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Evidence for a molecular rotational band in the 14C¿a decay
of 18O and the a decay of 22Ne
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The 14C1a decay of18O has been studied via the14C(18O,14Ca)14C reaction at 102 MeV. The excitation
energy of the decaying18O resonant particle has been determined following the coincident detection of the
correlated14C anda particles. A study of the angular correlations of the breakup fragments has allowed the
spins of the decaying states to be investigated. The data provide evidence that a quasimolecular rotational band,
identified by enhanceda decay, is observed in the reaction. Evidence is also presented for the18O1a decay
of 22Ne.
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I. INTRODUCTION

The 14C1a cluster structure of18O is reasonably well
established. Much work has been performed in studying b
the rotational14C1a quasimolecular nature of18O @up to
Ex(

18O);12.5 MeV# and the nuclear-astrophysically im
portant radiative capture reaction14C(a,g)18O ~see, for ex-
ample, Refs.@1–7# and references contained therein!. Thea
decay of a number of states at a high excitation ene
above thea-decay threshold at 6.226 MeV, has been stud
in the past by Rae and Bhowmik@8# via the
12C(18O,14Ca)12C sequential breakup reaction at 82 Me
Spin information was obtained for some of the observ
states following a study of the variation in double-different
cross section with the scattering angle of the18O* nucleus.
The majority of the assignments made by Rae and Bhow
are tentative, however, with two possible spin and pari
being listed for many states.

In an attempt to clarify the spin assignments of Rae a
Bhowmik we have performed a measurement of
14C(18O,14Ca)14C breakup reaction at 102 MeV. This en
trance channel was selected to allow a simultaneous se
for a-particle decay of additional neutron rich nuclei. Coi
cident detection of the14C anda breakup fragments emitte
during the decay of18O* has allowed the excitation energ
in 18O* and the fragment angular correlations to be studi
The data suggest that a quasimolecular rotational band,
sistent with a14C1a structure, is populated in the reactio
Evidence is also provided for the18O1a decay of a number
of highly excited states in22Ne.

II. EXPERIMENTAL DETAILS

The experiment made use of a 102-MeV18O beam pro-
vided by the Florida State University tandem and superc
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ducting LINAC facility. The beam was not debunched fo
lowing LINAC acceleration resulting in a beam energ
spread of;800 keV. The integrated beam exposure w
3.5 mC.

The beam was used to bombard a 413-mg cm22 14C tar-
get that was mounted between two thin (;10 mg cm22)
layers of formvar to aid mechanical stability. The14C thick-
ness was obtained by studying the elastic scattering of a
MeV 16O beam from a197Au foil placed downstream from
the primary target location with the14C target both in posi-
tion and removed. The target was surrounded by a cont
ment system as a precaution against chamber contamina
This consisted of a 10 cm diameter vertical aluminum cyl
der placed on the floor of the target chamber and centere
the target position. A 6 mm hole provided the beam entra
aperture and the exit port was a horizontal slot, 9.5 mm h
and 635° wide, symmetrically located with respect to th
beam. Permanent magnets were placed close to the targ
the angular extremes of the exit slot to deflectb particles
away from the horizontal reaction plane, preventing th
from reaching the detectors.a particles from 241Am were
vertically deflected by less than 100mm at the detector po-
sitions.

Two identical telescopes were used to detect the brea
fragments. Each consisted of two (50310) mm2 silicon de-
tectors placed one behind the other with the longer a
placed horizontally in the reaction plane defined by the t
telescopes and the target. The detectors were nominally
and 1000mm thick, allowing standardDE-E particle identi-
fication to be obtained. Mass separation was obtained u
the beryllium isotopes with7,9,10Be being resolved. This sug
gests that it would have been possible to cleanly resolve
isotopes4,6He. No evidence for6He was found in the par-
ticle identification spectra. It follows that the reaction18O*
→12C16He was not contaminating the18O* →14C1a re-
construction. The carbon isotopes12,13,14C were not com-
pletely resolved in theDE-E spectra. It is therefore possibl
that some contaminant events, most likely involving13C,
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passed through the14C particle identification gate. Thes
events may be distinguished and removed, however, foll
ing the Q-value considerations. Each detector provided
plane position information with a resolution of;0.5 mm.
The average beam current was maintained at;5 enA to
keep the counting rate in the detector telescopes<6 kHz.
Above this rate the position resolution is known to deter
rate. Out-of-plane position information was limited to th
detector height. The telescopes were placed on opposite
of the beam with centers located at 18.5° from the be
axis. This geometry was selected to allow the possible de
tion of symmetric breakup from a number of reaction cha
nels. The target toE detector distance was set to 140 m
giving an angular range of610.1° about the detector cente

