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The reaction '°B(p,y)''C has been investigated in the energy range E,=0.07—2.20 MeV. The
broad resonant structure previously observed in the ground state transition near E,=1.2 MeV has
been seen also in y-ray transitions to excited states. The observed excitation functions as well as the
v-ray angular distributions can be explained by assuming several broad overlapping resonances.
The low-energy data (E, <0.6 MeV) reveal the existence of two s-wave resonances at E,=0.010 and
0.56 MeV. Spectroscopic factors for several final states have been obtained from observation of
direct capture processes to them; they are in fair agreement with results from stripping reaction
studies. The present data also provide information on partial and total widths of the states at
E,=8-9 MeV. The energy range investigated corresponds to the temperature range of
T=(0.01—5)x 10° K. The thermonuclear reaction rates deduced from the present results are com-

pared with previously reported values.

NUCLEAR REACTIONS "“B(p,y), E,=0.07—2.20 MeV; measured ¥ yield for
1C states up to E,=10.7 MeV. Deduced resonance parameters, branching ra-
tios, and direct capture contributions for proton-unbound states; deduced spec-
troscopic factors, I'),/T'y, and T'y, for several a-unbound states. Calculated
thermonuclear reaction rate for 7=(0.01—5) < 10° K.

I. INTRODUCTION

The mirror nuclei !'B and ''C have been the subjects of
many studies. As a consequence, the structure of their
levels up to an excitation energy of about 8 MeV is well
established. Discrepancies, some of which are indicated in
Fig. 1, appear at higher excitation energies. The levels in-
volved in these discrepancies are just unbound and could
therefore be involved in the nucleosynthesis of mass 11
nuclei. For example, the rate for the '°B(p,y)!!C reaction
might influence the production of !'B, formed after B+
decay of ''C. The measured abundance ratio of ''B/!°B
in the interstellar medium,' thought to result primarily
from cosmic ray spallation reactions, might depend on
some stellar nucleosynthesis of this type. The reaction
rate for °B(p,y)!'C is only determined®? experimentally
for high stellar temperatures of T>2X10° K (Ty>?2),
which corresponds to E, > 0.6 MeV. Thus it is important
to determine this reaction rate at lower temperatures (en-
ergies).

Six states have been found*—¢ in !'B at excitation ener-
gies of E, =9.5—11.0 MeV, while only two states are re-
ported for !'C in the analog range of E, =9.0—10.5 MeV
(Fig. 1). Several experiments using different reaction
channels have been carried out to investigate the level
structure of ''C in this energy range. The studies of the
10B(p,a)’Be and °B(p,p)'°B reactions’® show the existence
of a broad (I'~250 keV) J"=—<" resonance at E,=1.53
MeV (E, =10.082 MeV). This resonance can be identified
as the analog of the J"= %+, E,=10.60 MeV state in 'B
(Fig. 1). These experiments,”® as well as several
19B(p,y0)!!C experiments,’~!* also show a strong broad
resonant structure near E,=1.15 MeV. However, the res-
onance parameters of the 1.15 MeV structures observed in
the different reactions do not agree.

The excitation curves of all the '°B(p,y,)!'C experi-
ments® '3 indicate a resonance in this E,=1.15 MeV re-
gion with a width of I'=450 keV. The angular distribu-
tions'>!3 suggest a J”=3" assignment. Recent angular
distribution measurements,!’ however, reveal fairly strong
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FIG. 1. Level scheme of the mirror nuclei ''C and ''B. The dashed lines indicate levels in !'C which are expected as analogs of

known levels in !'B.

P, terms, indicating the interference of two reaction am-
plitudes of different parity and with a difference in orbital
angular momentum of Al=1. The °B(p,a,)’Be experi-
ments” ' show a slightly sharper resonance (I"'~300 keV).
The isotropic a, angular distribution’ below E p=1.2 MeV
was interpreted to give a spin and parity assignment of
J™=2". The P, term in the measured angular distribu-
tions at E,=1.36 MeV also requires the interference be-
tween two reaction amplitudes of different parity and hav-
ing Al=1. The results of the °B(p,p)'°B experiment® con-
tradict both of these J™ assignments. The scattering angu-
lar distributions below E,=1.2 MeV are best fit by as-
suming a J"=3" resonance combined coherently with a
direct scattering amplitude and with contributions from
the J"=1 " state at E,—1.53 MeV. Further, at higher
energies (E, > 1.2 MeV), this assumption fails to fit the
elastic scattering data. All these inconsistencies could be
explained by the existence of several overlapping reso-
nances.>!* Detailed studies of the '°B(p,y)!!C reaction for
a wide range of beam energies should provide sufficient
information to test this hypothesis. These studies should
also confirm the existence of the direct capture (DC) pro-
cess in this reaction, which is expected because of the
large single-particle spectroscopic factors reported from

stripping reactions. The recent measurements of Antilla
et al.'® indicate the existence of the DC process at least to
the a-unbound states at E, =8.424, 8.655, and 8.701 MeV.

