
PHYSICAL REVIEW C FEBRUARY 1999VOLUME 59, NUMBER 2
„a,2a… cluster knockout reaction on 9Be and 12C at 580 MeV
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Cross-section measurements of the9Be,12C(a,2a) reaction at 580 MeV bombarding energy are presented.
The data are compared with distorted-wave impulse approximation calculations. The agreement between
theory and experiment suggests a dominance of the quasifree knockout mechanism. The extracteda-particle
spectroscopic factors are in reasonable agreement with theory and proton-induced knockout reactions, unlike
measurements for the (a,2a) reaction at energies<140 MeV, but still show significant angular dependence.
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I. INTRODUCTION

The clustering ofa particles in nuclei has been studie
for several decades. The first extensive work was carried
with transfer reactions@1–3#. Using distorted-wave Born ap
proximation calculations, relative spectroscopic factors w
determined for a number of nuclei spanning the perio
table. Subsequently, data from proton-induceda-particle
knockout@4–8# reactions, analyzed with distorted-wave im
pulse approximation~DWIA ! calculations, were used to ob
tain absolute spectroscopic factors for selectedp-shell and
s-d shell nuclei. These two types of reactions are comp
mentary in that they probe rather different regions of m
mentum transfer to the residual nucleus, and thus diffe
momenta of the strucka cluster. Transfer reactions, particu
larly at the higher energies, sample the high moment
components of thea cluster. On the other hand, the flexibi
ity of the three-body final-state kinematics permits one
sample the lowest momenta of the strucka cluster using
knockout reactions.

The use of composite projectiles to induce knockout re
tions initially led to contradictory results. Even for the tight
bounda-particle projectile, problems were encountered.
the 90 MeV@9# and 140 MeV@10# (a,2a) studies, spectro-
scopic factors obtained using DWIA calculations with sta
dard geometrical parametrizations for thea-cluster bound
state were two orders of magnitude larger than those
tained with incident protons or those from shell-model the
retical predictions. This discrepancy in thea-induced reac-
tion necessitated the use of very large radii for thea bound-
state potential geometry to reduce the spectroscopic fac

*Present address: Research and Data Systems Corporation,
Walker Dr., Suite 550, Greenbelt, MD 20770.

†Present address: Cable & Wireless USA, 1919 Gallows Ro
Vienna, VA 22182.

‡Present address: Research and Data Systems Corporation,
Walker Dr., Suite 550, Greenbelt, MD 20770.
PRC 590556-2813/99/59~2!/760~7!/$15.00
ut

e
c

-
-
nt

m

o

-

-

b-
-

rs

to values comparable to those obtained from proton-indu
reactions. The need for such large bound-state radii has b
interpreted@10# as indicating excessive clustering in the low
density tail region of the nucleus. This clustering at lar
radii could result from either nuclear structure effects or
induced polarization of the nucleus by thea projectile.

However, (a,2a) results at 197 MeV@11# and very lim-
ited data at 850 MeV@12# seem to contradict the lower en
ergy studies in that both claim to obtain acceptable spec
scopic factors with standard bounda-cluster geometrical
parametrizations. This energy dependence of the reac
warrants further investigation. Therefore, we have stud
the (a,2a) cluster knockout reaction at 580 MeV, and repo
in this manuscript our results for thep-shell nuclei 9Be and
12C.

Section II describes the experimental procedure. The
perimental results of the measurements are given in Sec
The DWIA analyses and the deduced spectroscopic fac
are discussed in Sec. IV, and a summary of our results
conclusions are presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out at the National Superc
ducting Cyclotron Laboratory of Michigan State Universit
Beams of 580 MeVa particles were produced by the K120
cyclotron and momentum analyzed with the two dipoles
the A1200 analyzing system. The beam energy was m
sured to approximately 1%, and had an energy spread
about 0.1%. The beam-line elements were adjusted for m
mal steering of the beam by the focusing quadrupoles
produced a beam spot on target 2 mm wide by 4 mm hig

