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DESCRIPTION OF NUCLEON TRANSFERS PROCESSES
BY A COUPLED CHANNEL METHOD WITH TWO-CENTER STATES

The problem of quantum description of near-barrier fusion of heavy nuclei taking place under strong coupling of
relative motion with external nucleons transfers is studied. The method of perturbed stationary states, founded on de-
composing of a full wave function of a system of two nuclei and nucleon by a system of two-center nucleon wave func-
tions, is applied for the description of nucleons transfers at low-energy nuclear reactions. The two-center nucleon ener-
gy levels — additions to nucleus-nucleus potential in a channels, and wave functions are calculated by a numerical solu-
tion of a Schrédinger equation for an arbitrary axial-symmetrical field with spin-orbit interactions, based on decompos-
ing on Bessel functions and difference scheme along internuclear axis.
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Introduction

The reactions with neutron-rich nuclei have re-
cently received increased interest as well experimen-
tally as theoretically. The possibility to perform expe-
riments with neutron-rich radioactive fission frag-
ments opens new doors for the production and study
of new isotopes and, probably, for synthesis of new
superheavy elements [1, 2]. Also great efforts have
been devoted to studying near-barrier fusion of light
weakly bound nuclei [2, 3]. Unusual effects are ex-
pected here both from the halo structure of these nuc-
lei and from the specific tunneling mechanism of the
composed weekly bound system that is of general
interest for quantum theory. Neutron transfer cross
sections are known to be rather large at near-barrier
energies of heavy-ion collisions — the result of signifi-
cant extension of the wave functions of neutrons from
the outer nuclear shells. A significant increase in fu-
sion cross sections is observed in a series of reactions
if nuclei with excessive neutrons participate in them.
Such behavior has established in particular for two
low energy fusion reactions, O + **Ni and '°O + *“Ni
[4], with similar compound nuclei (Fig. 1). In [2], the
transition of external neutrons from the level of the
"0 nucleus to underlying levels of the **Ni nucleus
was referred to as the fundamental source of addition-
al energy in the translational motion of nuclei, raising
the possibility of overcoming the Coulomb barrier.
The interrelated processes of the generation of mole-
cular states in the two nucleus '*O + **Ni system, the
transitions between such levels in the process of nuc-
lei collision, and the transfer of neutrons between
nuclei were investigated on time-dependent quantum
description [5].

As a consequence there is a prevailing view that
coupling with the transfer channels should play an
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Fig. 1. Experimental dependence of nucleus fusion cross
section O in reactions O + **Ni (white dots) and
%0 + Ni (black dots) on the energy in the system at the
center of mass E_ , according to [4]; V), is the Coulomb

barrier height.

important role in sub-barrier fusion of heavy nuclei
[3, 6]. However, if an influence of collective excita-
tions (rotation of deformed nuclei and surface vibra-
tions) on near-barrier fusion of heavy nuclei is well
studied experimentally and well understood theoreti-
cally, the role of neutron transfer is not so clear. It is
very difficult, for many reasons, to take into account
explicitly the transfer channels within a consistent
channel coupling approach used successfully for the
description of collective excitations in the near-
barrier fusion processes [7, 8]. In early analysis of
nucleons transfer processes coupled channel matrix
was used only in phenomenological model [9]. Fun-
damental coupled channel equations for reactions
with particles redistribution were formulated in [10,
11]. In the present study, the correct channel equa-
tions for fusion and neutrons transfers channels at
head-on collision in reaction '*O + **Ni are formu-
lated.
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Theory

The microscopic description of capture of nuclei
(with masses m,, m,) and external neutron (with
mass m, ) transfers guesses the solution of a multi-
dimensional stationary Schrodinger equation with
Hamiltonian
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inclusive Pauli matrices 6 = {GX,G y,cz} and neutron

momentum operator P, . Application of the Jacobi
coordinates
S i+ myi
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result in the following Hamiltonian at center of mass
system
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In work [11] for a system of three spinless particles
(two nuclei and an electron) in the adiabatic basis a
one-dimensional system of differential equations is
obtained that represents the relative motion of the
nuclei with account of the Coriolis interaction of the
electron and nuclear motions. It is well known, that
for heavy ion fusion processes head-on collisions
play most important role. For such collisions mean
angular velocity of nuclei is small and we may neg-
lect to Coriolis interaction.
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The coupled channel method [8, 10] based on
wave function eigenfunctions expansion for internal
degrees of freedom. For neutrons from the outer
nuclear shells this eigenfunctions may be calculated
in two center shell model with stationary Schrodin-
ger equation

{—iAF +V (F)+ I?Ls(f)}cba (7:R) =¢,(R)®,(7:R).

(7)

Wave functions
@, (7R)= ["’al(iflf)j : (8)

and energy levels € (R) for internuclear distance R

are calculated by a numerical solution of a
Schrodinger’s equations at cylindrical coordinates

(P,0,2) [12, 13]
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with designation V, =—V, V. =—V . Quantum
Iz

op o)
number o includes total angular momentum projec-
tion on internuclear axis m; and number n of ener-

gy level, €,(R)=€,,(R), Q=|m|.

