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Resonant Rate for O(u, y) Ne
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We have measured angular distributions for the "N(6Li, d)'9F and '60(6Li, d)20Ne reactions at a
bombarding energy of 22 MeV. Distorted-wave Born-approximation and Hauser-Feshbach calculations
were used to analyze the data. Ratios of n-transfer cross sections in ' F and Ne, plus isospin
invariance, provide ratios of n widths in Ne and ONe. Using Ne (1,5.788 MeV) as a standard
allows the determination of the n-particle width for the state at 4.033 MeV in ' Ne, and hence
the resonant rate for the "O(n, y)'9Ne reaction, contributed from the 504 keV, —, resonance, at
temperatures of astrophysical interest.

PACS numbers: 25.70.Hi, 25.55. —e, 27.20.+n, 97.10.CV

One of the two links between the hot CNO (HCNO)
cycles and the rapid proton capture process (rp process)
is through the 'sO(n, y)'9Ne reaction [1]. At tempera-
tures T ) 3.5 X 10 K (T ) 0.35), the '50(n, y)'9Ne
(p, y) Na(P+t) Ne reaction sequence causes a break-
out. Once the ONe has been formed, no sequence of
reactions can recycle the seed nuclei back to CNO cycles,
and proton-rich nuclei above mass 20 are the dominant
product of explosive hydrogen burning. Furthermore, the
rate of energy production is not limited by the slow P
decay of '50, and the energy generated by the resulting
sequence of rp process and P decays can exceed the
energy generation rate of the HCNO cycle by a factor of
100 [2]. Although many theoretical and experimental ef-
forts have been made [2—5], the rate for the ' O(n, y)'9Ne
reaction remains unclear because of the unknown reso-
nant reaction rate from the potentially most important

3+
state at E, = 504 keV (E, = 4.033 MeV, J =

2 ).
This state is located in the Gamow peak for most of the
temperatures of astrophysical interest (T9 ——0.1 to 2) and
has low-angular-momentum transfer (L = 1) in n cap-
ture. Direct measurement of the cross section is difficult
because the penetration factor is reduced dramatically by
the Coulomb barrier at this energy.

The resonant reaction rate can be expressed as

1
Nq(o v) = 1.5396 X 10

11.605E,
X ( y)„exp( — ' ' t:m s 'mole

T9

for an isolated narrow resonant state, where A is the
reduced mass number of the resonant system and E, is the
resonant energy in MeV. In the above formula, (coy)„ is
called resonant strength and is in eV. The expression for
(to y)„ is

21+1
(21, + 1)(21, + 1) I,„,

for the (n, y) reaction, where 1 is the total angular
momentum of a resonance and I], I2 are the spins of the
fragment nuclei. The quantities I y, I, and I „, are the

y-ray, the u, and the total widths. Thus the resonant cross
section can be calculated by using the resonant energy,
spins, the total width, the y-ray width, and the n width of
a state. The resonant energy and the spin of the 504 keV
resonance have been measured accurately [6], and the y-
ray width can be estimated from the width of its mirror
state in '9F (located at E = 3.908 MeV). Actually, at an

energy of 504 keV, the total width is dominated by the
y-ray width, and the ratio between the n width and the
total width is expected to be about 10 4, which makes
the measurement of the n width very difficult. Because
the y-ray width is much larger than the n width, the
total width is approximately equal to the y-ray width.
Then the resonant strength depends on only the 0 width.
The states at 3.908 MeV in ' F and 4.033 MeV in '9Ne

are mirrors; therefore they should have the same o. -

particle spectroscopic factor. The n width of the ' Ne
state can thus be determined from the o. spectroscopic
factor measured in n transfer leading to the ' F state.
We see below that we can, by using information in both
' F and Ne, actually bypass the spectroscopic factor and
determine the '9Ne n width directly.

