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PRODUCTION OF 232:233pPg IN 6Li+232Th COLLISIONS
IN THE CLASSICAL TRAJECTORY APPROACH

V.P. ALESHIN
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The semiclassical model of nuclear reactions with loosely bound pro-
jectiles (V.P. Aleshin, B.I. Sidorenko, Acta Phys. Pol. B29, 325 (1998)) is
refined and compared with experimental data of Rama Rao et al. on the
excitation function for the production of 232:233Pa, in 6Li+232Th collisions
at E = 30-50 MeV. The main contribution to the production of 232Pa is
the 2 neutron emission from excited states of 2**Pa, formed in the (°Li,a)
reaction. The main source of 223Pa is the (°Li,ap) reaction followed by -y
transitions from excited states of 2**Th to 233Th (g.s.) which transforms
to 233Pa through B~ decay. The ground state of °Li regarded as a combi-
nation of n 4+ p + « is modeled with the K = 2, [, = [, = 0 hyperspherical
function. The calculation underpredicts the excitation function of 222Pa by
a factor of 0.6 and overpredicts the excitation function of 23*Pa by a factor
of 2.3, on the average. With the more realistic wave function of SLi both
factors are expected to be closer to 1.

PACS numbers: 24.10.-, 24.10.Lx, 25.60.—t

1. Introduction

In [1] we formulated the semiclassical model of low energy reactions in-
duced by projectiles which are loosely bound towards decay in two or three
particles. The reactions were assumed to proceed as dissociation of the pro-
jectile into its constituent particles, each of which may later be absorbed by
the target or bypass it. The model develops the ideas of classical description
of direct reactions followed by fission [2-4] and extends the semiclassical
theory of Coulomb excitation [5,6] to the transitions to the unbound states.

Having applied the model to the d+?3Nb collisions at E = 15-25 MeV
we found [1], that the total cross sections of (d,p), (d,n) and complete
fusion reactions reasonably agree with quantum results [7] and experimental
data [8]. To illustrate the model for projectiles composed of three particles,
the integrated cross sections were calculated for “He (= a +n + n) induced
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reactions following collisions with 232Th at few MeV above the Coulomb
barrier.

For three-particle projectiles it is impossible to test the semiclassical
model by comparison with quantum calculations because the latter are lim-
ited to the case of 2-body projectiles [9]. Alternatively the model could be
verified by comparing the predicted cross sections of ’He induced reactions
with experimental data. However experimental data on energy-integrated
cross sections of He induced reactions on heavy targets at energies near to
and below the Coulomb barrier are very scarce.

Most experiments with such beams are limited to elastic scattering (e.g.
see [10-12]) and reactions on light nuclei in which cases our model is not
valid. Experimental cross sections on fission and fusion reactions in the
system of SHe-+299Bi near the Coulomb barrier were reported in [13] and [14],
respectively. Since these are the very first measurements their use to check
a new model would not be conclusive.

Therefore we decided to verify the model by analysing experimental data
with ®Li beams taking into consideration that these are far less exotic than
those of ®He while the wave function of °Li regarded as a system consisting
of n + p + « is similar to that of SHe [15].

As a test case we take the excitation functions of °Li induced reactions
on 2*2Th leading to the radioactive residual nuclei 23 232Pa, in the range of
the bombarding energy F = 28-48 MeV measured using the activation of
stacked foils technique [16]. The results presented in [16] somewhat disagree
with the pioneer experiment [17] based on a different technique.

2. Wave function of 6Li

For a recent review of the models of six-nucleon systems see [18]. Ac-
cording to [15], the ground state wave functions of ®He and SLi look similarly
to each other although their spins differ (1 in SLi vs 0% in SHe). Therefore,
in the present work, the wave function of Li in the configuration space was
taken the same as that of ®He. The spin-isospin factor of the wave function
is not needed in our semiclassical model.

