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The *Na(p,po), (p,p1), (P,o), and (p,a;) differential cross sections were measured in the energy
range E,=1.08-4.15 MeV with an overall resolution of 400 eV full width at half maximum. Res-
onance parameters were obtained for 94 levels with a multilevel, multichannel R-matrix code; pa-
rameters include resonance energy, total angular momentum, proton and alpha partial widths, and
channel spin and orbital angular momentum mixing ratios. The observed proton and alpha reso-
nance widths provide an upper limit for '2C + !2C reaction rates for an energy region where there

are no direct measurements.

I. INTRODUCTION

A series of high resolution proton resonance measure-
ments on odd-mass targets in the 2s-1d shell is in pro-
gress at the Triangle Universities Nuclear Laboratory
(TUNL). Due to experimental and analysis difficulties
there was little spectroscopic information from proton-
induced reactions for such targets prior to the present
series of measurements. The analysis of these data is
much more difficult than analysis of data on zero-spin
targets; complications include channel spin and orbital
angular momentum mixing, several strongly contributing
particle channels, and many levels with a wide range of
widths. The even N and Z compound systems formed
(**Mg, 2Si, 328) are well studied by a variety of other re-
actions, while for the compound systems with odd N and
Z (%A1, 3°P, **Cl) there is little available data except
from proton transfer reactions. Spectroscopic informa-
tion on these nuclei is of interest for many reasons. For
example, the T =1 particle-hole (f;,,d 5,5 ) states in 2%Si
were observed as resonances in the ?’Al (p,p) reaction,
including the 6~ stretched state.! A search is underway
for states with @y decays and large / mixing in the pro-
ton channel. The large / mixing would increase the sen-
sitivity of tests of time reversal invariance through de-
tailed balance measurements of (p,a) and (a, p) reactions
through the same nuclear resonance. Other reaction
cross sections are of particular astrophysical interest.
Reactions connecting sd shell nuclei are of importance in
the energy generation and element production during the
carbon, oxygen and silicon burning stages of stellar evo-
lution. In addition to the published results'~* on 2°Si,
27Al, and Mg, we plan measurements on >'P, %3S, 3°Cl,
and *’K. The present paper reports results for 2*Na.

In the present experiment the *Na (p,py), (pP,p1)s
(p,ap), and (p,a;) channels were measured from
E,=1.08 to 4.15 MeV. The experimental status was
summarized by Endt and Van der Leun® in 1978. There
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has been little new information since that compilation; in
fact most of the relevant results are in their earlier com-
pilations.®7 An investigation by Baumann et al.® locat-
ed 36 resonances in the energy range E,=0.58-1.50
MeV. Luukko et al.® measured 16 (p, a;) angular dis-
tributions in the range E,=0.59-1.81 MeV and deter-
mined energies and spin assignments, as well as channel
spin and orbital angular momentum mixing ratios.
Meyer et al.'® determined the energies and strengths of
25 resonances in the (p,y), (p,p1¥) and (p,a;y) channels.
The only relevant alpha particle measurement is by
Fifield er al.:'"'? a study of the (a,ay) and (a,a,y) re-
actions on *°Ne determined spins and decay widths for
54 natural parity states in the excitation energy range
11.86 to 14.33 MeV in **Mg. This region corresponds to
proton bombarding energies of E,=0.17-2.75 MeV.

The measurement of proton-induced reactions up to 4
MeV on *Na should add significantly to the available
spectroscopic information. This excitation region in
22Mg corresponds to an energy range for '?C+ !*C fusion
which has not been studied. With the proton and alpha
resonance partial widths, one can determine an upper
limit for the '*C+'2C reaction cross section needed for
astrophysical reaction rates.

In Sec. II the experimental procedure is described
briefly. The resonance analysis is discussed in Sec. III
and the data are presented in Sec. IV. In Sec. V the res-
onance parameters are compared with previous work
and the spectroscopic results discussed. The astrophysi-
cal implications are considered in Sec. VI and the results
are summarized in Sec. VII.

II. PROCEDURE

The experiment was performed with an upgraded
model KN Van de Graaff accelerator and associated
high resolution system.!3~!> All of the data was mea-
sured twice. The first experiment was performed with
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five Si surface barrier detectors at laboratory angles of
90°, 108°, 135° 150° and 165°. In the second experiment
transmission detectors were used to distinguish the a;
group from protons; the detectors cleanly separated the
proton and alpha peaks for beam energies above 2.3
MeV. The final data were obtained with four surface
barrier detectors at 90°, 125°, 145°, and 165° and three
transmission detectors at 105°, 120°, and 150°. Solid an-
gles of the surface barrier detectors were adjusted such
that the Rutherford scattering count rate was approxi-
mately the same for all detectors.