Langanke et al. [3] and Magnus et al. [5] adopted an
o. width of 7.2 p, eV in their calculation of the rate for
the 504 keV resonance. This value of the u width was
based on an estimate of its reduced width 0 = 0.06,
from a preliminary analysis of the present '5N( Li, d)
reaction. A more careful analysis of the experimental
data is desirable to obtain a more accurate n width of
the 504 keV resonance for a more reliable rate for the
'~O(n, y)'9Ne reaction (the reaction rate is sensitive to
the n width because of coy —I ). The n width of a
state can be obtained from I = S l,~, where l,~ is
the n single-particle width and S is the o. stripping
spectroscopic factor of the state. The single-particle width
of the 504 keV resonance can be calculated using the code
ABAcUs [7], approximating the n nucleus potential by a
real Woods-Saxon well. Details of this calculation are
given later in the present Letter.

To obtain an experimental spectroscopic factor, we
have measured the 'sN("Li, d)' F and '60(6Li, d) oNe
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reactions at a bombarding energy of 22 MeV. Distorted-
wave Born-approximation (DWBA) and Hauser-Feshbach
(HF) calculations were performed in order to obtain the
alpha spectroscopic factors for all low-lying states. The
contribution from the 504 keV resonance to the rate of
the '50(n, y)'9Ne reaction is calculated using the new
value of its n width.

The experiment was performed with 22 MeV Li
ions from the University of Pennsylvania tandem accel-
erator. Outgoing deuterons were momentum analyzed in
a multiangle spectrograph and detected on 25 p, m NTA
nuclear emulsion plates. The '5N target gas was isotopi-
cally enriched in 'sN (99.5%). The ' 0 experiment used
natural oxygen (99.8% ' 0). The gas cell contained no
entrance window. Outgoing deuterons exited through a
295 p, g/cm Mylar window and the emergent Li beam
through a Ni foil [8]. Deuteron spectra were recorded
in 7.5 angular intervals, beginning at 7.5 and ending at
80.0 for ' N and 135 for '60. Spectra at 7.5 are pre-
sented in Fig. 1 for the regions of interest. The absolute
scale of the cross sections is probably accurate to a few
percent, relative cross sections to better than ~3%.

The'60(6Li, d) angular distributions for the 4.967 MeV,
2 and 5.788 MeV, l states in Ne were measured, for
the purpose of normalizing theoretical cross sections. Fig-
ure 2 displays the angular distributions for these two states.
The 1 state is strongly excited and has a known a -particle
width [6]. It thus serves as an excellent calibrator of the
DWBA calculation, as discussed later. The unnatural par-

ity 2 state is forbidden in simple n transfer, and thus can
be used, with HF calculations, to assess the magnitude of
the compound-nucleus contribution to the cross section.

At a bombarding energy of 22 MeV, analyses of other
(6Li, d) experiments in the mass region of A = 10—20 have
demonstrated that a direct reaction mechanism dominates.
We have assumed the states are populated through a pure
one-step direct reaction mechanism in the DWBA calcu-
lation. In order to test the stability of the calculations, we
have tried several different optical potentials. The PI. opti-
cal potentials of Ref. [9] produced smooth behavior of the
maximum differential cross sections when we varied the
radius parameter (r0 ) and principal quantum number (q)
of the transferred n, for both the'sN( Li, d) and ' 0( Li, d)
reactions. Given the Ne 1 state, whose n width is
known (I = 28 ~ 3 eV) and whose n transfer cross
section is presented herein, the n width of the Ne, 2