In order to calibrate the position response of the detect
brass masks were placed in front of each telescope, 120
from the target. Each mask had nine equally spaced ver
slots to provide a horizontal position calibration along t
detector face. The energy calibrations were performed u
a combination ofa particles from a228Th source and from
the 12C(12C,a)20Ne* reaction at 25 and 45 MeV. Additiona
calibrations were obtained using12C ions elastically scat-
tered from a197Au target at beam energies of 16, 20, 25, 4
45, and 51 MeV. The energy resolution was found to be
keV for a particles from the decay of228Th and 120 keV for
12C at 25 MeV.

III. ANALYSIS AND RESULTS

The method of resonant particle decay spectroscopy i
established technique used in the study of breakup reac
@9#. Once the two fragments have been identified using
information provided by the (DE-E) telescopes, the kine
matics of the undetected recoil particle can be reconstru
and the three-body reactionQ value (Q3) studied. The recoil
energy is obtained by applying momentum conservation
tween the beam and the two detected particles and by m
ing an assumption of the recoil mass. The summed energ
the three final-state particles is related to theQ value via
Etot5E11E21Erec5Ebeam1Q3.

Following channel identification the excitation ener
(Ex) of the resonant particle may be determined by study
the relative energy (Erel) of the two breakup fragments,Ex
5Erel2Q2, whereQ2 is theQ value for the decay into frag
ments 1 and 2. Spin information for states observed in theEx
spectrum may be obtained from a study of the breakup fr
ment angular correlations~see, for example, Refs.@10,11#!.
The two angles involved areu* , the center-of-mass~c.m.!
scattering angle of the resonant particle, andc, the angle
between the relative velocity vector of the two breakup fra
ments and the beam axis. A plot ofu* versusc will exhibit
intensity variations that form ‘‘ridges’’ in the data. Thec
distribution atu* 50°, obtained by projecting the data alon
the slope of the ridges, is denotedc0 . This may be compared
to squared Legendre polynomialsuPJu2, the spin of the de-
caying state being equal to the orderJ of the polynomial best
describing thec0 distribution.

The slope of the ridges along which the angular corre
tions are projected,du* /dc, and the order of the overlaid
02431
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Legendre polynomial may be used@11# to determine the en-
trance channel grazing angular momentuml i by using

du*

dc
5

J

l i2J
. ~1!

Conversely, assumingl i is known Eq.~1! can provide an
independent spin assignment to that obtained from the an
lar correlation projection method described above.

A. The a decay of 18O

The total energy (Etot) spectrum obtained following the
detection of ana particle and14C in the detector telescope
is shown in Fig. 1. In this analysis the recoil has been
sumed to be14C. In Fig. 1~a! the predictedEtot energy for
events corresponding to the14C(18O,14Cg.s.a)14Cg.s. reaction
is labeled asQggg(

14C). A strong peak is observed at th
energy. This peak may also contain events from
12C(18O,14Cg.s.a)12Cg.s. channel arising from the12C content
of the formvar and the14C target. This reaction has the sam
value ofQ3 , although the use of the incorrect recoil mass

FIG. 1. Total energy (Etot) spectrum for the
12,14C(18O,14C a)12,14C reaction. The recoil mass has been assum
to be 14. In ~a! the predicted Etot values for the
14C(18O,14Cg.s.a)14Cg.s.,

12C(18O,14Cg.s.a)12C* (4.43 MeV), and
14C(18O,14Cg.s.a)14C* (6→7 MeV) reactions are shown. In~b! an
expandedQggg region is shown to indicate the12C contribution.
The results of a two Gaussian plus background fit are indicated
the smooth solid line, the background by the dashed line, and
individual fitted peaks by the two dotted lines.
5-2
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the reconstruction will result in a shifting of theQggg peak
towards lower values ofEtot for these events. Evidence fo
reactions from12C may indeed be seen in Fig. 1~a! as a
shoulder at 90.6 MeV@labeledQgg(

12C 4.43 MeV)#, these
events corresponding to the12C(18O,14Cg.s.a)12C* (4.43
MeV) reaction. The peak appearing atEtot;88.3 MeV, la-
beledQgg(

14C6→7 MeV) corresponds to a mixture of th
14C(18O,14C a)14C reaction with one of the two14C nuclei
emitted in an excited state~the first exited state in14C is at
6.09 MeV! and the12C(18O,14Ca)12C channel with the12C
recoil excited to the second excited state~or higher!. Possible
contaminant reactions arising from misidentification of t
detected particles include

12C~18O,13C a!13C ~Q3529.46 MeV!,

14C~18O,13C a!15C ~Q35213.18 MeV!,

14C~18O,12C a!16C ~Q35213.88 MeV!,

12C~18O,12C 6He!12C ~Q35218.37 MeV!,

and 14C~18O,12C 6He!14C ~Q35218.37 MeV!.