Targets consisted of 1-3 ug/cm? of Na. The vacuum
evaporation was performed with sodium trititanate
(Na,Ti;07) in an open tantalum boat. Very little titani-
um was observed on the targets. The sodium was eva-
porated onto gold coated ( ~1 ug/cm?) carbon foils (~5
pg/cm?). In practice the gold was essential to the
preparation of thicker and more stable targets. Typical
beam currents were 2 pA, with the integrated beam
current adjusted to provide 1-2 % counting statistics.

Our method!* for obtaining good beam energy resolu-
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tion uses a control (HH*) beam to generate a signal to
correct for time-dependent energy fluctuations, while the
H™* beam is used to perform the experiment. The HH*
beam is bent through an electrostatic analyzer, and a
correction signal is generated to keep the HH* beam
fixed in position (and therefore in energy). This signal is
suitably amplified and applied to the target. The target
potential changes with time to correct for energy fluc-
tuations. In practice targetry effects are very important,
and the overall energy resolution function is determined
empirically by fitting resonance data. The beam energy
is increased automatically,’® with the voltage on the
plates of the electrostatic analyzer changed by a preset
amount. Data were taken in energy steps of 100 eV on
narrow resonances (sometimes 50 eV) and 400 eV away
from resonances.

The spectra were monitored on line and recorded for
later analysis. The heart of the data acquisition system
is a VAX 11/750 computer, which utilizes the XSYS
operating system.'® The charged particle spectra were
analyzed to obtain the yields from the 2*Na

TABLE I. Allowed channels for resonances in >*Mg. The final state spins and parities are %* (po),
%* (p1), 07 (), and 27 (a;). An asterisk indicates the decay is forbidden.

Po p1 (o7} o3}
J7 ! s ! s I s l s
0+ 2 2 2 2 0 0 2 2
0— 1 1 3 3 % * * *
1+ 0 1 2 2 * * 2 2
2 1 2 3
2 2
1— 1 1 1 2 1 0 1 2
1 2 3 2 3 2
3 2 3 3
2+ 0 2 0 2 2 0 0 2
2 1 2 2 2 2
2 2 2 3
2— 1 1 1 2 * * 1 2
1 2 1 3 3 2
3 1 3 2
3 2 3 3
3+ 2 1 0 3 * * 2 2
2 2 2 2
2 3
3— 1 2 1 2 3 0 1 2
1 1 3 3 2
3 2 3 2
3 3
44 2 2 2 2 4 0 2 2
2 3
4 3 1 1 3 * * 3 2
3 2 3 2
3 3
5— 3 2 3 2 5 0 3 2
3 3
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(P»Po)s (P,P1)s (Pro), and (p,a;) reactions and the '*’Au
(p,po) reaction. Absolute energy calibration was per-
formed with “secondary standard” elastic scattering res-
onances which have been measured relative to the “pri-
mary standard” neutron thresholds for ’Li(p,n) and
BC(p,n) at E,=1.8806 and E,=3.2357 MeV."”

III. RESONANCE ANALYSIS

The experimental excitation functions were fit with
the multilevel, multichannel R-matrix program MULTIS6,
which is based on the formalism of Lane and Thomas.'®
A best visual fit is obtained by varying the angular
momentum, resonance energy, parity, and magnitudes
and signs of allowed reduced width amplitudes. All de-
cay channels are fit simultaneously. A description of the
fitting procedure for nonzero spin targets is given by
Nelson et al.' Here the analysis procedure is briefly

summarized.
For *Na up to E,~4 MeV the significant particle de-

cay channels are pg, p;, @g, and a;. The spins and pari-
ties of the final states are >*Na (ground state; J"=3/2"%),
PNa (E,=0.440 MeV; J"=3%), Ne (ground state;
J™=07"), and *®Ne (E;=1.633 MeV; J"=2%). The Q
value for the »*Na (p,a,) reaction is +2.377 MeV.

