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The ' C( C, Be), 0(' 0, Be), and 8Si(' C, Be) reactions show final state relative pop-
ulations which are very similar to the corresponding {Li, d), (YLi, t), ( C, o.), and ( 0, C)
reactions on the same target nuclei. Selective population of final states for ' C and Si
targets is accompanied by rapidly fluctuating excitation functions for the C( C, Be) reactions
and much smoother, yet not flat, excitation functions for Si{ C, Be). Angular distributions
are forward peaked. The 0( gO, Be) reaction is not selective, similar to 80( C, &).

NUCLEAR REACTIONS C( C SBe) 0*, measured excitation functions E,
=17 to 21 MeV, g (0) at 21 MeV 0( 0 Be) 4Mg* Sj.( 2C, SBe) S+, measured

excitation functions E,~ =23 to 29 MeV, o(8) at 29.4 MeV.

I. INTRODUCTION

The use of heavy ion induced reactions to inves-
tigate cluster structures in nuclei has been an area
of considerable interest and activity. " In most
cases the dominant mechanism for the reactions
used to investigate these structures (four- and
eight-particle transfer reactions) has not been
firmly established. The existing experimental
results have not been definitive in establishing con-
sistency for either four- or eight-particle transfer
reactions with different projectiles and targets. In
many cases, a single piece of experimental data
might strongly suggest a dominant reaction mode,
but when one examines the observables collectively
(energy dependence, angular distributions, and
selectivity) existing interpretations have not been
satisfactory.

The '2C('Li, d)"0 reaction''~ and the "C('Li, t)-"0 reaction' ' have been found to exhibit some
selectivity for exciting particular states in "0,
although the reaction mechanism is not clear.
Selectivity implies that a particular reaction will
populate some states in the residual nucleus con-
siderably more than other states of the same J"at
approximately the same excitation energy. The
above reactions selectivity excite states of a four-
particle and four-hole (4p-4h) character with re-
gard to the closed shell model core of "0, namely
those states with excitation energy and spin parity
of 6.06 MeV (0'), 6.93 (3'), 10.34 (4'), and 16.3
(6'). Recent analysis of four-particle transfer re-
actions leading to low-lying states of "Si indicates
a direct transfer. ' This result offers some hope
that for targets with A ~24 the four-particle trans-
fer reactions might be more direct in nature than
they are for lighter target. Four-particle transfer
reactions measured for "Si targets' " show some

selectivity, but detailed analyses of these results
have not been presented.

In contrast to the four-particle transfer reaction,
the eight-particle transfer reaction ' O(' C, ~) Mg
does not selectively populate' the ground state
rotational band of "Mg which has been suggested
to have an Bp-Oh character. ' This reaction has
been interpreted as proceeding by a compound
nucleus reaction mechanism following a statistical
analysis of the fluctuating excitation functions. '

The present work reports results of an initial
survey of some reactions involving either four-
nucleon or eight-nucleon transfer in which the
'Be ground state is detected in the exit channel.
These reactions are compared with the corre-
sponding reactions induced by beams of 'Li, 'Li,
"C, and "0particles. An attempt is made to
evaluate the role which these reactions play in the
elucidation of a-particle structures in the residual
nuclei.

II. 6Be DETECTION

The 'Be reaction products are detected following
the bombardment of thin self-supporting foils of
SiO, or carbon with beams of 20 to 50 particle nA

of oxygen and carbon produced by the Florida State
University S-FN Tandem Van de Graaff. The tar-
gets flashed with about 10 Ij, g/cm2 of Au were
fabricated and handled such as to produce a mini-
mum of impurity buildup. The target thickness and
beam intensity were monitored continuously by
observing the 90' elastic scattering with a surface
barrier detector.

A. Kinematics, detectors, and circuitry

The 'Be particles are identified by the coinci-
dence detection of the two o. particles from the
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decay of 'Be. The high velocity 'Be nucleus under-
goes an isotropic decay from its zero spin ground
state while in flight. Because of the low breakup
energy, the decay e particles are confined within
a cone with half angle P measured from the 'Be
velocity vector, given by the equation sinI3
=(&lEe)'~', where e =92 keV and Ee is the 'Be
energy. For E~-40 MeV, we have P -3'and,
therefore, to maximize detection efficiency the
detectors should span most of the cone projection
and be very closely spaced.

