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a-clustering probabilities extracted from the 12C„a,2a…

8Be reaction at 200 MeV
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The energy-sharing distribution at a coplanar symmetric quasifree angle pair has been measured for the
12C(a,2a)8Be(g.s.) reaction at an incident energy of 200 MeV. The measured knockout cross sections are
compared with distorted wave impulse approximation calculations. Extracted spectroscopic factors are found to
be in reasonable agreement with a theoretical prediction and results from (p,pa) studies. The present results
indicate a transition in the dynamics of this reaction in the incident energy region 140–200 MeV.
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PACS number~s!: 24.50.1g, 25.55.2e
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I. INTRODUCTION

An anomaly in thea-cluster spectroscopic factors e
tracted from energy-sharing distributions measured
(a,2a) knockout reactions has already been observed q
some time ago. For example, Chant and Roos@1# reported an
absolute spectroscopic factor of almost two orders of ma
tude larger than the value expected from shell-model pre
tions @2# in their analysis of the16O(a,2a)12C(g.s.) data of
Ref. @3#, which were measured at an incident energy of
MeV. This result is unexpected since studies of the (p,pa)
reaction on various nuclei yield values in good quantitat
agreement with theoretical predictions.

A subsequent study of the (a,2a) reaction on targets o
9Be,12C, 16O, and 20Ne at an incident energy of 139 MeV
@4# has yielded spectroscopic factors of between 9 and
times in excess of theoretical predictions and values obta
from (p,pa) reactions. The discrepancy increases with
creasing target mass. In spite of this, the qualitative featu
of the measured energy-sharing distributions are reason
well reproduced with the distorted wave impulse approxim
tion ~DWIA ! theory, in those regions of the measured spec
where the knockout process dominates. In addition, cr
sections for freea-a scattering are found to be in goo
qualitative agreement with half-off-shell two-body cross s
tions extracted from the (a,2a) data, over several orders o
magnitude. Since the spectroscopic factor extracted in th
studies is given by the ratio of a measured knockout cr
section and a calculated DWIA cross section, these va
are unquestionably model dependent. However, a consis
underprediction of the DWIA cross section is obtained
various sets of optical potentials if either theoretical or e
perimental (p,pa) spectroscopic factors are adopted.

A sensitivity to the parameters for the bound-state wa
function was established in the study at 139 MeV@4#, but
extremely physically unrealistic values need to be adopte
order to reproduce the expected spectroscopic factors. It
shown that ‘‘realistic’’ spectroscopic values can be obtain
by artificially increasing the bound-state radius paramete
a value of 2.52 fm. This excessive value is twice the va
PRC 590556-2813/99/59~4!/2097~6!/$15.00
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expected from electron-scattering experiments. Neverthe
this result is interesting because it reveals a possible corr
tion between the value of the extracteda-cluster spectro-
scopic factor and the radial localization at the maximum
the knockout cross section. The nuclear interior was m
deeply probed in corresponding (p,pa) reaction studies,
therefore investigations of the (a,2a) reaction at higher in-
cident energies were clearly needed to determine if suc
correlation can be observed experimentally. Whereas ar
cially increasing the bound-state radius parameter exte
the localization of the radial bound-state wave function
wards larger radii, higher incident energies move the loc
ization of the knockout cross section at its peak value tow
smaller radii.

Progress in extending these studies to higher incident
ergies is, however, severely hampered by experimental l
tations. First, the maximum value of the knockout cross s
tion decreases rapidly with increasing incident energy, jus
it behaves with increasing target mass. In addition, previ
investigations at incident energies below 200 MeV all se
to have suffered to some extent from interference due
sequential decay processes. This problem becomes inc
ingly worse with larger asymmetry of the scattering geo
etry, thereby limiting the extraction of good spectroscop
information. A measurement at or near the coplanar symm
ric quasifree angle pair~i.e., equal angles on opposite sid
of the incident beam direction for which zero recoil mome
tum of the heavy residual reaction product is kinematica
allowed! largely escapes the interference problem, but
two bodya-a knockout collision then invariably occurs nea
a local minimum in the angular distribution, which gives
low (a,2a) cross section. Nevertheless, a study of t
9Be(a,2a)5He reaction at an incident energy of 197 Me
@5# confirmed the above-mentioned correlation and also p
duced extracted spectroscopic factors in good agreem
with both a theoretical prediction@2# and the values obtaine
in 9Be(p,pa)5He reaction studies@1,6–8#. Very limited data
at 850 MeV @9# also seem to be in agreement with resu
from (p,pa) reaction studies. In a very recent study of t
(a,2a) reaction on9Be and12C, the incident energy of 580
2097 ©1999 The American Physical Society
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2098 PRC 59G. F. STEYNet al.
MeV @10# was high enough to achieve a clear separat
between knockout and sequential decay contributions,
various sets of asymmetric quasifree angle pairs. These
thors also report a reasonable agreement with the theore
prediction and with the results of proton-induced knocko
studies. Therefore it seems that the problem of anomalo
high spectroscopic factors extracted with the (a,2a) reaction
is limited to incident energies below 200 MeV.

