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C States via the C(d, p) C Reaction*
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Protons from the ~2C(d, P)~3C reaction were analyzed with a magnetic spectrograph. Bom-
barding energies ranged from 14.0 to 15.5 MeV and observation angles ranged from 20 to
120'. Eight states were found in SC between 10.7- and 12.2-MeV excitation energy. Exci-
tation energies and (widths) in keV are; 10755+5 (56+2), 10818+5 (24 +3), 10997+8
(82+15), 11080+5 (&8), 11748 +10 (107+14), 11851+5 (68 +4), 11970+40 ( 260), and
12 108 + 5 (81 + 8). The level at 11851 has not been reported before. Uncertainties in exci-
tation energies are reduced by as much as a factor of 4 from previous work.

I. INTRODUCTION

The purpose of the present work is to provide
accurate positions and widths for states in "C in
the 10.5- to 12.2-MeV region of excitation. Al-
though many reactions have been used previously
to investigate this region, a glance at a compila-
tion of nuclear data' shows that in most cases,
excitation energies are not known to better than
20 keV and the widths are quite uncertain and are
in many cases only estimates. States above 10.651
MeV are unbound to a as well as neutron emission
and a major difficulty with any investigation of the
region is that levels overlap and all but one have
widths between 20 and 300 keV. Spectra from re-
actions that leave "C as the residual nucleus are
usually complicated by the presence of contaminant
groups which either obscure the broad levels or
make analysis of the data difficult. Although con-
taminants are not usually a serious problem in

reactions which have "C as the compound nucleus,
the determination from resonance data of accurate
widths and positions in a complicated energy spec-
trum can be difficult. In the present work the
"C(d, p)"C reaction was chosen since targets can
be made with few contaminants, thus allowing
relatively "clean" proton spectra to be obtained.
Because of the complicated energy spectrum, we
determined positions and widths of the levels by
fitting the proton spectra with an incoherent sum
of simple Breit-Vhgner resonances plus a quadrat-
ic background term. The results of this analysis
are discussed and presented below.

H. EXPERIMENTAL

Self- supporting natural carbon targets were
made from 20- and 40- gg/cm' commercial car-
bon foils. Deuteron beams were produced with
the University of Notre Dame FN tandem Van de
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Graaff accelerator with the nominal energy of the
incident deuteron beam being determined by mag-
netic analysis. The reaction products were mo-
mentum analyzed with the 50-cm broad-range
magnetic spectrograph and nuclear track plates
mounted at the focal surface of the spectrograph
were employed as particle detectors. Runs were
made at laboratory angles ranging from 20 to 120'
and at the nominal beam energies of 14.0, 14.5,
15.0, and 15.5 MeV. The data taken at forward
angles such as 20 and 30'are not presented,
since the groups above 10.75-MeV excitation did

not appear sufficiently above background to allow
analysis. A comparison of the yields to the 10.818-
and 10.'755-MeV levels at 60, 90, and 120' (Figs.
1 and 2) suggests this decrease in yield at forward
angles to states above 10.75 MeV. Data taken at
15.5 MeV are also not presented because of low
yields to the states of interest.

Because the range of the 50-cm spectrograph
did not allow the simultaneous measurement of
the ground state and the states of interest, sepa-
ration energies were measured with respect to
a narrow level at 9.5 MeV. The excitation energy
of this level is given as 9.499+0.004 MeV in the
latest compilation of Ajzenberg-Selove, ' with a
reported width of less than 5 keV. This excitation
energy appears to come primarily from the "C-
(n, n)"C resonance work of Davis and Noda. 2

Since this value is lower than the previously re-
ported values of 9.509 +0.008' and 9.51 MeV, '
we used the "B('He,p)"C reaction to make an
independent measurement of the excitation ener-
gy. The value of 9.502+0.006 MeV obtained from
an average of two runs is in good agreement with
the compilation value. We used the compilation
value together with the measured energy of the
proton group leading to this state to calculate an