In view of the nuclear and astrophysical importance of
the '°B(p,y)!'C reaction, it has been studied over the ener-
gy range of E,=0.07—2.2 MeV.

II. EXPERIMENTAL PROCEDURE

To cover the wide energy range of this experiment,
studies were performed at three different accelerators.
The 7 MV Super-CN Van de Graaff accelerator at Ohio
State University produced a proton beam of 15—25 pyA in
the energy range of E,=0.85—2.2 MeV. The energy cali-
bration of the accelerator has been determined'é to +1
keV, with an energy spread of 0.5 keV, using several well-
known resonances.

The 1 MV Van de Graaff accelerator at the University
of Toronto was used in the studies over the energy range
of E,=0.26—0.96 MeV with proton beam currents of
20—70 uA. Measurements of energies of resonances in
the reactions'’=2° F(p,ay)'®0, ?’Al(p,y)*Si, and
70(p,7)!®F determined the energy calibration to +0.5 keV
and the energy spread to 0.35 keV.

In the energy range of E,=0.07—0.35 MeV the 350 kV
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accelerator at the University of Miinster was used. This
accelerator provided beam currents in the range of
150—300 pA. Energy calibration (+0.4 keV) and beam
energy spread (<0.6 keV) determinations have been
described elsewhere.?!

Targets of '°B with thicknesses 27, 56, and 124 pg/cm?
were used. These targets were produced by evaporating
boron (enriched to 96.19% in !°B) onto a tantalum back-
ing. The targets were able to withstand beam currents of
<200 pA without noticeable deterioration. High resolu-
tion Ge(Li) detectors (Ohio State: 70 cm?, Toronto: 100
cm?®, Miinster: 80 cm®) were used to observe the reaction
v rays. The resolution of the detectors was typically
1.9-2.5 keV at E, =1.33 MeV. The y-ray efficiency for
E,=0.5—12 MeV was determined by measuring (p,y) res-
onances with known strengths and branching ratios'®??
and by using calibrated %°Co and **Co sources.

The experimental setups used at the three laboratories
were very similar; a typical one is shown in Fig. 2. A 1
cm diameter Ta collimator at the entrance of the chamber
defined the beam spot on the target. The target itself was
mounted in a water-cooled target holder situated at 45°
relative to the direction of the incoming beam. A LN,
cooled in-line copper shroud of 30 cm length in front of
the target minimized carbon buildup on the target. The
shroud together with the target formed the Faraday cup
for beam integration. For the measurement of the excita-
tion curves at Toronto and Ohio State the Ge(Li) detectors
were positioned at 55° relative to the beam direction. In
the low energy range (Miinster) two Ge(Li) detectors were
positioned at 0° and 90° with respect to the beam direction.
At higher energies a lead plate of 1 cm thickness was
placed in front of the detectors to reduce the intensity of
the low-energy y rays at 429 keV [resulting from the
108(p,ay)’Be reaction] as well as that at 478 keV (a y ray
produced in the decay of 'Be). The target and Ge(Li)
detectors were surrounded by a 7-cm thick lead shield to
reduce the room background y rays.

" With the long pulse shape necessary for optimum ener-
gy resolution with Ge(Li) detectors, pulse pileup occurs
for pulse pairs arriving within any interval of less than 10
ps. With such a pileup resolving time, 7,, the piled-up
fraction of pulses, 1—e 2, is as large as 5% for count-
ing rates, N, of 5000 per second. These pileup events re-
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FIG. 3. Pileup circuit used to reduce pulse pileup in the y
spectra at E;, > 1.2 MeV.