All of these channels have values ofQ3 that are much more
negative than the14C(18O,14Cg.s.a)14Cg.s. reaction of interest
(Q3526.23 MeV) and will therefore appear at lower va
ues ofEtot than theQggg(

14C) peak.
In Fig. 1~b! the Etot spectrum is shown with an expande

scale. TheQggg peak has been fitted with two Gaussia
~dotted lines! and a smooth background~dashed line!.
The overall fit is given by the smooth solid line. Th
Gaussians correspond to the14C(18O,14Cg.s.a)14Cg.s. and
12C(18O,14Cg.s.a)12Cg.s. channels. A Monte Carlo simulatio
of the experimental resolution predicts widths of 1250 k
for theQggg(

14C) peak and 1310 keV for theQggg(
12C) peak

with a uncertainty of approximately 50 keV. The Mon
Carlo code@12# simulates various effects including the e
ergy loss and energy and angular straggling of the beam
fragments in the target and the energy and position resolu
of the detector telescopes. The fitted widths of theQggg(

12C)
and Qggg(

14C) peaks shown in Fig. 1~b! are approximately
1230 keV, in good agreement with the predicted values.
ratio of 12C to 14C, R(12C:14C), in the combined formvar
and 14C target can be obtained from the number of eve
~N! above background in the two peaks. This gives a rela
carbon content of;85% 14C and;15% 12C. These values
have been scaled by the ratio of the target masses to app
mate the difference in reaction cross sections fr
the two target nuclei, R(12C:14C)5N@Qggg(

12C)#/12:
N@Qggg(

14C)#/14.
In order to cleanly select events from th

14C(18O,14Cg.s.a)14Cg.s. reaction, a spectrum is produced
Erec2Q35Ebeam2E12E2 plotted againstPrec

2 /2, wherePrec

is the recoil momentum. This is shown in Fig. 2. In th
spectrum theQggg events from the14C content of the targe
will lie on a line with a slope of 1/mrec51/14, whereas
events from the12C will have a slope of 1/12. Both loci will
have an intercept on theErec2Q3 axis equal to Q3 ,
02431
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26.23 MeV. Placing a software window around the eve
with a slope of 1/14 allows the14C(18O,14Cg.s.a)14Cg.s.chan-
nel to be selected.

It is possible to reconstructErel (14C1a) in two ways in
this channel. In Fig. 3 theEx spectrum for18O obtained from
the detected14C fragment,14Cdetected1a, is plotted against
the excitation energy calculated using the reconstructed
coil, 14Crecoil1a. Strongly populated states are seen as v
tical loci at;8 and 11.6 MeV in the14Cdetected1a breakup.
The 11.6 MeV state is also seen as a horizontal line in
14Crecoil1a channel. There is no evidence in Fig. 3 for dia
onal loci corresponding to the14C114C decay of28Mg.

FIG. 2. Plot of (Erec2Q3) against Prec
2 /2 for the

12,14C(18O,14C a)12,14C reaction. The predictedQggg loci with
slopes of 1/12 and 1/14~1/recoil mass! and the intercept at2Q3

56.23 MeV are indicated by the solid lines.

FIG. 3. Excitation energy for the14C1a breakup of 18O ob-
tained with the detected14C plotted against the excitation energ
calculated using the undetected~reconstructed! recoiling 14C. The
dotted and dashed boxes indicate the regions used to gate ou
strong doublet at;8 MeV and the state at 11.6 MeV.
5-3
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In Fig. 4 the excitation energy spectrum for th
14Cdetected1a breakup of 18O is shown. Only those event
falling within the two dashed boxes indicated in Fig. 3 ha
been included. This gating removes background from
strongly populated;11.6 MeV state seen in the14Crecoil
1a channel. In Fig. 4~a! the whole spectrum is shown. I
Fig. 4~b! the same spectrum is shown with an expanded s
to allow the less strongly populated states to be seen.
inset in Fig. 4~b! shows the high-Ex region in more detail.
The centroid energies of the states, obtained by fitting Ga
ian line shapes to the peaks above a smoothly varying b
ground, are indicated and given in Table I. Also listed are
energies and spin assignments given in the compilation
18O by Tilley et al. @13#. It is possible, by comparing th
states observed in the excitation energy spectra shown in
4 and in Ref.@8#, to make a direct association between t
present and previous measurements and to those liste
Ref. @13#. The final excitation energy calibration for th
present work was obtained by this method. It is noted tha
the compilation for18O Tilley et al. @13# list 50 known states
in the excitation energy range 8.0–13.0 MeV, 31 of whi
decay viaa emission. Only ten states are seen in this ene
interval in Fig. 4. This suggests that there may be a struct
reason for the preferentiala decay of the observed states.
is possible that the enhanced relative strength is due to
underlying 14C1a cluster structure. This would be analo
gous to the well-known12C112C breakup of the hyperde