3200—

2800—

c(d, p) c
DATA

FIT

11.080

2400—

2000-

I 600—

~ I 200-

0
O

r
r x

x ~
r x r rx x x

11.850

l

11.851

Eg = 15.056
81 b *120.0

= 1.2X
N

xxr
~ x. P„r .. x

1k ~%Kr rtrrlFgEr ~

~ IOOO-
LLI
I-
O~ 800-
K
O

600 ~.-

400.—

300-

rxr» "r
X I/i

12.156
) I).97)

I

x r rr r
x

Eg ~ 14.045
el b =12Q.Q

x 1.3X
N

r

)),,
x xx x x xx

g r
x

10.821

10.756

10.754

200=

200—

I 00—

Ey =

Blab
X
N

xxr
)c IF

x r

14.051
= 60.0

I.I

x r x
x

jrx
K r

I I

- IO. IOO -9.800
I I I I

-9.500 -9.200
I I I I I I I I I I

-8.900 -8.600 -8.300 -8.000 -7.700
Q VALUE (MeV)

FIG. 1. Proton spectra from the ~2C(d, p)~3C reaction. The curves are fits and the numbers on the arrows give the

excitation energies obtained. The number (11.97) indicates the location of a group at this excitation energy. The bom-

barding energies derived from the position of the 9.499-MeV group (not shown) or the 11.080-MeV group are given for
each spectrum as are the observation angles and values of X, /¹ The number of proton tracks per strip were corrected
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input energy for the three (d, p) runs which in-
cluded this state. The input energies for the other
runs were calculated using our excitation energy
for the narrow state at 11.080 MeV. The separa-
tion energies measured from the 9.499-MeV state
or the 11.0SO-MeV state are quite insensitive to
the input energy, and the resulting excitation en-
ergies depend mainly on the measured energy dif-
ferences of the proton groups and the excitation
energy assumed for the reference state.

HI. ANALYSIS

Spectra from the "C(d,p)"C reaction at the labo-
ratory angles of 60, 90, 100, and 120'are shown
in Figs. 1 and 2 where several broad groups are
evident in the 11.5- to 12.5-MeV region of excita-
tion. In order to extract accurate values of the
positions and widths of these levels, each spec-
trum mas fitted as an incoherent sum of simple

Breit-signer resonances plus a quadratic back-
ground term. A search program written at this
laboratory (by G. L. Marolt and J. D. Goes) mini-
mized g' by varying the amplitude, position, and
width of each level as well as the background pa-
rameters. In some spectra this means that up to
36 parameters were searched on simultaneously.
The results of the fitting are shown in Figs. 1
and 2. The solid lines are the computer-generated
fits to the data, and the excitation energies ob-
tained are given above each level. Arrows with
no excitation energies listed indicate the location
of groups which were necessary to adequately fit
the data. Since these groups appear only a few
times, and because they mould correspond to high
excitation energies, it has not been possible to
identify the residual nucleus. The "C levels mere
identified kinematically by variations with energy
and angle. Because some groups are more in-
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tense in one spectrum than in another, the excita-
tion energy and width of each level was obtained
by a weighted average, the weighting factor being
determined from the peak-to-background ratio.
Widths have been corrected for target thickness
and kinematic broadening (68*dQ/d8). In all cases
except for the narrow levels at 10.82 and 11.08
MeV, these corrections are less than 1%. For
the state at 10.82 MeV the corrections are about
5% and only an estimate of the width is possible
for the level at 11.08 MeV. The uncertainty in
the width quoted is the standard deviation of the
mean. The uncertainty in the excitation energy is
twice the standard deviation of the mean combined
quadratically with the uncertainty in the reference
state (4 keV).