The beam traveled along the axis of a cylindrical scatt
ing chamber, 2.3 m in diameter and 3.0 m long. Se
supporting natural targets of 8.9 mg/cm2 C ~99% 12C) and
4.83 mg/cm2 9Be were mounted at the center of the cha
ber. The total beam charge for each run was collected
Faraday Cup located downstream from the chamber and
tegrated with a current integrator.
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PRC 59 761(a,2a) CLUSTER KNOCKOUT REACTION ON9Be AND . . .
The detection systems were mounted on an arm~for left-
hand measurements! and a table~right-hand measurements!,
both rotatable about an axis through the target center. T
telescopes with 10° separation were mounted on the a
and were paired with three similar telescopes on the ta
All telescopes were accurately adjusted with the aid of
optical transit to be in the same horizontal plane as the ta
center. Each telescope consisted of a collimator~3.0 cm thick
brass with a 1.9 cm diameter circular aperture! followed by a
1.0 mm thickDE Si surface barrier detector (450 m2 active
area! and a 5 cmdiameter by 7.5 cm thickE NaI(Tl) detec-
tor. The detectors were capable of stopping alla particles of
interest. Signals from the detectors were sent through-ch
sensitive preamplifiers to the data acquisition area.

For each telescopeDE2E fast coincidences were mad
The two-dimensional energy spectra of these signals
vided clean separation betweena particles and all other par
ticles incident on the telescope. Additional coincidenc
were formed pairwise between the telescopes on the arm
those on the table. In particular a coincidence was obtai
between the smallest angle telescope on the arm~Tel 1! and
the largest angle telescope~Tel 6! on the table. Similarly,
coincidences were required for Tel 2 with Tel 5, and Te
with Tel 4. The system thus allowed concurrent measu
ments at three angle pairs with equal-included angles. Th
coincidences were formed using time-to-digital convert
~TDC’s! and had a time resolutions of 5–10 ns, which w
sufficient to separate individual rf beam bursts. The TD
range of 200 ns permitted simultaneous accumulation of
and random coincidences. The firing of any of the three te
scope pairs listed above constituted an event. The s
angles subtended by the forward telescopes of each pair
chosen to compensate for the variation in cross section
angle. Thus the solid angles were 0.56, 1.4, and 3.2 ms
telescopes 1, 2, and 3, respectively.

Pulser signals generated at a rate proportional to the b
current were sent to all preamplifiers and processed toge
with the real detector events. These signals were use
correct for gain shifts in the detectors and loss of events
to deadtime of the electronics and the computer data ac
sition. The Si detectors were calibrated using a228Th a
source. The NaI detectors were calibrated usinga elastic
scattering from a Au target. The accuracy of angular po
tioning of the detectors was determined by measuring c
cidences froma1d elastic scattering using a CD2 target.

All data were written event-by-event to magnetic tapes
detailed off-line analyses. During the experiment, one- a
two-dimensional arrays of data were created for on-l
monitoring of particle identification, detector gains, rando
rates, dead times, and statistics. Runs were usually limite
2 h in order to facilitate corrections for gain drifts of th
detectors.

III. EXPERIMENTAL RESULTS

The (a,2a) reaction yields were measured at six qua
free angle pairs for9Be and three quasifree angle pairs f
12C; i.e., angle pairs for which zero recoil momentum of t
residual nucleus is allowed. The forwarda angle for the9Be
data ranged from 15° to 40° in steps of 5°. Those for12C
were 15°, 25°, and 35°.
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During replay,a particles were identified for each tele
scope by placing a window in the two-dimensionalDE2E
particle identification spectra. Further gates on TDC spe
of pairs of telescopes were used to reject random coi
dences. For each angle pair, a two-dimensional spectrum
a energies of the two telescopes was created. A calcula
kinematic locus (E1 vs E2) projected onto the coincidenc
two-dimensionala-energy spectrum indicated the region f
(a,2a) knockout events leading to the ground state of
residual nucleus. These events gave the highest comb
energy of the twoa particles and were cleanly separat
from othera-a coincidences. They were then projected on
the energy axis of the smaller angle telescope, resulting in
energy-sharing distribution.

