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Resonances in Na above the proton threshold have been studied by scattering radioactive Ne

beams off thick polyethylene targets. The isobaric F+p scatering was also examined. The analysis

of the data under different theoretical approaches is discussed. The energy, total width, spin, and

parity of two resonances in Na were assigned unambiguously. The results are compared to those

obtained by indirect methods.

PACS number(s): 25.70.Bc, 27.30.+t, 95.30.Cq, 24.30.Gd

I. INTRODUCTION

The time scale of nuclear burning in hot astrophys-
ical sites can be of the order of a few seconds or less.
As a consequence, nuclear reactions involving short-lived
radioactive nuclei becoxne important, in particular radia-
tive proton capture in the hot CNO cycle and in the rp
process [1,2]. Complex networks of exotic reactions with
unstable nuclei contribute to the production of stellar
energy and to the nucleosynthesis of heavier elements.
Some key reactions can be identified in these networks.

An important step, in the transition &om the cold to
the hot CNO cycles, is the radiative proton capture re-
action xsN(p, p)x40, which competes with the P+ decay
xsN(P+)xsC [Tx~q(x N)= 9.96 min]. The capture reac-
tion xsN(p, p)x40 is dominated by a single resonance in
x40 (E' = 5.15 MeV; J = 1,T = 1); its energy, total,
and p widths have been measured recently in Louvain-
la-Neuve; the experimental methods and the results have
been described in detail elsewhere [3—6]. Other measure-
ments, direct or indirect, of this reaction have been per-
formed and are reported in Ref. [2].

Another important step, in the transition &om the
hot CNO cycle to the rp process, is the xsNe(p, p) Na
reaction [Tx~2( Ne) = 17.2 s]. In some environ-
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ments it is a key process for the nucleosynthesis
of heavier elements beyond oxygen. The sequence
xsO(a, p)xsNe(p, p) Na(p, p) xMg can lead to a break-
out froxn the hot CNO cycle [1]and may serve as a trigger
for the rp process [2]. The required stellar temperatures
are T 5 x 10 K, as found, e.g. , in nova explosions.
The radiative capture into Na is most likely dominated

by a resonance at E, 450 keV, whose spin and par-
ity as well as total and p widths are unknown; the res-
onance energy is approximately known from 2oNe(p, n)
and 2 Ne(sHe, t) studies [7—9]. However, the total and

p widths of this resonance could be very small; current
estimates range &om 10 to 10 eV for the total width

[7,10], and from 10 s to 10 x eV for the p width [7,11].
Should the lower values be correct, then other resonances
at slightly higher excitation energies could also be impor-
tant. More recently, the P+ decay of oMg has been used
to obtain spectroscopic information on the Na levels of
interest [12].

At Louvain-la-Neuve we are directing our eKorts to-
ward a measurement of the resonance parameters for the
xsNe(p, p)2oNa reaction, i.e., of the energy, total, and p
widths, spin and parity of all relevant resonances. On-

line (resonant scattering) and off-line (P+ decay and P+-
delayed n decay of 2oNa) techniques are being used for
this purpose. We report here oa measurexnents of reso-
nant scattering using Ne beams [13,14], aiming at states
between 650 and 1000 keV above the Ne+p threshold.

In this investigation one obtains information about dif-
ferent Na configurations, as well as on the uncertainties
introduced by models into the analysis. As the technique
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we use provides the cross sections with a high accuracy,
we can determine the model dependence of the resonance
parameters. To this end we parameterize the theoreti-
cal cross sections [15] with three well-known techniques:
an extended Breit-Wigner (BW) forxnula, the R-matrix
method [16], and the K-matrix method [17]. Possible
differences between the three approaches provide infor-
mation on the theoretical uncertainty attached to the fit.

The experiments are described in Sec. II, their results
are reported in Sec. III, and the latter are discussed in
Sec. IV.

II. EXPERIMENT

A. Experimental technique

The Ne and F isobaric beams were provided by the
Louvain-la-Neuve facility [13,18]. Intensities up to 10
particles per second (pps) on target were achieved for the
radioactive beam. The incident energies were Tb = 19.2
and 20.5 MeV for both beams. The polyethylene targets
with thicknesses of 200—600 pg/cm2 were self-supporting
foils.

