source of the kinetic energy of products is intrinsic binding energy of system



Spontaneous fission properties and lifetime systematics.

D.C. Hoffman | Spontaneous fission properties N UucC I . P hyS . AS O 2 ( 1 9 89 ) 2 1 C4OC .
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Mass and total energy distribution of the fission fragments.
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Mass distribution of the fission products as a function
of the excitation energy of compound nucleus
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5.5 LIQUID-DROP DEFORMATION ENERGY |

The basic ideas of the liquid drop model are described in Chapter 4. The binding |
energy 1s given by

2 2
BLp(N,Z) = byA [1—Kv (N;Z) ] — bgA?/3 [I—KS (N"Z)

A

2
AZI 46 [(—D)N + (~1)Z] ATV (4.3
for a spherical nucleus. When the nucleus assumes a deformed shape, its surface
area must be larger, since the sphere has the smallest area for a given volume.
Thus the surface-energy term proportional to A2/3 will increase by a factor Sp > 1,
the ratio of the area of the deformed nucleus to that of the sphere. Similarly, a
deformed nucleus will have a smaller Coulomb energy, because it is less compact
and the charges lie farther from one another; thus the Coulomb energy will decrease
by a factor Co < 1 compared to the spherical shape. Including these factors, we find

¥ 2
Bip = bvA [I—KV (N_Z) —bgA?/3 [1—1{5 (NXZ) ]so
Z2

A
375C0 + 8 (DY + (-1)?] A7/, (5.5.1)

o

b




Nuclear binding energy in the liquid drop model

The factors Sp and Cp may be easily found using the surface defined by eq. (5.3.1)
with all m=0 (i.e. axial symmetry). The surface area is

r 1 /dR\?
- 2 : A=y (i
S = 27r/R (0)81;10\/1+ = (de) de (5.5.2)
0

which to second order in the deformation parameters ay,, results in [Bohr and

Wheeler]

S = 47R*(A)So = 47R2(A)

T —Z(e— 1)( e+2)aw]. (5.5.3)

The Coulomb energy of a uniformly charged drop of density n 1s

//vol Ity — r2| (5.5.4)

which for the shape in eq. (5.3.1) can be calculated to second order in the ag,y,. We

find
3 Z2e? 3 Z2¢2 SZL’—I 5
1— an.t—:z 2£+ lazo] . (5.5.5)

R(A)C 5R(A)

Ec =




Deformation energy in the liquid drop model

then

ED - ;C[QLO — ; 87 Qo [E + 2 2£+ 1 (55.6)

where the fissility parameter z is defined by

_ be z? _ _Z/A (5.5.7)
= 2bg A [1 — Ks (&A__z)?] - (ZQ/A)C 9.

z

When C; is positive (negative), the nucleus is stable (unstable) against defor-
mations of the type ago. Thus the nucleus is least stable against deformations of
smallest multipole order. In fact C, >0 if and only if z <1. This is the reason for
the definition of (Z2/A)., where ¢ means critical.
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Mass distribution of the fission products obtained by liquid drop
model is symmetric because minimum values of the potential
energy surface calculated by this model correspond to the mass
symmetric region.
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Note,

1) two center shape of the mass and charge
distributions are appearance of the shell
structure of being formed fragments;

2) Transition of the shape of the mass and
charge distributions from the two center shape
in one center symmetric shape means the
decreasing of the shell effects by increasing the
effective temperature of interacting nuclei.
Fluctuation energy of nucleons becomes
comparable and large than distance between
energy levels.
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Parameters of the nucleon-nucleon effective forces

A.B.Migdal, Theory of the Finite Fermi—Systems and Properties of Atomic Nuclei,
Moscow, Nauka, 1983.

