
P H YSI CAL REVIEW VOLUM E 107, NUM B ER 2 JULY 15, 1957

Radiative Capture of Protons in Carbon from 80 to 126 kev~

W. A. S. LAMB AND ROSS E. HESTER
Eadzatiozz Laboratory, University of Catiforzzia, Lioerraore, Catzforlza

(Received April 2, 1957)

An excitation curve has been measured for the reaction Cn(p, y)Nzz in the energy interval 80 kev to 126
kev by utilizing beam currents of 30 ma to 50 ma from the high-current ion injector. The capture-gamma
radiation was measured with a 4-in. )&4-in. NaI scintillator which was arranged to count only gamma radia-
tion of the energy appropriate to the reaction. The yield per incident proton ranges from (7.0+2.3) &(10 "
at 80 kev to (6.'2+0.2) &(10 "at 126 kev with corresponding cross sections of (1.4+0.4) +10 "barn and

(6.8&0.8) &&10 I barn. A value for the cross section of the reaction C"(p,y)N" has been obtained at two
energies, namely: (8.2&2.5) X10~ barn at 126 kev, and (5.1+2.0) X10~ barn at 114 kev. The results are
compared with previous measurements and with extrapolations from the resonance in this reaction at 456
kev by means of the Breit-Wigner single-level dispersion formula.

INTRODUCTION

HK reactions discussed here are the first two in the
carbon-nitrogen cycle' and are involved in

nuclear processes which are believed to be responsible
for energy generation and element synthesis in some
classes of stars. '—4 The energies of protons used in this
experiment are considerably higher than those which
seem reasonable for stars burning hydrogen in the
C—N cycle, but at the present time the energy range
of from 10—30 kev is not accessible to experiment. The
extrapolation from measured cross sections to cross
sections at stellar energies can be done with more
conhdence if the appropriate relation between cross
sections and energy can be demonstrated in regions
which are accessible to experiment. The energetic
protons in the high-energy tail of a Maxwellian distri-
bution which make the major contribution to the reac-
tion rate are only a factor of two or three from the
energy range studied here; however, the cross section as
extrapolated is some five orders of magnitude smaller.

DESCRIPTION OF APPARATUS

The high-current ion injector, ~ which was developed
for the high-current linear accelerator' at Livermore, is
capable of continuous currents of hundreds of milli-
amperes over a continuous range of voltage up to 130
kev. The beam from this machine was collimated and
then analyzed by means of a large prismatic-pole
electromagnet; the protons were turned 90' to the
original direction of the beam and passed through
another aperture and into the target tank (Fig. 1).
The energy interval passed by this analyzing and
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FxG. 1. Diagram of target and counting arrangement. The beam
has previously been analyzed and turned 90' to the original
direction. The graphite target is shown in place. Additional lead
shielding used is not shown.

collimating system was about 3 kev, and the interval to
half the maximum intensity was typically ~1 kev.
The collimator in front of the target was 1~~ in. in
diameter.

The high-voltage power supply used for acceleration
on the machine had an inherent 3-phase, 60-cycle
ripple of about 2%.

The target used in this experiment was a 8-in. sheet
of high-density graphite, which was mounted on a
shaft. This shaft passed through a sliding vacuum seal
and permitted the target to be inserted or removed
from the beam. With the target drawn aside the beam
strikes a water-cooled copper block called the calori-
metric collector, which was used to make a 'measure-

ment of the beam power.
When the target was under bombardment it was

cooled by radiation to the surrounding water-cooled
surfaces. A little less than half of the total power
radiated was intercepted by the calorimetric collector
and provided a means of monitoring the beam power
during a nuclear measurement. The output of a thermo-
pile in the cooling-water circuit was fed to a recorder
and continuously monitored during a run.

The equipment for measuring the power consisted of
a calibrated Qowmeter and thermocouples mounted on
the cooling water in and out of the calorimetric collector.

