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Is there specific alpha clustering in light nuclei?*
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The role of the n-core bound state wave function in direct reaction theories of e transfer
and knockout reactions is discussed. It is pointed out that for A —16, wave functions with
excessive rms radii are needed in order to reproduce predicted 1P shell absolute spectro-
scopic factors. It is argued that this may indicate considerable specific n clustering in ex-
cess of 1P shell estimates.

NUCLEAR REACTIONS o,'-transfer and o.-knockout reactions, importance of
realistic e-core wave function. Possible specific a. clustering.

e clustering in 1P and 2sld shell nuclei has been
studied recently using many methods. These in-
cluded the ('Li, d), (d, 'Li), ( He, Be), ("Li, t),
(o, 'Be), and ("0,"Ne) transfer reactions, ' ' as
well as the (P,Pn) and (o, 2o) quasifree knockout
processes' ' and the (p, d'He) quasifree reaction. "
Methods of theoretical analysis include the zero
range and finite range distorted wave Born approx-
imation (DWBA) and the coupled channels Born ap-
proximation" (CCBA) for the transfer reactions.
Analyses of the knockout reaction data have em-
ployed the distorted wave impulse approximation"
(DWIA), either with an exact partial wave treat-
ment of distortion effects or with an approximate
parametrized treatment. Frequently these cal-
culations do not reproduce the observed absolute
cross sections and discussion is limited to a com-
parison of extracted relative spectroscopic factors
with the corresponding theoretical quantities.

In order to investigate the possibility of specific
e clustering in excess of that predicted by a par-
ticular nuclear structure calculation, it is neces-
sary to extract reliable absolute spectroscopic
factors from the reaction analyses. These have
been reported in some cases. However, a problem
common to all three types of reaction analysis is
the need to specify the n-core bound-state wave
function. Specifically, if we consider a pickup or
knockout experiment on a target of mass A, +4,
the wave function in question is that needed to
describe the relative motion of an n particle with
respect to the core A, .

In most analyses this wave function is generated
in a Woods-Saxon well, adjusted to reproduce the
empirical o.-core separation energy. The princi-
pal quantum number N and the angular momentum
L are chosen to satisfy the oscillator shell model
constraint

2(N 1) ~ i. = k 2), --)) ~ ), ,

where the sum is over the corresponding quantum-
numbe rs of the four transferred nucleons. Equation
(1) results from the assumption that the o. cluster
is transferred in the zero quanta (1s)' configura, —

tion and that the differences in the oscillator
length parameter between masses 4 and A, +4 do
not introduce significant contributions from four
particle relative wave functions with nonzero
oscillator quanta. As an example, for the (1p)'
configuration, Eq. (1) permits i' values of
3S, 2D, or 1G. In generating the n-core wave
function the choice of the Woods-Saxon well radius
A and diffuseness a is important. For highly sur-
face-localized reactions the value of A strongly
affects the predicted absolute cross section owing
to the rapid decay of the asymptotic wave function.

Recently we have obtained data for the (n, 2u)
reaction induced by 140 MeV n particles on 'Be,
"C, "Q, and "Ne. A detailed discussion will be
presented elsewhere. " In general these data show
an angular variation almost identical to the angular
variation of the free n-n elastic-scattering cross
section, thus supporting our interpretation of the
reaction as a quasifree knockout process. Some-
what surprisingly, however, initial DULIA calcula-
tions seriously underestimated the experimental
cross sections. For example, for "O(o., 2o. )-
'2C(g. s. ) we obtained a spectroscopic factor S
=40.3, a value roughly 175 times larger than the
1P shell model prediction" of 0.23. This result
was obtained using a radius of 1.09 x 12' ' fm and
a diffuseness of a =0.7825 fm. .These values were
obtained by folding an e-nucleon potential with
a ' C density distribution. " The resultant wave
function has an rms radius of 3.03 fm which is to
be compared with the measured "0 rms radius
of 2.65 fm. In Fig. 1 the resultant 3S wave function-
is plotted together with a 3S oscillator wave func-
tion with a length parameter v =4A, (A, +4) 4~' fm '
which is the expected shell model function. " It is
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seen that the folding model potential yields a wave
function which already overestimates the radial
extent of the oscillator function, having the nodes
and maxima at somewhat larger radii.