FIG. 4. Excitation energy spectrum for the14C1a breakup of
18O obtained using the detected14C fragment. The data are pro
jected from within the two dashed boxes indicated in Fig. 3. In~b!
the scaling has been altered to allow the less populated stat
appear more prominently. In the inset to~b! the higher excitation
region is shown. The fitted centroid energies of the peaks are gi
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formed quasimolecular rotational band in24Mg ~see, for ex-
ample, Ref.@14#!. This occurs in the excitation energy rang
20–30 MeV, a region in which a level density of above 10
states per MeV would be expected. The12C112C decay,
observed in the12C(24Mg,12C12C)12C reaction, is actually
observed only from approximately ten states. This has b
interpreted as being due to an underlying12C112C cluster
structure that has a large overlap with the24Mg ground-state
configuration.

The excitation energy spectrum obtained from t
14Crecoil1a channel is plotted in Fig. 5. Only events fallin
within the two dotted regions indicated in Fig. 3 are i
cluded. This removes the large background from the 8.
8.22, and 11.62 MeV states observed in the14Cdetected1a
breakup. In Fig. 5~a! the whole spectrum is shown and
Fig. 5~b! the data are plotted on an expanded scale to al
the weaker states to be seen. As for the14Cdetected1a exci-
tation energy spectrum shown in Fig. 4 the energy scale
again been calibrated to the work of Refs.@8,13#, although
only the 9.7 and 11.6 MeV states could be used in the co
parison with Rae and Bhowmik@8#. A number of states are
observed in the14Crecoil1a channel, the centroid energie
being noted in Fig. 5. The agreement between these s
and those seen in Fig. 4 is generally good up to and includ
the state at 12.6 MeV. At higher excitations the experimen

to

n.

TABLE I. States observed in18O* →14C1a and corresponding
states from Ref.@13#.

Present work Tilleyet al. @13#

Ex Jp l i Ex Jp Gc.m.

~MeV! (\) (\) ~MeV! (\) ~keV!

7.86 7.864 52

8.04a 8.038 12 ,2.5b

8.22a~c! 8.213 21 1.060.8b

8.93 8.955 (41) 4363 b

9.35a (21) 3362 9.361 21 27615 b

(32) 3161
9.70a,c (12) 2662 9.672 32 ,50 b

(21) 3462
(32) 3361

10.29a~c! (32) 2961 10.295 41 ,50 b

(41) 2861
(52) 2561

11.62a,c 52 3161 11.620 52 (7668) d

12.06 12.04 (21) 2866 b

12.54a,c 12.530 61 ,250e

13.00 (21) 2562 ,300e

(41) 2862
14.58c 14.7 12 ;500e

15.46 ;500e

16.42 ~c! 16.315 (3,2)2 ;600e

aMembers of the molecular band in18O.
bReference@13#.
cStates that are also observed in18O* →14Crecoil1a.
dReference@16#.
ePresent work.
5-4
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EVIDENCE FOR A MOLECULAR ROTATIONAL BAND IN . . . PHYSICAL REVIEW C66, 024315 ~2002!
resolution in the14Crecoil1a channel degrades making a d
rect comparison more difficult. This is due to the much low
energy of the detected14C, which, in this channel, is the
recoiling particle. The lower energy results in greater ene
loss and energy and angular straggling in the target. I
noted that the strongly populated state at 10.29 MeV in F
4 appears to be very weakly populated in Fig. 5. This is m
likely due to the difference in the c.m. angular coverage
the detected and recoiling14C nuclei. This may also hold
true for the 12.06 and 13.0 MeV states that do not appea
the 14Crecoil1a channel, although the three states seen
12.06, 12.54, and 13.0 MeV in Fig. 4 may well be unr
solved as the broad~500 keV wide! peak at 12.6 MeV in Fig.
5. The structure at;14.6 MeV in the 14Crecoil1a channel
most likely corresponds to the peak at 14.58 MeV in t
14Cdetected1a breakup. The broad;16.2 MeV peak in Fig.
5 probably corresponds to the 16.42 MeV state in Fig. 4