sult in counts being removed from spectrum peaks, thus
affecting the absolute cross section determinations. At
beam energies above 1.2 MeV total counting rates of the
order of 5000 pulses per second were encountered. The
pileup rejection circuit (Fig. 3) examines pulses in the en-
ergy range of interest for pileup both within the preceed-
ing and succeeding 10 us intervals, and counts the number
of pulses present both before and after the rejection logic.
Briefly, the system works as follows. On the timing (“7T ")
side, short-clipped detector pulses are shaped to NIM-
logic levels by a discriminator set just above the noise;
these pulses are then fed into a pileup gate, which pro-
duces a pileup (“P”) output if two pulses are detected
with any 10 us interval. In parallel, pulses of sufficient
amplitude to be of interest for the reaction being studied
are passed by a second (“Hi”) discriminator, and a 10 us
timing cycle is set up with a delay gate. If a pulse has
preceded the pulse of potential interest within the 10 us
cycle time, the pileup gate produces a “P” output upon
the arrival of the pulse of interest, which vetoes the delay
gate output, thus inhibiting analysis of the piled-up pulse.
If, on the other hand, the pulse of interest is followed by a
second pulse within 10 us, the “P” output is generated
when the second pulse arrives; again, because of the 10 us
delay in the delay gate module, the output associated with
the pulse of interest is vetoed. Finally, if the pulse of in-
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FIG. 2. Typical experimental setup used in the °B(p,y)''C studies.
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terest is neither preceded nor followed, within 10 us, by
another pulse, the output of the delay gate enables a linear
gate set on the appropriately delayed linear pulse from the
energy (“E ) side, and it registers as part of the undistort-
ed spectrum. Scalars on the outputs of the high discrimi-
nator and the delay gate measure the actual pileup rejec-
tion rate, from which an exact correction of the total
counts in the spectrum can be made. This information al-
lowed for corrections which reduced errors due to pileup
to less than 1 percent.

In all three experimental setups, data were pulse
analyzed in on-line computers and later peak fitted off
line. In the study of the y-ray angular distributions over
seven angles an arrangement of two Ge(Li) detectors was
used in Toronto and Ohio State. One detector was posi-
tioned at 90° relative to the beam direction and was used
as a monitor. The second Ge(Li) detector, located 7 cm
from the target, was rotatable over a 125° angular range.
A collimator in front of the target maintained a small
beam size for measuring the angular distributions. At
Miinster, the angular distributions over four angles were
measured using a set of three Ge(Li) detectors of similar
size, located 6.5 cm from the target, which were posi-
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tioned at 0°, 45°, and 135°. The data at 90° were obtained
from the measurement of the excitation functions at 0°
and 90°.

In all of the angular distribution measurements, the rel-
ative efficiencies of the detectors were determined by ob-
serving y-ray decays of resonances which are known to
decay isotropically.

III. EXPERIMENTAL RESULTS
A. The y-ray spectra

Figure 4 shows three y-ray spectra, obtained at 0.126
(Minster), 0.590 (Toronto), and 1.20 MeV (Ohio State).
The background lines at 6.129 MeV from the
YF(p,ay)!0 reaction (due to °F in the tantalum backing)
and at 4.44 MeV line from 'B(p,y)'*C (due to the small
amount of !'B in the target) are observable. The well-
known energies of these y-ray lines allowed the energy
calibration of each spectrum to be independently deter-
mined. The primary transitions to the ground state and to
the excited states at 4.319 and 6.478 MeV, as well as the
secondary ¥ rays from these excited states, are the dom-
inant lines in the spectra. At the higher beam energies,
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FIG. 4. Gamma ray spectra for '°B(p,y)''C as obtained at the proton energies of 0.126 MeV (0°, Miinster), 0.590 MeV (55°, Toron-
to), and 1.20 MeV (55°, Ohio State). The “B” denotes a background line.



the primary transitions to the a-unbound states at 8.424,
8.655, and 8.701 MeV are also observable.

B. Excitation functions

The excitation curves for all observed primary and
secondary y-ray transitions were determined. Figure 5
shows the excitation curves for the dominant transitions.
The absolute cross sections were determined relative to the
strengths wy of known resonances using the relation

2
o= A2 mr+m, Y(E) oy . )
2A mr Yres
In this equation, Y (E) is the '°B(p,y) y-ray yield, Y, is
the thick target yield of the reference resonance, A is the
wavelength in the c.m. system, A is the !°B target thick-
ness, and mr (m,) is the '°B (proton) mass. The reso-
nance energies and resonance parameters used are listed in
Table I. The cross section normalizations, involving tar-
get thickness, beam integration, and detector efficiency,
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were carried out independently for each experimental set-
up. In the overlapping energy regions of the different ac-
celerators used, the resulting cross sections agreed with
each other. The indicated uncertainties include statistical
effects (5—20 %), uncertainties in the resonance strengths
of the reference resonances (see Table I), and uncertainties
in the efficiency determination (5%) and in the determina-
tion of the target thickness (5%).