The allowed channels for resonances formed by pro-
tons on *’Na are listed in Table I. The channel spin is
the sum of the intrinsic spins of the ejectile and the re-
sidual nucleus. Elastic scattering / values are limited to
4 or less by penetrability considerations; no / =4 proton
strength was observed. The / values for alpha decay are
limited to / <5. Note that for proton elastic and inelas-
tic scattering both channel spin (s) mixing and orbital
angular momentum (/) mixing are allowed in general.
The a, data are extremely important in determining res-

J

onance spins (only natural parity states decay through
the ay channel) and entrance channel mixing ratios.

The channel spin mixing ratios are defined for the nth
proton decay channel as

gn: zrp",s>l/rpn ’
!

where s, is the higher channel spin and T, is the total

proton width in the nth decay channel. The /-mixing ra-
tios are defined as

172
tanl/}ns == Fpn,s,1+2/rpn’s,1) 2.

A similar /-mixing ratio can be defined for the a; chan-
nel. The range of £ is from O to 1, and the range of ¢ is
from —90° to +90°.

Due to very small penetrabilities for higher / values, /
mixing is not observed at lower energies. At higher en-
ergies / mixing is observed, but the lower / values dom-
inate (on the average) by the ratio of the / and [/ +2
penetrabilities. The /-mixing ratios were determined
only for proton elastic scattering. In contrast, channel
spin mixing is not dominated by kinematic effects; s-
mixing ratios were determined (for elastic scattering)
over the entire energy range. The mixing ratios for in-
elastic scattering are difficult to determine with the
present data. More detailed (p,p’) angular distributions
should assist in selecting among possible solutions for
the exit channel mixing. Extensive catalogs of the
dependence of resonance shapes and a, angular distribu-
tions on s mixing and / mixing were generated to aid in
the fitting procedure.

The (p,ay) reaction angular distributions may be used
to determine the entrance channel mixing ratios. The
normalized Legendre coefficients for J7=17,27%, and 3~
resonances are

(17) a2:——(1—§)+%§cosz¢v2+%gsinzdzz—%\/ag‘sin(hﬁz)cos(¢>l—¢3);
(2%) a;=3(1—§)— B &sin’P,—(2)2£5in(2¢,) cos(dg—,) ,

ay=—2(1—£)+ 2&sin’, ;

(37) a;=(1—§&)+ £ cos’P,+ 2 & sin?h, — ()21 —£) sin(2¢,) cos(d; —&3) ,
ay=(1—§)— LE&sin*yh, —2(2) %€ sin(2¢,) cos(d, — ¢3) ,

ag=1BEsin*yY,— B(1-£) .

The subscript # =0 has been suppressed. Since / mixing
can occur only for s =2 for these cases (see Table I),
only 1, appears. The ¢’s are energy dependent phase
shifts, including both Coulomb and hard sphere phases.

In the final fit the contributions from all resonances
and all channels were included. Reduced widths in
channel ¢ are defined by y2=TI,/2P., where the
Coulomb penetrability is calculated from the Coulomb
wave function evaluated at a channel radius
R.=1.25(1+ A4"'?) fm.

IV. RESULTS

Experimental data were obtained up to E,=4.15
MeV. Above E,=3.5 MeV there are many large over-
lapping resonances, and reliable parameters could not be
extracted for all resonances. A complete analysis is
presented only for the region E,=1.08-3.50 MeV. The
resonance parameters listed are the best choice consider-
ing data from both experimental runs and at all detector
angles.



The (p,py) data are shown at 165° in Figs. 1-3. The
(p,p;) data are also shown up to 2.7 MeV (Figs. 1 and 2).
Above 2.7 MeV the p; group was obscured by the car-
bon elastic scattering group. The a; channel was weaker
at lower energies and was not resolved from the proton
groups between E =1.6 and 2.3 MeV because of
characteristics of the transmission detector employed.
The (p,a;) data are therefore available only above 2.3
MeV (Figs. 2 and 3). The (p,a,) data were obtained
throughout the entire energy region.

Due to difficulty in obtaining uniform targets, the
quality of these data is not as high as that we obtained
on the neighboring nuclei Al and #Si. In addition, the
analysis was extremely difficult due to the presence of
many very large resonances. These two effects led to
poorer large scale agreement between the R-matrix fit
and the data than we obtained for other nuclei. In al-
most all cases the resonances parameters (E,, J, , r,,
I',) are still well determined, but the uncertainties in the
mixing parameters are larger than in previous analyses.
A major concern is the possibility of systematic error.
Analysis of data at several angles and independent tests
for target stability indicate no significant target
deterioration. Fits to the p, data below 1.2 MeV at all
angles are systematically low. This suggests problems
with target uniformity, which are accentuated by the
rapid changes in the beam optics at low energies. At
higher energies, for example near E,=1.6 and 2.8 MeV,
the apparent disagreement is probably due to very broad
resonances. We prefer not to list such resonances
without stronger evidence. Even with these limitations
the data provide a large amount of new information:
they are the only data for proton-induced resonance re-
actions above E,=1.8 MeV.

