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Fusion window problem in time-dependent Hartree-Fock theory revisited
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Head-on collisions of*0+ %0 are calculated using an extended version of the time-dependent Hartree-
Fock theory known as the time-dependent density-matrix th€BDDM). TDDM deals with both one-body
and two-body dissipation in a quantum-mechanical way. A newly develapedh code, which includes
spin-orbit force in a mean field, is used. It is found that the threshold energy above which the colliding nuclei
do not fuse increases due to two-body dissipation. Head-on collisiorfésf 2’0 are also calculated to
investigate the effects of two-body collisions in exotic nuclei. In contrast to the cd§®ef'¢0, no additional
dissipation due to two-body collisions is found in the head-on collision&®#- 220.
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With the ever increasing availability of radioactive ion ces[8]. TDDM, therefore, includes both effects of one-body
beams, the studies of heavy-ion fusion for exotic nuclei aralissipation due to the mean-field potential and the two-body
becoming possible. In terms of theoretical studies it is gendissipation due to nucleon-nucleon collisions. To solve the
erally acknowledged that the time-dependent Hartree-Fockoupled equations fop and p,, we expandp and C,, a
(TDHF) method provides a useful foundation for a fully mi- correlated part op,, with a finite number of single-particle
croscopic many-body theory of low-energy—heavy-ion reac-statesy, , which satisfy a TDHF-like equation
tions[1]. It is well known that in TDHF, colliding nuclei do
not fuse in a lowL (or_bita_l angular momentu_)rrregion when p(11 )= N (D W10 P, (171), 1)
the incident energy is higher than a certain threshold value !

Eq [2]. This is known as the fusion window anomaly. Ex-
perimental search for nonfusion events in nearly central col- C»(121'2',t)=p,—A(pp)
lisions has been done but no evidence for the lowonfu-

sion window has been fouri@]. It has been noted that three - E C
. . . aBa’B’(t)
effects could resolve this anomali) Inclusion of two- aBa’ B!
nucleon collision terms into the descriptidii) modification ok
of effective interactions; andii) relaxation of symmetry as- X (L0 Pp(20) ¢, (10 . (27,1),
sumptions employed in calculations. The effe@jsand (iii) )

were independently shown to introduce enough dissipation to

resolve this problem, whereas the dependence on effectiwvghereA(pp) is an antisymmetrized product of the one-body
interaction resulted in moderate changes to the fusion cros#ensity matrices and the numbers denote the space, spin and
section. In particular, it was found that the inclusion of theisospin coordinates. The equations of motion of TDDM thus
spin-orbit force, which had been neglected in the conveneonsist of the following three coupled equatid®s:

tional TDHF calculations, introduced ?QOU%Q one-body dis- 5

sipation to more than double tltg;, for ~°O+~°O collisions i @ _

[4]. In a different calculation, the effects of two-body dissi- K ot Vel LO=N(LH a(L0), 3
pation were quantum mechanically taken into account using

an extended version afbHF known as the time-dependent . - ,
density-matrix theory TDDM) [5]. This calculation also re- 'ﬁnaa’:lgﬁ [(@Blv]¥0)Cysar s~ Capyesl volv]a’ B)],

sulted in the doubling of thg, for the same system without (4)
incorporating the spin-orbit interaction. In this report we ex-
amine the combined effects ¢f and (iii) for 0+ %0 and
220+ 2%0.

We have recently developed a newwbm program[6]  whereh is the mean-field Hamiltonian and the residual
based on thebHF code with spin-orbit forcg7], which now  interaction. The ternB, 4,5 0On the right-hand side of Eq.
enables us to deal with one-body and two-body dissipation ifi5) represents the Born ternhe first-order terms af). The
a quantal way. TDDM determines the time evolution of one-termsP 4,/ @andH g,/ in Eq. (5) containC,g, 5 and
body and two-body density matricgs and p, in a self- represent higher-order particle-partiqlend hole-holg and
consistent manner; the equations of motiondaandp, can  particle-hole-type correlations, respectively. Thus full two-
be derived by truncating the well-known Bogoliubov-Born- body correlations including those induced by the Pauli ex-
Green-Kirkwood-Yvon hierarchy for reduced density matri- clusion principle are taken into account in the equation of

