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a-particle decay of states in11C, 13C, and 15N near decay threshold
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a-particle decays from several excited states in11C, 13C, and 15N have been observed in three-body final
state reactions induced by heavy-ion beams at 6.5–9.0 MeV/nucleon from the FSU Tandem/LINAC. Where
possible, branching fraction estimates are made. Improvements in the energy resolution of the detection system
have allowed the observation of many previously unreporteda-particle decays, several new total energy width
determinations, and a few new excited state energies.
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PACS number~s!: 23.60.1e, 25.70.Ef, 27.20.1n
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I. INTRODUCTION AND METHOD

There are many excited states in 1p-shell nuclei for which
the excitation energy is above thea-particle decay threshold
by 2 MeV or less. Often for these states there has been
observation of thea-particle decay and even less frequen
are there determinations of thea-particle decay widths.
States above and near decay threshold can be of astrop
cal interest since it is in the region where a stellar Maxwe
Boltzmann distribution and narrow resonances near thre
old overlap that possibly significant portions of stellar rea
tion rates are determined. Essential to those determinat
are decay branching fractions, whether for nuclear reac
rates or compound elastic scattering rates.

The measurement ofa-particle partial widths by reso
nance scattering at bombarding energies of a few hund
keV is often very difficult because of the intense Coulom
scattering. The method used for examininga-particle decays
in this work is resonant particle decay spectroscopy~RPDS!
@1#. Recoiling excited 1p-shell nuclei are produced in heavy
ion inverse kinematics reactions. These nuclei decay
flight, sometimes no more than 100 nuclear diameters fr
the reaction site, and the two fragments are detected in c
cidence in x-y-position-sensitive counter telescopes
x-position-sensitive single detectors. The simultaneous de
minations of the energies, masses, charge numbers, an
vertical and horizontal positions of decay fragments in
counter telescopes, along with careful calibrations, allow
experimenter to extract the three-body final stateQ value,
the decay energies, and thea-particle decay angles relativ
to the beam axis or the excited state nuclear recoil axis.
previous work on15N* decay @2,3# has demonstrated tha
RPDS can be an effective tool for extractinga-particle
branching fractions in a fairly model-independent mann
The work of Ref. @2# produced agreement in th
a0-branching fraction for the 11.44 MeV,j p57/22 state in
15N with the work of Wanget al., who conducted a difficult
study of low-energy resonance reactions@4#.

The current work reports an investigation ofa-particle
decays in the reactions initiated by6Li plus 65 MeV 10B,
PRC 580556-2813/98/58~2!/1005~8!/$15.00
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7Li plus 58.5 MeV 9Be, and 7Li plus 90 MeV 12C. Previ-
ously unreporteda-particle decays are observed in11C* ,
13C* , and 15N* , and the last two are investigated with muc
improved decay energy resolution.

II. EXPERIMENTAL DETAILS

The nature of our application of the RPDS method h
been explained in great detail in our previous work@2,5#;
however, it will be useful to review the different detect
geometry employed in the current experiments. The dete
array consists of three detector positions. The first detec
centered at 9° beam left, is anx-y-position-sensitive counte
telescope with a 33mm thick DE detector and a 1000mm
thick E detector. Each detector has an active surface are
12 mm312 mm as do the detectors of counter telescope
which is centered at 17° beam left. This second counter t
scope employs a 67mm thick DE detector and is otherwise
identical to detector 1. Detector 3 is a single 1000mm thick
detector, 50 mm310 mm in area, with position sensitivity
in the longer, horizontal, dimension. It is centered near 3
beam left. All target to detector distances, approximately 1
mm, are known to better than 1 mm. Detector angles
known to 60.05°. These accuracies are important for re
able reconstruction of the three-body final state kinemat
In the detection ofa-particle decays of a recoiling nucleu
the energy of the heavy fragment and itsx-y position relative
to the detector center are identified in detector 1, while
energy and position of thea-particle are determined in eithe
detector 2 or 3. Position measurement in they ~out-of-plane!
direction is unnecessary for detector 3, since this detecto
sufficiently far from detector 1 that they coordinate of the
a-particle does not significantly influence the decay an
between the two detected fragments. Blocks of coincide
data will be referred to as 1-2 or 1-3 coincidence accord
to the detector pairs involved.