Detailed, studies have shown that this serious
discrepancy in absolute magnitude in our DWIA
calculations cannot be eliminated by reasonable
variations in distorting parameters. " However,
on increasing the radius parameter to 2.52 x 12'~'
fm we obtain 3 =0.22 in good agreement with the-
ory. The resultant wave function is shown in Fig.
2 along with the radial contributions to the cross
section obtained by taking differences between cal-
culations employing radial cutoffs. The surface
nature of the reaction is evident and the increase
in cross section is seen to arise in part from the
elimination of the interference effect seen in the
corresponding curve in Fig. 1. Although the value
R = 2.52 && 12' ' fm leads to an apparently excessive
rms radius of 4.37 fm, it is interesting to note
that the resultant volume integral is J/4A, = 604
MeV fm' which is consistent with fairly low en-
ergy analyses of z-nucleus scattering.

Similar, behavior is found for the other targets
studied, as well as for the "O(o, 2o.P'C reac-
tion''" " at 90 MeV. In addition, quite similar
results are obtained in analyses of transfer reac- .

tions. For example, finite range DWBA analyses

of the (o., 'Be) reaction at 65 to 'l2. 5 MeV on 1P
shell targets' required R = 2.0A, ' ' fm wwith a
=0.65 fm in order to obtain absolute cross sec-
tions in reasonable agreement with shell model
predictions. Similarly Yoshida' was obliged to
use R =1.2(A, '~'+4'") fm, a=0.65 fm to describe
n+ "0 in his finite range D%BA analysis of
"C("0,"Ne)'Be. Finally, it seems unlikely that
such anomalously large values of R serve to com-
pensate for the omission of inelastic couplings in
the entrance and exit channels. Thus Nagel and
Koshel" in a CCBA analysis of "O(d, 'Li}"C at
35 MeV found that the experimental cross section
was underestimated by a factor of -18 using R
=1.25A.,' ' fm, a=0.65 fm, whereas good agree-
ment with the experimental magnitude required
Jt = 1.2"l(A,'~'+4'~') fm which is equivalent to
2.158,' ' fm. Similarly, Pisano arid Parker'
found much the same behavior in their CCBA cal-
culations for ('He, 'Be) at 25.5 MeV. These au-
thors employed oscillator wave functions matched
to correct binding energy tails to describe the s-
core system. Since reasonable values are chosen
for the oscillator length parameter, this procedure
yields wave functions with fairly realistic rms
radii. As a result the cross section for the
"C('He, 'Be)'Be(g. s. ) reaction is underestimated by
about a factor of 11in both DWBA and CCBA. Some-
what better results are obtained for "Mg('He, 'Be}-
"Ne(g.s.) although serious discrepancies persist
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FIG. 1. 3S n-core wave function U(&) for '60(n, .2n)-
12&(g,s.). - The broken curve is an oscillator function
using &=1.19 fm ~. The continuous curve was obtained
using a Woods-Saxon well with 6 =1.09 &12~ 3 fm, g
=0.7825 fm. Also shown is a histogram of 60, the con-
tributions to the corresponding (n, 2n) cross. section cal-
culated in DWIA at 140 MeV incident energy with 6)

43.16 and with equal detected energies such that the
residual C nucleus is left at rest.

FIG. 2. 38 n-, core wave function G(r) for ~60(n, 2n)-
' C(g.s.). The continuous curve was obtained using a
Woods-Saxon well with A=2. 52 &&12 3 fm, a=0.7825 fm.
Also shown is a histogram of 40. , the contributions to the
corresponding (n, 2n) cross section calculated in DWIA
at 140 MeV incident energy with 0„=+43.16' and with
equal detected energies such that the residual '~C nucleus
is left at rest.
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for the excited state transitions.
In contrast to the above results it must be noted

that some experiments on light nuclei"' do re-
port reasonable magnitudes for extracted absolute
spectroscopic factors using n-core wave functions
with realistic rms radii. " However, the signifi-
cance of such results depends upon the degree of
surface localization in the reacti'on studied. For
example, in Refs. 7 and 10 it is found that (p, po. )
and Q&, d'He) reactions of 1P shell nuclei are less
strongly surface localized than the (n, 2o.) calcula-
tions shown in Figs. 1 and 2. As a result, on
changing 8 from the folding model values origin-

y usedt ~ to @ 2'3+c fm& we find the ex
tracted spectroscopic factors are reduced by no
more than a factor of 'two. We have already seen
that the corresponding change for "O(o,2n)-
"C (g.s.) is about two orders of magnitude.