ihcaﬁa’ﬁ’:Baﬁa’ﬁ’+PaBa’B’+Haﬁa’ﬁ’1 (5)
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TABLE I. Threshold energ¥y, in the center-of-mass frame for 12
the head-on collisions of*0+ 0. Fusion occurs beloy, .
Method Ey (MeV)
TDHF without I - s 30 _
TDDM without ["-§ 66 &
TDHF with I-§ 69 -
TDDM with [-s 80

2_
i 1c1 i 0 T T T T T T

motion for Caﬁa,ﬁa. The expl|_C|t _expre?sg;ons for 5 A 00 100 200 %0 300
Baga’ g’ 1Pagarpr» @NdH 5,75 are given in Ref[9]. ¢ [im/c]

In the following, we explain some details of numerical
calculations. We use the Skyrme Il for¢gKIl) [10] as an FIG. 1. Time evolution of the relative distance in a head-on
effective interaction to calculate the mean-field potential;collision of 0+ %0 atE.,,=65 MeV calculated irmrpHF (dotted
SKII has frequently been used in TDHF calculatiddd].  line) andtopm (solid line).

The most time consuming part of the TDDM calculations is

the evaluation of the right-hand side of E&), which be-  The threshold energg,, may depend on the residual inter-
comes formidable with increasing number of single-particleaction used and the truncation of the single-particle space. To
states. In the present calculations, the single-particle stategvestigate the effect of the residual interaction, we per-
are restricted to thesk;,1py/2,1P3/2,251/2,1d32, and Ids,  formed a TDDM calculation atE,,,=81 MeV using a
states for both protons and neutrons in each nucleus. Thigronger residual interaction withy=—500 MeV fn? and
corresponds to using 40 single-particle indices in the evalufound no fusion. This indicates th&t,, is affected by the
ation of C,g,+4 . The TDDM code[6] has been written for  truncation of the single-particle space. Since it is impractical
use with a realistic residual interaction, such as the Skyrmep extend the number of the single-particle states, we made a
type force. Since the Skyrme-type force containSTDDM calculation using reduced single-particle space in
momentum-dependent terms, the computation time of a mayhich the %,, and 1ds, states were excluded for both pro-
trix element of the Skyrme-type force is about one order ofions and neutrons. These states are in the continuum while
magnitude larger than that of the simple force of thethe 1d,), states included are bound. The obtairgg is 79
S-function formv=v,6%(r—r’). Since the number of the MeV, which is only 1 MeV less than the result with all the
single-particle states used in the present calculation is largajngle-particle states. The small contribution of thg,2and

the use of the Skyrme-type force as the residual interaction i%d,, states to two-body dissipation is related to the fact that
not practical. Therefore, we use the simple force as the rethe wave functions of thes3,, and 1d, orbits are spatially
sidual interaction. We choose, to be —350 MeVfn?.  extended. This makes the two-body matrix elements involv-
The values of v, ranging from —230 MeVfn? to ing these states small. The above investigation suggests that
—420 MeV fn? have been found to give reasonable damp-although Ey, may increase with increasing single-particle
ing of giant resonancd®$,12]. We assume that the colliding space, the increase is quite moderate.

nuclei are initially in the Hartree-Fock ground state and place Although the colliding system fuses both in TDHF and
them at the separation distance of 10 fm. Then we start SoVFiDDM below E; ,,=69 MeV when spin-orbit force is in-

ing the coupled equations, Eq8)—(5). The single-particle cluded, there is a difference in the approach toward equilib-
wave functions are confined to a cylinder of length 33 fmrium. We show in Fig. 1 the time evolution of the relative
and radius 10 fm. The mesh size and time step size used adéstanceR between the two nucleR is defined as a distance
0.5 fm and 0.5 fmg, respectively. Changing the center-of- between the c.m. of the left-half mass distribution and that of
mass(c.m,) energy by 1 MeV, we search the threshold en-the right-half oneE, , is chosen to be 65 MeV at which the
ergy Ey, for four different calculation schemes fol®O  system fuses both in TDHF and TDDM. The maxima around
+180: TDHF calculations with and without spin-orbit force, 200 fm/c in TDHF (dotted line@ and around 130 fnt/ in