There is also a target monitor detector above the horiz
tal reaction plane, at 16° from the beam axis. Energy loss
the beam in the target is measured by an in-beam gold
ondary target and detector arrangement, which is loca
1005 © 1998 The American Physical Society
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1006 PRC 58C. LEE et al.
about 40 cm beyond the primary target. The combination
these two monitoring systems allows the experimentor
make rough but quantitative determinations of carb
buildup and oxidation on the primary target during the act
experiment.

In all experiments, the singles count rate in detector 1
held to 5 kHz or less to keep the true to accidental coin
dence ratio greater than 10 and to limit the count rate dep
dence of position resolution which has been shown@6# to
rapidly deteriorate for count rates exceeding 6 kHz. W
target areal densities of the order of 200mg/cm2, this re-
quired beam currents of the order of 10 nA or less.

III. DATA AND DISCUSSION

A. Decay of 11C from the reaction 6Li „10B,11C* …

In an early attempt to observea-particle decay of13C, we
bombarded a6Li target with 65 MeV 10B beam particles.
The resulting coincidenceE-DE spectra showed clear sep
ration of 6Li and 7Li ions as well as7Be and 9Be ions in
detector 1, while in detector 2, there was a clear separatio
a, 6Li, and 7Li ions. We were seeking to identify th
6Li( 10B,13C*→a19Be)3He reaction. When the data wer
analyzed there was no evidence fora19Be coincidence
events. This implies that not only is there no significant f
mation of 13C* which decays bya-particle emission, but
also there is no significant direct three-body final state f
mation ofa19Be13He.

On the other hand, the coincidence events ofa17Be
show clear evidence for thea decay of11C* . A spectrum of
contributing three-body final stateQ values is generated b
calculating, event by event,Q5E(a)1E(7Be)1E(5He)
2E(10B), whereE(a) and E(7Be) are measured energie
E(5He) is calculated by use of conservation of momentu
and E(10B) is the energy of incident10B particles at the
center of the target. In this spectrum there is a clearly id
tifiable peak atQ523.51 MeV corresponding to the thre
final state particles (7Be,a,5He) in their ground states, but
is not easily separated from the contributions from5He and
its excited states, primarily due to the widths of the5He
states. The four-bodyQ value, representing 2a17Be1n,
has a threshold atQ522.62 MeV and its contribution to the
generated spectrum extends to much more negative valu
a continuum due to the fact that only two of the four partic
are being detected. The contribution uncertainties are
tially clarified by constructing an event-by-event tw
dimensional plot of the calculatedQ value vs the relative
energy between the detecteda particle and 7Be, i.e., the
decay energy of11C* . Upon inspection of such a plot i
becomes very clear that there is noa-particle decay of11C*
to excited states of7Be. In addition theQ-value continuum
is due to a combination of final state sequential dec
11C* 15He*→a17Be15He* and the 4 MeV width of the
first excited state of5He, and a direct three-body compone
which still involves 11C* decay, i.e., 11C* 1a1n→7Be
12a1n.

The events from theQ spectrum gated on the ground sta
region are used to generate the11C*→a17Be decay angle
and decay energy data shown in Figs. 1 and 2. Difference
energy resolution and calibration between the regions
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c<90° and forc>90° in Fig. 1 are due to the fact tha
energy calibrations were done for the energy range and
ticles anticipated for13C* decay. From Fig. 1 it can be in
ferred, and it is verified quantitatively with simulation calc
lations, that the detection efficiency for the formation a
decay for the excited states of11C has a maximum in the
neighborhood of 300 keV above the decay threshold
from there it decreases monatonically as the decay en
increases. The observed three states of11C are well known
@7#. Since the system efficiency is decreasing with dec
energy, it is clear that the double differential cross section
the formation and subsequenta-particle decay of these thre
states is increasing rapidly with excitation energy. It abrup
falls to near zero for all11C states at an excitation energ
higher than the 8.65 MeV state.