IV. RESULTS AND DISCUSSION

A. 10.755- and 10.818-MeV Levels

The latest tabulation of Ajzenberg-Selove' indi-
cates that the two levels near 10.8-MeV excitation
have been seen with a variety of reactions but in
only a few cases have both levels been observed
at the same time. In a recent measurement of
the "B('He, p)"C reaction, Meynadier, Chanut,
and Drain' found levels at 10.76 +0.01 MeV and

10.82 +0.01 MeV but no level widths were report-
ed. Silbert, ' in an investigation of the "N(t, o.}"C
reaction, observed a level at 10.809 ~0.020 MeV

with a poorly resolved group on its high-energy
side at 10.736+0.020 MeV. The widths of the two

levels were estimated to be less than 30 keV.
Fossan et al,.' from their "C neutron total cross-
section measurements reported a level at 10.74
MeV with a width of 65 keV, and the possibility
of a second level at 10.9 MeV. In the present
work both states were strongly populated. Exci-
tation energies of 10.755 +0.005 MeV and 10.818
+0.005 MeV were obtained and the widths were
measured to be 56 +2 and 24+3 keV, respectively.

B. 10.997-MeV Level

A rather weak proton group is evident in the
present experiment near 11 MeV excitation. The
level was determined to be at an excitation of
10.997 +0.008 MeV with a width of 82 + 15 keV.
The width is considerably larger than the 37 keV
given in the compilation' for a level at 11.000
+0.020 MeV. From resonance studies of 'Be(a, n}-
"C, Davids' and James, Jones, and Wilkinson'
have both observed a level at 11.01 MeV with a
width of approximately 55 keV. Silbert, ' in a study
of the "N(f, n}"C reaction, reported a level at
11.000 +0.020 MeV having a width of approximately
30 keV. Hall and Bonner" have also observed a
level at 11.01 MeV with a width less than 80 keV
from their investigation of the "C(n, n'y, „)"C
reaction. In most cases the reported width is
less than that measured in the present experiment.
Since there are no uncertainties quoted for these
widths, it is not clear whether or not a discrep-
ancy exists.
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TABLE I. Comparison of excitation energies and widths of levels in 3C measured in this work with values given in a
recent compilation (see Ref. 1).

C ompilati on
excitation energy '

(MeV + keV)
Width (c.m.)

(keV)
Number of

runs

This work
Excitation energy

(MeV+ keV)
Width (c.m. )

(kev)

10.753 + 5
10.809 + 20
11.000 + 20
11.078 + 20
11.721 + 30

11.97
12.104+ 8

m50
&30

37

125+ 20

=150
125+30

10.755 + 5
10.818 + 5
10,997 + 8
11,080 + 5
11.748 + 10
11.851 + 5
(11.97 +40)
12.108 + 5

56+ 2

24+ 3
82+ 15
&8

107+ 14
68+4
260
81+8

Excitation energies given with respect to the 9Be+n threshold at 10.651 MeV.
Excitation energies measured with respect to the 9.499 + 0.004-MeV state.
The possibility that more than one level exists in this region is discussed.

C. 11.080-MeV Level

An intense-narrow proton group corresponding
to an excitation of 11.080 +0.005 MeV appears in
the present experiment. The experimental resolu-
tion allows us to set an upper limit of 8 keV for
the width of the level. The excitation energy and
width both agree well with the compilation' which
lists a level at 11.078 +0.020 MeV with a width
less than 4 keV.

D. 11.748-, 11.851-, and 11.97-MeV Levels

Levels are reported in the compilation' at
11.721+0.030 and 11.97 MeV with widths of 125
+30 keV and approximately 150 keV, respectively.
We observed three proton groups in this region
of excitation. A rather weak group corresponds
to an excitation of 11.748 ~0.010 MeV with a width
of 107 + 14 keV, and a strong group corresponds
to a previously unreported level at an excitation
of 11.851 +0.005 keV with a width of 68 ~4 keV.
To fit the data in the excitation region above the
11.851-MeV state, it was necessary to include a
broad group although no well-defined group stands
out from the background. The results of the fitting
shown in Figs. 1 and 2 show a level near 11.97
MeV with a width of approximately 260 keV. The
group is not sufficiently resolved to allow deter-
mination of the excitation to closer than 40 keV,
the fits being insensitive to the location of the
group and the width is considerably larger than
the 150 keV reported previously. The group may

in fact be more than one level, but the present
data are not sufficient for such a determination.