The detectors, fabricated by ORTEC, are silicon
surface barrier detectors with 200 mm', are
300 p, m in depletion depth, and have a 1 mm dead
strip along a diameter separating two electrically
independent halves of the detector. Two such
detector pairs were mounted in a 45 cm diameter
scattering chamber. Nickel or aluminum foils
were placed in front of the detectors to absorb the
elastically scattered "0 or "C particles, thereby
reducing the accidental coincidence rate and ex-
tending detector life.

A block diagram of the electronics used is shown
in Fig. 1. Constant fraction trigger (CFT) circuits
were used to derive the timing information inputs
to the time-to-amplitude converter (TAC), the
output of which is stored as the ungated time spec-
trum in an analog-to-digital converter (ADC). The
coincidence peak in the time spectrum passes
through a 20 nsec window of a timing single chan-
nel analyzer (TSCA) and forms the prompt coin-
cidence time spectrum designating valid 'Be
events. The energy information of the n particles
detected in coincidence is gated by the same TSCA

output. These analog energy signals are summed
and stored as the 'Be energy spectrum.

B. Detection efficiency

A Monte Carlo computer code has been used to
calculate the 'Be detection efficiency and the ef-
fective solid angle of the split detector as a func-
tion of 'Be energy F~ and a number of geometric
parameters. The half-life of 'Be is sufficiently
short that the decay occurs within a few hundred
angstroms of its formation site, and that distance
may be neglected in the calculation. The proba-
bility that a 'Be particle directed towards a unit
area of detector surface leads to a valid event is
calculated by first choosing the unit area position
then randomly selecting two angles defining the
'Be breakup axis, thereby fixing the velocity vec-
tor directions of the decay n particles. The event
is stored as a valid one if the resulting positions
of the n-particle trajectories, as projected onto
the detector, occur one each within the geometric
confines of the two halves of the detecting surface.
After a large number of possible breakup axes
have been randomly chosen, the ratio of valid
events to total events is stored as the relative'Be
detection efficiency for that small unit area of the
detector. A display of the results of such a cal-
culation over a gridded quadrant of the detector
is shown in Fig. 2 ~ The representative calculation
is for a circular detector of radius p of 0.8 cm, a
distance from the target D of 12.5 cm, and a dead
strip width of 0.1 cm. Near the center of the de-
tector the 'Be detection efficiency exceeds 9%c.
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FIG. 1. Block diagram of the electronics used in o.'-& coincidence detection of Be.
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For these parameters the detection efficiency
averaged over the entire surface is about 15%.
With 15$ average efficiency over the total solid
angle subtended, the effective solid angle is -2
msr. Although this effective solid angle could be
made much larger by decreasing the value of D,
the angular width of the efficiency curve increases
correspondingly. The distance used in this work
of 12.5 cm represents a compromise value.

The dependence of the effective solid angle cal-
culation on the parameters was checked experi-
mentally by repeating cross section measurements
for different values of D, p, and E~. The energy
dependence was checked by measuring the "C-
(o. , 'Be)'Be cross section at complementary angles
in the center of mass where the 'Be yield must be
symmetric about 6), =90, even though the 'Be
energies measured in the laboratory are drastical-
ly different. " These measurements were consis-
tent with the calculations within expected statisti-
cal errors.

C. Advantages and disadvantages

The investigation of reactions involving the de-
tection of 'Be particles has a number of advantages
and disadvantages when compared with similar
transfer reactions emitting other heavy ions. With
the simple n-particle coincidence method, the
following advantages are provided:
(a) The eoincidenee requirement provides a
straightforward method of eliminating other com-
peting two-body reaction products. There is no

problem with isotopic identification such as is
present with counter telescopes which do not em-
ploy time of flight.
(b) The ambiguity, present in most heavy ion re-

l.O

0.8

6,&

IO8

FIG. 2. Detection efficiency per unit area shown over
one quadrant of the surface of the split detector. The
dividing dead strip is along the y axis and has a half-
width t &~2. The collimation radius is p and D is the
target to detector distance.

actions, of detecting a particle in an excited state
is greatly reduced for a number of reasons. The
large breakup cone for 'Be* results in a detection
efficiency which is only a few percent of that for
'Be ground state. In addition, the threshold
energy for n -particle detection was set such that
one of the e particles from 'Be* had insufficient
energy to trigger the coincidence timing circuitry.
(c) Stopping foils may be used in front of the de-
tectors to absorb both elastically scattered heavy
ions and other heavy ion reaction products, since
the particles actually detected are light ions. This
leads to longer detector life and the possibility of
measuring cross sections through 0 ."'"
(d) The present system is much simpler than the
split AE detector counter telescope" for detection
of 'Be particles. This simplicity has resulted in
extensions of the method to multiangle 'Be detec-
tion systems. '

Disadvantages of the present system would in-
clude the following. One is unable to observe the
energy spectra of 'Be* particles as is done when
the energy of each e particle is recorded on-
line. " The absorber foil produces energy strag-
gling which in the present work degrades the en-
ergy resolution by -200 keV. A large inherent
kinematic spread is associated with the large de-
tection efficiency, due to the decay cone geometry.
This effect could be greatly reduced in the coin-
cident position sensitive detector method of
Scheibling. " Experiments involving 'Be reaction
products do not lend themselves to conventional
high resolution techniques, again due to the geom-
etry of the breakup cone.