There are several reasons why it is desirable to extend
previous study at 200 MeV@5# towards heavier target nucle
First, a comparison of previous results of the (a,2a) reaction
on 9Be @4,5# suggests that a dramatic change in the reac
dynamics occurs in the incident energy region 139–2
MeV. It is therefore important to establish whether this tra
sition can also be observed in other light nuclear systems
has already been mentioned, the apparent discrepancy i
tracted spectroscopic factors increases rapidly with incre
ing mass. The extent of the mass dependence is eviden
noticing that the discrepancy was not observed in a stud
the 6Li( a,2a)2H reaction at energies ranging from 77 Me
to 119 MeV@11#, while a notable discrepancy was found f
the 7Li( a,2a)3H reaction@12# in the same incident energ
region. Furthermore, a relatively large discrepancy was
served on9Be at 139 MeV@4#. It is therefore possible tha
the (a,2a) reaction on 12C would reveal the apparen
incident-energy dependence of thea-cluster spectroscopic
factor to an even more substantial degree than on the lig
target nuclei. But, by increasing the target mass fromA59
to A512, a reduction of about an order of magnitude in t
quasifree knockout cross section is expected at an inci
energy of 200 MeV. The need to keep the accidental-to-t
coincidence ratio at an acceptable level further limits
intensity of the incidenta-particle beam. Consequently,
very low count rate is encountered in measurements a
near the coplanar symmetric quasifree angle pair.

Due to the above-mentioned difficulties, the present st
investigates the12C(a,2a)8Be reaction at an incident energ
of 200 MeV for one angle pair only, namely the coplan
symmetric quasifree set. Short experimental runs at a
asymmetric quasifree angle pairs confirmed that the kno
out peak would indeed be superimposed on a substa
background due to sequential decay processes at this en
Testing the factorization approximation of the DWIA
therefore precluded for the present conditions. Howeve
was shown that factorization holds at 139 MeV for targ
masses ranging fromA59 to A520 @4# and at 197 MeV on
9Be @5#. Also, at an incident energy of 580 MeV, cross se
tion data of the (a,2a) reaction on9Be and 12C generally
follow the angular dependence ofa-a elastic scattering data
@10#. One can therefore confidently assume that the fac
ized DWIA should also be a fair approximation in th
present case.

The experimental procedure is described in Sec. II. D
tails of the DWIA theory and calculations are presented
Sec. III. The results are presented and discussed in Sec
A summary and conclusion are presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

An a-particle beam of 20061 MeV energy was deliv-
ered by the separated-sector cyclotron facility of the Natio
n
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Accelerator Center to irradiate a self supporting carbon
of 1.25 mg cm22 thickness inside a 1.5 m diameter scatteri
chamber. The two scattereda-particles were detected in co
incidence with two identicalDE-E detector telescopes
mounted coplanar on opposite sides of the beam. TheDE
detectors were 150mm thick Si surface-barrier detectors
followed by stopping NaIE detectors. Each telescope su
tended a solid angle of 3 msr. Coincidencea-particle energy
spectra were measured at the coplanar symmetric quas
angles of 43.5°/243.5°. The accidental-to-true ratio of co
incidenta-particle events was maintained at a level of 25
The gains of the NaI detectors were monitored by mean
pre-scaled pulsers triggering light-emitting diodes~LEDs!
imbedded in the crystals, the light output of which enab
correction for gain drift. In this way an energy resolution
less than 1% of the beam energy could be maintained o
extensive periods of time. The typical count rate was
events per hour for knockout events leaving the residual8Be
nucleus in its ground state. Data were collected until a s
tistical accuracy of marginally better than 10% was achiev
at the maximum of the energy-sharing distribution. Oth
experimental details, such as beam offset determinat
beam halo monitoring, dead time correction, determinat
of the accidental-to-true coincidence ratio, detector calib
tion, etc., are as discussed in Ref.@5#.