The measured energy-sharing cross sections for9Be are
shown in Fig. 1 and those for12C in Fig. 2. The errors on the
data points reflect statistical errors only. Relative errors fr
other sources are estimated to be less than 3% and hav
been included in the analysis. Absolute errors in the cro
section data are estimated to be less than 10%. Each en
sharing spectrum is characterized by a smooth broad di
bution reaching a maximum near the energy correspond
to zero recoil momentum for the residual nucleus~denoted
by an arrow on the abscissa!, indicating dominance of qua
sifreea-cluster knockout.~We believe the excessively broa
structure of the quasifree peak for9Be at 20° arises from a
gain shift in the NaI detector during data taking. The detai
shape of the peak for this angle pair should therefore
ignored, but the integrated yield for the peak is correct.! The
angular dependence of the peak energy and cross secti
expected to correspond to that of freea-a elastic scattering.
This is clearly demonstrated for the energy, as the energ
the peak shifts downward with increasing angle according
a-a kinematics. The angular dependence of the energy i
grated (a,2a) cross section as a function of thea-a center-
of-mass angle is shown in Fig. 3. Also shown are elastica-a
cross sections at 620 MeV@13# as a solid line connecting th
data points. The (a,2a) data have been arbitrarily norma
ized to the elastic-scattering data. It is clear that the trend
the knockout data is quite consistent witha-a elastic scat-
tering at nearly the same energy.

A comparison of the12C and 9Be data for the same
a-particle angles shows that the peak cross sections for12C
are roughly a factor of 5 smaller than those for9Be. This
decrease with increasing target mass is common for quas
knockout reactions and has been observed in othera-cluster
knockout investigations@6,10#. The distributions for both tar-
get nuclei are asymmetric, falling more slowly on the low
energy side of the quasifree peaks. The distributions for12C
appear to be slightly broader, probably reflecting the lar
a-particle separation energy. There is also the possibility
broadening due to contributions from the knockout of anL
52 a cluster. For12C the transition is dominated by anL
50 transition~there is a smallL52 contribution due to the
21 state in8Be which is unresolved from the ground state
the present experiment!, whereas for9Be contributions from
both L50 andL52 are expected. Since theL52 distribu-
tion has a minimum at zero recoil momentum and peaks
momenta of approximately6125 MeV/c, theL52 contri-
butions broaden the distribution. However, as we shall se
the next section theL52 contributions are predicted to b
small for the quasifree angles.
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IV. ANALYSIS

A. DWIA formalism

The data were compared with predictions of the distort
wave impulse approximation~DWIA ! using the code
THREEDEE @14#. In the DWIA the triple differential cross
section for the reactionA(a,2a)B resulting in the knockout
of ana particle with orbital angular momentumL ~projection
l) is given by

d3s

dV1dV2dE1
5KSL

ds

dVa2a
(
l

uTBA
Ll u2 ~1!
-

whereK is a well-defined kinematic factor,SL is the cluster
spectroscopic factor for a specificL, andds/(dVa2a) is the
two-body half-off-the-energy-shella-a cross section. The
quantityTBA

Ll is often referred to as the distorted momentu
distribution, since in the plane-wave limit it is proportion
to the momentum space wave function of the bounda clus-
ter. It can be written as

TBA
Ll 5~2L11!2 1/2E x2

~2 !* ~r !x1
~2 !* ~r !fLl

a ~r !x0
~1 !~gr !dr

~2!
e
FIG. 1. Energy-sharing cross sections for the9Be(a,2a)5He reaction at 580 MeV. The emitteda-particle quasifree angle pairs ar
indicated in the figures. The curves represent DWIA calculations forL50 ~dashed!, L52 ~dotted!, and their incoherent sum~solid!
normalized to the data. The arrow on thex axis indicates the location for which the residual nucleus has zero recoil momentum.
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PRC 59 763(a,2a) CLUSTER KNOCKOUT REACTION ON9Be AND . . .
where thex (1) andx (2) represent the distorted waves for th
incoming and outgoinga particles, respectively. These a
generated using optical model parameters derived f
a-nucleus elastic-scattering data. The ratioB/A of the
masses of the residual and target nuclei is denoted byg. The
quantity fLL

a is the ‘‘bound-state wave function’’ of thea
cluster in the target nucleus.