In the reverse kinematics technique used here, the pro-
tons recoil into the forward hemisphere in the laboratory
(lab) [backward hemisphere in the center of mass (c.m)].
Two types of charged-particle detectors were used to reg-
ister the elastically scattered beam particles and the re-
coil C and protons from the polyethylene target. The
first detectors were passivated ion-implanted planar Si
diodes (PIPS) of = 120 pm thickness, located at dis-

crete lab angles 8I g
——0, 16.3', 27, 32', 37', with an

opening angle 48 0.5 . For the one located at 0, the
incident beam was stopped in a 3 mg/cm2 Al foil, and the
positrons produced by the stopped Ne were de6ected by
a 300 G magnetic field acting over a 30 cm length; the
resulting recoil proton spectra at 0' were not seriously
degraded by the energy loss straggling of the protons in
the Al stopper. Conventional electronics and ADCs were

used in conjunction with these PIPS detectors. The sec-
ond type of detector was a large area double-sided X-Y
microstrip detector [19]. This detector array was cov-
ered by a retractable 3 mg/cm2 Al foil which stopped the
scattered and recoiling heavy ions. Data were obtained
in a continuous angular region (7' & H~~g & 14'). A

good energy resolution, comparable to the one obtainable
with a small Si diode, was achieved by using integrated
electronics, developed jointly by the University of Ed-
inburgh and the Rutherford Appleton Laboratory [20].
The preamplifier-amplifier channels were fed into octal
Silena 4 x 10 channel ADCs; timing signals were derived
&om an ECL trigger. Some spectra were taken without
the Al stopper foil and the elastically scattered heavy
ions and recoil C were rejected by the time-of-Qight
technique. An overall time resolution of 4 ns was sufB-
cient for a clean separation of the protons and the heavy
ions; timing signals were derived &om the cyclotron RF
and the detectors.

The energy calibration of the detectors was not obvi-
ous: the energy scale was calibrated 6rst with a 3-line

o. source (2s9Pu, 24iAm, 244Cm) and a precision pulser
(at the low energy end) in an on-line mode. The lin-

earity was checked off-line with the pulser between 500
and 9000 keV; a fifth order polynomial was required to
Bt the integral alinearity. The resulting proton energy
calibration was believed to be better than +3 keV. The
first results for i9Ne+p presented in Ref. [21] used this
calibration. After analyzing the data obtained during the
same experiment with an isobaric F beam, it has been
realized that there were serious discrepancies when well-

known resonances in i9F(p, p), i@F(p,p'p), and i F(p, n)
were also used for calibration purposes [22]. It appeared
that an o,-particle source cannot be used to calibrate in

energy the proton spectrum with high precision. The re-
sponse of a silicon detector to a particles and protons is
nonlinear in energy [23]. The energy necessary to create
an electron-hole pair in silicon depends on the particle
energy and atomic number. A substantial energy defect
is found for n particles as compared to protons of similar

energy. Using 5.5 MeV n particles and a precision pulser,
the calibrated proton spectrum in the laboratory &arne
is 70 keV too low in energy for E~, &

„-3 MeV with
respect to the calibration using well-known resonances
in the isobaric beam F+p scattering. In the follow-

ing we rely entirely on the isobaric F beam for energy
calibration. The F+p resonances at E, = 637, 801,
829, and 888 keV served as calibration standard. The
use of an isobaric beam yields a very precise and sim-

ple procedure: isobaric beams can be selected very easily
through slight adjustment to a single trimcoil, leaving all
the other experimental parameters unchanged. In fact,
an isobaric stable beam is always used to set up the ra-
dioactive beam. Taking into account all experimental
errors other than statistical, the absolute error in the en-

ergy scale is about +6 keV in the laboratory &arne. This
amounts to about k2 keV in the c.m. system.

B. Data analysis

In the reverse kinematics, the heavy ion loses a con-
siderable fraction of its initial energy in the thick [CH2]„
targets used in the present experiment; about 3 of its
energy loss is due to the carbon content of the target.
Protons recoiling into the forward hemisphere (lab frame)
provide a precise probe of the excitation function through
the thick target [5]. Their low energy loss (about 2 orders
of magnitude less than that of the heavy ions) means that
this information is not seriously distorted by straggling.
The energy spread of the incident beam results in a local
uncertainty regarding the precise locus of the scattering
process inside the target. However, as pointed out pre-
viously [4,5,14], this does not affect the precision of the
measurement very much. Although polyethylene targets
suffer a steady decrease in hydrogen content, there was

no sign of a nonuniform loss versus target thickness at
the low beam intensities used (( 10 pps), which should
have lead to distortions in energy spectra taken in suc-
cessive runs at a given angle. The stability of the beam
energy versus time was also checked by the stability of
the upper edge of the proton spectra in successive runs.
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E, = (2+1) Tg,

