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The cross section for the astrophysically important ' N(p, y) ' 0 reaction has been measured directly
with an intense (3x10 particles/s) and pure ()99%) 8.2-MeV "N radioactive ion beam. The average
value, for the 5.8-8.2-MeV "N energy range, is 106(30) pb. The partial y width of the resonance
which occurs in this reaction at a center-of-mass energy of 0.545 MeV has been deduced to be 3.8(1.2)
eV. It is compared with theoretical predictions and indirect determinations,

PACS numbers: 25.40.Lw, 27.20.+n, 95.30.Cq

The direct measurement of the cross section for nuclear reactions which involve radioactive nuclei in their entrance
channel and which could play an important role in some astrophysical sites and events is a topic of great current interest
in nuclear astrophysics [1]. An example is the ' N(p, y)' 0 reaction, which is a key element in the hot CNO cycle
whose reaction and decay sequence is as follows [1,2]:

' C(p y)' N(p, y)'"O(P+) ' N(p, y) ' O(P+)' N(p a) ' C

The knowledge of the cross section for this reaction is crucial to determine the stellar conditions under which this hot
CNO cycle competes with the cold CNO cycle,

"C(p, y) "N(P') "C(p, y) "N(p y) "O(P') "N(p a) "C

which contributes to the production of energy in main-
sequence stars like the Sun [1,2]. In the relevant range
(T) 10 K) of stellar temperatures, the cross section for
the ' N(p, y) ' 0 reaction should be mostly determined
by an l~ =0 resonance at E, =0.545 MeV, which corre-
sponds to the 1 first excited level of ' O at 5.173 MeV
[3], and whose total width I has been measured to be
38.1(1.8) keV [4]. Its partial y width I „has been calcu-
lated by various authors using different models [5-9]:
Their values lie in the 1-10-eV range. In the present pa-
per, we present the results of an experiment during
which, for the first time, the cross section for the proton-
capture reaction on ' N has been measured directly, us-
ing a ' N radioactive ion beam (RIB) in the energy range
of the above-mentioned resonance. Our experimental
data will be compared with the results of the theoretical
calculations [5-9], and with those of indirect determina-
tions of I „[10-12]which also cover the 1-10-eV range.

The cross section for nuclear reactions involving ra-
dioactive nuclei with half-lives much shorter than 1 h can
be measured by producing and accelerating a beam of
these nuclei and by bombarding a stable target with it
[2]. A RIB facility has recently been developed at
Louvain-la-Neuve [13],with energies and intensities suit-
able for this type of experiment, using two accelerators.
A 30-MeV proton cyclotron produces large quantities
(2& 10' /s) of ' N nuclei (Til2 =10 min) by the
' C(p, n)' N reaction. These are extracted from the ' C

r target, transformed into ' N+ ions by an electron-
cyclotron-resonance ion source, and injected into a second
cyclotron which brings them to the desired energy. With
respect to the results described in Ref. [13], the intensity
of the RIB has been considerably increased, to an average
value of 3x IO particles/s, i.e., 50 particle pA, over a 3-
day running time, and the beam contaminants (' C and
' CH ions) have been drastically reduced, down to a
maximum value smaller than 1%, using the mass selec-
tivity of the second cyclotron. These improvements
turned out to be crucial for the feasibility of the present
experiment.

The ' N(p, y) ' 0 reaction has been studied using an
apparatus which was tested previously with the ' C(p,
y)' N reaction [14]. In a reverse kinematics config-
uration, the ' N beam, with an incident energy of 8.2
MeV and a diameter smaller than 5 mm, is sent onto a
polyethylene (CHq)„ target whose thickness is 180(18)
pg/cm, as determined with a 'Am a source. The prop-
erties and behavior of such targets under irradiation with
heavy-ion beams have been extensively tested with ' C
beams [14]. A surface-barrier diode, positioned at 17'
with respect to the incident beam direction, detects the
scattered ' N projectiles and the ' C and H recoils; the
corresponding spectrum is shown in Fig. 1(a). The ' N
peak yields, after subtraction of the small ((5%) ' C
recoil contribution, the number of ' N nuclei incident on
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the target, assuming pure Rutherford scattering of the
' N projectiles by the ' C target nuclei. This hypothesis
is justified by the low ' N-' C center-of-mass energy (3.9
MeV) and by the small center-of-mass scattering angle
(34'). The proton-capture reaction on ' N is studied
through the 5.173-MeV capture y rays from the I first
excited level to the ground state of ' O. They are detect-
ed by a large-volume Ge diode (relative efficiency of
70%), positioned in the backward hemisphere at an aver-
age angle of 129 . To generate y-ray spectra with an im-
proved signal-to-background ratio, the time diAerence be-
tween the Ge pulses and the radio frequency of the ac-
celerating cyclotron is registered together with the energy
information. Furthermore, the Ge diode is vetoed by a
large cosmic-ray "umbrella, " made of Plexiglas Cheren-