Previous work’—!? determined only the excitation curve
for the ground state transition in the energy range of
E,=0.6—2.2 MeV. The energy dependence of that excita-
tion curve as well as the value of the absolute cross section
obtained in the present work agrees well with previous
data. The structures observed in the excitation curves are
discussed in Sec. IV A.

C. Angular distributions

The y-ray angular distributions were measured at
several beam energies: E;=0.125, 0.226, 0.325, 0.360,
0.500, 0.700, 0.850, 1.150, 1.250, and 1.550 MeV. For the
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FIG. 5. Excitation curves for observed primary y transitions to the ground state and the states at 4.319 and 6.478 MeV. Also
shown are the cutves for the secondary decays to the ground state. The total cross sections shown are not corrected for forward-

backward asymmetries [that is, o0 =47 X do /d Q(55°)].
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TABLE 1. Reference resonances used for the energy calibration of the accelerator and for determina-

tion of the cross section of °B(p,y)!!C.

Resonance
energy Strength oy
Location Reaction (MeV) (eV) Refs.

Miinster “N(p,y)*0 0.278 1.4+0.1 x 1072 18

2 Alp,y )?Si 0.327 1.940.41x 1073 19

Toronto 21 Al(p,y )*8Si 0.327 1.940.41x 103 19
2 Al(p,y )®Si 0.991 1.93+0.13 17,19,22

O(p,y )'®F 0.582 0.32+0.09* 20
Ohio State 2 Al(p,y )Si 0.991 1.93+0.13 17,19,22

*Resonance strength calculated relative to that of the 0.991 MeV resonance in 2’ Al(p,y )*Si.

first three energies, the measurements were performed at
the angles of 0°, 45°, 90°, and 135° and for the latter ener-
gies at the angles of 0°, 30°, 45°, 60°, 90°, and 120°. Owing
to the generally small cross sections, the angular distribu-
tions were obtained only for the strongest transitions. The
data are well represented by a; and a, terms resulting
from Legendre polynominal fits to the angular distribu-
tions?3 (and are shown in Fig. 7). The indicated uncertain-
ties are the standard deviations in X? resulting from the
fits to the angular distribution data, and thus include im-
plicitly all the data uncertainties discussed above, as well
as the geometrical and normalization uncertainties associ-
ated with measurement of the angular distributions.
While the angular distributions for the transitions to the
ground state, the 4.319 MeV state, and the 6.478 MeV
state are essentially isotropic at energies below E,=0.8
MeV, strong anisotropies show up above E;=0.9 MeV
(Fig. 7). This observation is in good agreement with pre-
vious results.'>1313

IV. DISCUSSION

A. Resonance structures

It has previously been assumed (Sec. I) that one 0.5-
MeV wide resonance near E,=1.15 MeV dominates the
strength of the ground state transition. This explanation,
however, causes difficulties in the comparison of the re-
sults obtained for the different reactions”®!* and results
in inconsistencies in J” assignments and widths. It has
been suggested®!* that these difficulties could be removed
if additional resonance structures exist in !'C with dif-
ferent spins and parities. The ''B level scheme suggests
that at least three more states can be expected in !'C at ex-
citation energies of E, =9—10 MeV. We therefore tried
to understand, and to fit, our data in terms of this picture.

Figure 6 shows the S-factor? curves for the three
strongest primary y-ray transitions. Those curves for all
transitions were fit assuming the existence of four to seven
resonances based either on established states in !C or on
those suggested by analogy to !'B. A direct capture (DC)
contribution was also assumed for transitions to states
having fairly large single-particle spectroscopic factors?*
(C2S). The function used to fit the data is

CAPTURE TO gs. (3/27)

CAPTURE TO 4.3I9 (5/27)

CAPTURE TO 6.478 (7/27)

ASTROPHYS. S FACTOR (keV b)

o+
0.0 05 1.0 1.5 20 25

LAB PROTON ENERGY (MeV)