and TDDM calculations with and without spin-orbit force. TDDM (solid line) correspond to the first separation phase. It
The colliding nuclei are considered to fuse when they suris clearly seen from Fig. 1 that the translational motion
vive the first separation phase as in the conventional TDHElamps faster in TDDM than in TDHF. This is due to two-
calculationg 2]. body dissipation mechanism considered in TDDM. Since the

The obtained results fdg,, in the c.m. frame are summa- low-L nonfusion region disappears, the fusion cross sections
rized in Table I.Ey, dramatically increases when either spin- calculated in TDHF and TDDM increase with increasing in-
orbit force or the effects of two-body collisions are consid-cident energy and overestimate experimental valdgsT his
ered: from 30 MeV to 69 MeV due to spin-orbit force and is largely due to the fact that the Skyrme interaction used in
from 30 MeV to 66 MeV due to two-body collisions. How- these codes is made a finite-range approximation to the sur-
ever, an increase iRy, due to the effects of two-body colli- face terms of the single-particle Hamiltonian without refit-
sions is rather smallfrom 69 MeV to 80 MeVf when spin-  ting parameter$4].
orbit force is already included in the mean-field potential. To investigate the effects of two-body collisions in exotic
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nuclei, we also calculated the head-on collisions 26D
+220 both in TDHF and TDDM. In??0 the neutron &,
and 1d,,, states are in the continuum and the prota,2
and 1d, states are barely bound. The obtairigg in the  + 'O using the newly developewbbm code, which includes
c.m. frame is 103 MeV irTDHF and 102 MeV inTobm. The  Spin-orbit force in the nuclear mean field. Both the effects of
little difference between the TDHF and TDDM results meansPne-body and two-body dissipation were quantally taken into
that two-body collisions play no essential role in damping@ccount in this approach. It was found that the threshold
the tranlational motion of the colliding nuclei. To evaluate €N€rgy Ewn, above which the colliding nuclei do not fuse,
the contribution of the &, and 1d4, states, we made a increases from the TDHF value when two-body collisions

TDDM calculation with reduced number of single-particle &€ taken into account. However, the increaseEjp re-
states, where thesz,, and 1ds, states were excluded for mained small when spin-orbit force was already included in
' /2 32

protons and neutrons, and found no changgn indicating the mean field. This might be due to the truncation of the
their much smaller roles IR0 than in 10, The negligible single-particle space. It was pointed out that the anticipated

_ . increase inEy, with increasing number of single-particle
effect of the two-body collisions if°O can be understood by giates would be rather moderate. It was also found that the

the spatial extension of the neutron single-particle Wavgansiational motion calculated mopm damps faster than
functions. This makes two-body matrix elements involvingihat in ToHE in the energy region where both TDHF and
neutron single-particle states quite smallf0. The slight TDDM make the colliding nuclei fuse. The head-on colli-
decrease irEy, obtained in TDDM originates in the partial sjons of 220+ 220 were also calculated both OHF and
occupation of the protondk, state due to ground-state cor- Tppm. It was found that two-body dissipation 30+ 2?0 is
relations. Since theds, state has high momentum compo- negligible, indicating that the TDHF method may be a good
nents, its partial occupation increases the high momenturdescription of low-energy fusion reactions of exotic nuclei.
components in the beam direction and makes the colliding

system more transparent than in TDHF. The role of the high This work was partially supported under U.S. Department
momentum components in nonfusion window problem inof Energy Grant No. DE-FG02-96ER40963 to Vanderbilt
TDHF has been discussed in REZ] and a similar decrease University.

in Ey, has been found in an extended TDHF calculation done
by Wong and Davie$13].
In summary, we calculated the head-on collisions'®
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