III. CALCULATIONS

The theoretical analysis was performed in terms of
DWIA formalism @13# using the computer codeTHREEDEEof
Chant and Roos@14# . As the details are summarized els
where@5#, only a few aspects are discussed here.

The differential cross section for the knockout reacti
A(a,2a)B, where the bounda-cluster has a total angula
momentumJ and orbital angular momentumL, is given by

d3s

dV1dV2dE2

5FKSLJ

ds

dV
U

a2a

(
L

uTBA
aLLu2, ~1!

where FK is a kinematic factor,ds/dVua2a is a half-off-
shell two-bodya-a cross section, andSLJ is the cluster spec-
troscopic factor for specificL ~projectionL) andJ, hereafter
referred to asSa , sinceL5J. The expression(LuTBA

aLLu2 is
referred to as the distorted momentum distribution~see Ref.
@5#!.

This formulation of the DWIA employs the factorizatio
approximation, which leads to the half-off-shell two-bod
cross section being treated as a multiplicative factor. An
ditional approximation is made by replacing this cross s
tion with the experimental freea-a cross section, which is
fully on-shell. Two prescriptions may be used for the lat
approximation. In the initial energy prescription~IEP! the
scattering is assumed to occur with the relative energy of
projectile and the bound cluster, while in the final ener
prescription ~FEP! the relative energy of the emitte
a-particles is assumed for this purpose. Interpolated val
of the two-body cross section were obtained by means o
polynomial fit to thea-a elastic scattering cross sections
Refs.@15,16#.

Bound-state potential parameters of ana-particle in the
3S-state in12C ~as listed in Table I! are taken from Ref.@1#.



e
:

PRC 59 2099a-CLUSTERING PROBABILITIES EXTRACTED FROM . . .
TABLE I. Optical potential parameters for both thea112C anda18Be systems. The well depths for th
a112C system were subsequently multiplied byB/A ~see text!. The optical potential is defined as follows
Vopt52V f(r ,r R ,aR)2 iW f(r ,r I ,aI)1VC , wheref (r ,r i ,ai)5@11exp„(r 2r iA

1/3)/ai…#
21; A is the appro-

priate nuclear mass;VC is the Coulomb potential of a uniformly charged sphere of radiusr cA
1/3; andEa is

the laboratory kinetic energy.

Set V rR aR r c W rI aI

~MeV! ~fm! ~fm! ~fm! ~MeV! ~fm! ~fm! Ref.

I V1 1.245 aRN 1.2 W1 1.57 aIN @17#

II V2 0.991 0.807 1.2 W2 3.006 0.577 @5#

III 88.86 0.991 0.807 1.2 4.94 3.006 0.577@18#

IV 65.87 1.483 0.655 1.2 34.94 1.057 1.054@18#

VBS r BS aBS r c

~MeV! ~fm! ~fm! ~fm!

Bound state 89.9 1.23 0.75 1.23 @1#

V15101.116.051ZA21/320.248Ea .
W1526.8221.706A1/310.006Ea .
aRN50.81720.0085A1/3.
aIN50.69220.02A1/3.
V2520.223Ea1120.2 .
W250.0109Ea14.17 .
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The distorted waves for the incident and the two scatterea
particles were generated from the optical potentials listed
Table I. Set I is the globala-nucleus potentials of Nolte
et al. @17#. Set II represents an energy-dependent poten
set obtained from elastica16Li data @5#. Sets III and IV
were extracted froma16Li and a19Be elastic scattering
data, respectively, measured at 104 MeV@18#. As discussed
in Refs. @1,5,13#, the potential well depths in the entranc
channel were scaled by the mass ratio of the residual nuc
to the target nucleus,B/A. This procedure modifies the op
tical potentials to apply to scattering from the8Be core, av-
eraged over the12C target nucleus.