III. RESULTS AND DISCUSSION

A. ' C(' C Be)' 0* yeaqtjpn

A typical energy spectrum of 'Be particles ob-
served from the "C("C,'Be)"0* reactions is
shown in Fig. 3. The states of 4p-4h structure ap-
pear to be strongly populated, very similar to a
spectrum reported earlier. " Other states popu-
lated but rather weakly by this reaction at this
energy are the 11.10 MeV (4') state and the ground
state. No noticeable strength is shown to members
of the Sp-3h band. Unfortunately the 6.06 MeV
(0') state is not resolved in this work from the
6.13 (3 ) 1p-1h state, nor is the 6.92 (2') state
adequately resolved from the 7.12 (1 ) 1p-1h state.
Experimental evidence that the 7.12 (1 ) state
might also be excited results from the fact that the
full width at half-maximum (FWHM) of the 6.92
(2') peak occasionally exceeds the FWHM of the
6.06 (0') peak by as much as 140 keV. Additional
support for this possibility comes from "C("Li,d)-
"0 and "C('Li, f )"0 spectra, ' ' where the 7.12
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MeV state is resolved, and it is found to be popu-
lated although only with -10%%u& of the strength of the
6.92 (2') state. Some earlier work on lithium in-
duced reactions' with better energy resolution
(-40 keV) shows similar results for the 'I MeV
doublet, but actually much stronger excitation of
the 6.13 MeV (3 ), 1p-1h state, than for the 6.06
MeV (0'), 4p-4h state. In the spectrum of Fig. 3,
as in all spectra in the present work, the relative
yields for states within these two doublets cannot
be determined; however, for purposes of identifi-
cation, they will be referred to as the 6.06 (0') and
6.92 (2'), 4p-4h states.

The results of spectra for "C("C,'Be)"0 may be
compared with spectra from other four-particle
transfer reactions. For example, the "C("0,"C}
"O* reactions" (Z, =65 MeV) also strongly popu-
late the states of 4p-4h structure. Weakly excited
at forward angles are the ground state, the 11.10
MeV (4') state, and the 8.87 (2 ) state, which is
forbidden by a simple direct transfer of an n par-
ticle. The "C("Li,t)"0 reaction' (E, ,= 21.1 MeV}
strongly populates the states of 4p-4h structure
but also weakly populates the 9.60 (1 ) and 11.63
(3 ) states, which comprise the beginning of the
Sp-Sh band, the ground state, the 8.87 (2 ) state,
the 9.85 (2') state, and many states above 11.6
MeV in excitation energy. The "C(' Ne, ' 0}'0
reaction" (E„,='18 MeV} also shows considerable
population of the 4p-4h band but weak population
elsewhere. However, the reaction "C("B,'Li) "0
(E„b= 28 MeV) excited the 8.8'f MeV (2 ) state as
strongly as members of the 2p-2h band. " Further-
more, the "N(n, d)"0 reaction" (Z„„=40 MeV,
8„b= 10 ) and the "C('Li, t)"0 reaction" (E.b=20
MeV, e„b=20') only moderate strength to members
of the 4p-4h band while strongly exciting other
states. Hence, it appears that the 4p-4h band in
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FIG. 3. A typical spectrum for ' C(' C, ge)'~0 at
0»b = 5' and E,.m =22.8 MeV. Expected positions of resid-
ual states with rotational band information are shown.

"O is populated most strongly when four particles
are transferred and when the projectile is an
even-even N =Z nuclei or when it has a strong +-
particle parentage such as 'Li or 'Li.