The resonance parameters are listed in Table II for the
Po» P1» @g, and a channels. Typical uncertainties in the
widths are £10% for laboratory widths less than a few
keV, and +20% for large widths (tens of keV). In Table

(p.py) 165°

(mb/sr)
S
(=]
1
]

-

(p.a,) 165°

1.0 1.2 1.4 1.6 1.8 2.0
Ep (Mev)
FIG. 1. *Nal(p,po), (p,p:), and (p,a,) differential cross sec-

tions in the energy range E,=1.08—-2.00 MeV. The solid line
is the R-matrix fit to the data.
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FIG. 2. **Nal(p,po), (p,p1), (p,ato), and (p,a;) differential cross
sections in the energy range E,=2.00-2.70 MeV. The solid
line is the R-matrix fit to the data

II the laboratory widths are listed for a given / and s; the
I-mixing and s-mixing ratios can be easily obtained from
this information. In some cases the resonance shapes
are very insensitive to the s-mixing ratio. Uncertainties
in s-mixing ratios are strongly ! and J dependent:
~25% for I =1 and ~50% for ! =2. Typical uncer-
tainties for /-mixing angles are ~ 10°.

Previous experimental work on these reactions was
summarized in Sec. I. There is excellent agreement for
the 16 resonances below E,=1.51 MeV with J7 assign-
ments given in the 1973 compilation by Endt and Van
der Leun.® The widths agree qualitatively. The present
resonance energies average about 4 keV lower for 20
corresponding resonances in the compilation with widths

*Na

(p.pa) 165°

<
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FIG. 3. *Na(p,po), (p,ao), and (p,a,) differential cross sec-

tions in the energy range E,=2.70-3.50 MeV. The (p,p,) re-
action in this energy range is obscured by proton scattering
from carbon. The solid line is the R-matrix fit to the data.
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TABLE II. Resonance parameters for >*Na(p,X). One asterisk means that both values of channel spin give equivalent fits. Two
asterisks denote decay observed, but not analyzed.

(p,po) (p,p1)* (p,ao) (p,ay)

E, J7 I s re y? / s re y? / re y? re y?
(MeV) (keV) (keV) (keV)  (keV) (keV) (keV) (keV) (keV)
1.087 2% 0 2 +0.9 11 2 +7.0 34

2 2 —0.08 39
1.128 2t 0 2 0.8 13 2 30 130
1.1591 2t 0 2 +0.3 2.7 2 —0.8 2 0.3 34
1.1691 1+ 0 1 2.8 24
1.2055 2- 1 1 0.008 0.2 0.3 140
1 2 0.012 0.32
(-~ 1 * 0.04 1.0 0.3 140
(3)~ 1 2 0.015 0.40 0.3 140
1.2073 0-) 11 1 28
1.2507 1t 0 1 0.035 0.24 0.29 58
2)* 0 2 0.015 0.10 0.25 50
1.2781 3 1 2 6 120 1 % 0.1 21 3 0.55 5.6
1.3136 1t 0 1 2.0 11 2 * 0.05 100
2 1 0.4 69
1.322 2- 1 1 1.0 35 1 * 0.15 23 0.075 18
1 2 2.0 18
1.3907 2" 0 2 0.4 150
2 1 1.4 38
1.407¢ * %
1.4540 3~ 1 2 5.5 65 1 2 0.3 21 3 0.25 1.8
302 —0.25 500 1 3 0.3 21
1.498¢ (0+,2%,37) * %
1.549°  (0*,2%,37) * ¥ * %
1.567¢ (17) * %
1.633 1~ 1 1 4.5 33 1 40 41
1.639 (n~ 0 1 2.25 5.9 2 * 2.4 750
2 1 1.35 75.5
1.709 1~ 1 1 1.0 6.3 1 —25 23
1 2 0.2 1.3
1.7186 3+ 2 1 0.43 19 0 3 0.3 2
2 2 0.43 19
1.7277 2- 1 1 5.75 34 1 2 1.5 32
1 2 1.75 10
1.7951 (n+ 2 1 3.5 130 2 * 0.8 120
) 2 1 2.5 91 0 * 2 11
1.7978 3 1 2 +3.5 18 3 +0.75 2.9
3 2 +0.2 110
1.8312 27 2 * 0.1 0.7 0 2 2 10
(nH+ 2 * 0.5 3.3 2 3 3 14
1.925 (n+ 2 * 1.5 40 2 3 5.5 21
)" 2 * 0.9 24 2 3 5 19
(3)* 2 % 0.5 13 2 3 45 17
1.969 (1~ 1 * 3 11 1 30 21
2.0182 1+ 0 1 1.0 1.5
2 2 0.5 11
(n+ 0 1 1.0 1.5
2 1 0.4 8.6
2.066 2+ 0 2 +4.0 5.6 2 +0.3 0.32
2 1 +0.8 5.8
2.072 2 1 1 8 26 1 2 15 120
2.113 2+ 0 2 0.2 0.26 2 2.2 2.3
2 * 0.2 3.5
2.1594 5~ 3002 0.7 150 5 1.2 48
2.202 1- 1 2 24 54 (% %)
2.212 2 1 1 10 26 1 * 10 57
1 2 10 26
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TABLE I1. (Continued).
(p,po) (p,p1)? (p,ao) (p,a;)