Tentative spin assignments have been obtained for s
of the states observed in Fig. 4 from a study of the brea
fragment angular correlations. A plot ofu* versusc for the
strong state seen at 11.62 MeV in Fig. 4 is shown in Fig
The two regions of data seen in theu* /c angular correlation
correspond to the two possible ways of detecting
breakup,14C1a anda114C, in the two telescopes. Within
each of the two regions clear ridges may be seen in the d
the slope of which is indicated by the dashed line. The loc
events with negative slope, indicated by the dotted lines
Fig. 6, correspond to background from the14Crecoil1a chan-

FIG. 5. Excitation energy spectrum for the14C1a breakup of
18O obtained using the undetected14C recoil. The data are projecte
from within the two dotted boxes indicated in Fig. 3.
02431
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nel. These have been removed using software gates be
projecting the data onto theu* 50° axis.

In Figs. 7 and 8 the projected angular correlations o
tained are shown. Some states listed in Table I do not h
projections, either as a result of poor statistics or limit
u* /c coverage. It is unfortunate that the two most strong
populated states, at 8.04 and 8.22 MeV, fall in the sec
category, although firm assignments of 12 and 21, respec-
tively, were made previously by Rae and Bhowmik@8#. Sev-
eral of the states are shown at more than one projec
angle, each overlaid with a different order ofuPJu2. For ex-
ample, the 9.35-MeV-state data may be described by auP2u2

if projected at 3.7° but equally as well by auP3u2 if projected
at 6.1°. It is noted that it is the periodicity of the distributio
that is important, not the magnitude. The inclusion of d
projected fromu* Þ0° will distort the magnitude of the the
oreticaluPJu2 correlation. This arises from the introduction o
nonzerom-substates populations foru* Þ0° @11#. In addi-
tion, the experimental data have not been corrected for
tection efficiency, which strongly distorts theuPJu2 distribu-
tion. Table I summarizes the tentative spin and par
assignments made for the states in the present work.
noted that breakup may be seen only from natural pa
states when both fragments haveJp501, as is the case here
In general, the agreement between the present work
Refs.@8,13# is good. The present assignment of (21, 32) for
the state at 9.35 MeV in Fig. 4 is the same as that mad
Ref. @8#, the firm assignment being listed as 21 in Ref. @13#.
Similarly the spin of the 9.70 MeV state, tentatively (12,
21, 32) in the present work, may be assigned as 32 by
comparison with Refs.@8,13# and that of the 10.29 MeV stat
as 41.

The values ofl i obtained using Eq.~1! are listed in Table
I. The range of experimentall i values, (2561)2(3462)\,
agrees reasonably well with that calculated for two nucle
the entrance channel with massesAp and At , l i5r 0(Ap

1/3

1At
1/3)A2mEc.m., wherem is the reduced mass andEc.m. the

FIG. 6. Angular correlation (u* /c) spectrum for the 11.62-MeV
state seen in Fig. 4. The dashed and dotted lines are discussed
text.
5-5



der

N. CURTISet al. PHYSICAL REVIEW C 66, 024315 ~2002!
FIG. 7. Projections onto theu* 50° axis for
theu* /c angular correlations for the states at~a!
and ~b! 9.35, ~c!, ~d!, and~e! 9.70, and~f! 11.62
MeV excitation energy in18O. The projection
angle used is indicated in all cases, as is the or
J of the uPJu2 shown by the dotted lines.
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energy of the c.m. system. For values ofr 0 ranging from 1.3
to 1.5 fm l i is found to vary from 26.8 to 30.9\.

In Fig. 9 the values ofJ(J11) for the most prominen
states in Fig. 4 are plotted against the centroid energies~solid
points!. The spin assignments are those obtained by comp
son with the previous work of Rae and Bhowmik@8# and
Tilley et al. @13#. It can be seen that these states appear to
on a trajectory indicative of a rotational band, which may
described usingEx5E01(\2/2I )J(J11). Here E0 is the
bandhead energy andI the moment of inertia. The solid line
in Fig. 9 indicates the results of such a fit to the states, fr
which values of\2/2I 5(110.461.4) keV andE05(8.10
60.03) MeV are obtained. This rotational parameter in
cates that a structure with a high moment of inertia, a
hence a large deformation, is populated in the reaction.
value of \2/2I can be obtained in a semiclassical clus
configuration ofa114Cg.s. with r 051.5 fm, but it requires
the a and 14C surface separation to be 2 fm. Such a la
deformation of the molecular band states could be reduce
it could be shown that the14C is in an excited configuration
however, the data of Fig. 9 and Table I still provide a go
indication that a highly deformed molecular structure is o
served in18O in the 14C(18O,14Cg.s.a)14Cg.s. reaction.