The branching fractionsGa0
/G for the 8.10 MeV and

8.42 MeV excited states in11C are;0.660.4 and 0.860.2,
respectively@7#, as determined from the resonance react
7Be(a,g). It is unfortunate that we are unable to determi
the branching fractions directly by the method of Lien
et al. @2#, but that would require the measurement of t
11C* production cross section in the reactio
10B(6Li, 5He)11C* , which is not possible due to the ex
tremely short lifetime of5He.

FIG. 1. Event plot of11C* decay energy vs thea-particle decay
angle measured from the11C* velocity direction. The detection
threshold is about 50 keV above the decay threshold.

FIG. 2. Decay energy spectrum for11C*→a17Be~g.s.! pro-
duced at 65 MeV10B bombardment of6Li.
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PRC 58 1007a-PARTICLE DECAY OF STATES IN11C, 13C, AND . . . .
The previously determined branching fractionsGa0
/G

had large errors since, being measured in the (a,g) reaction,
there was no knowledge of thea1-decay branch, which is the
only other channel open. In the present experiment we
determine upper limits on thea1 decay from the previously
mentionedErel vs 2Q spectrum, since thea1-decay energies
conveniently fall at barren regions of the relative ener
spectrum. For all three states observed, the detection
ciency for a117Be* decay is greater than for the corr
spondinga017Beg.s.decay since the former represents low
decay energies. This fact further decreases the lower limi
can place on thea1 decay of 11C* . We conclude that
Ga1 /Ga0 is less than 3% for the state atEx58.105 MeV
and less than 1% for states at 8.425 and 8.665 MeV. Th
fore essentially all of the natural width not in theg decay
channel is in thea0-decay channel. These results are su
marized in Table I. The smalla1 branch for these three state
can be anticipated since, in each case, the minimum allo
l value fora1 decay is greater than or equal to that for t
higher-energya0 decay.

All states at higher excitation energy appear to hav
near zero double differential cross section for the format
of 11C* and itsa decay. The decay channel for proton em
sion from 11C opens at 8.69 MeV, and even though the n
two higher-energy excited states of11C have large spin (j p

55/21), a low energyl 50 proton decay is allowed due t
the j p531 for the ground state of10B, thus effectively
quenching any possiblea-particle decay for these highe
energy excited states of11C.

B. Decay of 13C* from the reaction 7Li „9Be,13C* …

The a-particle and 9Be decay products from excite
states of13C* , which were produced by bombardment of
7Li target by 58.5 MeV9Be particles, have been observed
coincidence detector pairs 1-2, and 1-3. Detector 1 was c
brated in energy and position by use of9Be particles
whereas detector 2 and the 5 cm long detector 3 were
brated by use of thea-particle emissions from a228Th
source. With typically five calibration energies and nine ca
bration positions, the rms deviations from the low-ord
polynominal calibration functions are listed in Table II.

Reconstructed negativeQ spectra for the9Be1a coinci-
dences and the assumed three-body final state of9Be1a
1t are shown in Fig. 3. The peak at the anticipated value
Q522.47 MeV is clearly visible; however, the yield i
weak and a clear separation of this peak is hindered by c
siderable background. A number of investigations have b
made into the nature of this background. In two-dimensio

TABLE I. Decay branching fractions in11C* .

Ex(
11C)

~MeV! Gg /G a Ga1
/Ga0

b Ga0
/G c

8.105 0.0360.02 <0.03 0.9760.03
8.420 0.2060.10 <0.01 0.8060.10
8.655 Not observed <0.01 ;1.00

aFrom Refs.@7# and @8#.
bPresent work fora0 anda1 decays.
cCombined result of Refs.@7,8#, and present work.
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spectra of three-bodyQ value vs time of flight, we do ob-
serve contributions from accidental coincidences from diff
ent beam pulses~every 20 ns!; however, that contribution is
less than 15% of the background of Fig. 3. Also the ‘‘true
coincidences of theQ peak are slightly separated in tim
from the background, but not sufficiently to eliminate
through a time gate.