FIG. 6. Optimal fits through the S factor data of the ground
state transition and of the transitions to the states of 4.319 and
6.478 MeV. The fit parameters are listed in Table II.
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N
S(E,55)= 3 Sgi(E)+Spc(E)+23 3 [Ski(E)Spc(E)]2Wipc(k)coss, P (55°)
i=1 i k
+23 3 3 [Sri(E)Sg;(E)]/*W;j(k)cosd;; Py (55°) . )
i
1<J

The S-factor curve Sg;(E) for each of the resonances was
described by a Breit-Wigner shape where corrections for
the energy dependence of the partial widths have been tak-
en into account. The DC contribution was described by a
polynomial function

SDc(E)=CZS(S0+S'E =+ ‘;‘S"Ez) ’

where the parameters Sy, S’, and S"’ resulted from the DC
model calculations.?®> The last two terms in Eq. (2) de-
scribes possible interference effects between the DC pro-
cess and the single resonances as well as interference ef-
fects between the resonances themselves. The resonance
phases, the Coulomb phases, and the hard sphere phases
are included in the phases 8; and §,;;, while the interfer-
ence term W;pc(k) is given in Eq. (A38) of Ref. 25, and
W;;(k) is included in Eq. (6.22) of Ref. 26.

Since the excitation functions shown in Fig. 5 give the
cross section at 55° (at which P, =0), only angular distri-
bution and interference effects for kK <1 terms need to be
considered in the fitting procedures for them. The free
parameters used in the data fitting were resonance energy,
width, and amplitude. For the additional new states in
11C various J™ assignments were examined using the pos-
sible values of the analog states in !'B as a guide. The fi-
nal resonance parameters were determined after several
iterations involving all three transitions. The resulting fits
are shown in Fig. 6.

1. Ground state transition

The excitation function of the transition to the J"=3
ground state can be fitted by assuming four resonances
centered at E,=0.01, 0.56, 1.05, and 1.20 MeV, and a DC
contribution. While the strong s-wave resonance at
E,=0.01 MeV corresponds to the known J"=3" state at
E, =8.701 MeV, the second resonance, at E,=0.56 MeV,
has not been previously identified. The possible analo§
state in "B (Fig. 1) was thought to be the J"=+
state*—%27 at E, =9.88 MeV. However, it was not possi-
ble to fit the present data in the energy range of
E;=02—-0.5 MeV assuming a 27 resonance. Only
strong, destructive, angle-independent interference be-
tween the E,=0.01 and 0.56 MeV resonances can explain
the low energy structure of this S-factor curve; this could
be achieved only with a J ”=%+ assignment for the
E;,=0.56 MeV resonance. This assignment is supported
also by the S-factor curves of the two other transitions
(Fig. 6), which are also explainable by assuming two in-
terfering s-wave resonances plus a DC amplitude. Figure
7 shows the energy dependence of the a, and a, terms,
calculated from the resonance parameters, in comparison

with the measured angular distribution data. For all three
transitions the measured isotropy below E,=0.8 MeV is
in reasonable agreement with the angular distribution
predicted with this resonance structure.

The present results for the ground state transition sug-
gest also the existence of at least two overlapping reso-
nances contributing to the yield of the broad structure
above 1 MeV (Fig. 6). Such a description resolves
discrepancies discussed above in which a single broad res-
onance was assumed. The explanation of the structure by
J™=3" and J"=3 resonances as well as s- and d-wave
DC contributions provides a good representation. This as-
sumed description is also consistent with the structure of
the analog nucleus (Fig. 1). The interference between the
negative parity resonances and the combination of the DC
process and the strong low energy s-wave resonances pro-
duces a; terms in the angular distributions; these are ob-
served in the present work (Fig. 7) as well as in previous
work.!> The observed energy dependence of the a, terms
is also explainable in this picture (Fig. 7).
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FIG. 7. Experimental a; and a, terms (present results are in-
dicated as the solid circles) resulting from a Legendre polynomi-
al fit to the measured angular distributions. The open circles are
results of Ref. 15, open squares of Ref. 13, and solid squares of
Ref. 12. The solid curves describe the calculated energy depen-
dence of the a; and a, terms based on the fits shown in Fig. 6
and Table II.
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TABLE II. Resonance parameters resulting from the fit procedure described in Sec. IV A.

Er (MeV) E, (MeV) J7 e (MeV) Ores (D) Ref.

