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Abstract

To date, the possible effects of coupling to nucleon transfer reactions on the elastic scattering
and fusion of weakly bound exotic nuclei have been largely neglected. The C nucleus presents
a virtually unique opportunity to test these effects for an almost pure sy, single neutron halo
nucleus. We present a series of coupled reaction channels calculations of the sub-barrier elastic
scattering and single neutron transfer reactions, plus near-barrier excitation functions of the total
fusion cross section for the 2C, 13C and °C + 28Pb systems. The method is validated against
data for 12C and 2C + 208Pb. A large effect on the sub-barrier elastic scattering due to coupling
to the (C,'C) single neutron stripping reaction is found, ascribed to the 2s; /2 halo nature of
the »C ground state, in contrast to the two stable Carbon isotopes. We also find a significant
diminution of the above barrier total fusion cross section for >C due to this coupling, again in

contrast to the stable isotopes.
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The elastic scattering of light exotic nuclei from heavy targets at energies close to the
Coulomb barrier — and in this context we shall take “heavy” to mean nuclei of mass number
greater than about 50 — has until recently been a rather neglected aspect of direct reaction
studies. However, due to steady improvements in the quality of available radioactive beams
and detector arrays it is now possible to measure elastic scattering angular distributions
in this energy regime with good angular coverage and precision, see e.g. [1-3]. As most
of the light exotic nuclei studied so far are weakly bound, interpretation of the available
elastic scattering data has concentrated on the effect of coupling to breakup, see e.g. [4-T7].
However, weak binding may also imply important effects due to nucleon transfer reactions,
particularly for those weakly bound exotic nuclei that exhibit the halo phenomenon. Indeed,
recent exclusive measurements for the ®He + 2%Bi system [8, 9] found that the one and two
neutron transfer processes together account for approximately 75 % of the observed total
« yield at an incident energy of ~ 23 MeV, close to the Coulomb barrier, indicating that
transfer processes are the dominant contribution to the total reaction cross section.

A large cross section for a particular reaction process does not necessarily imply an equally
important effect on the elastic scattering, although it is certainly suggestive. We present here
a study of the effect of coupling to single neutron transfers on the elastic scattering of *C
from a 2%Pb target at sub-barrier energies, plus the near-barrier total fusion cross section
excitation function. We chose this system as it avoids potential complications with two-step
neutron transfer processes associated with two-neutron halo systems such as °He and ''Li
and allows comparison with two stable isotopes, 12C and '*C, for which sub-barrier elastic
scattering and transfer data from a 2°*Pb target are available [10]. We do not investigate
140 as it also has potential complications due to the two-step neutron transfer mechanism.
In addition, *C is virtually unique in exhibiting an almost pure 2s /o single neutron halo
ground state. While 'Be also has a 1/2% ground state dominated by the 2s;,, neutron +
19Be(0") configuration, the experimental spectroscopic factors for this configuration cluster
around 0.8, whereas for the 1°C ground state the experimental values for the corresponding
2812 neutron + *C(0") configuration cluster around 1.0, see e.g. [11]. Therefore, effects due
to core excitation should be much less important for C than for "' Be and will be ignored
here.

Having set out our rationale for studying the C + 208Pb system, we shall consider

the single neutron stripping and pickup reactions for the three systems 2C + 208Pb, 13C



TABLE I: Reaction Q-values and projectile overlap spectroscopic factors (C2S) for the single neu-

tron stripping and pickup reactions for the 21315C 4 298P} systems.