(Z) B E n g {Nh'} - {ZH}-
Epe =EF -1 3(1+_fh-} Ar) _
.' C 2 , (Ng)—(Zk)]

(N) = ~ g { K ,

€ b _EF-I—l—S{]—I—-)‘K] A | (A.14)
where e = 37 MeV,

: : 2 . :

fK:fln_ {AK}IHE (fﬂ]_fﬂx}'
¥

L= (fl —f! A15

.J](K f]_n {AK}I-'IG l::fu] fex) [: j

and fin = 0.09. f, =042, fox = —2.59. fi =0.54, g = 0.7 are the constants of the
effectrve nucleon—nucleon interaction.



Results of calculation of the widths I; of single-particle states of neutrons
in the interacting nuclei for the 4°Ca+%*8Cm and #8Ca+%*8Cm reactions
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Results of calculation of the widths I of single-particle states of the protons in
the interacting nuclei for the 4°Ca+2*8Cm and #8Ca+2*3Cm reactions
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Fig. 5. The same as in fig. 3, but for the proton subsystem in - Fig. 6. The same as in fig. 3. but for the proton subsystem in
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Relaxation times of the single-particle excitations

The relaxation times of the single-particle levels 7; used
in the calculations of an evolution ot the single-particle
occupation numbers are calculated according to formula
(A.1). Near the Fermi surface 7; changes from 1.7-107%? s
to 6.5-1071” s. The equilibration time for a Fermi-gas was
estimated by Bertsch [20]

r=2-10"*sMeV/e*(t), (35)

where €*(t) is the total excitation energy per nucleon. For
the reactions under consideration 7 is near 10~2! which is
comparable with the values of 7; obtained for levels near
the Fermi surtace.

This relaxation time is considered as transition time between diabatic and adiabatic
pPictures of the processes



Expressions for the friction coefficients

/. 2
w(R) =3 d"”;;?“” BY®, (B
W(R(1) = 7 Z @ B,ftf (t), (B2)

and the dynamic contribution to the nucleus-nucleus po-
tential

Vi (R(1)) |

S| B (), (B.3)

11

SV(R(t) =)

2,2’

were obtained in [14] by estimation of the evolution of the
coupling term between the relative motion of nuclei and
the nucleon motion inside nuclei; Bfi:}(t} and Bfil,}(tj are
calculated as follows:

B (t) [ dt’ {t—t)”e:{p( kt)

x sin [wip (R(E')) (t — )] [A(t') — 7 ()], (B.4)

hi.r..-'.ik = € + 1’11'?; — €L — _{1.};;; . {BEI}

Fricion coeffident isafunctionof
therelaationtime.



Mass distribution of the fission products as a function
of the excitation energy of compound nucleus
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Width of the single-particle excited states
A. Nasirov et al, Nucl. Phys. A 759 (2005) 342-369

h V27 1 N
[[=—-= ?m [ffH—EJEﬂL;[fH —|—§}“]

P [(?TTH)E—I— (éi — AE})E} {l—cxp(kﬁj}_ﬁ: gi)} _1~ (A.1)

where

| Ex(t
Tx(t) = 3.46 \fﬁ {A;th

(A.2)

E, is Ag excitation energy and mass number
of the fragment K

D. Pines, P. Noziéres, Theory of Quantum Liquids, Benjamin, New York, 1966



Emission of neutrons does not change strongly the kinetic
energy distribution of the fission fragments.
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F1G. 5. Post-neutron-emission kinetic energy distributions for
the light and heavy fragments from *%Cf fission, compared with
the pre-neutron-emission distributions of Whetstone (Ref. 4).



Note,
3) Due to the shell structure of being formed

fragments the share of the excitation energy
released from the binding energy of the
compound nucleus is no equilibrated:

T,+#T,, i.e.excitation energies of both
fragments are not distributed proportionally to

their masses

Eh_ E2

Aq 2 A,
This is seen from the neutron multiplicity —
number of the emitted neutrons from the each

fission fragments.