According to Filippov et al. [19], the hyperradial potential in ®He is

W
1+ (p/a)*’
We used the same formfactor for the potential in °Li, having adjusted only

Vo in order to ensure the correct binding energy of °Li, B(°Li) = 3.7 MeV,
rather than 0.96 MeV in *He.

V(p) = Vo =87MeV, a=3.073fm. (1)
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In the first order of the perturbation theory the hyperradial wave function
x(p) does not change while

00 -1

Vo(°Li) = Vo (He) + (B(CLi) — B(°He) / (o) —3P

|

Since the relative difference between Vg(6Li) = 97 MeV found from Eq. (2)
and Vo(°He) = 87 MeV is small, the perturbation theory is validated.

Numerical values of x(p) were taken from [19]. As angular part of the
wave function of ®Li in the 6-dimensional space we used the hyperspherical
harmonic with K = 2, I, =1, = 0. Then the distribution probability over
x,y is given by

@ (z,y)|? dedy ~ x2(p) sin® 40 d6 dp d dg, (3)

where

o =5ty =), ¥ = (ra = 1), (1)

T, Tp, Ty, are the positions of a, p, n. On the right hand side of Eq. (3) we
have restored dp which has been missed in [1]. Taking into account that

p=Vrt+y? tanf=z/y, (5)

dxdy
2 +y2'

Combining this relation with (3) we obtain the distribution over z,y :

we find

dfdp = (6)

9 . XQ(VI2+y2> z?y? (y? — 22)?
p(a,y) = / (@, ) dadg ~ vt
V2 + 12 (22 + y?)

This function is plotted in Fig. 1.
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Fig. 1. Probability distribution p(z,y) for the wave function of Eq. (3). From top to
bottom y increases from 0.5 fm to 6 fm by 0.5 fm step. The dinucleon and cigarlike
configurations are determined as those for which z < y and z > y, respectively.

3. Trajectory calculations

The distribution function (3) was used to generate randomly @, y which
then were used to specify the initial positions of n, p, a in the center of
mass system of Li. As described in [1], given @, y one can find the initial
momenta of n, p, and « particle from the expressions involving the binding
energy of 6Li, its K value and hyperradial potential.

Given initial positions and momenta of n, p, a inside 8Li which is about
to move towards the target with energy E and angular momentum L, we
find r,, rp, r, and particle momenta in the absolute system and put these
quantities into Hamilton’s equations for v = n,p, . Along with V(p) these
equations include the real parts U, (r) of particle-nucleus optical potentials,
U, (r) +iW,(r).

The solutions of Hamilton’s equations (found with the RKFS code [20])
together with the imaginary parts W, (r) were used to find for each trajectory
s the appropriate survival and absorption factors

ty
Py = exp %/ a0 () W e @) |, QY =1- PP, ()
0

where t; — oo. The step function ©(e) is equal to 1 for positive intrinsic
current energies of ®Li and zero otherwise.

The excitation energies of recoil nuclei are denoted by FE,. For instance,
in the reactions (°Li, ap), (°Li, an) and (°Li, @), these are given by

E®) (B Th) = K + U — B(®*Th) + B(***Th),
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E®) (*3Pa) = K9+ U — B(*>Th) + B(***Pa),

EY)(®'Pa) = KO+ U + K[ + U — B(*¥Th) + B(**'Pa), (9)

P
where K,(f), Kjgs), Ués), és) are the kinetic energies and potentials of n and
p in the field of 232Th at t = ¢ 7 and B is the binding energy of a nucleus
indicated in parentheses [21].
This information was used to construct the partial reaction probabili-
ties T.(L, E,), where ¢ denotes the type of the reaction. For the reactions
(°Li, ap), (°Li, an) and (°Li, a) we have:

Top(L, Ey) =

N
1
Tan(L, Bz) = Zp(&is); B, — E®)PB QW plo),

f T P n
s=1
N
1 S S s s S
To(L,Ey) = ~ Y Plefi By = ED)PLQQY. (10)
s=1

The factor P(e; A) is equal to 1 if ¢ > 0 and |A| <1 MeV and zero otherwise;

5505) is the intrinsic energy of the o +n + p system at ¢ = t;, N is the

total number of samples at given L. Equations (10) are equivalent to the

procedure of Ref. [1] if ‘recombination’ of n, p, a back to %Li is negligible.
The cross sections are given by

h?