Reaction Q-value (MeV) C?S
208ph (120, C)29Ph —14.8 2.85¢
208ph(12C,13C)27Ph —2.4 0.61¢
2W08ph(13C,120)29Ph —-1.0 0.61¢
208pK(13C,14C)207Ph +0.81 1.73¢
208pp(15C,140)209Ph +2.7 0.982
208pK(15C,16C)207Ph -3.1 0.60°%, 1.23¢

“Ref. [12]

Ref. [13], 1°C(1/2%):16C
“Ref. [13], 15C(5/2%):16C

+ 29%8Ph and PC + 28Pb. The Q-values for these reactions are summarized in Table I.
Spectroscopic factors for the 2C:''1C, 2C:13C, BC:"*C and C:*C overlaps were taken
from the shell model results presented in [12] while those for the *C:1C overlap were taken
from [13]. The n+C binding potentials were of Woods-Saxon form, with Ry = 1.25 x Al/3
fm, a = 0.65 fm and a spin-orbit term with the same geometry and a depth of 6 MeV, the
depth of the central part being adjusted to obtain the correct binding energy. The use of
“standard” binding potential parameters for the halo nucleus °C is, of course, questionable.
However, increasing the radius and/or the diffuseness of the binding potential will lead
to larger calculated transfer cross sections and a larger coupling effect on other channels.
Our calculations therefore represent in some sense a lower limit for the transfer coupling
effect for 1°C. Transfers to the 0.0 MeV 9/27, 0.78 MeV 11/2T, 1.42 MeV 15/27, 1.57 MeV
5/2%,2.03 MeV 1/2%, 2.49 MeV 7/2% and 2.54 MeV 3/27 states of 2**Pb and the 0.0 MeV
1/27,0.57 MeV 5/27, 0.90 MeV 3/27, 1.63 MeV 13/2% and 2.34 MeV 7/2 states of 2"Pb
were considered. Spectroscopic factors and neutron binding potentials for the 2°*Pb:2%Pb
and 2%Pb:2"Pbh overlaps were taken from the adiabatic model analysis of [14] and [10],

respectively.



For the “bare” optical model potentials in the entrance and exit channels we used the
systematics of Broglia and Winther [15] and Woods-Saxon wells with parameters: W =
50 MeV, Ry = 1.0><(A11,/3 + Atl/g) fm, ay = 0.3 fm for the real and imaginary parts,
respectively. An “interior” imaginary potential was employed to simulate the ingoing-wave
boundary condition [16], and we may thus equate the total absorption by the imaginary
potentials to the total fusion cross section. The results of the calculations are insensitive
to the details of the imaginary potential, provided that it remains of an “interior” nature.
The calculations were performed using the code Fresco [17] and included the full complex
remnant term and non-orthogonality correction.

Data for the elastic scattering of '>13C from a 2°®Pb target plus the corresponding single
neutron transfer reactions are available for an incident C energy of 54.07 MeV [10]. The
nominal Coulomb barriers for the 12C, 13C and *C + 2°8Pb systems, defined as the maximum
of the combined bare real nuclear plus Coulomb potentials, are 58.1 MeV, 57.6 MeV and
56.8 MeV, respectively, although the barrier for *C + 2%Pb does not take account of
the halo nature of »C and should therefore be somewhat lower in reality. This incident
energy is thus well below the barrier for all three systems and most reaction channels should
be classically closed. The two stable C isotopes provide a useful benchmark for the °C
calculations: for '2C one expects essentially no effect from coupling to the single neutron
transfer reactions due to the large negative Q-values involved; conversely, for 1°C one might
naively expect a significant effect from coupling to the (}3C,*C) transfer, even at such a
low incident energy, due to the relatively large positive Q-value. On this basis, ¥C should
exhibit behavior intermediate between '2C and C. Of course, reaction Q-values are not
the sole criteria for determining whether a particular coupling will have an important effect
on elastic scattering, and these naive expectations may be significantly modified by other
considerations, e.g. spectroscopic factors. The data for the '213C + 208Pb systems also
provide a valuable check of the physical reasonableness of our method.

In Fig. 1 we show the results of our calculations for the elastic scattering of 2C, 13C and
150 + 29%8Pb at incident C energies of 54.07 MeV. For the 12C + 2%Pb system we see that the
effect of transfer couplings is entirely negligible, as expected, and that the bare no coupling
calculation provides a good description of the data. Note that the full curve plotted in Fig.
1(a) does not include coupling to the 2*®Pb(*2C,!1C) single neutron stripping as it has no

effect whatsoever on the elastic scattering and the cross sections for this reaction are too



FIG. 1: Elastic scattering for 2C + 2%Pb (a), 13C + 2%Pb (b), and °C + 28Pb (c) at incident
C energies of 54.07 MeV. The data in (a) and (b) are taken from [10]. The dotted curves denote
the bare, no coupling calculations and the solid curves denote the results of the full calculations.
The dashed curve in (b) denotes the result of a calculation with just the 2%®Pb(}3C,'2C) transfer
included and the dot-dashed curve in (c) denotes the result of a calculation assuming a 1dj/,

ground state for 1°C.