As is customary in most DWIA analyses, the two-bo
half-off-the-energy-shella-a cross section is replaced by

FIG. 2. Energy-sharing cross sections for the12C(a,2a)8Be re-
action at 580 MeV. The emitteda-particle quasifree angle pairs ar
indicated in the figures. The curves represent DWIA calculati
for L50 ~dashed!, L52 ~dotted!, and their incoherent sum~solid!
normalized to the data. The arrow on thex axis indicates the loca
tion for which the residual nucleus has zero recoil momentum.
m

nearby on-shell cross section. At this high energy we exp
the off-shell effects to be small. There are a variety of p
scriptions for the choice of on-shell point, and we have ch
sen to use the final-energy prescription~FEP!. In this pre-
scription the a-a center-of-mass energy and angle a
assumed to be those which give rise to the final-statea-a
system measured in the (a,2a) reaction. An alternative
method would be the initial energy prescription in which t
a-a kinematics are chosen to be consistent with the ini
state of the incident and bounda clusters. For these two
prescriptions the calculated on-shella-a angles are identica
and the on-shella laboratory energy differs by only about 1
MeV for the worst case of12C. This would lead to approxi-
mately a 20% change in the two-body cross section use
the DWIA calculations, a relatively small difference com
pared to other uncertainties in the calculations. With
choice of the FEP for the on-shell kinematic prescription
obtained the two-bodya-a cross sections at the appropria
energy and angle from an interpolation of the availablea-a
elastic scattering data in the energy range from 100 to
MeV.

Equation~1! represents a factorized impulse approxim
tion in which the two-body cross section enters as a mu
plicative factor rather than at-matrix for thea-a interaction.
It is important to verify that this factorization approximatio
is indeed valid. Explicit DWIA calculations show thatTBA

LL

varies by less than 10% at zero recoil momentum over
angular range of the present measurements. In addition
kinematic factorK varies more slowly and is calculable
Therefore, the angular dependence of the triple differen
cross section@Eq. ~1!# is primarily due tods/dVa2a . The
agreement between the energy-integrated (a,2a) cross sec-
tions and the elasticds/dVa2a presented in Fig. 3 lends
strong support for the use of the factorization approximat
in the DWIA calculations.

B. Optical model potentials

The optical model potential parameters used to calcu
the distorted waves for the incident and emitteda particles

s

FIG. 3. Thea-a elastic-scattering differential cross section
620 MeV. The solid line simply connects the data points. The so
triangles are the integrated cross sections of the9Be(a,2a)5He data
presented in Fig. 1, normalized to the elastic data with one ove
normalization. The solid circles are the integrated cross section
the 12C(a,2a)8Be data presented in Fig. 2, normalized to the elas
data with one overall normalization.
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764 PRC 59A. NADASEN et al.
were derived from systematic analyses of existinga-nucleus
optical model potentials. Using potentials for light nuclei
energies of 104@15#, 139 @16#, 166 @17#, and 172@18# MeV
and for heavier nuclei at energies from 288 to 699 MeV@19#,
both the energy and the target mass dependence of
a-nucleus potential parameters were derived.

Initially the volume integrals per nucleon-nucleon pa
(J/4A) of the real and imaginary optical model potentia
were calculated from the lowest energy up to 699 Me
These were plotted as a function of beam energy. For the
volume integral, data above 100 MeV clearly indicated
logarithmic dependence on the bombarding energy. This
ergy dependence was well described byJR/4A5J0
2b ln E with J05964 MeV fm3 and b5124 MeV fm3.
The magnitude and energy dependence are consistent
those from the optical model analyses of elastic scatterin
other light ions@8,20,21#. When the derived energy depe
dence was extrapolated to lower energies, where there ex
variety of ambiguities in the optical model potentials, it w
found that several empirical potentials were in agreem
with our derived energy dependence. In addition we fou
that the target mass dependence of the volume integrals
very weak. Therefore, for the real potentials we fixed
radius parameter at 1.22 fm and the diffuseness paramet
0.76 fm, and calculated the strengths of the real poten
necessary for the DWIA analysis.