Yield neutrons and gamma quanta
in coincidence with the fission fragments

—e— <1IVI?2*. —e®—<M>and—e— <g~asa function
of single fragment mass. <M > 1s taken from the paper

Budtz-Jergensen and H.-H. Knitter, Nucl. Phys. A490 (1988).
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F16. 8. Mass distributions and number of neutrons » (M*), and
vr(M*). In the lower part of the figure the present post-neutron-
emission mass distribution is shown (points and curve) in com-

s parison with the pre-neutron-emission mass distribution (smooth

curve) of Whetstone (Ref. 4). Neither curve is corrected for resolu-
tion. The upper part of the figure shows »(M*) from cumulative
yield calculations in which the present, resolution-corrected mass
distribution was used in combination with the resolution-corrected
distributions of Whetstone (Ref. 4), curve A, and of Fraser ef al.
(Ref. 5), curve B. Curves C and D show the results of neutron
counting experiments of Bowman ef al. (Ref. 7) and Whetstone
(Ref. 19), respectively. Curve D is not corrected for resolution
effects. Curve E shows the results of Terrell’s earlier cumulative
yield calculations (Ref. 18). The total number of neutrons pr
for both fragments, obtained respectively from curves A, C, and D,
is plotted as a function of heavy fragment mass in curves F, G, and
H. See text.
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G.G. Adamian, R.V. Jolos, A.K. Nasirov, “Partition of excitation
energy between reaction products in heavy ion
collisions”, ZEITSCHRIFT FOR PHYSIK A 347, 203-210 (1994)

The role of the particle-hole excitations and the nucleon
exchange is considered. The ratio of the projectile
excitation energy to the total excitation energy for the
reactions 238U(1468 MeV)+124Sn, 238U(1398 MeV)+124Sn
*6Fe(505 MeV)+ %°Ho, “Ge (629 MeV)+ *>Ho and ®8Ni(880
MeV)+ ¥7Au is calculated. The results of calculations are in
good agreement with the experimental data.



The total Hamiltonian of a dinuclear system H takes
the form

H:ﬁrcl+ﬁin+ﬁnl {1]

The Hamiltonian of a relative motion

2

Ha=73,+UR)

consists of the kinetic energy and nucleus-nucleus inter-
action potential U(R). Here R is relative distance be-
tween the center of the mass of fragments, P is a conju-
gate momentum, g 1s a reduced mass of the system. The
last two terms in (1) describe the intrinsic motion of
nucler and the coupling between relative and intrinsic
motion, By means of the Ehrenfest theorem, it 1s ecasy
to obtain from (1} the classical limit of equations of mo-
tion for the macroscopical collective variables R and P:

H: FF':Hrcl_I_{I!F;nll I}}! {2}
P: T FRE:Hrtl_L{Elt};nt] E}]: {3}



The single-particle basis is constructed from the
asymptotic single-particle state vectors of noninteracting
nuclei: for projectile “P "|P and target “7T"|T in the
form

\Py=|Py—1Y |TH{T|P),
=Ty |P>{P|T).

The orthogonality condition for the given basis 15 ful-
filled up to the second order of the overlapping integral

(PIT3 [30].



There are two interacting nuclei — projectile and target which have Z, and Z; protons,
and N, and N; neutrons, respectively. The protons and neutrons are placed on the
corresponding single-particle states created by the mean-fields U, and U; .

The quantum numbers and energies of these single-particle states are found by
solving the Schrodinger equation with the Hamiltonians for both nuclei

R

A

\ 4




The single-particle Hamiltonian of a dinuclear system
# is as Tollows

.
Hin(R(D)) = E (—H- A; 4 Up(r;—R(1) + Uylr, ) (4)

=\ 2n

where m 1s the nucleon mass, and A=A4p.+ 4, is the
total number of nucleons in the system. The average
single-particle potentials of projectile U, and target U
include both the nuclear and the Coulomb fields.



Hamiltonian of the interacting nuclei of the dinuclear system

In the second quantization form the Hamiltonian (4)
can be rewritlen as

A (R(1)) =H (R(1)+ Vi, (R(1)).
ﬁin(E{IJ}ZE E(R() a;” a;=) Zp(R(1))ag ap
i P

+2, Er(R(1)) a7 ay, (5)
—

Vi (R (1)) = Z Vie (R(2) a;” a;.