Uc(Ex) = 'ME Z(QL + 1)Tc(La Ex)a (11)
L

where M is the mass of the projectile. It is assumed that M is much smaller
than the target mass. Please note that a factor of 2 should be dropped in
the expression for o, on p. 328 of Ref. [1].

In the following calculations, the parameters of the optical potentials for
n, p, a are taken from [22,23] and N = 200.

4. Production of 232:233P3 at E(°Li) = 40 MeV
In Fig. 2, we show the cross sections
o(*Li,ap; E;), o(°Li,an; E,), and o(°Li,a; E,) (12)

for the production of 233Th, 233Pa, and 234Pa, respectively, by the Li beam
of E =40 MeV on the 232Th target as functions of the excitation energy E,
of the appropriate recoil nucleus.
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Fig.2. Excitation energy distributions of 2**Th and 2?%23*Pa produced in the
6(Li,ap), 8(Li,an) and %(Li,a) reactions on 232Th at the beam energy of 40 MeV.
The vertical lines are drown at E, = S, (?**Th), S, (>*3Pa), S, (***Pa)+5,(**?Pa),
By — £5,(**?Pa), and Eyo + 15,(**?Pa) (from left to right). Marked by ‘2’ and
‘3” are the areas contributing to the production of ground state nuclei of 2**Pa and

233Pa, respectively.

One can see that some part of 233Th nuclei is formed at negative FE,.
This occurs when neutrons are getting captured to the single-particle states
lying below the Fermi energy. After exclusion of such events forbidden by
the Pauli principle all cross sections will increase by a factor of N/(N — N.),
where N, is the number of recoil nuclei with E, < 0.

The cross section for the production of 233Pa is very small compared to
the production cross sections of ?33Th and 23*Pa. This simply reflects the
small probability of the events in which proton is captured whereas neutron
avoids absorption compared to the probability for absorption of either n or n
and p. In the following the contribution to the production of 23%:233Pa(g.s.)
from de-excitation of 233Pa, is neglected.

As shown in Fig. 2, the major source of production of 2**Pa(g.s.) is a
region marked by '3’ which extends from F, = 0 up to the neutron emis-
sion threshold S, (***Th)=4.79 MeV. The states in this region de-excite by
« -emission to the ground state of ?*3Th which in its turn is converting into

233Pa through B~ decay.
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The main source of production of 232Pa(g.s.), marked by ‘2’, is the
2-neutron decay of 2**Pa to the states of 2*?Pa with E, < S, (**?Pa)=5.6
MeV. The contribution of this source is estimated as

Ez0+5 Sn(*3?Pa)
02(23213&) ~ Ry (E1)Ru(Ex) / dExa(GLi, a; Ey), (13)

Epo—15n(232Pa)

where F,q, F;1 are the mean excitation energies before and after emission of
the first neutron; Ry (Ey) and Ry, (E,1) are the branching ratios for neutron
emission from 234Pa at E, = E,o and ?**Pa at E, = E,1, respectively.

Treating the emission of the first and the second neutrons in the frame-
work of preequilibrium and equilibrium models, respectively, allows one to
express E,; in terms of S,(**?Pa) and S, (***Pa) and present E,y through
E.1, Su(?**Pa) = 5.2 MeV and the exciton number ng in the initial config-
uration of 23*Pa (for details see Appendix).