0.010+0.002 8.7014+0.01 i 0.016+0.001 (2.07+0.40)x 10~ 14"

0.56 +0.06 9.20 +0.05 i 0.55 +0.10 0.28 +0.05

1.05 +0.06 9.65 +0.05 () 0.23 +0.05 2.06 +0.60

1.20 +0.05 9.79 +0.05 (30 0.26 +0.06 3.69 +0.72

1.41 +0.05 9.97 +0.05 (+7) 0.13 +0.02 0.75 +0.20
1.53 10.082 7 0.23 0.022:+0.015 7,8
2.19 10.682 3 0.28 2.66 +0.85 8

2Resulting from the extrapolation to lower energies.

2. Transitions to the 5 (4.319 MeV) ity assignment, J"= <, is supported by the existence of

and T~ (6.478 MeV) levels strong a; terms in the angular distributions at E,=1.55
s — MeV, which would naturally result from the interference
For the transition to the J"=5 state at E,=4.319  petween these J™=21" and _;.'* resonances.

. o, 7 — —_

MeV (Fig. 6), an additional J Tr:‘z; , fesonance at The excitation curve of the transition to the J" =~
E,=141 MeV as well as a J7=7  resonance at state at E, =6.478 MeV between E,=0.8—1.8 MeV (Fig.
EP: 1.53 MeV had to be included in order to fit the data. 6) is exp]ainab]e by the influence of the J"= % resonance
The latter resonance was already observed in previous ¢ 1.20 MeV, the J™= 27 resonance at 1.41 MeV, and the

. 10 .

St“d‘ei’s Pf; the IOB(p,a)7Be and "B(p,p)"°B reactions.  jv_ 27 resonance at 1.53 MeV, as well as the DC contri-
The J7=7  state might be the analog state of that at 0 Again the interference between the two J =+
resonances produces the strong a; term at E,=1.55 MeV.

E,=10.33 MeV in UB, which has previously been as-
. 5 . f .
signed® a J7 of 3, although that assignment did not give Representation of the shape of the S-factor curve above

a good fit to the data in Ref. 6. The present spin and par- E,=1.7 MeV requires the J"= 2% resonance at 2.15

MeV, which has been measured in the 1(’B(p,p)loB reac-
8

tion.® Table II shows the parameters of all the proposed

TABLE III. Branching for the proposed states resulting from  states resulting from the fitting procedures. The branch-

the fitting procedures. ing ratios for these proposed resonances are given in Table
E, E, II1.

Although the data above 1 MeV are well represented by

m T :
(MeV) J'+ MeV) Jl_ Branching (%) the J7 assignments discussed above, the uniqueness of
8.701 3 0 % 42+10 those assignments is difficult to establish. However,
4.319 27 42+10 within the wide variety of J” assignments which were
4.802 3~ 24+ 1.5 tried for the levels for which J” is uncertain, only the
6.478 1- 13.6+ 4.6 values stated above p.rovided good .ﬁts to all the available
9.200 s+ 0 3- 24118 data. Measurements in other reaction channels or analyz-
) 2 2_ ing power data might be useful, in conjunction with the
4.319 T 6+ 5 present results, in providing unambiguous J” assignments.
6.478 - 20+10

9.650 (E) 0 3~ 60+15 B. Structure of the a-unbound

4.319 e 32410 and the p-unbound states in !'C
4.802 3 8+ 4 Four states are known in the excitation energy range be-
9.79 (27 0 - 76416 tween 8 and 9 MeV. The capture to the states at 8.424
4.319 3 8+ 2 MeV ($7), 8.655 MeV (£ V), and 8.701 MeV (3 7) could
4.802 3- 4+ 2 be observed in the energy range of E,=0.5—2.2 MeV,
6.478 1- 12+ 4 while only an upper gir_nit for the proton capture to the
9.97 27 4319 3- 90+10 state at 8.105 MCY (7 ) could be determme('i.. Figure 8
- shows the excitation curves for these transitions. The
. 6.478 f_ 10+ 7 cross sections and uncertainties were obtained as indicated
10.082 7 4.319 7 67+ 8 in Sec. III B. The excitation curves can be described in
6.478 - 13+ 6 terms of the DC model?® (Fig. 8). For the transition to
10.682 2 6.478 1 100 the state at 8.424 MeV weak interference effects seem to

influence the excitation curve in the range E,=0.6—1.3
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FIG. 8. Excitation functions for the capture transitions to the a-unbound states in !'C at E, =8.424, 8.655, and 8.701 MeV, and
for the observed decay transition 8.424 MeV —g.s. The total cross section shown is not corrected for forward-backward asymmetry
[that is, o =47 X do /dQ(55°)]. The solid line shows the result of a direct capture calculation scaled to the data. The scaling factors
are equivalent to the spectroscopic factors of the final states and are listed in Table V.