In view of the consistent evidence from five
rather dissimilar reactions and analyses favor-
ing cy-core wave functions with excessive rms
radii, we feel that it is unlikely that our result
.R -2.5A.,'~' merely compensates for errors in
treating the (o., 2n) reaction mechanism. Thus
unless it can be shown that the use of n-core wave
functions such as those given in Fig. 1 with real-
istic rms radii somehow misinterpret the IP
shell model predictions for direc t two-proton-two-
neutron r emoval, the need to employ wave functions
having much larger radius parameters implies
considerable specific z clustering in light nuclei.
Such clustering is in excess of the 1P shell model
predictions and occurs at fairly large radii (6-7
fm).

In shell model language this result implies ad-
mixtures of four nucleon components from higher
shells which would presumably enhance the wave
function of Fig. 1 in the surface region. An ex-
ample would be the two-particle-two-hole and
four-particle-four-hole components which may
be present in the "0 ground state. " For excit-
ation s into the (2s1d) shell, such components would

permit up to 58 terms in the n-core wave func tion.
However, it seems likely that many higher compotl -.

ents must also contribute. This is a consequence of
the result that, using the folding model geometry
which yields the 3S wave function shown in Fig. 1,
a 5S admixture which has roughly 4 times the am-
Plitude of the 1P shell prediction for the 38 term
must be introduced in order to reproduce the ob-
served (o., 2a) cross section. For a 48 function
an even larger admixture is required. These re-
sults are to be compared with estimates using the
wave functions of Brown and Green"" which yield
amplitude ratios of 0.416 and 0.135 for 48/38 and

58/38, respectively. " Thus the coherent 48 and

58 admixtures predicted in Ref. 16 are insuffi-
cient to explain the observed (n, 2o, ) cross sec-
tion "

As an alternative to large specific e clustering
we must return to reaction mechanism consider-
ations. A possible explanation for the observed
effects might be some projectile induced enhance-
ment of the e clustering which remained fairly
constant from one reaction to another. In CCBA
language this would imply significant inelastic
couplings to excited states having large a widths.
These would be entrance-channel couplings in

pickup and knockout or exit-channel couplings in

stripping. It is interesting that such states neces-
sarily have lower a binding energies than the

ground-state transition, or can be unbound. As
a result the corresponding e-core wave functions
will be enhanced in the surface region. Similar
considerations suggest that, for ground-state
transitions, exit-channel couplings (in pickup)
will be less important owing to binding energy in-
creases. Unfor tunately suitable calculations for
(o., 2n) are not yet available. However, additional

CCBA calculations for transfer are currently fea-
sible. Clearly the preceding argument is consis-
tent with Nagel and Koshel's result" that, for
"O(d, Li)"C, inelastic couplings in "C have rath-
er little effect. Instead it is suggested that a
proper description of inelastic couplings in "0 is
more important and should permit agreement with

experiment using realistic rms radii, Among the

levels which should be included is the 2+ state in
"0 at 6.92 MeV. This level is seen strongly"'' '
in "C('Li, t)"0 and in "O(d, d')"O and is close to

the "Q e threshold having an e binding energy of
only 0.243 MeV which is to be compared with a
binding energy of 7.162 MeV for the ground state.
Clearly CCBA calculations including states of this

type would be of great interest.
In conclusion, we wish to emphasize the need for

improved treatments of n-core wave functions and

of coupled channels effects for transfer and knock-
out reaction studies. " Finally, while our discussion
has been largely concerned with cy cluster removal
from "0, the rather weak mass dependence of the

ground-state integrated cross sections of Ref. 8

suggest that similar problems persist throughout
the (2sld) shell, at least for (a, 2n) at 90 MeV.

We are grateful to T. A. Carey for a useful sug-
gestion and to E. F. Redish for an illuminating dis-
cussion. We thank the University of Maryland
Computer Science Center for generous provision
of computer time.
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