»00 9000
Energy (keV)

(a) &harged-particle spectrum from the interaction
between an 8.2-MeV 'N beam and a (CH2)„polyethylene tar-
get. The peak to the right corresponds to the scattered 'N pro-
jectiles and '-'C recoils (right shoulder), the peak to the left and
in the inset, to the proton recoils. (b) Spectrum of the time
difl'erence between the y-ray pulses from the Ge diode and the
cyclotron radio frequency, for a 3.8-5.2-MeV y-ray energy win-

dow. (c) Spectrum of the prompt y rays resulting from the
'N(p, y) 0 reaction, after subtraction of the random events.

These spectra correspond to an eA'ective running time of 33 h,
with a "N beam intensity of 50+ 10 particle pA as monitored
with a shielded Faraday cup some 2 m downstream from the
target.

kov detectors and located above the y-ray spectrometer.
The dead-time and pileup corrections, which are impor-
tant due to the radioactivity of the beam, are determined
with a pulse generator. The relative full-energy peak
efficiency of the Ge diode in the 0.8-8-MeV energy range
is measured with a Co source, with a Al source pro-
duced by the Mg(p, n) Al reaction in a separate exper-
iment, and with the ' C(p, y) ' N reaction [14]; the abso-
lute efticiency is obtained with calibrated y-ray sources.

The spectrum of the time difrerence between the Ge
pulses and the cyclotron radio frequency is shown in Fig.
1 (b). It clearly displays the prompt peak emerging from
the random events. The prompt y-ray spectrum, after
subtraction of the random events using time windows
determined from Fig. 1(b), is represented in Fig. 1(c) for
the 3-9-MeV energy range. The only statistically signif-
icant structures appear at the expected positions for the
full-energy peak and for the first- and second-escape
peaks (plus some Compton contribution) of the 5.173-
MeV line, taking into account the Doppler shift due to
the high recoil velocity (v/c =0.033) of the '"Q nuclei in
the reverse kinematics. The relative intensities of the
three peaks agree with the results deduced from calibra-
tion spectra [14]. The absence of any structure between
7 and 8 MeV, i.e., at the expected positions of the three
peaks from the most intense y-ray transition in the
' C(p, y) ' N reaction [14], represents a further confir-
mation of the ' N beam purity.

From the ratio between the intensities of the 5.173-
MeV full-energy peak in the y-ray spectrum of Fig. 1(c)
and of the ' N peak in the charged-particle spectrum of
Fig. 1(a), one can determine the ratio between the total
cross section for the N(p, y) ' Q reaction and the
diAerential cross section for the Rutherford scattering of
the ' N projectiles by the C target nuclei at 0[~b =17
These cross sections correspond to the range of the ' N
projectile energies in the target, i.e., 5.8 to 8.2 MeV.
Isotropy is assumed for the capture y-ray emission, in
view of the I~ =0 character of the 0.545-MeV resonance.
The Rutherford cross section, weighted over this energy
range, has been calculated taking into account the spread
in the scattering angles. The resulting proton capture
cross section in ' N is 106(30) pb. The 28% experimen-
tal uncertainty results from the quadratic combination of
the following contributions: 21% from statistics (85 18
counts in the y-ray peak); 15% for the full-energy y-ray
detection eSciency; 5% for the dead-time and pileup
corrections; 3.5% for the charged-particle detector solid
angle; and 9% for the Rutherford cross section, mainly
due to the uncertainty on the beam position on target,
and hence on the scattering angle of the ' N projectiles.