The neutron branching ratio is given by

1/

Ry=——"——
" 1/Tn+1/7'f’

(14)
where 7, is the nuclear decay time via the neutron channel and 7¢ is the
fission lifetime. Taking these times from [24] we find that R,(F,) in 233Pa
linearly increases from 0.6 to 0.7 when FE, increases from 7 to 12 MeV. From
Eq. (17) in the Appendix we estimated that E,; = 10 MeV which gives
R, (Ey1) = 0.66.

From Eq. (20) in the Appendix we found that E,y = 20.1 and 18.4
MeV at ng = 4 and 5, respectively, and we put R,(E,) = 1. A linear
extrapolation of the neutron branching ratio to E, = 20 MeV would give
0.85. However, the pre-equilibrium (fast) mechanism of neutron emission is
expected to prevail at this excitation energy to make the branching ratio
close to 1.

5. Discussion and conclusion

The type of trajectory calculations illustrated in Fig. 2 were repeated for
few values of °Li beam energy in the range of 30-50 MeV with a 5 MeV step.
They are summarized in a form of excitation functions for the production
of 232:233Py, in SLi+232Th collisions which are presented in Fig. 3 together
with experimental points [16].

Looking at Fig. 3 one can see that there is as much general agreement
as might be anticipated accounting for a simplistic wave function of SLi,
employment of the hyperradial and mean field potential concepts and using
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Fig. 3. Excitation functions for the production of 2*?Pa (left) and ?*3Pa (right) in
6Li+232Th collisions at E = 30-50 MeV. The arrows indicate the position of the
Coulomb barrier.

quite schematic picture of the de-excitation stage. On the average, the
excitation function of ?*?Pa is underpredicted by a factor of 0.6 while the
excitation function of 233Pa, is overpredicted by a factor of 2.3.

As seen from Fig. 3, the choice ng = 5 is preferable at low beam energies
while at high energies ng = 4 reproduces the data better. This is probably
connected to the fact that the contribution of direct mechanism increases
with the growing energy of the beam, hence of the excitation energy of the
recoil nucleus of ?*Pa.

Using Eq. (7) for the p(z,y) distribution in SLi one can show that dinu-
cleon and cigarlike configurations (which can be separated by the line y = x
in Fig. 1) have equal weights. More realistic wave functions [15] give rise to
higher probability for dinucleon than for cigar: 73% vs 27% and 76% wvs 24%
in ®He [25] and °Li [26], respectively.

With the enhancement of the dinucleon configuration the yield of ?4Pa
originating from the capture of correlated p-n pairs is expected to increase.
Accordingly, the production of 232Pa increases too. The cigarlike configura-
tion contributes to the events when neutron is captured while proton avoids
absorption. Therefore with the suppression of this configuration the yield of
233Th, hence of ?*3Pa, should decrease. Thus, the improved wave function
of 6Li is expected to drive the yields of both 232Pa and ??3Pa towards better
agreement with the data.
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Appendix

The mean excitation energy of ?32Pa below the neutron emission thresh-

old is given by
1
B = §Sn(232Pa), (15)

while the corresponding temperature is

E
T2 _ x2

. ay = 232/8. (16)
a3

By definition, the mean excitation energy FE,; of ?33Pa is shifted with
respect to Ezo by the mean energy carried away by a neutron evaporated
from 233Pa:

By = By + 215 + S, (*%Pa). (17)

The mean excitation energy F,q of 234Py is shifted with respect to E,; by
the mean energy carried away by a neutron emitted from ?3*Pa. Given initial
exciton number ng, the pre-equilibrium energy spectrum is given by [27,28]

N (€)de ~ €ty (€)(Ego — Sy — €)™ 2de.. (18)

Let emax be the value of € where N (€) attains maximum. Treating oiny (€)
as a constant near € = ey we find

Eyp-—S
€max = ﬁ : (19)
Replacing the mean neutron kinetic energy with €, we obtain:
Fuo = Ey1 + 5n(2Pa) + 22 ‘nfj (2134Pa) (20)
which yields
Fao="2"1p 1+ 5,®Pa). (21)

n0—2
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