4A

A+1 2

4A= E, ~ cos 8)~b)A+1 (2)

where A is the mass number of the beam.
The transformation of the scattering angle and of the

dG
dQ

(mb/sr)
350

250

150 dG
dQ
(mb/sr)

It should be stressed also that (i) the calibration proce-
dure using only the resonant energies of the F+p system
makes the present results completely independent of the
absolute value of the beam energy (both the sF and the
isNe beams) and (ii) any containination of the isNe beam
by F can be monitored by the presence of o; particles
from the strong isF(p, a)isO reaction, which are easily
located in the two-dimensional spectra; such contamina-
tion was not observed. The transformation of the raw
spectra into the c.m. excitation functions is given by the
Jacobian and is straightforward. Figure 1 shows c.m. ex-
citation functions for Ne+p and F+p resulting from
a direct transformation of the raw spectra. In reverse
kinematics, the following expressions are valid between
the c.m. energy E, , the energy of the incident beam
Tg and the measured energy T„of the protons recoiling
at a laboratory angle 8~ b.

difFerential cross section to the c.m. kame is given by

8, =m —28) b,

do 6(0
(E, , 8, ) = (Ei b, 8i b)/4 cos8i b. (4)

The proton spectra are in fact deformed slightly by
two experimental efFects which had been neglected in a
preliminary stage of the analysis [21]; (i) the opening
angle (68) of the detectors introduces an uncertainty of
the laboratory energy (b,T„) which, from (2), is given by

AT„= 2T„ tan 8 48;

III. RESULTS

(ii) the straggling of the protons in the target and in
the aluminum foil stopping the heavy ions in the mea-
surements with the O' PIPS detector and with the X-Y
detector has to be taken into account.

Instead of performing a difBcult deconvolution of the
raw data it was preferred to convolute the calculations
(described in the next section) with a Gaussian distri-
bution; the full width at half maximum (b, ) of this
Gaussian, which incorporates the above-mentioned ef-
fects, was determined by two methods: (i) 6 was cal-
culated using Eq. (5) and the Bohr formula for strag-
gling and (ii) a fit was made of the isF(p, p) data with
the BW formalism (see next section) convoluted with a
Gaussian distribution, the resonance energies and widths
being fixed and taken from the literature [22] while b was
the only free parameter (Fig. 1). Both methods were in
good agreement. Typical values of 4 at 900 keV are 8
keV for the O' PIPS spectrum, 8.5 keV for the 10 spec-
trum of the X-Y detector (straggling contributing most
in both cases), and 16 keV for the 37' PIPS spectrum
(the b,T„c tornib tiuoisnthe most important). It should
be noted that resonance energies are quite insensitive to
the introduction of this Gaussian distribution; the en-
ergy calibration of the Ne+p spectra &om the QF+p
spectra as described in Sec. IIA thus remains valid.

200

100

400 600 800
E (keV)

I

1000

FIG. 1. Proton energy spectra at 0', from the F+p (top)
and the Ne+p (bottom) scattering. The F+p spectrum
fitted with a BW formula (dashed curve) has been used in
the determination of the energy calibration and of the width
A of the Gaussian distribution taking into account the ex-
perimental effects that distort the proton spectra; the arrow
marks the 829 keV level which is discussed in Sec. IV.

The difFerential scattering cross sections have been fit-
ted in the 106 —180' c.m. angular range and the 700-
1000 keV c.m. energy range (the isNe+p threshold is
at 2199+7 keV [22] in 2 Na), using three different meth-
ods: the extended BW, the R-matrix, and the K-matrix
formalisms.

Results obtained &om fitting the data with the BW
formalism are presented first. In this formalism, widths
are allowed to vary with energy and the hard-sphere
contribution is introduced. Cross sections are calcu-
lated as described in Ref. [15], the main contributions
arising &om three terms: Coulomb, resonant, and the
Coulomb-resonant interference; the terms involving the
hard-sphere contribution are much smaller. It was as-
s»~ed, and also verified in the experimental spectra, that
inelastic scattering was negligible. The penetrabilities
were calculated, as in the R-matrix method, for a chan-
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nel radius R = 4.5 fm (this point will be discussed later
on), by means of the regular and irregular Coulomb wave
functions. In Fig. 1, which presents a Ne+p spectrum
taken at 0, the two prominent structures seen around
E, 800 and 900 keV are broad resonances. The dif-
ference between the maximum and minimum cross sec-
tions around the resonance energy reBects the statistical
weight factor u = (2J+1)/(2I+1)(2i+1) (J, I, andi are
the spins of the resonance, target, and projectile, respec-
tively). A good fit to the data over the whole angular
range was obtained with an angular momentum L = 0 for
both resonances, and u =