E. 12.108-MeV Level

The present experiment show's a prominent
group on the low-energy side of the broad struc-
ture at 11.97 MeV and an excitation energy of
12.108 ~0.005 MeV and a width of 81 ~8 keV were
measured. The excitation energy agrees well with

that in the compilation' which lists a level at
12.104 +0.008 with a width of 125 ~30 keV.

V. SUMMARY

The results of the present experiment are listed
in Table I as are those from the compilation of
Ajzenberg-Selove. ' In most cases the agreement
is excellent. A possible discrepancy in the width
of the 11.0-MeV level was pointed out above. It
was also noted that the level at 11.851 MeV with a
width of 68 keV was not reported previously. A

broad structure near 11.97 MeV was observed,
but the width is considerably larger than the pre-
viously reported value.

A study of the states above 12 MeV excitation
with the present reaction was hampered by the
presence of an intense proton group from the
competing reaction, "C(d, n)"N*(p). A spectrum
of this group is shown in Fig. 3. Background
from the group made analysis of higher states
very uncertain, and the results of these measure-
ments are not presented.
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Allowed P-decay transition rates and half-lives have been calculated for (Od, 1s) shell nu-
clei with A =17-22, 23—24, 27-29, 30-34, and 35-39. For nuclei with A =17-22 and 34-39,
the calculated logft values have a rms deviation of 5% from experiment, with no discrepan-
cies greater than 12%. For nuclei nearer the middle of the shell there are more significant
discrepancies between experiment and theory. The calculated logft values are used to pre-
dict the half-lives of some light elements. The predicted half-lives for which there are no

experimental measurements are: Mg (0.1 sec), 0 (1.2 sec), and 0 (0.15 sec). The logft
values relevant to the solar neutrino experiment are discussed.

I. INTRODUCTION

This paper presents calculations of strengths
of allowed P-decay transitions for the (Od, ls)
shell nuclei with A =17-22, 23-24, 27-29, 30-34,
and 35-39. The shell-model wave functions of Wil-
denthal et al. ' ' are used to describe the initial
and final nuclear states. We present calculated
log ft values for the approximately. 100 transitions
for which there are experimental measurements,
and we give predictions for approximately an equal
number of decays which may be measurable. We
also use these calculated log ft values to predict
p-decay half-lives. As will be seen, the agree-
ment between the present calculations and experi-
ments is consistently quite good for the nuclei for
which the complete (Od, 1s) shell-model basis
space could be used. On the other hand, agree-
ment with experiment is not as consistently good
for calculations in the middle of the shell where
significant truncations of the model space were
necessary.

The calculation of P-decay transition rates is
interesting for several reasons. (1) There are
few uncertainties in the operators involved and in
the connection between the experimentally mea-
sured quantities and those predicted by the theory.
(2) Because the P-decay operators only connect
single-particle states which have the same orbital
angular momentum and because the initial and fi-

nal states are in different nuclei, the matrix ele-
ments of the P-decay operators tend to be sensi-
tive to aspects of wave functions not extensively
tested in comparisons of theoretical results with

nucleon transfer and y-decay data. Hence, we

have the opportunity to learn more about the de-
tailed efficacy of the extant sets of wave functions
in the (Od, 1s) shell. (3) As indicated above, there
are a large number of experimentally measured
decays which can be compared with calculated val-
ues. (4) If the calculations turn out to be reason-
ably successful, the results can be used to predict
the half-lives of some of the neutron- and proton-
rich nuclei which have not yet been observed. Such
predictions might aid in designing experiments to
observe these nuclei. And (5) calculated P-decay
transition rates are needed to evaluate the results
of Davis's experiment' to measure the solar neu-
trino flux using the "Cl+v-"Ar+e reaction.

II. DESCRIPTION OF THE CALCULATION

A. Operators

P-decay transition rates are expressed in terms
of a log ft, where t is the partial half-life for the
decay to a given final state and f is a "statistical
rate function" which takes account of the energy
released in the decay and the Coulomb field of the
final nucleus. ' For allowed decays, ft is given