The volume integrals for the imaginary potentials show
an initial rise witha-particle bombarding energy up to ap
proximately 90 MeV, followed by a slow decrease to 1
MeV and then a gradual rise to 699 MeV. Again the targ
mass dependence of the volume integral was weak. Th
fore, using radius and diffuseness parameters of 1.6 and
fm, respectively, the strengths of the imaginary potentials
the various energies and masses were calculated.

Since each energy-sharing distribution contains a rang
a-particle energies, an attempt was made to include the
ergy dependence of the optical model potentials across
energy-sharing distribution. However, due to the narr
range of energies in the distribution, these DWIA calcu
tions did not differ significantly from calculations using p
tentials at fixed energies. Therefore, for each energy-sha
distribution, calculations were carried out with fixe
a-particle potentials corresponding to the energy at the m
mum recoil momentum point.

To investigate the sensitivity of the DWIA calculations
the optical model parameters, calculations were carried
in which the input parameters were varied. A variation of t
strengths of each of thea-particle optical model potential
by 20% produced essentially no change in the shape of
energy-sharing distribution. However, the overall magnitu
of the peak cross section changed by about 5% for chan
of 20% in the real potential strength, and by about 10%
changes in the imaginary potential strength. More sensiti
was exhibited for variations in the bound-state potential
ometry. A 20% variation in the radius parameter or the d
fuseness produced about a 25% change in the peak c
section. Overall one might expect up to a factor of 2 var
tion in the cross sections resulting from uncertainties in
optical model parameters and bound-state geometry.

The final optical model parameters used in the DW
analysis of the present data are presented in Table I.
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C. Bound cluster wave function

The bounda-cluster wave functionsfLL
a used in the

DWIA calculations were taken to be eigenstates of
a-particle bound in a Woods-Saxon potential with a bindi
energy equal to thea-particle separation energy. For com
parison with previous experiments we have taken the g
metrical parameters of the potential from Refs.@5,8,11#. As
in these references the quantum numbers were chosen
those corresponding to a harmonic-oscillator shell mod
i.e., for these 1p-shell nuclei the quantum numbers (N,L)
are 3S for L50 transitions and 2D forL52 transitions.

D. Results of the DWIA calculations

The calculated energy-sharing distributions are presen
in Figs. 1 and 2. For9Be the dashed lines are the DWI
calculations for the knockout of a 3Sa cluster, and the dotted
lines are for the knockout of a 2D cluster. The solid lines a
their incoherent sum. All calculations have been normaliz
to the peak cross section with the spectroscopic fac
shown in Table II. It is clear that the calculated energ
sharing distributions are significantly narrower than the da
The enhancement of the experimental cross sections on
lower energy side of the energy-sharing distributions relat
to the DWIA calculations was also observed at lower en
gies. At lower bombarding energies@10# the authors have
suggested that the enhancement is due to the excitation o
target nucleus to excited states with largea-particle parent-
age which decay bya emission. Such transitions cannot b
kinematically separated from the directa knockout reaction.
In the present experiment, due to the high energy of
incident a particles, such an explanation seems unlike
Even at the smallest angles one would require a state a
excitation energy greater than 40 MeV to produce contri
tions on the low-energy side of the quasifree peak.

For the 12C(a,2a)8Be reaction to the ground state, on
an L50 transition is possible. The dashed lines in Fig.

TABLE I. Optical model potential parameters for thea-particle
scattering wave functions. The potential is of the form:2U(r )

5V/(11ex)1ıW/(11ex8)2Ucoul(RC), where x5(r 2r 0A1/3/a,
and x85(r 2r 08A

1/3)/a08 . The quantityUcoul(RC) is the Coulomb
potential due to a sphere of the charge of radiusRC51.3A1/3. As
described in the text the geometrical parameter were fixed at
values r 051.22 fm, a050.76 fm, r 0851.6 fm, and a08
50.60 fm. The strengths of the potentials for the incident~sub-
script 0! and emitted~subscripts 1 and 2! a particles are listed in the
table.

