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Radiative Capture of Protons in C"$
Ross E. HEsTER AND W. A. S. LAMB

Lamence Radiation Jaboratory, University of California, Lk ermore, California

(Received August 22, 1960)

An excitation curve of the C"(P,~)N" reaction has been measured from 100 kev to 140 kev. The cross
section ranges from (7.7&1.8)X10 "cm at 100 kev to (9.8&1.2)X10 ~ cm at 140 kev. The results are
compared with those of previous measurements.

INTRODUCTION

~ 'HE reaction C"(p,y)N" with which this report is
concerned is one that is involved in the carbon-

nitrogen cycle. It. has been previously measured at 129
kev by Woodbury and Fowler. ' It is of interest to
measure the cross section at as low an energy as possible
to permit more accurate extrapolation to stellar tem-
peratures where these reactions are important in some
classes of stars. '

EXPERIMENTAL ARRANGEMENT

The high-current ion injector at jLivermore was used
to bombard high-density graphite targets. The 1.1%
natural abundance of C" in the graphite provided the
target for the C"(p,T)N" reaction. The beam from the
ion source was turned through a 90' analyzing magnet,
passed through a 1-inch diameter collimator, and
impinged upon a graphite target located 1-, inches in
front of a 4-in. &(4-in. NaI(Tl) crystal. A water-cooled
block was mounted between the target and the counter.
The 4-in. X4-in. NaI(T1) crystal was mounted outside
the vacuum system. The NaI crystal and its mounting
were coupled to a Dumont 6364 photomultiplier by
means of a Celvancene grease seal to improve optical
coupling. The output of the photomultiplier tube was
fed into a linear amplifier whose output was registered
in a twenty-channel pulse-height analyzer. The gain

of the amplifier was periodically checked with a ThC"
2.62-Mev gamma-ray source. See Fig. 1 for experimental
arrangement.

EXPERIMENTAL PROCEDURE

A. Counter Calibration

The photon eKciency of the counter was obtained
by measuring an integral bias curve for the C"(p,T)N"
reaction (see Fig. 2 for a typical bias curve) and extra-
polating the straight-line portion of the curve to zero
volts. The intercept at zero volts gives the total number
of counts in the crystal. The number of counts can
then be divided by the calculated total absorption of
the crystal to give the yield. This method has been
checked against known gamma-ray sources and gives
agreement to better than 10%.' It can be seen in Fig. 2
that there are two breaks in the integral bias curve.
These are due to cascade gamma rays in the reaction.
The first break indicates a 3.7-Mev gamma ray, while
the second break would indicate a 2.3-Mev gamma ray.
The information derived from the integral bias curve
plus a knowledge of the energy levels of the N" com-
pound nucleus' strongly suggested that about 86%%u~ of
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FIG. 1. Counter arrangement.

f This work was performed under the auspices of the U. S.
Atomic Energy Commission.' K. J. Woodbury and W. A. Fowler, Phys. Rev. 85, 51 (1952).' E. M. Burbidge, G. R. Burbidge, W. A. Fowler, and F. Hoyle,
Revs. Modern Phys. 29, 547-650 (&957).

3W. A. S. Lamb and E. J. Lofgren, Rev. Sci. Instr. 27, 907
(&956).
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FIG. 2. Integral bias curve.

4 T. Huus and R. B.Day, Phys. Rev. 91, 599 (1953).
5F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 2?, 77
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appropriate correction was made for the isotopic
abundance of the target nuclei. ~

Figure 5 shows the excitation curve for the 7.65-Mev
gamma ray as calculated from Eq. (3).

Since interest in the carbon cycle as a source of energy
generation in some stars was part of the stimulus for
measuring this cross section, it is of interest to compute
the cross-section factor S(E), which can be expressed
by (2),

Ap
S(E)=o (Er)Et exp (31.28ZtZo& t'/Er'*),

&o+&t

where S(E) is expressed in kev-barns in center-of-mass
system, o (E) is expressed in barns, Z& and Zo are the
charges of the reacting particles in units of proton
charge, A~ and Ap are the masses in units of atomic
mass, and E& is the energy of the incident proton in kev
in the laboratory system. When far from a resonance,
S(E) is expected to be an approximate constant over a
limited energy range. A value of 10.6~1.5 kev-barns is
computed for S(E) from the excitation curve of Fig. 5
when the appropriate correction is made for the cascade
gamma rays.
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Fio. 5. Excitation curve for the 7.65-Mev gamma
ray, calculated from Eq. (3).

net counts/sec
I'g =

beam current in ma)&6. 24&10")&F

where Ii is the appropriate counter ef6ciency.
It can be shown that the thick-target yield is related

to the cross section by

r ~o(E)dE
I'g =

Jp
(2)

where e is the stopping cross section per target nucleus
and is approximately constant in the energy interval
used. Since the cross section is a steep function of
energy, the cross section can be related to the thick-
target yield after the manner of Hall and Fowler' by
the expression

o 3Y, —1+—+
E''. Zp

(3)

The value of e used was 1.62&10 "Mev-cm', and the

' R. N. Hall aud W. A. Fowler, Phys. Rev. 77, 197 (1950).

REDUCTION OF THE DATA

Figure 4 shows the thick-target yieM per incident
proton as a function of energy from 100 kev to 140 kev
for the 7.65-Mev gamma ray. The thick-target yield
is calculated from

COMPARISON OF RESULTS WITH
PREVIOUS MEASUREMENTS

The C"(p,y)N'4 reaction cross section had been
previously measured by Woodbury and Fowler, ' who
quoted a cross section of (5+1)X10—"cm' at 129 kev.
The present measurement would indicate a cross section
of (5.8&1)&&10 " cm' at 129 kev. This is excellent
agreement; however, the two values were arrived at in
different ways. Woodbury and Fowler quote their
cross section on the basis of two-step cascade for the
soft radiation, while our data indicate a three-step
cascade. If Woodbury and Fowler quote their results
on the basis of a triple cascade for the soft radiation, the
value is (4.6&1.0))&10 " cm', which is still in agree-
ment with these results within the limits of the experi-
mental error.

.A previous preliminary measurement' at 126 kev
by the authors gave a value for the cross section which
was about 40% higher than the present measurement
would indicate, but the experimental error was large to
imply any serious disagreement.
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