= Z xip (R(1) ap ap. + E PR ar ap.

o oF o r£Tr

+ ¥ gpr(R(t)af ar+h.c.).
o



Taking into account the influence of the partner
nucleus mean-field on single-particle states.

In the expression (6) epr, are single-particle energies of
nonperturbed states in the projectile (target) nucleus.
These states are characterized by the set of gquantum
numbers P=(np, jp. lp, mp) and T=(ny,jr. 1y, my). The
diagonal matrix elements {P|Us| Py and {T|Usl T de-
termine the shifts of the single-particle energies of the
projectile nucleus caused by the target mean feld. The
corresponding nondiagonal matrix elements ypp and
y'it+. generate particle-hole transitions in the same nucle-
us. The matnx elements gpp correspond to the nucleon
exchange between the reaction partners owing to the
nonstationary mean field of a dinuclear system. The con-
tribution of noninertial recoil effects to the matrix cle-
ments are neglected since they are small [21].

21. Boose, D., Richert, J.: Nucl. Phys. A433, 511 {1985)



Taking into account the influence of the partner
nucleus mean-field on single-particle states.

The effect of the presence of the partner — nucleus on
the single-particle states of considered nucleus is taken
into account by the perturbation theory:

Up to the second order in {P| T

Ep(R(1)) =ep+ (P|Ur(r)|P),

Er(R(t) =er+ (TN Uplr—RI{t)|T,

yer (R(1) = {P|Up(r)| P>, (6)
2 (R = {T|Up{r—R(t))| T,

gpr R(1) =1 PUp{r —R(1)) 4 Urir)| T.



Calculations of the single-particle density matrix elements

The equation of motion for the single-particle density-
matrix fi{f) 1s

i 10 L R @), A1) )

[n the matrix representation it takes the form
= SO RO) O - RO, @

i Oy (R(0) m(0)+ VRO -0, 9)

where the following notations @, (R{1)=[&(R(1))
— & (R{1) ]/, m(t)={t] a;” a, [t} n; (1) = n; (L)

Z Ve i (R(1)) ”k'k(f)_z Vi (R(1)) 0y () = Vi R () [ (1) — (D)1 . (20)
k' i



Calculations of the transition matrix elements

£ ()= | 5 g ()] - (U0 HT, (- R)) |0, (R,

As a wave functions @p" and @1 we used the solutions of the
Schrodinger equation with the symmetrical rectangle potential
well with the given depth U, and U;, respectively. The single-
particle energies were found as own values of the Wood-Saxon
potential which is more realistic for the atomic nuclei.

Up to the second order in {P| T

Ep(R(1)) =ep+ (P|Ur(r)| P},

Er(R(1)  =er+ (T Up(r—RI{1)[T),

2er (R(£) = {P|Urp(r)| P', (0)
1 (R{t) = {T|Up(r—R(1)| T,

ger(R(1)) =2 (PIUp(r—R(1))+ Ur(r)| T.



Calculations of the single-particle density matrix
elements

mai) = [ A Vi (R(1)
-eXp {i j dit”’ d’:-H[R(r“})} [rep (27— ;0] (11)

into (8), we obtain equations for the dyvnamical occupa-
tion numbers n; (1)

IO _5 | ar Qo ) n) —m@)] (12)
k 1n
where

Qult, )= 5 Re { Vi (R(0) KR (1)

EXp [i fdi" {ﬁki[R(I”}}]} :



Calculations of the single-particle density matrix elements

Equation (12) contains memory effects. In Markovian
approximation Eq.(12) can be rewritfen in a master-

equation form

dnr

"‘Z“*ck to) g () —n;(t)], (13)

where

Wity to)= | dt’ Qu(t. 1) Quit, )= si Re {HE{R[H] VA RAE))

Ip

-exp [;’ fde” LE,LJR{L”}}]} :
:

n(B)= | g 0] -0+ 0,-B) Joue-m),



Solution of the master equation for the nucleon transfer

Equation (13) can be solved by the successive iteration
procedure

n(t4+At)= ,{r}+Zw (t), A1) [ (£)—n,(t)],

sin’ (% @ (R (1) ])
3
[2 fﬁkim[f]}]

The nitial values of the occupation numbers are equal
to 1 for occupied states and zero for the unoccupied

one. A magnitude of the time step At used in the calcula-
tions is (0.3+0.7)- 107 **s.