Wave function of all system may be decomposed
by a system of two-center nucleon wave functions

W(#R) =Y F,(R)®,(7:R), (11)

with added expansion by partial waves

F,(R)= ZiL,/47t(2L+1)F°‘LMT(R)YLM (Q). (12)

This method results in coupled channel equations for
function F,,, (R) [10]



DESCRIPTION OF NUCLEON TRANSFERS PROCESSES
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For primitive model of spherically symmetric ma-
trices for head-on collisions and fusion processes

Q(xLMa'L’M’(R) = Qua'(R)SLL'SMM' >
KaLMoc'L'M'(R) = Kota'(R)SLL'SMM' >

formulas (14), (15) are simplified

(16)

Oue (R) =~ (R7) | S |0, (RF, (17)

K (R)==2(@, (R.7)| |, (R.7) -
—<‘Da(R7’7)|aa;2 | @, (R, 7)) . (18)

Matrices elements with relating to same nucleus
o, of states generally speaking don’t vanish in limit
R — o [10] and it is serious problem. For purpose
to correct apply formulas (12) - (18) with renorma-
lized matrices O, K for nucleon transfer description

we begin from analyzing time dependent task.
Nucleon transfer from nucleus 1 to nucleus 2 or fu-
sion at nuclear reaction are described by Schrodinger
equation

where ¢,(7; —7) — nucleon bound state wave func-
tion and @ (7, —7) — wave packet function of rela-

tive motion nucleus 1 together with nucleon and
nucleus 2 with mean momentum 7k . In the extreme
case V' —V,;(p,) — wave packet (20) will free move

in the & direction. Such property is nature of first
order transfer differential equations in partial deriva-
tives [14]. Therefore the main importance of all

d
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states, relating to same nucleus in R — oo limit, is
providing with wave packet move and one particle
excitations without nucleons transfer. For descrip-
tion only nucleon transfers between nuclei condi-
tioned by transition between two-center states at
nucleus-nucleus collision and fusion we may reserve
in equations (13) only symmetric items with o, o
states appurtenant to the different nuclei

items and K, (R) items with o, o

Tt (R)= T ()= | 20 (R)
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The two-center nucleon wave functions phases must

0 wyre L= . . -
iha‘{’(r;R):H‘P(r;R), (19)  ensure continuity of wave functions @, (R,7) and
. . 0 . . .
with initial condition is its derivates a—R(Da(R,r). Resulting partial waves
- o method application result in ordinary differential
\P(F’R’t B O) =0,(R -1 (7~ 1), (20) | coupled channel equation for radial functions F,(R)
n d* RL(L+1) B -
- + +e,(R)-E+V,(R) |F,(R)= T ,(R)F,(R), 22
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where A ~1 — some renormalized factor. Boundary
conditions for equation HW(7;R)=EY(F;R) are
renormalized to standard boundary condition for

partial waves. Now equations (21), (22) give simple
microscopic model validation for head-on collisions
and fusion processes. After transformation set of
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differential equations and boundary conditions into
difference equations and boundary conditions we
receive the linear equation set and can solve it by
famous numerical methods, for example, as for col-
lective degrees of freedom [7 - 9].

Results and discussion

The results of calculation energy levels
e, (R)=¢,(R) for spherical nuclei '*0 + *Ni sys-
tem are shown in Fig. 2.

Some probability densities

2
>

P(p:2) =W P+ (P) (23)
for spherical nuclei '*O + *Ni system are shown in
Figs.3-5. Some coupled channel matrices (21)
elements are shown in Fig. 6.
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Fig. 2. Some two-center neutron energy levels for a sys-
tem "*0 + **Ni as a function of internuclear distance R for
total angular momentum projection on internuclear axis
Q=1/2 (solid lines), Q=3/2 (dashed lines), Q=5/2
(dotted lines), R, corresponds to top of a Coulomb
barrier.
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Fig. 3. Some two-center neutron wave functions for a system '*O + **Ni at three values of internuclear distance R
for total angular momentum projection on internuclear axis Q=1/2.
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Fig. 4. Some two-center neutron wave functions for a system '*0 + **Ni at three values of internuclear distance R
for total angular momentum projection on internuclear axis Q=3/2.
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Fig. 5. Some two-center neutron wave functions for a system '*O + **Ni at three values of internuclear distance R
for total angular momentum projection on internuclear axis Q=5/2.
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During internuclear distance R reducing, potential
barrier between the potential wells of colliding nuclei
is changing slowly reduce. As the nuclei approach
one another, the barrier height falls and large values
of non-diagonal coupled matrices (21) result in neu-
tron transfer from upper level 1d,,, of *O to lower

free levels 1g,,, 2p;,, 1f5, of **Ni with increasing
of probability Coulomb barrier for nuclear fusion.
Conclusion

The proposed model for calculating nucleon
states in asymmetric nuclear systems has made it

T. 4n> fm'2
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Fig. 6. Coupled channel matrices (22) T,; (solid lines),
T,, (dash-dotted line) and 7, (dashed lines) for neutron
states [ — 1f;,5 2 — 2py,5 3 — 1g,), of Ni; 4 - ld,, of

"0 for total angular momentum projection on internuclear
axis Q=1/2 (a), 2=3/2 (b)and Q=5/2 (c).

possible to explain qualitatively experimental data
on the excess of the cross section for fusion in the
80 + **Ni reaction above the cross section for fusion
in the '°O + ®Ni reaction. This model can be genera-
lized for few independent nucleons (neutrons and
protons) in two-center shell model with few
Q-values of reaction.