MeV. This might be the result of the broad resonance
described in the last section. But the DC contribution
clearly dominates the yield of the excitation curve.

The angular distributions for all of these transitions
were measured at Eq=1.15 and 1.55 MeV, and were fit?3
by Legendre polynominals. The resulting a, terms are
compared with those calculated in terms of the DC
model.”® The results are listed in Table IV. The excellent
agreement supports the assumption of the DC character
of these transitions. The slight forward-backward asym-
metry, suggesting the need of an a; term in fitting the an-
gular distributions of the transition!> to the state at 8.424
MeV, might be due to the influence of the weak interfer-
ence effect discussed above.

The spectroscopic factors of these states C2S
=o(exp)/o(theo) result from the fitting of the theoretical
curves to the data. The results are compared in Table V
with the corresponding values from stripping reac-

The fairly strong population of these states by the (p,y)
reaction allows the possibility of observing the secondary
y-ray decays from them, even though they would be ex-
pected to decay predominantly into the a channel. The
ratio of the y-ray yield of such a secondary transition
yield to the primary one determines the ratio I'y /Ty. In
the present measurements, secondary transitions could be
observed in the ground-state decay of the state at 8.424
MeV. The excitation curve for that transition is shown in
Fig. 8. As in the primary transition, a suggestion of weak
resonant contributions is also observed here. Only upper
limits could be determined for the possible decay transi-
tions of the states at 8.655 and 8.701 MeV. The results
are listed in Table VI, where they are compared with the
results of previous work.

The state at E, =8.701 MeV is slightly proton unbound,
and is observed both as a final state in primary capture
transitions, and as a strong resonance at E,=0.01 MeV

tions.28—30 (Sec. IVB). The high energy tail of this resonance had
TABLE IV. Angular distribution parameters for transitions to the a-unbound states E, <9 MeV.
a, coefficient

E, (final) E,=1.11 MeV* E,=1.15 MeV E,=1.55 MeV
(MeV) I; Iy Theo Exp Theo Exp Theo Exp
8.424 s5,d® P 0.53 0.451+0.04 0.53 0.46+0.18 0.70 0.521+0.27
8.655 P s,d° —0.92 —1.06+0.07 —0.92 —0.89+£0.17 —0.75 —0.71+£0.08
8.701 P s5,d° —0.92 —1.2+0.06 —0.92 —0.9410.15 —0.75 —0.75+0.09

2Reference 15.
®Using Eq. (12), Ref. 25.

“Using Eq. (12), Ref. 25. The d- to s-wave ratio o4 /0 resulted from the theoretical direct capture calculations.
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TABLE V. Spectroscopic factors C2S for the a-unbound states in !'C.

E, Direct capture Stripping data 19B(*He,d)
(MeV) Iz czs c2s® cs® cese
8.105 3 <0.05 0.07
8.424 3 0.3940.04 0.46 0.73,0.79
8.655 I+ 0.26+0.03 0.33 0.41 0.18
8.701 3+ 0.31+0.03 0.14 <0.8 0.2

2Reference 28.
bReference 29.
‘Reference 30.

been observed, but misinterpreted, in an earlier
1°B(p,a)’Be experiment.>! It was observed again in a re-
cent unpublished '°B(p,x) experiment.>? The ratio
I', /Ty could be calculated from the ratio of the cross
sections in the y-ray and a-particle channels,
o(p,y)/o(p,a). This result is also listed in Table VI.

The widths of the y-ray peaks in the spectra for these
particular transitions were determined for several targets
with different target thicknesses A. This allows, after
correction for the experimental resolution, calculation of
the total width ', of the final state if T';;; > A, or at least
the upper limit of the total width when I' o, < A. The tar-

J

172
NA Emax
W fo S(E)exp

8

m

Ny (ov)= ~kET

— =27

get thickness A was assumed to be equivalent to the y-ray
peak width of the transitions to the ground state and the
states at E,=4.319 MeV and E,=6.478 MeV, whose
widths are negligible compared with the target thickness.
The widths obtained for the 8.424, 8.655, and 8.701 MeV
states are also presented in Table VL.