(a)l I 1 I 1 I 1 I 1

——at —
1.0 4 f—;---f-;-_-

0.8~ -
— ]
O
5 (b)
5 1.0
e
S
m e
<
208l -
i
— ]
(c)
1.0
0.8~
1 I 1 I 1 I 1 I 1
30 60 90 120 150 180

9. m (deg)



FIG. 2: Calculated 2°*Pb(*2C,13C)29"Pb angular distributions (solid curves) plus the data of [10]

(filled circles) for an incident 12C energy of 54.07 MeV.
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small to be calculable, due to the very negative Q-value for this reaction (see Table I). In
Fig. 2 we plot the calculated 2®Pb(12C,'3C)?*"Pb angular distributions together with the
data of [10]. The agreement is satisfactory, validating our conclusions concerning the lack
of effect of transfer coupling in this system at sub-barrier energies.

In Fig. 1(b) we see that coupling to single neutron transfer reactions has a small but
significant effect on the ¥C + 28Pb elastic scattering at this sub-barrier energy. In Figs.
3 and 4 we plot the calculated 2®Pb(3C,12C)?Pb and 2®Pb('3C,!C)?""Pb angular dis-
tributions, respectively, together with the data of [10].  Agreement between calculation
and data is again satisfactory, although the 2®Pb(*3C,12C)?Pb data are consistently under
predicted while the elastic scattering data is somewhat over predicted at backward angles.

This is due to our use of the shell model spectroscopic factor quoted in [12] for the 3C:12C



FIG. 3: Calculated 2°Pb(}3C,12C)2%Pb angular distributions (solid curves) plus the data of [10]

(filled circles) for an incident 13C energy of 54.07 MeV.
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overlap which is somewhat smaller (0.61) than the lower limit of the empirical value of
0.75 £ 0.1 [12]. Taking a value of 0.75 for this spectroscopic factor gives good agreement
with the 2¥Pb(13C2C)?Pb transfer data and improves the agreement with the elastic
scattering (it is still slightly over predicted at backward angles). Similar remarks apply to
the 28Pb(12C,13C)?7Pb transfer, although the effect is less marked; the effect of the transfer
coupling on the elastic scattering is so small in this case that the slight increase in spec-
troscopic factor has a negligible effect. We have nevertheless chosen to present the results
using the shell model value as an example of the predictive power of such calculations when
realistic structure information is employed as input.

Finally, in Fig. 1(c) we see that coupling to the 2*Pb(!>C,C)?%Pb single neutron strip-

ping has a large effect on the elastic scattering at backward angles. The solid curve in Fig.



FIG. 4: Calculated 2°Pb(}3C,4C)29"Pb angular distributions (solid curves) plus the data of [10]

(filled circles) for an incident 13C energy of 54.07 MeV.
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1(c) does not include the 2®Pb(**C,'°C)*"Pb coupling as tests found that it has a negli-
gible effect on the elastic scattering at this energy. The test calculations included inelastic
excitation of the 0.74 MeV 5/27 first excited state of C and transfer from this state to the
ground state of *C in addition to the ground state to ground state transfer. The two step
transfer path via the first excited state of 1*C was included as the spectroscopic factor for
single neutron pickup to the ground state of °C via this state is twice that via the ground
state of C [13]. We used the B(E2) value quoted in [18] and derived the necessary nuclear
deformation length using the collective model and a radius of 1.2 x 15'/3 fm; while this pro-
cedure may be questionable for a halo nucleus, it should be adequate for our purposes as the
excitation is Coulomb dominated at the low incident energy considered here. The inelastic

coupling itself has a small effect on the elastic scattering, insignificant in comparison to that



due to the 2%Pb(15C,'C)?Pb transfer.