The elemental content of the target has been analyzed
a possible contribution to the background, since if a differ
mass of the third particle is incorrectly assumed to be tha
the triton, then the resulting contribution to theQ spectrum
will acquire great width and possibly appear to be a co
tinuum. The double monitor technique is very valuable
this analysis. By elastic scattering of 30 MeV16O into the
16° out-of-plane monitor we clearly separate target const

FIG. 3. Spectra ofQ values generated event by event for 1
and 1-3 coincidences from13C*→a19Be. TheQggg arrow repre-
sents theQ value calculated from mass differences for all the thr
final state particles in their ground state.

TABLE II. Detector center angles and calibration standard
viations for energy and position measurement.

Laboratory Detector rms of rms of
angle (60.05°) energy~keV! position ~mm!

9.05° DE1 9.72 0.064
E1 15.64 0.049

17.05° DE2 2.16 0.008
E2 8.93 0.030

32.63° E3 5.47 0.212
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1008 PRC 58C. LEE et al.
ents of 7Li, 12C, and 16O. When the data of Fig. 3 are an
lyzed as 9Be-induced reactions on12C or 16O, no appre-
ciable component of the background coalesced intoQ peaks
representing reactions on these known target impurities,
eliminating this possible source of the background in
spectra of Fig. 3.

This particular reaction is the first time we have attemp
to study a decay resulting in a three-body final state th
could also be formed by direct breakup of a beam or tar
particle, and it has resulted in a background contribut
which could not be eliminated in a systematic fashion.
reality, however, the problem is not high background, b
rather a low yield for the formation and decay of13C* , even
though we have employed a high-efficiency detection s
tem. When compared with our previous work@2# which had
comparable detector count rates, our current backgro
counts per energy interval in theQ spectrum are actually les
by more than a factor of 2 while theQggg yield for 1-2
coincidence is down by a factor of 40. Our remaining alt
native to deal with this low signal-to-background ratio is t
formation of the relative energy (Erel5 decay energy! spec-
tra for data gated on theQ peak~Fig. 3! and on either side o
theQ peak and then performing background subtraction. T
result of this procedure is shown in Fig. 4. The back grou
contributions, illustrated as negative histograms, show
strong enhancement at low relative energy between
a-particle and the9Be, especially for the 1-2 coincidenc
which has a high efficiency at low relative energy. The hig
decay-energy portion of the spectrum of Fig. 4~a!, greater
than channel 100, has very little background contribution

FIG. 4. Spectra of relative energy between coincidence dete
particles,a and 9Be, when the data of Fig. 3 are gated on t
ground stateQ peak~dashed histograms! and gated off the peak to
indicate the background spectra~solid histograms shown nega
tively!. The difference spectra~positive solid histograms! indicate
decay energies for13C*→a19Be~g.s.!.
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1-2 coincidence data, but background still accounts
nearly half of the total yield for 1-3 coincidences, the spe
trum of Fig. 4~b!, where at high relative energy the detectio
efficiency is much greater. The energy dependences for
1-2 and 1-3 effective solid angles for the detection of13C*
decay in this experiment are shown in Fig. 5.

The solid positive histograms of Fig. 4 represent dec
energy spectra fora-particle decays of13C* to the ground
state of9Be. In Fig. 6, we have displayed these same spe
with Gaussian representations of peaks which correspon
many known excited states in13C. The energy labels in Fig
6 are the previously reported energies from Ref.@9#. The
presently observed excitation energies and energy widths
compared to previous information in Table III. The appare
yield between channels 30 and 50 for 1-2 coincidences
Fig. 6 can be seen from Fig. 4~a! as statistical fluctuations
about zero, and indeed there are no known13C excited states
in this region. However, a similar yield above channel 1
represents real decay information since here the backgro
is near zero.