The measured excitation functions for the "C-
("C, 'Be}"0 reaction leading to the ground state
of "Q and J' =0', 2', and 4' members of the 4p-4h
band of "Q are shown in Fig. 4 for reaction angles
of 6I„, b

= 5 and 25'. These yield curves show fluctu-
ations varying from 0.2 to 1.5 MeV in width although
the ground state yield appears to flatten above 21
MeV. The energy increments for the present data
were not sufficiently small to demonstrate clearly
intermediate structure or to allow one to perform
a fluctuation analysis. However, the gross fluctu-
ation widths observed here compare with those
pbserved in the ' C+' C elastic scattering. Np

obvious cross correlations exist between the ex-
citation functions, which may have suggested
entrance channel effects, In addition, there is no
obvious cross correlation between the two yield
curves of Fig. 4 for the same state of "0, which
might suggest resonances in the compound nucleus
"Mg. The maximum near F.„. =17.S MeV in the
5' yield has been suggested'4 as a component of the
J' =10' member of the quasimolecular rotational
band. Further investigation with a much more ef-
ficient detection system has confirmed this specu-
lative J" assignment along with identifying many
more 8', 10', and 12' states of "Mg."

The angular distributions for "C("C,'Be}"0
measured at F. , =21.0 MeV, leading to the ground
state of "Oandthe J"=0', 2', and4'members of the
4p-4h band are shown in Fig. 5. The ground state
has a relatively small and oscillating cross section
as compared with the large and relatively smooth
cross sections for 0', 2', and 4' members of the
4p-4h band. This same feature is also apparent
for the "C('Li, t)"Q reaction, ' which, supposedly,
is predominantly direct at E, b

21 1 MeV, although
both the ground state and the 4p-4h cross sections
are about one order of magnitude less than the
cross sections reported in the present work. Any
implication regarding a direct mechanism on the
basis of the angular distributions of the present
work must be qualified by noting the variation of
cross section with energy in the vicinity of
E„. = 21.0 MeV, observed in the present work and
elsewhere. "'"'" It is clear that if the contri-
bution from the 6.13 MeV (1 ) state is small, then
quite different mechanisms must account for the
cross section observed for the 0' ground state and
the 0' excited state at 6.06 MeV.

B. 160(160 8B+)24Mg+ rpz&&&pp

At a bombarding energy of 56 MeV and a 'Be
detection angle pf 5'pne pbtajns fpr ' 0(' Q, Be)
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the 'Be energy spectrum illustrated in Fig. 6. The
effect of "C contamination is shown and does not
seriously complicate the extraction of cross sec-
tions for "Mg final states below 7 MeV. The cross
sections at I9l,b 5 for the 0' ground state and the
2' first excited state of '~Mg at 1.37 MeV are 8+ 2

p, b/sr and 120+ 10 (j,b/sr, respectively. Strong
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states of "Mg at higher excitation energies are
identified in Fig. 6 from an energy calibration
curve. These states were identified for each of
five laboratory angles at E„,= 56 MeV. Because
of obvious difficulties in resolution and in back-
ground subtraction, cross sections for these high-
lying states were not extracted in this work.

One fact clearly illustrated in Fig. 6 is that
members of the ground state rotational band [0.0
(0'), 1.37 (2'), 4.12 (4'), 8.12 (6'), and 13.18 (8')],
suggested as 8p-Oh structure, are not preferential-
ly populated in this eight-particle transfer reac-
tion. The general lack of selectivity indicates a
dominant nondirect reaction mechanism, no clearly
defined 8p-Oh' structure in ' Mg, or both.

The spectrum of Fig. 6 may be compared with
similar spectra also leading to states of "Mg via
the "C("0,o)"Mg reaction' in the energy range
F„- = 19 to 25 MeV. States strongly populated and
identified in the "0("0,'Be)"Mg spectrum are
also found to be strongly populated in the "C("0,a)-
"Mg reactions. Greenwood et al.' performed a
standard Ericson fluctuation analysis for these
states and obtained coherence widths of 90 to 150
keV. Furthermore, the energy averaged cross
sections for these states were explained byHauser-
Feshbach statistical-model calculations.

Limited measurements of the angle and energy
dependence of cross sections for the low-lying
states of "Mg via the "0("0,'Be)"Mg reaction
were obtained. Because of the very small fluctu-
ating cross sections encountered and the apparent
nondirect nature of the "0("0,'Be)"Mg reaction
at this energy, the investigation was terminated.

citation. The results of Lindgren et al." show a
large yield at 6.76 and 7.43 MeV excitation, simi-
lar to the present work. Some yield for the 5.80
MeV state may be present in the spectrum of
Fig. 7 but the yield was not extracted because of
the high background present. The '8Si('60, "C)"S
reaction proceeds most strongly to the excited
states at 4.70 and 6.90 MeV. Although no yield
was reported for the 5.01 (3 ) state, ' a continuing
study" indicates that this state dominates the
spectrum below 6.5 MeV excitation.