3+

state can be determined in an almost parameter-free way
from its mirror n-transfer cross section, also presented
herein. For '60(6Li, d)2"Ne (1 ), we have cr,„~(20) =
NS (20)o.ow(20), while for ' N("Li, d)' F (2 ), the result

is o.„~(19)= 3NS (19)o.ow(19), where S is the n
spectroscopic factor, W is a constant related to the
structure of the incident particle, and a Dw is the
cross section calculated using the code DwUcK4 [10].
Furthermore, in '920Ne, 5 (19) = I (19)/r, ~(19) and
5 (20) = I (20)/r, .~(20), with the single-particle n
widths calculated at the appropriate energies. Thus

r.(19) = —r. (Zo)
3
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Now, the quantities l,,
~ and o-Dw can depend sensitively

on, for example, the radius of the u-particle potential
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FIG. 1. Spectrum of the "N(6Li, d)'9F (upper) and
'60(6Li, d)20Ne (lower) reactions at bombarding energy
of 22 MeV and a laboratory angle of 7.5 . Peaks are labeled
with their excitation energies in MeV [6].
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FIG. 2. Angular distributions of the ("Li, d) reactions, leading
to the states indicated, compared with DWBA, HF, and
empirical curves (see text).

3761



VOLUME 74, NUMBER 19 PH YS ICAL REVIEW LETTERS 8 MAv 1995

well, or the principal quantum number. However, the di-
mensionless ratios in square brackets are nearly indepen-
dent of changes in the parameters —provided the same
value is used for A = 19 and 20. Similarly, the ratios
I,~(A)/o. nw(A) are very insensitive to q and ro, provided
the same values are used in ABACUS and DWUCK. For ex-
ample, a 10% change in the radius parameter causes a
change of only 8.5% in the extracted ' Ne n width.

In this Letter, we present the results for rp = 1.40 fm.
This value gives absolute n spectroscopic factors near
unity (0.90 ~ 0.13) and near the expected 0.20 for 2oNe

(6+, 8.78 MeV) [11,12]. Further details of this procedure
will be presented in a forthcoming article. We have
used both q = 7 and 9 for the total number of quanta
of excitation. The latter is appropriate for (sd)3(fp)
transfer, the former for (lp) (sd)3. The 1 state in 2oNe

is commonly thought to have q = 9, and, in fact, to have
a nearly pure SU(3) configuration (Ap, ) = (90). We have
also computed, with the code ABAcUs [7], the n single-

particle widths for '9Ne (2 ) and2ONe (1 ) with the above
3+

values of ro and q. As mentioned above, the value

q = 9 is almost certainly the one to use for ~ONe (1 ).
Of course, the experimental cross section for

'5N(6Li, d)'9F (3.908 MeV) to be compared with o.Dw

is merely the direct component, and the observed cross
section is small enough that a check for other reaction
mechanisms should be done. The experimental angular
distribution (Fig. 2) of the first 2 state in2ONe at an exci-
tation energy of 4.967 MeV, populated in the '60(6Li, d)
reaction, is observed to be approximately symmetric
about 90, thus indicating that this 2 state is probably
populated via a compound reaction mechanism. The
compound reaction cross section for the 2 state is about
10 mb/sr, which is comparable to those at large angles
for weak states in '9F. Therefore, for (6Li, d) reactions, a
compound reaction mechanism is probably present. The
code sTATIs [13] calculates compound reaction cross sec-
tions by adopting the Hauser-Feshbach method. Because
of the selection rule forbidding one-step direct reaction,
we analyzed the date for this 2 state by assuming a pure
compound reaction mechanism. Shown in Fig. 2 is the
theoretical HF angular distribution in comparison with the
experimental data. A normalization factor of 0.60 ~ 0.04
was obtained from the least-square fit (~ = 1.4). The
HF mechanism makes a negligible contribution to the 1

state. The HF cross sections for "N(6Li, d) have also
been calculated in the same way.