The 13C excited states listed in Table III are numbered
facilitate discussion. The excitation energies from the curr
work are calculated from our detector calibration asEx5C
30.02 MeV1Eth , where C is the Gaussian centroid an
Eth is the decay threshold energy, 10.648 MeV. There
general agreement between our experimentally determ
values and those listed in Ref.@9# for the states numbered 1
2, 3, 4, 6, 10, and 14. The first two states represent the low
a-particle decay energies ever observed from excited sta
Newly adopted excitation energies or widths based on
current work are listed in the far right of Table III. States
and 7 which are clearly observed in Fig. 6, especially in
1-3 coincidence, have considerably narrower widths th
previously presented. The broad state, No. 8, is given a w

ed
FIG. 5. Results of Monte Carlo simulations of the effective so

angleDVeff for the detection of13C* through itsa-particle decay
in the reaction6Li( 10B,13C*→a19Be)t at E(10B)565 MeV.
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PRC 58 1009a-PARTICLE DECAY OF STATES IN11C, 13C, AND . . . .
of 10006200 keV and is positioned at 12.8 MeV6200 keV
in the present work. Recall that the Gaussian curves in Fi
are located at theEx values of the present work althoug
their labels in Fig. 6 are from Ref.@9#. The previously un-
certain state at 13.28 MeV is confirmed and a new stat
proposed at 13.92 MeV. Notice that in the fitting for th
13.28 MeV state in 1-3 coincidences, Fig. 6, the reg
around state 11~near channel 146! was included as part o
state 9, and without that inclusion the energy and width
Table III would be 13.30 MeV and 300 keV, respectively,
good agreement with the result obtained from fitting the
coincidence data, hence the adopted values ofEx513.28
MeV andG5310 keV. The 30 keV uncertainties for the tw
states, 9 and 13, are conservatively based on the fact tha
rms deviation of current energies for states 1–7 plus 15 fr
those of Ref.@9# is 25 keV. Discrepancies remain in th
widths of states 11, 12, and 15. In each case the cur
widths are considerably less than those listed in Ref.@9#;
however, our yields are very small and state 11~near channel
146! is not included in the fitting of Fig. 6.

Clearly, the yields for 13C* a-particle decay are too
small to form decay angular correlations and theref
double differential cross sections for the formation and
cay, as was done for15N* in Ref. @2#. The utility of that
method is to obtain model-independent determination
a-particle branching fractions. Even with the small yields,
estimate of branching fractions could be made if one ha
measurement of the formation differential cross sections
the reaction9Be(7Li, t)13C* . This requires detection of rela
tively high-energy tritons with an energy resolution of 5

FIG. 6. a-particle decay energy spectra for excited states of13C.
Excitation energies shown are from Ref.@9#. Centroids~Ch.#! of
Gaussian curves give excitation energies from this experimen
Ex(MeV)510.6481(Ch.#)30.020. Comparisons are shown
Table III.
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keV or better which would probably require the use of
magnetic spectrograph.

C. Decay of 15N* from the reaction 7Li „12C, 15N* …

Our previous work on the formation anda-particle decay
of 15N* has indicated the possibility of new excited stat
@10,11# and very narrow widths for the excited states
12.55 and 13.00 MeV@2#. We have conducted a repeat e
periment in order to obtain betterErel resolution by use of the
current 1-2 detector geometry at 150 mm from the targe
opposed to the earlier approximate 1-3 geometry at 100
from the target. Again the bombarding energy was 90 Me
Gating on a well-formed peak in theQ spectrum correspond
ing to the three-body final state of11Bg.s.12a, we obtain the
Erel spectrum shown in Fig. 7 with an energy resolution of
keV at 12.55 MeV excitation, improved from the previou
120 keV. Because of energy loss effects for ions exiting fr
the target, it is well known that a better energy resolution
observed when spectra are gated on relatively narrow ran
of formation and decay angles. Examples of such spectra
shown in Fig. 8 for the excitation energy region near t
strong states atEx512.55 and 13.00 MeV. Here we observ
a system resolution of about 40 keV compared with 90 k
from the earlier work.