The counting system consisted of a 4-in. )&4-in.
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measurement, and the cross section is a steep function
of energy, " then the thick-target yield F& can be
related to the cross section by the following expression:
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a 0,4—
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o=3F'g —1+—+
.E' 6

(3)
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where e is in Mev-cm' and E is in Mev.
If one uses for the atomic stopping cross section for

carbo~ 1.62X10 " Mev-cm'" then for C" ~=1.62
&(10 "/0.989, where the factor 0.989 is the correction
for the isotopic abundance. One has 6pally

Pulse Height (volte)

Fro. 3. Pulse-height spectrum of C"(py)N" at a proton
energy of 126 kev. The shaded portion was used to determine
yields.

to 2.17 Mev, which was used in determining the yield
of the reaction C"(p,y)N". In this case all of the nuclear
events result in a ground-state transition in N" of
1.945 Mev." The same window was utilized in deter-
mining the yields at the lower accelerating voltage
where the lower counting rate made the position of the
gamma line less obvious.

The background was normally taken with the beam
turned o6; however, this was compared with runs on
blank targets made of copper with the beam on and no
systematic difference was observed. It was impossible
to take backgrounds with the beam striking the
calorimetric collector for example, because of the
presence of sublimed carbon on the components inside
the vacuum after running the beam on the graphite.

1 63X10 '0 E
1+—+

E' 6

1.4X10-3 6
exp ——barn,

Ek

where E is in Mev.

I 0.0
I I I I I I

The values for the cross section shown on Fig. 5
were derived using this expression.

Also shown in Fig. 5 are points derived from the
Breit-signer single-level dispersion formula' " by
extrapolating from the resonance at 456 kev, namely,

RESULTS—C"(P y)N"

Figure 4 shows the thick-target yields per incident
proton for energies from 80 kev to 126 kev in the
laboratory frame of reference, and was obtained by
substituting in the following expression:

net counts/sec
I'g=

beam current in ma&(6. 24&(10's&(j
where f is the absolute eKciency of the counter including
geometry for the interval used.

The thick. -target yield is related to the cross section
by the following expression:

t
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where e is the stopping cross section per nucleus and
o.(E) is the nuclear cross section which is a function of
energy.
)- If the stopping cross section is considered to be
constant over the energy interval covered by this

"F.Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77
(1955).

FIG. 4. The thick-target yield per incident proton is shown as a
function of energy. The errors shown are rms errors in counting
statistics plus estimated systematic errors.

"R. Fuchs and W. Whaling, California Institute of Technology
"Compilation of Stopping Cross Sections" (private 'communi-
cations)."J.M. Slatt and V. F. Weisskopf, Theoretical XNclear 'Physics
(John Wiley and Sons, New York, 1952).



RA 0 IATI VE CAPTURE OF PROTONS I N C 553

DISCUSSION OF ERRORS

There are many sources of error in a measurement of
this kind, but one can place reasonable limits on the
major ones enabling an evaluation of the errors on the
cross sections given. The principal errors on the thick
target yield are: (1) counter calibration, &5%, (2)
accelerating-voltage measurement, (average) &1%; (3)
beam-power measurement, &5%; (4) counting
statistics, ranging from ~5% to &40%. Hence, the
rms error on the thick target yield ranges from +8.7%
to &41%.

It is believed that the reduction to cross section
introduces an additional error of perhaps 10% because
of errors in the stopping cross section and approximation
in the formulations, hence, the rms errors range from
about &13% to &41%at the extreme lower and higher
energies. These errors are indicated on Figs. 4 and 5.
The results shown in Fig. 5 are in substantial agreement
with those given in Hall and Fowler. "
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A by-product of the measurement discussed above
are values at two energies for the cross section of
C"(p,y)N'4. These thick-target yields and cross sections
were obtained on the assumption that each photon
counted in the interval between 2.5 Mev and 7.5 Mev"
is due to one nuclear reaction in C". An average
counting eKciency was used for this interval. The
counting statistics are poor because of the 1.1%
abundance of C" in normal graphite. The results are:

O. I

70
I I l

80 90 IOO I I 0 l20 l30 l40
Energy of Proton ('kev)

FIG. 5. The cross section is shown as a function
of proton energy in the laboratory system.

of two or so. These results are somewhat higher than
those given previously by Woodbury and Fowler'4;
however, because of the uncertainties the differences
are thought to be insignificant.

126 kev

114.2 kev

I'g ——7.9&&10 "&40%,
o.= (8.2+2.5)&&10 s barn,

Fg=4.5X10"&35%,

n= (5.1&2)&&10 ' barn.

The errors given are derived similarly to those
quoted for the C"(p,y)N" measurement and do not
include the uncertainty about the mode of decay of
N'4 from its excited states. With this uncertainty, the
values for the cross sections are perhaps within a factor
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