It is interesting to note that the proposed rotational ba
displayed in Fig. 9 shows only a slight odd/even parity sp
ting. The dashed line in Fig. 9 illustrates the effect, with t
8.22 MeV 21 state chosen rather than the 9.35 MeV 21 state
due to its much strongera decay~see Fig. 4!. The odd/even
band splitting has been observed to be much more
02431
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nounced in some neighboring nuclei of similar mass. T
values of\2/2I for Kp501 bands are approximately 20
keV for 16O @15#, 192 keV for 18O @7#, and 209 keV for20Ne
@15#. All of these previously known bands require a co
cluster toa cluster separation of approximately 2 fm le
than the band in Fig. 9, which has\2/2I 5110 keV. It is
precisely this increased cluster separation that nearly
stroys the parity splitting, since it greatly increases the eff
of the potential barrier between the cluster wells, thus p
ducing a nearly pureY3,01quadrupole rotational band. The
oretical calculations, reviewed in Ref.@15#, provide a reason-
ably good description of these neighboring bands by us
4p excitations of the ground states into thesd shell, how-
ever, higher configurations would be required to describ
band with much greater cluster separations.

The proposed band shown in Fig. 9 is suggested to b
K50 band with the unobservedJp501 member nearEx
;7.0–7.5 MeV. This excitation energy is below th
a-decay detection threshold of the current detector geom
~see Fig. 4!. The energy threshold fora-particle emission
from 18O is at 6.228 MeV, suggesting that the proposed ba
head is too high in energy to be of astrophysical importan

The integrated double differential cross section for t
14C(18O,14Cg.s.a)14Cg.s. reaction, with respect to the soli
angles covered by the two telescopes, isd2s/dV1dV2
5(7.461.0) mb sr22.

B. The a decay of 22Ne

The total energy spectrum produced following the det
tion of a 10Be and ana particle is shown in Fig. 10. The
5-6
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FIG. 8. Projections onto theu* 50° axis for
theu* /c angular correlations for the states at~a!,
~b!, and~c! 10.29- and~d! and~e! 13.0-MeV ex-
citation energy in18O. The projection angle used
is indicated in all cases, as is the orderJ of the
uPJu2 shown by the dotted lines.
e
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en

.

predicted Etot energy for the 14C(18O,14C* →10Beg.s.
1a)18Og.s.and 14C(18O,22Ne* →18Og.s.1a)10Beg.s. reactions
is labeledQggg . Various other decay channels that involv
excited final-state particles are also indicated. Events in

FIG. 9. Energy and spin systematics for the more promin
states observed the14C1a decay of 18O ~solid points!. The spin
assignments from Ref.@13# are consistent with the current work
The solid line indicates a fit to the data and the dashed line is
guide the eye~see text!.
02431
e

peak labeledQgg(
10Be 3.37/18O;3.6 MeV) correspond to

either a breakup involving a10Be emitted in the 3.37-MeV
excited state or events with an18O excited to the 3.55-MeV
41 or 3.63-MeV 01 states. TheQ-value resolution is not
sufficient to resolve these channels. There is also a relati
strong peak at the predicted energy for the mutually exc

t

to FIG. 10. Total energy (Etot) spectrum for the
14C(18O,18Oa)10Be reaction.
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FIG. 11. Excitation energy spectra for th
18O1a breakup of22Ne using the reconstructe
18O fragment and for different excitations of18O
and 10Be in the final state. The identical spect
in ~b! and ~c! have the same nominal value o
Qgg but have different values ofEx because of
the assumed excitation in18O ~see text!.
e
3

g

n

e

c-

g.
s
e

l-
e

he

he
l
th

y
in

in

nts

-
or
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10Be* (3.37 MeV) and 18O* (;3.6 MeV) reaction. This
appears to sit on a shoulder corresponding to the10Be* 1a
118Og.s. final state, with the10Be being excited to one of th
quartet of states near 6 MeV~5.958, 5.960, 6.179, and 6.26
MeV!.