The excitation energies extracted from a Gaussian fitt
of these spectra are shown in Fig. 8, and are compared
values from Ref.@9# in Table IV. Current values are calcu
lated fromEx5C30.011Eth , whereC is the peak centroid
andEth is thea-decay threshold, 10.992 MeV. Width infor
mation is not included in Table IV since, unlike the13C case,
in 15N we are not dealing with any known widths signifi
cantly greater than the experimental energy resoluti
Widths of 763 keV are reported for the states atEx
513.15 and 13.17 MeV, and based on that we conclude
our experimental width is slightly less than 40 keV for th
data of Fig. 8, since 40 keV was used for the fitting width
that region of the spectra.

Several additional states have been predicted to exist
this energy region based on a weak coupling model@12#;
however, the energy correspondence between experim
and theory for these weak coupling levels is sometimes
better than an MeV@12#. The search for confirmation o
possible new states between the strong states at 12.55
13.00 MeV, which were reported earlier@11#, as possible
weak coupling states, has not been successful. Altho
there is reasonable evidence for states near 12.62 Me
Fig. 8~b! and near 12.87 MeV in Fig. 8~a!, they are not
sufficiently close in energy to similar data cited earlier, a
we expected that with our improved energy resolution
peaks in question would have stood out much more clea

New excitations in15N are proposed for the region o
13.1–13.2 MeV. Because of the accuracy of the energy c
respondence for the strong excitations at 12.55 and 13
MeV, we believe that the tabulated doublet at 13.149 a
13.174 MeV, for which our spectra show some unresolv
evidence, is actually the excitation which we have listed
about 13.16 MeV. The triplet fitting of this region of th
spectra of Fig. 8 then indicates two new excitations at 13.
and 13.199 MeV, each with an estimated absolute un
tainty of 15 keV~see Table IV!.
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TABLE III. Energies and widths of excited states in13C.a

Present work Present work Proposed
Values from Ref.@9# ~1-2! coincidence ~1-3! coincidence new adoptions

State Ex G Ex G b Ex G b Ex G

1 10.75364 5562 10.768c 55
2 10.81865 2463 10.838c 25
3 10.99666 3764 10.969 3365
4 11.08865 ,4 11.112 ,15
5 11.748610 110615 11.711 33610 11.70 43610 11.74610 40610
6 11.84864 6864 11.841 4669
7 11.95640 500680 11.959 235640 11.969 240630 11.96630 240630

~Five states at 12.106, 12.13, Unobserved
12.14, 12.187, and 12.438 MeV.!

8 13.061000 ~broad! 12.83d 1000 12.83 1000 12.86200 10006200
9 ~13.28! 340 13.27 315630 13.36 380640 13.28630 310630 f

10 13.41 3563 13.30 33610 13.37 33610
11 13.57 620650 ~13.53! e ~65! ~13.57! e ~85!

12 13.76 .300 13.73 77630
13 13.92 100625 13.92630 100630
14 14.13 .150 14.08 160620
15 14.390615 280670 14.36 115635

aExcitation energies are in MeV; uncertainties and widths are in keV. Uncertainties in excitation energ
the present work are,30 keV ~see text!.
bWidths shown in Fig. 6 areGexpt, while the widths listed here areG5AGexpt

2 2502, taking the experimenta
resolution as 50 keV from state 4.
cEnergy separation for fitting was fixed at 70 keV andGexpt was fixed atGexpt 5 AG21502, usingG values
from Ref. @9#.
dValues not allowed to vary in fitting; errors estimated.
eNot included in fitting of data in Fig. 6.
fSee discussion in Sec. III B.
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This entire excitation region of15N has also been inves
tigated via the12C(a,p) reaction with 17 keV resolution
using aQDDD spectrograph at small angles@13#. They do
not observe these two new states and nor do they observ
of the previously known states in this region. It is we
known that states of more complex structure have an
creased relative cross section at more backward angle ob
vations, such as in the current experiment. The width inf
all