Potential strengths~MeV!

Q1 /2Q2 V 0 V 1 V 2 W0 W1 W2

12C 15°/72° 52.8 41.1 99.3 18.8 18.8 17.9
12C 25°/62° 52.8 45.3 81.5 18.8 17.8 15.3
12C 35°/52° 52.8 51.9 68.2 18.8 17.6 16.3
9Be 15°/73° 48.4 34.8 64.8 17.7 16.8 16.0
9Be 20°/68° 48.4 36.6 67.0 17.7 16.5 15.0
9Be 25°/62° 48.4 38.3 69.0 17.7 16.3 14.0
9Be 15°/73° 48.4 41.1 63.3 17.7 16.0 14.3
9Be 20°/68° 48.4 44.0 57.6 17.7 15.7 14.6
9Be 25°/62° 48.4 46.9 51.9 17.7 15.4 14.9
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PRC 59 765(a,2a) CLUSTER KNOCKOUT REACTION ON9Be AND . . .
show these calculations. However, due to our limited ene
resolution, events leading to the 21 state of8Be at 2.9 MeV
cannot be separated. Our data thus include transitions to
the ground state and the first excited state. Therefore, we
made calculations for transitions to the first excited sta
normalized using the spectroscopic factors predicted by
shell-model calculations. These are shown as dotted line
Fig. 2. Clearly for these quasifree angle pairs theL52 con-
tribution is very small. As with the9Be data we observed
excess enhancement on the low-energy side of the ene
sharing distributions.

Although we have already pointed out that the (a,2a)
data generally follow the angular dependence of thea-a
elastic-scattering data, the details show significant deviat
From Table II we note that the spectroscopic factors ra
from 0.4 to 2.0 for 9Be and from 0.6 to 4.1 for12C. This
variation is not related to uncertainties in the data. Howev
uncertainties in the input parameters for the calculati
could result in differences on the order of a factor of two.
particular concern are the large values obtained at the
ward angles compared to those at larger angles. Since a
forward angle thea-a impact parameter is large, polariza
tion of the target nucleus by the incidenta particle followed
by the knockout of thea cluster at a large radius is still
concern. In fact, this was suggested as a possible explan
for the need to use very large bound-state radii in the DW
analysis of the 140 MeV data@10#. To examine this question
further we carried out a series of DWIA calculations to e
amine the radial localization of the (a,2a) reaction at our
energy of 580 MeV. In Fig. 4 we present the differences
DWIA cross section between calculations with radial cuto
that differ by 0.5 fm. This has been shown to be a rat
good indicator of the radial localization of various knocko
reactions@6#. As can be seen, the radial localization at 1
~solid line! is essentially identical to that at 35°~dashed
line!. The localization is also nearly the same as that foun
190 MeV @11#. Thus such an explanation of the enhanc
yield will not explain the difference between the forwa
angle and large angle data.

V. SUMMARY AND CONCLUSIONS

We have measured the (a,2a) knockout reaction cross
sections at six quasifree angle pairs for9Be and three quasi

TABLE II. Spectroscopic factors extracted from normalizati
of the DWIA calculations to the peak of the energy-sharing dis
bution.

Target Q1 /Q2 SL

12C 15°/272° 4.1
12C 25°/262° 1.9
12C 35°/252° 0.55
9Be 15°/273° 2.0
9Be 20°/268° ~a!
9Be 25°/263° 1.0
9Be 30°/258° 0.46
9Be 35°/253° 0.58
9Be 40°/248° 0.37

aEnergy-sharing distribution effected by a gain shift.
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free angle pairs for12C. These energy-sharing distribution
show a prominent peak at zero momentum for the un
served residual nucleus, which is evidence for the domina
of a quasifree knockout of anL50 a cluster in the reaction.