Wi (R(1), A1) =| Ve (R(1))]*

(14)



Irreversibility of the solution of master equation

"_Z““rk (L, to) L () —n;(t)].
X

for the occupation numbers can be proved by calculating the
derivative of the entropy of system:

i?”ﬂ_ k l S (R(0), At [ng(e) ()
| 1. {T} (1)
~ 1) m{r)] In A r) my ﬂJ ni=1—n;

where k is the Boltzmann constant. It is seen that the entropy derivative is

larger *- -~ ‘il““" - ""‘F""l‘l‘ oo esibitie - is - -----qyence of the
assun iT_ ‘I{ [”] M J:“ }_ i::l “]} My (I} ,]_diagonal
= V(RN [n () —n(2)]. (10}

matri;



Including the residual forces in the master equation

The explicit account of the residual interaction requires voluminous
calculations. The linearization of the two-body collision integral
simplifies the considerations. In the relaxation time approximation

[Kohler, H.S.: Nucl. Phys. A343, 315 (1980); ibid 378,181 (1982)] our
master equation has the next operator shape:

ih < —~£f ()] — *- [7(t)— A= (R (1))],

where 7 is the relaxation time, and ¢ (R(t)) is a local quasi-
equilibrium density matrix at fixed value of the collective

coordinate R(t), which is determined by the excitation energy of
each nucleus.

<n® (R(t)) >=1/ [1 +exp (%A)]

where € and A are single-particle energy of nucleons and T is the effective temperature.



Master equations for the density matrix in the
tau-approximation method

dn - . N
ih —H “ =2 [Vie(RA{D) Ag (1) — Vi (R(1)) 71 (1)]
K
—f— [7;(1)— A R (1))] (8
i 4280 RO)— | a0+ VROV a0~ 7,01

(¥)

which are solved only numerically at known matrix elements V,,



Solutions for the density matrixes

At)=exp (IDT_ t) {ﬁ;{:ﬂ}.iaz fde [dr @, 1)

& to Fin

eXp (I -_t) [Fig(t")—n,(t") ]

de AR@) exp (L)L (17)
p

i{l '

zk{ﬂ' j di' ¥, rl: [.]t {f}]
EeXp {": 5 dr” [i’"ﬁ{ﬂ[f”]] +i]} Lagley—n ()],
where Q.1 )= ﬁ% Re «{I{.E{H[ﬂ] Ve AR())

exp {:‘ fde” Lakj(R{:’*}}]} .
;

and Wy; = (& — &)/h



Time evolution of the occupation numbers of
protons and neutrons in interacting nuclei.

It 15 convenient to solve (17) step by step, dividing time
interval (t —t,) into parts: tg, to+ At t5+241, eic. Then
(17) can be rewritten approximately for A1 <7 as

0= R (0)| 1 —exp (=) |+ exp ().
f:(t)=1H; {.-,—ﬂ:}+iﬁj,mu ). At)
A (t—An)—i{t—A1)], (18)



Non-equilibrium processes in heavy ion collisions

At A +A,> A/ +A,) usually E;":E,"#2 A, : A (even at fission!).
At thermodynamic equilibrium mustbe T,=T, > E,":E,"= A, : A/

T, =3.46,/E"/ A

i=PT

R.\V. Jolos, Eur. Phys. Jour. A7, 2000, p.115-224



Calculation of the physical quantities characterizing

multinucleon transfer reactions

The present model allows us to calculate the average
number of pmmns {Lipiy, OF NEULrons {NF{T}} and their
variance ﬁ_,; or oi. and to determine the intrinsic excita-
tion energies EY ;{f) for every nucleus:

Lpmsit)= E npry(th (19)
P{T}
Nperye (t)= > Viipp (1), (20)
F{T}
a7 =2"M () [1—fip(t)], (21)
P
ER it +At)=Ez (1) + Z [Zpim (R —&p 7 (R{E))]
P(T)
Lyt + 40 —fippy(t)], (22)

where &g, r.,(R(£)) 1s the Fermi energy of a projectile-like
nucleus * P or target-like nucleus “T7. The top index



Calculation of the excitation energy of nucleus

One of our aims is to calculate the ratio of the exci-
tation energies of the projectile-like (£ ) and target-like
(E7) fragments

Rp/r = Ep/Er. (25)

We defined a change of the excitation energy of the
proton (F) (or neutron (/N)) subsystem in each of the
colliding nuclei by the following equation

Ep(t+ At) = Ep(t) + (Hp(R, &) — ApNp) it A
— (Hp(R,&) — ApNp):. (26)

where H,, A, and N, are Hamiltonian, chemical potential and
number nucleons, respectively, for the projectile-like nuclei.



Calculation of the excitation energy of nucleus

s ke | ; ] '.' ; ‘ -r.-lr.-l1I 1= y i _II.I 5 c b.-l f l.f H - A
Using explicit expressions for Hp and Np, as well as per
forming averaging, we obtain

Ep(t + At) = Ep(t)
+3 [Azi, (1) — ANp ()]s, (£ + At)

+Z (Eip(t) — Ap(t)] Angp (). (27)

Here Az, An and A\ are the changes of the single-particle
energies, the occupation numbers and the chemical poten-
tial, respectively, during time interval At.

Our calculations have shown that a contribution of the
second term in (27) to the excitation energy is negligibly
small, namely AE}(t)/Ep(t) < 0.01.



Calculation of the excitation energy of nucleus

Therefore, the excitation energies of the proton EP(T)

and neutron £ P{{Ti subsystems in nuclei are calculated
step by step along the time scale using the equation

Epry(t + At) = Ep (%)
+ > [Eine) (R() — Aper) (R(1))]
ip(Jr)
X [ﬁ'ipl[jr] (t+ ﬂ'f) — ﬁ"iP{jT}(t)] : (28)
It should be stressed that the effect of the single-particle
energy changes is taken into account in this expression,

since at every time step At the new values of the renor-
malized single-particle energies are substituted into the
eq. (28) in accordance with the eq. (13).

cp(R) =cp+ (P|Vp(r)|P). (13)



Total kinetic energy loss

Floss = EEj —+ E% (29)

*(Z4) E*l‘""'J'

where E = ERY + EXY) and Ez = Eb
So, our model allows us to calculate excitation energy of the
interacting nuclei as a sum of the excitation energy of their proton
and neutron subsystems. This is important in case of calculation of
the pre-equilibrium emission of protons or neutrons at more high
energies relative to the Coulomb barrier of the entrance channel.



Comparison of the calculated results for mean values of the charge
and mass numbers in *°Fe+16°Ho and 7“Ge+1%°Ho reactions.

34 e R L LA LR UL LR BLLLE

40 B0 i2b
E (MeV)
i85

Fig. 8. As Fig. &, but for the reaction *°Fe(403 MeV)+ '®°Ho

Fig. 10. As Fig 6, but for the reaction "*Ge(62% MeV}+'**Ho



Comparison of the ratio of the
light fragment excitation
energy to the total excitation
energy of reaction products.