The excitation energy spectra for the10Be1a decay of
14C have been studied by gating on theQggg ,

Qgg(
10Be 3.37/18O;3.6 MeV) and Qg(10Be 3.37118O

;3.6 MeV) peaks shown in Fig. 10. The excitation ener
spectra produced are featureless, indicating thata-particle
decaying excited states of14C are not strongly populated i
this reaction. The lack of structure inEx suggests that the
10Be anda particles arise from either direct~nonsequential!
three body breakup or from the18O1a decay of22Ne, with
the detected 10Be being the recoiling particle in th
14C(18O,22Ne* →18O1a)10Be reaction.

The 18O1a breakup of22Ne has been studied by produ
ing excitation energy spectra using the reconstructed18O and
the detecteda particle. These are shown in Fig. 11. In Fi
11~a! the Ex spectrum for22Ne is shown for those event
falling within the Qggg peak in Fig. 10. One distinct stat
may be seen at 14.47 MeV~Table II!. A spectrum such as
that shown in Fig. 3 withEx for 22Ne obtained from the
reconstructed18O plotted against the excitation energy ca
culated for 14C using the detected10Be indicates that thes
events do indeed arise from the decay of22Ne. The inte-
grated double-differential cross section for t
14C(18O,22Ne* →18Og.s.1a)10Beg.s. reaction is
d2s/dV1dV25(0.02560.003) mb sr22.

In Figs. 11~b! and 11~c! the data have been gated on t
Qgg(

10Be 3.37/18O;3.6 MeV) peak observed in the tota
energy spectrum. If these events correspond mainly to
14C(18O,22Ne* →18Og.s.1a)10Be* (3.37 MeV) reaction@as
is assumed in Fig. 11~b!# then the excitation energy in22Ne
02431
y

e

may be obtained fromErel(
18O1a)2Q2 . The sequential de-

cay of the 22Ne* is not affected by the excitation energ
carried by the recoiling10Be nucleus as this is produced
the initial 14C(18O, 22Ne* )10Be* reaction. However, if the
14C„18O,22Ne* →18O* (;3.6 MeV)1a…10Beg.s. channel
dominates the events in theQgg(

10Be 3.37/18O;3.6 MeV)
peak then the excitation energy carried by18O must be taken
into account. In this caseEx(

22Ne)5Erel(
18O1a)2Q2

1Ex(
18O* ). Hence the excitation energy spectrum shown

Fig. 11~c! differs from that in Fig. 11~b! only by a shift in
energy scale. This has been taken to be13.55 MeV. The
integrated double-differential cross section for the eve

TABLE II. Excitation energies in22Ne observed ina decay.
The centroids listed in columns~a!–~d! are taken from the corre
sponding sections of Fig. 11. Excitations corroborated in two
more channels, except for the strong decay to the ground state
Ex(

22Ne)514.47 MeV, are listed in the final column.

Centroids from
Fig. 11 ~MeV!

Probable excited
states in22Ne ~MeV!

~a! ~b! ~c! ~d!

~12.8! ~12.8! ~12.8!
14.47 14.27 14.47

~15.2! ~16.0!
16.45 ~16.3! ~16.8!

~17.8! ~17.7! 17.83 ~17.6! 17.8
~18.8! ~18.7! ~18.7! ~18.4! ~18.7!

~19.9! 20.01 20.0 20.0
~20.8! ~20.8! ~21.3! 20.9 20.9
~22.2! ~22.2!

~23.4! 23.3 23.3
~24.3!
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gated on the Qgg(
10Be 3.37/18O;3.6 MeV) peak is

d2s/dV1dV25(0.05460.007) mb sr22.
Figure 11~d! shows the excitation energy spectrum o

tained by gating on theEtot peak corresponding to th
14C„18O,22Ne* →18O* (;3.6 MeV)1a …

10Be* (3.37 MeV)
reaction. As described above the excitation of the10Be recoil
does not affectEx(

22Ne), which has been obtained from
Erel(

18O1a)2Q21Ex(
18O* ). The integrated double

differential cross section for this reaction isd2s/dV1dV2

5(0.04660.006) mb sr22.
Columns~a!, ~b!, ~c! and~d! in Table II list the centroids

of the peaks seen in the corresponding sections of Fig. 1
is noted that not all of the energies listed in columns~b! and
~c! correspond to states. This is due to the uncertainty o
the dominant channel populating theQgg(