It is interesting to note that our naive a priori expectations concerning the effect of the
transfer couplings in passing from 2C to °C are not entirely justified by the results; although
13C does indeed exhibit behavior intermediate between 2C and '°C it is the negative Q-
value (—1.0 MeV) 2%Pb(**C,2C)?™PDb reaction that has the most important effect on the
elastic scattering. As noted above, reaction Q-values are not the sole criteria for determining
whether a given coupling will have a significant influence on the elastic scattering and they
are often not the most important factor — virtual couplings to classically closed channels
often prove to have significant effects on elastic scattering, see e.g. [19, 20].

The most striking result is the very large effect due to single neutron stripping on the
15C 4 298P} elastic scattering. This may be ascribed to the halo nature of *C; the extended
wave function of the valence neutron leads to larger transfer probabilities at large radii than
for a “conventional” nucleus. We may illustrate this by a test calculation. The well-known
inversion of the 2s;/, and 1ds/, levels in 1°C leads to a 1/2" ground state for this nucleus,
with the valence neutron in the 2s,/, orbital. Even with the standard binding potential
parameters that we have employed in our calculations, combined with the relatively low
binding energy for the last neutron this will lead to a halo character for the ground state of
15C and thus to enhanced transfer probability. The result of a test calculation assuming a
1ds/2 ground state is shown on Fig. 1(c) as the dot-dashed curve — it is apparent that the
effect of the transfer coupling is much reduced, and is comparable with that for the *C +
208Ph system.

Breakup may also play a role for *C, in contrast to 2C and *C, due to the low threshold
(1.22 MeV) against the >C — n + C process. Test calculations employing a simplistic
“C + n model of C with an inert “C core suggest that breakup coupling effects could
be as large, if not larger, than those due to the 2%Ph(*C,“C)2Ph transfer at sub-barrier
energies. However, whatever the actual effect of breakup coupling may be, it does not affect
the large contribution from single neutron stripping.

We have thus far been concerned with the effect of neutron transfer coupling on sub-
barrier elastic scattering and found a large effect for the halo nucleus °C, in contrast to
the two stable Carbon isotopes. However, as measurements of the total fusion excitation
function for systems involving C as the projectile are planned at several laboratories, we

have also calculated the total fusion excitation functions for the three systems '2C, ¥*C and



FIG. 5: Calculated 2C + 208Pb total fusion excitation functions with (solid curve) and with-

out (dotted curve) the 28Ph(12C,13C)2Pb transfer coupling compared to the data of [21] (filled

circles).
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15C 4 29%Ph to investigate whether the halo nature of 1°C also leads to new effects for this
observable. The results are shown in Figs. 5-7. As for the elastic scattering, the calculations
for the 2C + 28Pb system omit the 28Pb(*2C,!'C) couplings and those for 1°C + 2%Ph
omit the 2®Pb(*C,'°C) couplings. The effect of the 2*Pb(*2C,''C) couplings on the total
fusion cross section was found to be negligible over the energy range studied, and while there
was a small effect due to the 2Pb(**C,'6C) couplings this was found to be due mostly to
the inelastic excitation of C to its first excited state, included in the calculations.

We also show the measured total fusion cross sections for the 2C + 2%Pb system of
[21] in Fig. 5 for comparison. At above barrier incident energies where coupling effects
are expected to be small there is good agreement between the calculated and measured

cross sections for this system. At sub-barrier energies the calculations considerably under
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FIG. 6: Calculated 13C + 208Pb total fusion excitation functions with (solid curve) and without

(dotted curve) the 2%¥Pb(13C,12C)29Pb and 208Pb(13C,1*C)?"Pb transfer couplings.

10°

10

10

0. (mb)

10

-1 I 1 I 1 I 1 I 1 I 1 I 1
0.95 1.00 1.05 1.10 1.15 1.20 1.25
Ec.m./ VB

10

estimate the data; this may be ascribed to the neglect of couplings to inelastic excitations of
the target and projectile, as tests confirm that while these couplings have a negligible effect
on the elastic scattering at sub-barrier energies they give rise to a considerable enhancement
of the fusion cross section. Indeed, more complete calculations presented in [21] that include
these couplings are able to well describe the fusion data.