-
er-
-

mation obtained by Brown and Kemper@13# is, however,
very important to the interpretation of Fig. 8. They obser
experimental widths for the 12.55 and 13.00 MeV states o
little less than 25 keV and a width of 3267 keV for the
12.92 MeV state, in contrast to a tabulated value of 56611
keV @9#, while the relatively broad state at 12.94 MeV
unobserved in their work. In Fig. 8 our fitted widths of th
13.00 MeV state are over 65 keV; however if in the fittin
TABLE IV. Energies of excitedT51/2 states in15N.a

Present work Proposed
Values from Ref.@9# Cz5105°2115° Cz5115°2125° new adoptions
Ex Ex Ex Ex

12.49364 12.491 12.501
12.551610 12.553 12.555

~12.628! ~12.622!
~12.875! ~12.845!

12.92064
12.940610

% 12.930 12.907

13.004610 13.002 13.002
13.103 13.111 13.107615

13.149610
13.17467

%13.155 13.161 ~doublet!

13.195 13.203 13.199615

aExcitations energies are in MeV; uncertainties are in keV.
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PRC 58 1011a-PARTICLE DECAY OF STATES IN11C, 13C, AND . . . .
we place states at 12.92 and 12.94 MeV with widths of
40 keV experimental resolution folded into the natu
widths of these states, 32 keV@13# and 81 keV@9#, respec-
tively, then not only is the fitted resolution of the 13.00 Me
state reduced to about 50 keV, but also the entire yield on
low-energy side of this strong peak is accounted for with
the contribution of a state near 12.85 MeV, and all of this
accomplished with ax2/D value only slightly greater than
that for the fit shown in Fig. 8. This result essentially elim
nates further speculation on new states near 13 MeV ba
on the current data.

IV. SUMMARY

Our measurements show that the reaction11C*→a1
110B* plays no significant role in the decay of any of th
three excited states of11C which lie between the deca
thresholds fora-particle emission and proton emission. T
current first time observation of stronga0 decay of these
states can therefore be used to determine branching frac
to a high degree of accuracy by use of the knowng-ray
branching fractions.

We observea0 decay of 15 excited states in13C* , four of
which have decay energies of less than 500 keV, and fiv
the excited states had never before been reported to deca
a-particle emission. Improved values for excitation energ
and/or energy widths have been determined for five of
observed excited states. Branching fractions fora0 decays
cannot be determined because of unknown formation c
sections of the reaction7Li( 10B,13C* ).

FIG. 7. a-particle decay energy spectrum from the react
7Li( 12C,15N*→a111Bg.s) at E(12C) 5 90 MeV and for all forma-
tion and decay angles subtended by the 1-2 coincidence dete
system. The indicated width of 70 keV represents the net exp
mental width when the data from all formation and decay angles
included.
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The high-resolution study of15N*→a0111Bg.s.has failed
to verify with any statistical significance the existence
new excited states between the well-known strong state
Ex512.55 and 13.00 MeV; however new excitations are p
posed atEx513.107 and 13.199 MeV (615 keV!, with en-
ergy widths of less than 40 keV. Thea-particle decay of
excitations labeled in Fig. 7 as 12.55, 13.00, and 13.17 M
are each seen in Fig. 8 to bea-particle decay of multiplets,
the latter one a quartet of states. It is clear then that
branching fractionsGa0

/G reported earlier@2# for these
‘‘states’’ now must be considered as average values for e
multiplet.
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FIG. 8. a-particle decay energy spectra for excited states of15N.
Excitation energies shown are fromEx(MeV)510.9921(Ch.#)
30.010. The energy resolution is less than 40 keV. Comparison
excitation energies and widths with those of Ref.@9# are made in
Table IV.
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