4 and 4, respectively, indicat-
ing J values of 1+ and 0+, respectively. The former J
value could be reached by an / = 0 + 2 mixing in prin-
ciple; adding an l = 2 component did not improve the
fit. Figure 2 presents BW fits of the energy distributions
at several angles. In order to estimate the importance of
the experimental effects introduced in Sec. IIB, pure BW
calculations (6 = 0) and convoluted ones are compared
in Fig. 3.

The R-matrix and K-matrix formalisms are detailed
elsewhere [16,17]. Let us just recall here their main dif-
ferences and their relation with the BW approximation.
As long as the R-matrix parametrization is restricted to
a single pole and the Thomas approximation is assumed
(that the shift factor is a linear function of energy), there
is no difference between this method and the extended

BW formula. Note that the so-called "observed" width,
and not the better known "formal" R-matrix width I'~,
must be employed. The only difference with the BW for-
mula comes &om a nonlinearity in the energy dependence
of the shift factor. The R matrix allows an introduction
of further poles, either physical or simulating a back-
ground. Therefore, it offers the possibility of improving
the description of off-resonance cross sections. In the
limited energy range considered here, such refinements
do not appear to be necessary.

The most striking feature of the K-matrix formalism
is that is does not require the choice, or fit, of a channel
radius. Also, no resonance shift appears in the single pole
approximation. There is no distinction between formal
and observed widths. With a single pole, the K-matrix
expression is equivalent to a BW approximation, but with
a different energy dependence of the widths, which would
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FIG. 2. Proton spectra at lab angles 0, 16.3, and 32'
from PIPS detectors (left side) and 7', 10, 13' from the
X-Y detector (right side), fitted with the BW formalism (solid
curves). Fit with the K- or R-matrix formalism cauld not be
distinguished from the BW curves.

FIG. 3. Proton spectra, compared with BW, K, or R
formalism (curves cannot be distinguished), without (thick
curve) and with (thin curve) convolution with the experimen-
tal effects mentioned in Sec. II B:7 spectrum measured with
the X-Y' detector (top) and 27' spectrum obtained with a
PIPS detector (bottom).
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TABLE I. Resonance energies (E„) and widths (I') of the
Na resonances in the c.m. system; E„and I' are affected

by a +2 keV uncertainty; p and g are, respectively, R-matrix
and K-matrix reduced widths amplitudes; F~ is the R-matrix
formal width.

0+

Formalism
BW
R
K

BW
R
K

g
(keV)
797
797
797
887
887
887

p or g
(MeV'~ )

0.92
15.6

1.00
15.8

r
(keV)
19.8
19.8
19.8
35.9
35.9
35.4

F» = 28.8 keV (R = 4.5 fm).
F» = 55.2 keV (R = 4.5 fm).

correspond in the R matrix to a channel radius equal to
zero. The absence of a channel radius also means that
there is no obvious prescription about the treatment of
nonresonant partial waves. In the R-matrix and BW ap-
proaches, a hard-sphere amplitude corresponding to the
selected channel radius describes the nonresonant waves.
In the K-matrix parametrization we choose the nuclear
amplitude of these waves to be zero.

Fits with the R and K matrix are not shown, as they
are not distinguishable from each other and from the
Breit-Wigner fits. The y2 relative differences are in fact
less than 0.5%. The results obtained with the three
parametrization techniques are summarized in Table I.
R-matrix and BW results depend slightly on the channel
radius R: the yz value improved by about 5% when de-
creasing R from 6 to 4.5 fm, while the I' values changed
by at most 0.5 keV; resonance energies on the other hand
were not afFected. Selecting the PIPS data or the X-Y
detector data in the fit, we would obtain widths having a
mean difference of 1.4 keV with the value of Table I, but
again very stable excitation energies. In summary, the
uncertainty on the resonance energies is estixnated to k2
keV, coming entirely from the calibration (see Sec. II A),
while resonance widths are affected by a k2 keV global
uncertainty, from the different causes reported above.

being proportional to I' and I' ~, respectively. An arti-
ficial decrease of the width of the 1+ level was simulated
in the Ne+p spectra; Fig. 4 shows the simulated spec-
tra incorporating the convolution with the experimental
effects, for different widths. As a matter of fact, a very
narrow state (( 0.5 keV) would appear only if it had a
non-negligible inelastic width that would give protons of
low energy, below the elastic proton pattern dominated
by the Couloxnb scattering. Another estimate of the limit
to the small widths can be obtained when considering the
~sF+p spectrum (Fig. 1) in which the 829 keV resonance
(located with the arrow) has a 5 keV total width and a
1 keV partial elastic width.