From the results cited the "Si("C,'Be)"S,
"Si('Li, d)'2S, and 'SSi("0, "C)'2S reactions exhibit
marked similarities. The consistently strong pop-
ulation of the 2.23 MeV (2') and 5.01 MeV (3 )
states suggests a direct four-particle transfer
component in the reaction mechanism since these
reactions proceed through different compound
systems. The selective population of the 5.01
MeV (3 ) state is especially interesting in light of
Arima's [331]quartet prediction at 6.4 MeV of
excitation. "

Angular distributions at E, = 29.4 MeV and yield
curves at 8„,= 5' and 25' have been obtained for a
few final states of the "Si("C,'Be)"S reaction and
are shown in Figs. 8 and 9, respectively. The
large relative errors shown are due largely to un-
certainties in the peak fitting and background sub-
traction. Missing points in the angular distribu-
tions result from inability to properly resolve two
or more peaks. The angular distributions for the
ground state and the 2.23 MeV state are very sim-
ilar in shape to those from the "Si("0,"C)"Sre-

C. Sj( C, Be}3S tggctjog

The cross sections for ("C, 'Be) reactions lead-
ing to the ground state of "S and to excited states
of 2.23 MeV (2') and 5.01 MeV (3 ) were extracted
from spectra resulting from "C bombardment of
SiO, targets. These spectra are dominated by the
yields from "0("C,'Be)"Ne* and "C("C,'Be)"0*
reactions as illustrated in Fig. 7. A spectrum fit-
ting routine was required to extract the areas of
"Speaks. The yield observed near an excitation
of 6.75 and '7.4 MeV (not shown in Fig. 7) might
correspond to the yield from several unresolved
states in "S.

Four-particle transfer reactions induced by
'Li, 'Li, and "0 ions have also been observed on
"Si targets. ' " The "Si('Li, d)"S* reaction' "
strongly populates the 2.23 MeV (2') and 5.01 (3 )
states of "S, similar to present work. In addition,
there is strong population of the ground state and
of states at 4.46 and 5.80 MeV and weaker popu-
lation of several other states below 6 MeV ex-
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action' measured over a more limited angular
range. The smooth energy dependence of the cross
sections observed at 8„„=5; (see Fig. 9) favors a
direct mechanism for the "Si("C,'Be)"S reaction.

IV. SUMMARY

The "0("0,'Be)"Mg* reactions do not indicate
any selectivity or direct reaction character. How. —

ever, the "C("C,'Be)' 0~ reactions at F, =16 to
22 MeV seem to populate very selectively the mem-
bers of the 4p-4h band in "O. There is no mea-
surable cross section for members of the 3p-3h
band or the 8.87 MeV (2 ) unnatural parity state.
In the ("C, 'Be) reactions, unnatural parity states
are very weakly populated. This is consistent with
a one-step reaction mechanism. Inthe "C("C, Be)
reaction, the 11.10 MeV (4+) state is populated with

5% to 25% of the cross section of the 10.34 MeV
(4') member of the 4p-4h band. In other four-par-
ticle transfer reactions, a stronger population of
this 11.10 MeV state has been interpreted as evi-

dence for a two-step process. '
The selective population of the 4p-4h band in

"0 is not entirely certain, because 1p-1h states
could not be resolved from the 0' and 2' members
of the 4p-4h band. Although theoretical calcula-
tions" indicate that the 6.13 MeV (3 ), 1p-1h state
could be excited from a mixing of 3p-3h compo-
nents, the pure 3p-3h states were not observed in
this reaction (see Fig. 3}. The "C, , +a overlap
was calculated2~ to be quite large for the 11.25
MeV (0'), 2p-2h state in "0, but this state was
not observed in the "C("C,'Be}"0*reaction.

The state most strongly excited in the "Si-
("C, 'Be)"S*reactions is the 5.01 MeV (3 ) state.
This is consistent with some ('Li, d) reactions, ' ~"
("0, "C) results, 2' and the predicted enhancement
of a-particie transfer strength when the (sd)' (fP)'
configuration is formed.

The ("C, 'Be} results presented resemble both
the ('Li, d) and the ("0,"C) reactions. These re-
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actions appear to be somewhat direct in nature on
the basis of selectivity. The selectivity and the
smooth energy dependence of the ~ Si(' C, Be)
cross sections favor a direct reaction interpreta-
tion although energy dependence in the "C("C,'Be}-
"0 results presented here and elsewhere is not
consistent with a one-step direct transfer. Energy

dependence of the other reactions has not been re-
ported.
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