V. Astrophysical implications

The reaction rate N,{ov) was obtained by numerical
integration of the total S(E) curve over the Maxwell-
Boltzmann distribution using the expression?

dE , (3)

where p is the reduced mass, k the Boltzmann constant, 7 the Sommerfeld parameter, E the particle energy in the center

of mass system, and T the temperature.

The total S factor is defined as the sum of the S factors of all primary transitions involved: S(E)= 3, S;(E). In the
energy range below E,=0.07 MeV, no experimental data are available. In this case S factors resulting from the
described fitting procedures were used to calculate the reaction rates.

The upper limit E,,; for the integration was given by the highest energy investigated (E,=2.2 MeV). This energy
limits the validity of the resulting reaction rates to a temperature range of T9g=0.01 to 5. The resulting rates were fitted

by analytic expressions and are described by

Ny{ov)=T5*%exp(16.665—13.2145T5/* 4+ 0.6854T 52> —9.0545E —2T5 ")
X (1—0.83145T3% —0.102 187373 +0.032 38 T4 +0.3936T4”* —0.005 790T3"*) . 4)

TABLE V1. Widths of low-lying a-unbound states in !'C.

Ex F'y/rtm Ftot
(MeV) Present Previous Present Previous
8.424 0.20+0.05 0.2+0.1° <5 keV <23 fsd
0.8+0.24
8.655 <0.06 <5 keV <9 keV*©
8.701 (2.6+0.15)x 10~ 16+1 keV® 15+1 keV®
<0.1° 14.542.5 keV®

#Based on resonance parameters.
*Based on direct capture data.
‘Reference 36.

9Reference 15.
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FIG. 9. Ratios of the reaction rates of '°B(p,y)!'C in the
present work to those of previous work [FCZII (Ref. 2), TTT
(Refs. 3 and 33)] as a function of temperature.

The deviations of the numerically integrated rates from
those obtained by the analytic expression are on the aver-
age smaller than 5%. Figure 9 compares the present re-
sults with the estimates of Fowler, Caughlin, and Zimmer-
man® (FCZII), which were based on previously available
data at E, >0.6 MeV. The disagreement in the low tem-
perature region is due predominantly to the observed
strong s-wave resonance at Ep =0.01 MeV and the in-
terference effects with the second s-wave resonance at
ERr=0.56 MeV. The present results and the reaction rates
based on a '°B(p,y)''C measurement® using a thick-target
technique®? (TTT) are in fair agreement (Fig. 9). Figure
10 shows the comparison between the present
(p,y )reaction rate and rates reported for the competing re-
action '°B(p,a)’Be. The rate published in FCZII does not
include the low energy resonance at Ez =0.01 MeV,
which is expected to decay predominantly by a-particle
emission (Table VI). The reaction rate for l°B(p,oz)7Be has
therefore been recalculated using Eq. (3) and data from
other experiments!:3*3% covering the energy range of
E,=0.06—2.0 MeV (denoted as “calc” in Fig. 10). The
low energy data could be fit by the high energy tail of the
Eg =0.01 MeV resonance, which dominates the reaction
rate at low temperatures. The comparison of the
1°B(p,y)''C rates and the calculated '°B(p,a)’Be rates is
also presented in Fig. 10.
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FIG. 10. Ratio of the reaction rate for !°B(p,y)!'C to rates
given for the competitive reaction '°B(p,a)’Be [FCZII (Ref. 2),
TTT (Refs. 3 and 33), and calc (see the discussion in Sec. V)] as
a function of temperature.

The third curve in the figure shows the ratio of the
1°B(p,y)!''C rate to a '°B(p,a)’Be rate’ determined by the
thick-target technique®® (TTT). The latter reaction rate
also includes the influence of the resonance at Egx =0.01
MeV. This curve varies considerably at low temperatures
from those based on thin-target experiments but at high
temperatures the three ratios agree fairly well with each
other (Fig. 10). According to the result of the thick-target
experiment, the resonance strength of the Ex =0.01 MeV
resonance would be about a factor of 10 larger than that
determined from the thin-target experiments.3’'3> The use
of the thick target result would give a significantly smaller
value for the y partial width of this particular state,
I'y=0.2 eV. This is in disagreement with the known y
partial width of the !'B analog state at E, =9.59 MeV,
r,=23 eV,2* which is comparable to the ¥ width of the
11C state determined from the results of other thin-target
experiments (Table VI), namely, 4.2 eV. A careful investi-
gation of the !°B(p,a)’Be reaction below E,=1 MeV is
needed to clarify the situation.
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