The positron decay of 2oMg (J = 0+), followed by
proton emission, is a very selective process: 1+ levels
of Na are indeed strongly favored. All experixnents
[12] agree on the presence of a 1+ level at 807 6 10
keV above the Ne+p threshold, in excellent agreement
with the present result. On the other hand, the data ob-
tained &om charge-exchange reactions, i.e., Ne(p, n) or

Ne(sHe, t) [7—9], in the 600—900 keV range, are reported
in Fig. 5. No clear J assignxnent has been extracted
from those measurements.

The most recent charge-exchange measurement [9] has
been able to deduce upper limits to the widths of the
2oNa excited states, by subtracting quadratically the res-
olution of their apparatus from the observed width of the
peaks. Upper limits of 6, 10, and 16 keV were obtained
for the three levels reported in Fig. 5, respectively. If the
upper two levels are identified as the two levels measured
in this work, then a serious discrepancy is observed con-
cerning the width F. Finally it should be mentioned that
shell model calculations based on a comparison with the
mirror 2oF nucleus [7,11) lead to a 1+ state of 19.3 or
10 keV width and a 0+ state of 29.5 or 21 keV width in
the energy range scanned in the present work; no other

clQ'-

dQ
(mblsr)

350

IV. DISCUSSION

Let us first of all discuss Table I: as expected for sin-

gle pole approximations, the three parametrizations give
almost identical results. In the R matrix, the y2 value
can be slightly improved by adding a background term
in the J = 0+ partial wave, but this ixnprovement is not
very significant. The y2 value of the K matrix is not as
good as the other two, this small difference (0.5'%%up) being
attributed to the different treatment of the nonresonant
waves. The 1+ and 0+ resonances correspond to 26 and
31'%%uo of the Wigner limit, respectively.

Before comparing our results with previous experi-
ments, a word of caution is needed: very narrow states
would not appear in our spectra, the resonant ampli-
tude and the Coulomb-resonance interference amplitude

150

700 750 800 850
E (keV)

900

FIG. 4. Proton spectrum at 0' and calculation (thick solid
line) yielding the parameters reported in Table I, among
which I'(1+) = 19.8 keV; other curves are calculated by de-
creasing F(1+) to 5 keV (thin dots), 1 keV (thin solid line),
and 0.5 keV (thick dots).
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I I

Re f .12 This work

tion energy in Na, and their spin and parity have been
unambiguously determined; the excitation energy and
width of these levels have been deduced with high pre-
cision from fits using the BW, R-matrix, and K-matrix
formalisms. Excellent agreement between the three cal-
culations was obtained; however the narrow energy range
considered in the present work could be partly responsi-
ble for that. The importance of experimental efFects like
the straggling of the recoil protons and the opening angle
of the detectors has been emphasized.

The present results have to be complemented by other
measurements, e.g. , the gamma widths of the 1+ and
0+ levels and of low-lying levels, before significant astro-
physical conclusions about the transition &om the hot
CNO cycle to the rp process can be deduced. Those
measurements have in fact been performed recently in
Louvain-la-Neuve, the data being presently analyzed.

The present method of extracting global information
on unbound excited levels in a one-step measurement us-

ing the reverse kinematics and detecting recoil light par-
ticles &om a thick target has been used already [4] in

the N+p case, where the resonance energy and width
of an excited level in 0 had been determined. While
the width (around 30 keV) was in agreement with the
accepted value [24], the resonance energy was off by 20
keV &om the accepted value, deduced at that time &om
transfer or charge-exchange reactions. However, a recent
measurement of the i2C(sHe, n) i40 reaction [25] has con-
firmed the resonance energy of [4].

FlG. 5. Level energies (in keV above the Ne+p thresh-
old) obtained from different measurements: charge-exchange
reactions on zsNe [7—9], p decay of Mg [12], and present
work.

states are predicted to have widths sufficiently large to
be observed in the resonant scattering.

V. CONCLUSION

The energy region between 650 and 1000 keV above
the Ne+p threshold has been scanned in a single step.
Two broad levels have been put in evidence, at; 797 and
887 keV above threshold, or 2.996 and 3.086 MeV excita-
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