The data have been compared with DWIA calculations
cluster knockout. We find that the widths of experimen
energy-sharing distributions, which should reflect the ran
of momenta of thea cluster in the target nucleus, to b
broader than those predicted by DWIA. The experimen
distributions correspond to momentum distributions with
full width at half maximum of about 130 MeV/c. This value
is in qualitative agreement with results at lower energies
other methods of determining the momentum distribution

The spectroscopic factors obtained from the DWIA ana
sis of the data exhibit fairly strong angular dependence, va
ing by a factor of 5 over the angular range of the9Be data,
and a factor of 7 for12C. The largest spectroscopic facto
arise from the forward angle data. At these angles thea-a
impact parameters are large, and one might expect
knockout reaction to take place at larger radii where
hanced clustering or coupled channel effects might occur
examine the effects we followed the procedure of Ref.@10#
and carried out calculations for12C using a larger bound
state radius, increasing the radius parameter from the no
nal value of 1.35–2.70 fm. This change did not have as p
found an effect as at 140 MeV. The magnitude of the cr
section is less sensitive to the bound-state radius at
MeV. Doubling the radius parameter reduced the spec
scopic factor at 15° by roughly a factor of 3, but also r
duced the spectroscopic factors at other angle pairs b
comparable amount. Thus an increased radius would not
rect the angular dependence of the spectroscopic factors
note that a similar enhancement of the forward angle cr
section is observed at 190 MeV@11#.

In spite of the difficulties at forward angles, the values
the spectroscopic factors resulting from the larger angle d
are in rather good agreement with the theoretical predicti
@2# and (p,pa) studies@6#. This is in contrast with results a
90 @9# and 140 MeV@10# where much larger spectroscop
factors were obtained with the same bound-state geome
even for the large angles. Clearly the results at 90 and
MeV have a deficiency that does not exist in the pres

-

FIG. 4. Histograms of the change in cross section
12C(a,2a)8Be as a function of cutoff radius for the angle pai
15°/272° ~solid lines! and 35°/252° ~dashed lines!. The quantity
Ds5s(Rcut10.5)2s(Rcut) andRcut is the cutoff radius used in a
series of DWIA calculations.
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investigation. Those results may reflect either an inability
the DWIA to account for the large distortions present at su
low energies or a real physical phenomenon such as po
ization of the nucleus by the incidenta particles. Such po-
larization may be more serious, the lower the velocity of
projectilea particle. Our results are in reasonable agreem
with those at 190 and 850 MeV, an indication that for en
gies of 190 MeV and higher, the (a,2a) reaction is becom-
ing a useful tool for the investigation ofa clusters in nuclei.
Energies of 140 MeV and below appear to be too low for
(a,2a) reaction to provide any reasonable nuclear struct
information.

These results suggest a transition in the dynamics of
(a,2a) reaction between 140 and 190 MeV; i.e., in the 35
50 MeV/nucleon region. The reason for this dramatic cha
over such a small energy range is not clear. However,
note that other reactions have shown some evidence f
transition in this energy range. For example, a transit
from sequential decay to instantaneous multifragmenta
has been observed for heavy-ion reactions in this same
ergy range@22#. This has been interpreted as a saturation
the energy deposition in a nuclear system, the higher en
densities leading to rapid expulsion of the particles. Als
study of nucleon-induced reactions noted a signific
change in the distribution of particle emission around
MeV @23#. At low energies evaporation products domina
ys
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the emission spectra. Above 40 MeV a significant enhan
ment of pre-equilibrium particles is observed. This may
envisaged as the creation of small hot spots by the projec
leading to early expulsion of high-energy particles. Presu
ably this could be related to the properties of the fundam
tal nuclear forces. At low energies the attractive nucle
mean field is the major force, and at high energies
nucleon-nucleon force dominates. One may speculate
the onset of dominance of individual nucleon-nucleon int
actions over nucleus-nucleus collisions occurs in the 35
MeV energy region. If true, this same concept would ap
to the (a,2a) reaction which we are treating within th
DWIA, assuming the dominance of nucleon-nucleon co
sions. At the lower energies of 35 MeV/nucleon the mea
field effects must dominate, leading to poor agreement
tween experiment and DWIA theory. Further studies a
needed to understand the transition in this energy range
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