__Ep
Ep+Ef

Ep and E7 consists from excitation
energies of the particle-hole
excitations in the interacting nuclei
and nucleon exchange process
between them:
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Fig. 1. a Ratio R, of the projectile-like fragment excitation energy
(Ef) to the total excitation energy for reaction *®Fe(305 MeV)
+***Ho as a function of the total excitation energy E, =FE% 4 F%,
Triangles mark the experimental data. Selid {ine presents the theo-
retical result of our model. Dotted line corresponds to thermal equi-
librium (EE, . .=A,(Ap+ A7) b Calculated ratios REY
= EFUN(ERE 4 F3E) RPN = EERNEEIPN 4 FRON) for the reac-
tion “*Fe(505 MeV) -+ "**Ho as a function of total excitation energy
E\.. are presented by long dashed line and shorr dashed line, respec-
tively



Classification of the nuclear
reactions in heavy ion collisions

Early studies of reaction mechanisms between heavy ions have shown that, in
a Wilczynski diagram, a definite evolution towards negative scattering angles
with increasing energy loss is present, so that the scattering angle was used as
an estimate of the interaction time. As usual three regions can be
distinguished:

(i) the elastic or quasi-elastic component,

(i)  the partially damped region where the nuclear forces bend the
trajectories toward smaller scattering angles and

(iii) the fully relaxed component, where negative angle scattering (or
orbiting), fusion-fission and symmetric fragmentation may occur.



inelastic scattering
direct reactions

grazing collisions

e

close collisions

distant collisions _
damped reactions

elastic (Rutherford) scattering

Coulomb exlcitation

Figure 1 Classes of heavy-ion collisions associated with different values of impact pa-
rameters.
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Figure 2 Fraction of the total excitation energy acquired by projectile-like fragments
(PLFs) from the reaction '*Ho + **Fe versus mass number A of the PLF, as predicted
by the ‘‘random neck rupture model’’ (solid curve). The dashed curve reflects the equi-
librium partition of the thermal energy, and the circles represent uncorrected data. E*(A)
and E*(A., — A) denote the excitation energies of the PLF and the target-like fragment,

respectively, and A, is the atomic number of the composite system (from 12).

J. Toke and W.U. Schroder, Annu. Rev. Nucl. Part. Sci. 1992.42:401-446



VOLUME 52, NUMBER 22

PHYSICAL REVIEW LETTERS

Nonequilibrium Excitation-Energy Division in Deeply Inelastic Collisions

R. Vandenbosch, A. Lazzarini, D. Leach, D.-K. Lock, A. Ray, and A. Seamster
Nuclear Physics Laboratory, University of Washington, Seattle, Washington 98195

TKEL =95 MeV

log relative yield
o
T T ! T
- —_—
oY

g
N 1 L
hY b

21 e

% g EE SN B :
BO 100 120 140 160
mass

FIG. 1. Samples of fission-fragment mass distributions

(lab system) at several different total kinetic energy

losses (TKEL). The mean Z values of the fissioning nu-

cleus, as inferred from the Z of the projectilelike frag-

ment, increase from 92.8 to 93.3 with increasing energy
loss.
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FIG. 2. Dependence of the ratio of the excitation en-
ergy of the heavy fragment to that of the light fragment
as a function of the total excitation energy. The values
expected in the limits of equal division of the excitation
energy and of division according to the mass ratio (equal
temperatures) are shown by horizontal lines. Also
shown are the results of a transport-model calculation by
Randrup.
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The results obtained in this experiment demonstrate the
possibility of the "element” approach in studying nuclear
reactions with very heavy ions. Transfer reactions with 4°Ar have
been shown to occur both in the form of quasielastic and deep
inelastic processes.. Deep inelastic processes make a noticeable
contribution to few-nucleon transfer reactions and are dominant
in multinucleon reactions. In such processes all the kinetic
energy of nuclear collisions is spent in the rearrangement and
excitation of nuclei.. The transfer of a considerable number of
nucleons from a heavy ion to the target nucleus with a
noticeable cross section indicates the possibility of using such
processes for the synthesis of transuranic elements and,
possibly, of superheavy nuclei in a new region of stability. It is
worth noting that the large width of the energy spectra of light
products increases the probability of processes resulting in the
weak excitation of the final heavy products.