10Be 3.37/18O
;3.6 MeV) peak in Fig. 10. In the final column of Table
the most probable excitation energies for the states in22Ne
that decay to18O1a are listed. There is no ambiguity in th
centroid of the 14.47-MeV peak seen in Fig. 11~a! as the data
have been obtained by gating on the clearly identifiedQggg
peak in Fig. 10. It is also probable that there are state
22Ne at approximately 17.8, 18.7, and 20.9 MeV, as ther
evidence for peaks close to these energies in all fourEx
spectra shown in Fig. 11. A similar argument holds for a st
being at ;20.0 MeV in 22Ne, as peaks are seen at th
energy in Figs. 11~b–d!. There is some tentative evidence f
a state at 12.8 MeV in Fig. 11~a! which would correspond to
that seen at this energy in Fig. 11~b!, so this energy is also
listed in the final column of Table II. Finally, there is als
evidence for a state at;23.3 MeV in the 14C„18O,22Ne*
→18O* (;3.6 MeV)1a…10Be* (3.37 MeV) channel seen
in Fig. 11~d!. It is likely that the only uncertainty in this
centroid is the 80-keV difference between the two poss
excited states populated by the18O* breakup fragment, a
3.55 or 3.63 MeV.

In order to try to distinguish between the energy sca
shown in Figs. 11~b! and 11~c!, Monte Carlo simulations
have been performed for the14C(18O,22Ne* →18O1a)10Be
reaction. The Monte Carlo code@12# simulates the initial
excitation of the resonant particle and the sequential de
into two breakup fragments. The resolution contributions
the reconstructedEtot and Ex spectra due to a number o
effects, including beam spot size, energy spread, diverge
and energy loss in the target, fragment energy and ang
straggle and energy loss in the target, and detector en
and position resolutions, may be studied. TheQggg(

14C)
peak seen in Fig. 1 has a measured width of (12
640) keV that compares well to the simulated width
(1248645) keV. This value is dominated by the ener
spread in the beam following acceleration by the LINA
The state atEx58.04 MeV in Fig. 4 has a natural width o
,2.5 keV @13#. This indicates that the measured widt
(9461) keV, is dominated by the experimental excitati
energy resolution. This is predicted to be (8863) keV by
the Monte Carlo code, the major contribution to this wid
being due to the detector position resolution. This go
agreement between the experimentally measured and the
dicted widths indicates that the input parameters used in
02431
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simulations are valid. The same parameters were also us
study the 14C(18O,22Ne* →18Og.s.1a)10Beg.s. reaction. The
width of the Qggg peak seen in Fig. 10 is (115
6124) keV which again compares favorably with the pr
dicted value of (1173640) keV. The simulated excitation
energy resolution for the 14.47-MeV state shown in F
11~a! is (23569) keV. This suggests that the observ
width of (400650) keV is either due to a number of ove
lapping unresolved states or that a broad natural width
observed. Subtracting the predicted resolution from the m
sured value in quadrature indicates a natural width of (3
646) keV, assuming that the peak is comprised of a sin
state.

The predicted width, (281612) keV, for the 20.01 MeV
state seen in Fig. 11~c! is again less than the experimental
observed value of (420674) keV, indicating that the peak
may be a doublet. This simulated width reduces to (2
610) keV if the energy scale in Fig. 11~b! is assumed to be
correct, placing the peak at 16.45 MeV. This slight decre
in value is a general feature of sequential binary break
with experimentalEx resolution improving as the excitatio
energy reduces towards the reaction threshold. The effec
the in-flight g decay of the 3.37-MeV first-excited state o
10Be in the 14C(18O,22Ne* →18Og.s.1a)10Be* (3.37 MeV)
reaction assumed in Fig. 11~b! is to increase the predicte
width of the 16.45-MeV state to (272611) keV. Therefore
the Monte Carlo simulated widths of 280 and 270 keV f
the 420-keV-wide peak seen in Figs. 11~b! and 11~c! at 20.01
and 16.45 MeV, respectively, cannot distinguish between
two possible energy scales.

Because the recoiling10Be has been detected in th
events shown in Fig. 11 and the kinematics of the18O recon-
structed, theu* /c angular correlation coverage is very lim
ited for this channel. For this reason no spin information
available for the observed states.

IV. SUMMARY AND CONCLUSIONS

The 14C(18O,14C a)14C reaction has been studied at 10
MeV. The coincident detection of the14C and a breakup
fragments from the decay of excited states in18O has al-
lowed the spins of the decaying states to be studied. The
provide evidence that a molecular rotational band, identifi
by the enhanceda decay of the band members, is populat
in the reaction. The measured rotational parameter indic
that the structure has a large moment of inertia and is c
sistent with a quasimolecular configuration. Evidence is a
provided for the18O1a breakup of22Ne from a number of
states at a high excitation energy, in the range 12–24 M
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