The reported study was partially supported by
Russian Foundation for Basic Research (RFBR),
research project No. 12-02-01325-a.
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B. B. Camapun

OIIMC MMPOLHECIB HYKJIOHHUX NEPEJAY METOJAOM CHWJIBHOTI'O 3B’SI3KY KAHAJIIB
I3 ABOHEHTPOBUMI CTAHAMHU

BuBuena npoGiieMa KBaHTOBOTO OMHKCY Oilisibap’€pHOTO 3MUTTS BaXKKUX sIAEP B YMOBaX CHIIBHOTO 3B’SI3KY BiJHOCHO-
ro pyxXy 3 mepeaayaMu 30BHIIIHIX HYKIIOHIB. [IJIs OMUCY HYKJIOHHUX Mepeaad Mpu HU3bKOSHEPIeTHYHUX SICPHHUX pea-
KIIiSIX 3aCTOCOBAaHO METOJl 30ypeHHX CTaIliOHAPHUX CTaHIB, 3aCHOBAaHWH HA PO3KIAaJaHHI MOBHOI XBHIIBOBOI (PYHKIIii
CHCTEMH JIBOX SIep i HyKJIOHA 32 CHCTEMOIO JBOLIEHTPOBHUX XBHIHOBUX (PYHKIIiH. /[BOIIEHTPOBI HYKIIOHHI PiBHI €Hepril
— I00aBKH J0 SAPO-IACPHOTO MOTEHITIAy B KaHaJlaX — Ta XBWJIBOBI (DYHKIIIT 3HAWICHO MIITXOM YHCEIEHOTO PO3B’SI3KY
piBasinHst [llpeninrepa s JOBUIBHOTO aKCiaJbHO-CUMETPUYHOIO TIOJIS, 32CHOBAHOTO HA PO3KIaNaHHi 3a (YHKIISMA
Beccernst 1 pi3HUIIEBOT CXEMOIO B3IOBIK MEX SIIEPHOI OCI.

Kniouosi crosa: simepHi peakuii 3NMUTTs, HyKJIOHHI Nepeaadi, IBOLEHTPOBI HYKJIOHHI CTaHU, METOJI CHIIBHOTO 3B’ SI3KY
KaHaJiB.

B. B. Camapun

ONMCAHUE NPOIECCOB HYKJIOHHBIX IMEPEJAY METOJOM CHJIbHOM CBSI3U KAHAJIOB
C IBYXHEHTPOBBIMH COCTOsHUSIMHU

N3yuena npobiemMa KBAHTOBOTO ONMMCAHHS OKOJIO0APEPHOTO CIUSHUS TSKEIBIX SIEP B YCIOBHAX CHIBHON CBS3H OT-
HOCHUTEJIBHOTO JIBMXKEHMS C MepejadaMy BHEIIHUX HYKIOHOB. J[JIst onucaHus HyKJIOHHBIX Mepenad MpU HU3KO3HEepreTuye-
CKHUX SACPHBIX peakMsAX MPUMEHEH METO]l BO3MYILEHHBIX CTAallMOHAPHBIX COCTOSHHM, OCHOBAaHHBIN Ha Pa3loKeHUH IOJ-
HOI1 BOJTHOBO# (DYHKIIMM CUCTEMBI JBYX SIIEP M HYKJIOHA 10 CHCTEMe JBYXLEHTPOBBIX BOJHOBBIX (DYHKIMH. J[ByXueHTpo-
BbI€ HYKJIOHHBIE YPOBHH SHEPIHH — 100ABKH K SIIPO-sIEPHOMY MOTEHIIMATY B KaHAJIaX — M BOJIHOBBIE (DYHKIIMH HaHIEHBI
ITyTEM YHCIEHHOro peuieHus ypasHeHus lllpequHrepa At IpOM3BOJIBHOTO AKCHATBHO-CUMMETPHUYHOIO IOJISl, OCHOBAH-
HOTO Ha pa3JIoXKeHUH 1o QyHKIMsIM beccernst u pa3sHOCTHOH cxeMe BIIOJIb MEXbsIIEPHON OCH.

Kniouesvie cnosa: snepHble peakLUU CIUSHUS, HYKJIOHHBIE IE€peJadd, ABYLEHTPOBbIE HYKIIOHHBIE COCTOSIHHSA,
METO/I CHIIBHOH CBSI3M KaHAJIOB.
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