IV. RESULTS AND DISCUSSION

The binding-energy spectrum measured for
12C(a,2a)8Be reaction at 200 MeV is shown in Fig. 1. Th

FIG. 1. Experimental binding-energy spectrum for t
12C(a,2a)8Be reaction at an incident energy of 200 MeV, showi
the ground state~g.s.! and first excited state~at 2.9 MeV! in 8Be.
in

al

us

e

ground and first excited states in8Be are clearly resolved
and a clean separation between them was obtained in
two-dimensional energy-sharing distribution.

The projected energy-sharing distribution, leaving the
sidual 8Be nucleus in its ground state, is shown in Fig.
The maximum cross section is 380 nb sr22 MeV21 at the
quasifree energy with a statistical uncertainty of about 9
The measured data are compared with several DWIA ca
lations, utilizing different sets of optical potentials for th
projectile and ejectile distortions~see Table I!. This is done
because optical potentials fora-nucleus interactions are no
as well established as, for example, for proton-nucleus in
actions. Since there are uncertainties associated with spe
choices of optical potentials, we opted to employ several s
and we also compare the results of the analysis of the pre

FIG. 2. Energy-sharing spectrum at 200 MeV of th
12C(a,2a)8Be(g.s.) reaction at the coplanar symmetric quasif
angle pair. The curves are DWIA predictions according to the fi
energy prescription~FEP! as obtained with the optical potentia
listed in Table I, as indicated.
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TABLE II. Spectroscopic factorsSa extracted by normalizing the DWIA calculations performed with t
different optical potential parameter sets listed in Table I to experimental cross sections at the qu
symmetric angles for the12C(a,2a)8Be reaction at 139 and 200 MeV.

Sa

FEP IEP

Set 139 MeV 200 MeV Ratio 139 MeV 200 MeV Ratio

I 17 0.48 35 29 0.78 37
II 8.0 0.31 26 13 0.50 26
III 5.0 0.25 20 8.4 0.4 21
IV 40 1.4 29 67 2.2 30
Theorya 0.55 0.55 1.0 0.55 0.55 1.0

aShell model calculation of Ref.@2#. The indicated ratios are for purposes of comparison only.
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data with corresponding results of a re-analysis of the
MeV data of Ref.@4#. Alpha-cluster spectroscopic facto
(Sa) were extracted by fitting the calculated DWIA cro
sections to the maxima of the observed quasifree knock
peaks in the measured energy-sharing distributions. Th
values are presented in Table II.

The calculated energy-sharing distribution obtained w
the global potentials of Nolteet al. ~set I! is somewhat nar-
rower than predicted by the other optical potentials, and p
haps marginally narrower than the measured distribution.
tential sets II, III and IV yield distributions that seem to b
marginally wider than the measured distribution. Since
data below 80 MeV and above 110 MeV are affected
contributions due to sequential decay processes, one sh
only compare results in the region of the knockout pe
Generally, the agreement is satisfactory.

We also performed calculations using the potentials
tracted by Smithet al. @19# from a112C elastic scattering
data. In this case, however, the measured energy-sharing
tribution could only be reproduced qualitatively if the e
trance channel scaling is omitted. With scaling we find
significant deterioration in the shape of the predicted ene
sharing distribution at both 139 and 200 MeV, which is n
observed for any of the other potentials used. In this case
DWIA calculations yield three narrow nodes in the region
the knockout peak. At present we are unable to explain
unexpected phenomenon. We therefore omitted these po
tials in our present analysis.

In spite of differences between results obtained with d
ferent optical potentials, Table II shows that the spect
scopic factors extracted at 200 MeV are all of the same o
of magnitude as the theoretical prediction of Ref.@2#. In
sharp contrast, the values extracted at 139 MeV are con
tently larger, by more than an order of magnitude, than
theoretical value. Ratios of the spectroscopic factors
tracted at 139 and 200 MeV have values between 20 and
Compared to the large disagreement found at 139 M
spectroscopic factors extracted at 200 MeV are found to
in reasonable agreement with the theoretical prediction.