The proton capture on ' N in the energy range covered
by the present experiment should be dominated by the
0.545-MeV c.m. resonance referred to above. Two strong
hints that this is actually the case are present in our ex-
perimental data. First, the spectrum of the proton recoils



VOLUME 67, NUMBER 7 PH YSICAL REVIEW LETTERS 12 AUGUST 1991

in the surface-barrier diode [Fig. 1(a)] shows that the
0.545-MeV resonance dominates the nuclear scattering of
protons by

' N in the 5.8-8.2-MeV range of ' N ener-
gies; the method used to analyze this spectrum, to reach
the latter conclusion, and to further determine the in-
cident ' N beam energy and the energy and the width of
the resonance will be described elsewhere [15]. Second,
the widths of the y-ray peaks in the spectrum of Fig. 1(c)
are compatible with their Doppler broadening due to the
detection geometry. Furthermore, it is generally observed
that resonant capture largely exceeds direct capture in

the vicinity of resonances with keV total widths for
proton-capture reactions on light nuclei. Under the as-
sumption of a dominating resonant capture, which is also
supported by the theoretical calculations referred to
above [5-9], one can analyze our experimental data in
terms of a Breit-Wigner resonance with the above-
mentioned energy and total width I, and deduce from
them its partial y width I,. The eA'ective stopping power
of ' N nuclei in polyethylene, which is needed for these
calculations [2], has been deduced from a separate mea-
surement of the stopping power of ' N ions at the same
incident energy per nucleon; the latter experiment also
showed that this stopping power is approximately con-
stant in the 5.8-8.2-MeV energy range (Bragg peak), in

agreement with the tables of NorthcliAe and Schilling
[16]. The result obtained in such a way is I,=3.8(1.2)
eV. The 30% experimental uncertainty results from the
quadratic combination of the various contributions men-
tioned above, plus a 10% uncertainty on the target thick-
ness.

Our result for I, is compared in Table I with the
theoretical predictions [5-9] and with indirect determina-
tions [10-12]. It allows us to discriminate between the
various models proposed so far, and shows us that the
closest theoretical value is the one of Ref. [9]. It also

TABLE I. Partial y width I, of the 0.545-MeV resonance in
the ' 'N (p, y) 0 reaction, deduced from the results of the
present paper, predicted by theoretical calculations [5-9], and
determined by indirect methods [10-12]. The data of Ref. [12]
include the ratio cr„Pr„, between the production cross sections
for the ground state and first excited level of ' 0 in the
4N(p, n) ' 0 reaction at F(' N) =175 MeV, which is still to be

determined.

resolves the discrepancies between the diA'erent indirect
measurements in view of its improved experimental un-
certainty. The calculated cross section of Ref. [9], the
sum of resonant and nonresonant contributions, averaged
over the energy range covered by the present experiment
with a constant ' N eAective stopping power, amounts to
98 pb, in agreement with our data.

Investigations of the most important astrophysical
consequences of our result have been carried out, whose
conclusions will be published elsewhere [17]. They deal
with the following topics: the determination of the stellar
conditions, temperatures, and densities under which the
cold and hot CNO cycles can develop; the study of the
mechanism responsible for the explosion of novae where
the ' N(p, y) ' 0 reaction is expected to play a crucial
role, and in particular the calculation of the "C/' C
abundance ratio in the nova ejecta; and the limits to the
nucleosynthesis of elements heavier than iron by neutron
capture in stellar environments where the necessary neu-
trons are expected to be produced by the ' C(a, n) ' 0 re-
action [18], for example, in situations where hydrogen
can be ingested by a helium-burning layer in red giants.

The results described in the present paper open a new
era in nuclear astrophysics which was called for in 1984
by Fowler [1]: the direct measurement of the cross sec-
tions for radiative capture reactions involving short-half-
life radioactive elements using radioactive ion beams.
The Louvain-la-Neuve RIB facility [13] allows the pro-
duction of such beams with the required energies, intensi-
ties, and purities. Nuclear reactions of this type other
than ' N(p, y) ' 0, which are of considerable astrophysi-
cal interest and which involve, for example, the radioac-
tive nuclei ' 'C, ' 0, and ' Ne, are thereby accessible to
such investigations, and will accordingly be studied in the
near future.
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