We see trends in the coupling effects on the total fusion cross section as we pass from 2C
to 1°C that are in some ways similar to those for the elastic scattering; the single neutron
stripping has little effect on the total fusion cross section for the 2C 4+ 2%8Pb system while
for 13C + 2%Pb we see a significant near and sub-barrier enhancement due to the nucleon
transfer couplings. In the C + 2%Pb system the 2*®Ph(!°C,C) couplings have a negligible
effect on the sub-barrier total fusion cross section. Thus, in the sub-barrier regime single

neutron transfers have the greatest influence on the total fusion cross section for the *C
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FIG. 7: Calculated 1°C + 208Pb total fusion excitation functions with (solid curve) and without
(dotted curve) the 2%Pb(15C,4C)2%Pb transfer coupling. The dot-dashed curve denotes the result

of a calculation including the transfer coupling but assuming a 1d5/, ground state for 15¢,
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+ 208Ph system, in contrast to the situation for the elastic scattering. However, in the °C
+ 208Ph system we find that for incident energies just above the barrier the single neutron
stripping coupling has an important effect on the total fusion cross section not seen in the
other two systems studied here, viz, a significant hindrance of the cross section compared to
the no-coupling case. This appears to be a general phenomenon for halo systems, and has
been demonstrated for a number of these nuclei, see [22].

We also performed test calculations of the total fusion for the *C + 28Pb system where
the 2Pb(13C,12C)?®Pb coupling was omitted. The resulting excitation function was in-
distinguishable from that of the full calculation on a plot, leading us to conclude that the
208Ph(13C,12C)29Ph coupling has no significant influence on the total fusion cross section in

the sub and near-barrier energy regime. This is in contrast to the sub-barrier elastic scatter-

12



ing where this coupling is the most important and the influence of the 2*Ph(13C,14C)%*"Ph
coupling is weak.

A further series of test calculations investigated the effect of assuming a 1ds/, configu-
ration for the “valence” neutron in the ground state of *C. The results are plotted as the
dot-dashed curve in Fig. 7. The effect of the 2Pb(*C,*C)?Pb coupling is now much closer
to that found for conventional nuclei, in that we now see a sub-barrier enhancement due to
coupling while the above barrier hindrance is much reduced. We again see the importance
of the 2s; 5 configuration for the halo in '°C, as for the sub-barrier elastic scattering.

To summarize, we have performed a series of coupled reaction channels calculations inves-
tigating the effect of single neutron transfer couplings on the sub-barrier elastic scattering
and near barrier total fusion of 2C, 13C and °C + 2%Pb. A satisfactory description of
the available elastic scattering and transfer data for the '2C and 3C + 28Pb systems was
obtained with no adjustable parameters. We found an evolution in the importance of the
coupling effect on the elastic scattering in passing from ?C (no effect) to 3C (large effect),
with 13C exhibiting intermediate behavior. The large effect for **C was shown to be due to
the halo nature of this isotope, linked to the dominant 2s,/, structure of the ground state.
The evolution of the coupling effects on the near barrier total fusion excitation functions
was more complex, the largest effect in the sub-barrier regime being found in the 3C 4+
208Ph system, while in the *C + 2%Pb system a significant hindrance of the total fusion
cross section at incident energies just above the barrier due to the single neutron stripping
coupling was found. This latter effect has been observed in other systems involving halo
projectiles [22] and seems to be characteristic of these nuclei. The effect was again found to
be linked to the dominant 2s; /5 structure of the ground state in '>C. We therefore find that
the halo nature of the »C ground state is predominantly due to its 2s;/ structure rather
than the weak binding of the valence neutron; although the latter does play a role it is not
sufficient by itself to produce the full halo-like effect on either the elastic scattering or the

total fusion, as the test calculations assuming a 1ds/, configuration show.
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