The radial localization of the DWIA cross section for th
12C(a,2a)8Be reaction at 139 MeV was determined for va
ous values of the bound-state radius parameter and comp
to a similar calculation at 200 MeV with a realistic boun
state radius parameter~see Table I!. In order for the compari-
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son to be inherently consistent, we adopted the final ene
prescription and the same optical parameters~set I—see
Table I! throughout. Figure 3 shows histograms of the d
ferential contributions to the DWIA cross section as a fun
tion of the radial distance. These values were obtained
taking differences between calculated cross sections obta
with different radial cutoff values, as described in Re
@4,5#. In each case the relevanta-cluster radial bound-state
wave function is also shown. The figure shows that for
incidenta-particle energy of 139 MeV, the reaction is loca
ized in the asymptotic tail part of the bound-state wave fu
tion towards smaller values of the bound-state radius. As
bound-state radius is increased, the maximum of the bou

FIG. 3. Histograms ofDs, depicting calculated radial distribu
tions of differential contributions to the DWIA cross sections f
the 12C(a,2a)8Be(g.s.) reaction at zero recoil momentum. Vario
choices of the bound-state radius parameter,r BS, are considered a
an incident energy of 139 MeV, and compared to the result at
MeV with a realistic value for this parameter~see text!. For conve-
nient radial reference, the 3S bound-state radial wave function i
shown as a dashed curve in each case.
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state wave function moves closer to the peak of the ra
cross-section distribution. Even though the peak of the ra
distribution is located at a smaller radius at 200 MeV, t
relative localization as compared to the wave function see
to be similar to the case at 139 MeV for a bound-state rad
parameter of 1.75 fm. In Fig. 4 we show the correspond
extracted spectroscopic factors as a function of the bou
state radius parameter. The spectroscopic factor clearly h
strong exponential dependence on the value of the bou
state radius parameter, at both incident energies. At
MeV the extracted spectroscopic factor equals the theore
prediction for a bound-state radius parameter very clos
the realistic value of 1.23 fm~see Table I!. At 139 MeV a
value somewhat larger than 2 fm is required. Thus, in or
to reproduce the theoretical spectroscopic factor, the ex
to which the radial bound-state wave function needs to
probed by the (a,2a) reaction on12C at 139 MeV seems to
be somewhat different than at 200 MeV. By and large, ho
ever, the result of the present study is similar to that of R
@5# for the 9Be(a,2a)5He reaction. Certainly, the observe
phenomenon is rather dramatic, as is perhaps best displ
by the ratios given in Table II.

FIG. 4. Dependence to the bound-state radius parameter o
spectroscopic factors extracted in the12C(a,2a)8Be(g.s.) reaction
at incident energies of 139 and 200 MeV. The theoretical spec
scopic factor of Ref.@2# is indicated by the broken line.
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V. SUMMARY AND CONCLUSION

The energy-sharing distribution at a coplanar symme
quasifree angle pair was measured for t
12C(a,2a)8Be(g.s.) reaction at a nominal incident energy
200 MeV. The agreement in shape with results of the DW
theory is found to be reasonable. Extracted spectrosc
factors are in reasonable agreement with a theoretical
mate and with results from knockout studies with the (p,pa)
reaction. In addition, the present results are also in agreem
with a recent study of the (a,2a) reaction at 580 MeV. Simi-
lar to a previous study on the target nucleus9Be at this
energy, the present results are in strong contrast to
anomalous spectroscopic factors obtained in (a,2a) studies
at lower incident energies.

It is evident that a transition in the reaction dynamics
the (a,2a) reaction occurs in the incident energy regio
139–200 MeV, which is presently not well understood. T
extracted spectroscopic factor does seem to be related to
radial localization of the reaction, or to the extent to whi
the radial bound-state wave function is probed. However,
radial localization~relative to the maximum of the bound
state wave function! at which the theoretical spectroscop
factor is reproduced~by adjusting the bound-state radiu!
seems to differ somewhat for different incident energies~i.e.,
139 and 200 MeV!. It is clear, though, that the large discre
ancy in the extracted spectroscopic factors at 139 MeV w
a realistic value for the bound-state radius is employed, is
observed at 200 MeV.

This study provides further proof that the (a,2a) reaction
becomes a reliable spectroscopic tool at incident energie
200 MeV and above. Although the failure to extract reaso
able values from experiments at incident energies of only
MeV lower than this value is an established fact, the exp
nation remains elusive. Clearly, additional theoretical a
experimental investigations are required either to determ
the reason for the breakdown of the DWIA at the low
incident energies, or to discover whether the excessiv
high spectroscopic values under those conditions have
physical significance.
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