In the right-hand half of Fig. 2, we plot at the top
the measured angular distributions for the 3.908 MeV
state of '9F and the 5.788 MeV state of 2oNe (renor-
malized by a factor of 0.05). In the bottom right
of Fig. 2 we have fitted to the expression o.,„~(19) =
no.,„~(20) + Po.HF(19). Values extracted for n and P
are 0.040 ~ 0.004 and 0.65 ~ 0.06 with ~2 = 1.5 from
the least-square fit. The value of P is reassuringly
close to the value extracted for oNe (2 ), so we can
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FIG. 3. Resonant rates of the "0(a,y) Ne reaction from the
3+

504 keV, 2 resonance using ro = 1.40 fm. The upper solid
curve is for q = 9 and the lower one is for q = 7. The
uncertainties are 15% in both cases. The dashed curve is the
rate used in Refs. [3,5) for the same resonance.

use p = 0.60 in further fitting. Thus we obtained n =
0.041 ~ 0.004. It is this u value that should be used for
the ratio o.„~(19)/a.„~(20) in the equation for I (19).

Values of I for the ' Ne resonance are extracted. Un-
certainties for each of those values contain contributions
of about 10% from the measured direct component of the
cross section, an estimated 4% from the ratios of o.D~,
and 11% from the experimental value of I for2oNe (1 ).
The I are 8.8 +. 1.4 peV for q = 9 and 11.0 ~ 1.7 p, eV
for q = 7. The average is 9.9 ~ 1.5 p, eV. The domi-
nant configuration of '9F (3.91 MeV) [and its mirror '9Ne

(4.033 MeV)] is five-particle two-hole (5p-2h) relative to
a closed '60 core, i.e., (sd)'(Ip) . As such, it can be
reached via q = 7 n transfer from the 2p-3h [(sd) (1 p) ']
configuration impurity in'5N (g.s.). Alternately, the dom-
inant (sd) (Ip) configuration could mix slightly with
(Ip) '[(sd) fp] and hence acquire q = 9 n strength from
the dominant p ' component of ' N (g.s.). The true n
width probably lies between the values extracted for pure
q = 7 and 9 transfer.

The resonant rate for the '~O(n, y) reaction from
the 504 keV resonance has been calculated using the
above u widths obtained for rp = 1.40 fm. Results are
plotted in Fig. 3 (solid curves). A different reaction
rate could be obtained by using different values of
ro . For example, the rate could be 30% larger for
rp = 1.94 fm and 10% lower for rp = 1.25 fm. For
the purpose of comparison, we have also plotted the
rate of Langanke et al. [3] and Magnus et al. [5] in
Fig. 3 (dashed curve). Our rate is 1.22 to 1.53 times
that in Refs. [3,5]. Adopting the resonant reaction rate of
Magnus et al. [5] for '50(a, y)'9Ne from the other states,
the total rate will increase by about 22% to 53% at T9 ~
0.6. Because of the 15% uncertainty, the lower boundary
of the rate for q = 7 is very close to that adopted earlier
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[3,5]. However, we believe that the rate is somewhat
larger than that used before, since the wave function of

3+
the 4.033 MeV, 2 state consists of both q = 7 and 9
components.

A very recent experimental study by Page et at. showed
that the upper limit of the resonant rate for '9Ne(p, y)2ONa

from the 447 keV resonance [14] is only about 25%
of that Brown et al. predicted [15], but still about
3 times that of Smith et al. [16]. Therefore, the re-
action rate for '9Ne(p, y) ONa is much larger than that
for '50(n, y)'9Ne. Assuming hydrogen and helium mass
fractions of XH = 0.77 and XH, = 0.20, the ratio of the
reaction rate for '9Ne(p, y)2oNa to that for '50(n, y)'9Ne,
used in Refs. [3,5], varies from 1064 at T9 = 0.4 to 102 at
T9 = 2.0, indicating that once material is converted into
'9Ne, it will be rapidly passed along to higher masses.
Our new rate for '50(n, y)'9Ne thus will enhance the
rate of the breakout of the HCNO cycle by a factor of
about 1.4 to 1.8. This enhanced rate will also lower the
temperature-density boundary line at which 'sO(a, y ) '9Ne

competes equally with '50 P decay. However, detailed
calculation of the reaction network should be done be-
fore drawing any further conclusion on any significant
change of the breakout of HCNO cycle in astrophysical
sites.
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