E, JT I s re y? ! re y? 1 re y? ! re y?
(MeV) (keV) (keV) (keV)  (keV) (keV) (keV) (keV) (keV)
2.274 1+ 2 2 2.0 26
2.279 2% 0 2 35 39 2 13 11
2.327 (n+ 2 * 2 24 2 1 30 2 2 28

2)* 0 2 0.8 0.85 2 1 30 2 2 28
2 * 2.0 24
(3)* 2 * 0.5 5.9 2 1 31 2 2 28
2.340 1t 0 1 6 6.3 2 2 27
2.3785 (n+ 2 * 0.23 2.5 2 2.3 28
)+ 2 * 0.14 1.5 2 1.4 17
(3)* 2 * 0.10 1.1 2 1.0 12
2.419 3- 1 2 +1.0 2 3 —7.5 11.5
2.426 2+ 0 2 2 2 2 5 120
2.481 1+ 2 2 2.5 23 2 3 64
2.5021 2t 2 2 +0.25 2.2 2 +1.0 0.7
2.51 1~ 1 2 +10 18 1 —20 9
2.519 3= 1 2 9 16 1 9 30 3 4.5 130
2.5514 2% 0 2 +0.2 0.18 2 +1 0.7 0 1.0 2.4
2 2 +0.7 5.8
2.578 2- 1 1 3.0 5.2 3 1 230 3 3.0 75
1 2 3.0 5.2
2.655 4+ 2 2 1.5 8.5 2 1 15 4 2.0 7.6 2 2.0 13
2.676 1+ 0 1 20 16 2 3 44
2.75 1+ 0 1 60 46 2 7 35
2.7575 3+ 2 * 1.25 7.7 2 2.0 10
2.7967 4+ 2 2 0.7 4.1 4 15 4.7
2.82 (O 1 1 30 41
2.837 1t 0 1 13 9.5
)" 0 2 13 9.5
2.848 27) 1 2 20 27
2.8510 (4%) 2 2 +0.19 1.0 4 5 15
4 2 —0.11 99
2.8520 3~ 3 2 1.0 51 3 0.5 0.5
2.896 2% 0 2 5 35 2 5 2.6
29178 07) 1 1 1.0 1.3
(1) 3 * 0.2 9
2.9505 Jnat * %
2.9626 2+ 0 2 2 1.4 0 2 2 0 2 2.4
2.988 Ok 2 2 25 115
3.049¢ (1+ 0 1 35 2.3 2 3.5 10
3.049¢ (17) 1 2 2 2.3 1 6 9
3.10 (17) 1 * 10 11 1 100 32 1 10 14
4%) 2 2 2 8 4 60 130 1 10 14
3.1104 3~ 1 2 +04 0.44 3 3 2.5
3 2 —0.1 34
3.122 1t 0 1 25 16 2 8 20
3.144 2)* 2 1 11 42 2 5 12
2 2 7 28
3.154 1- 1 2 2 2 1 12 3.8
3.23 1- 1 1 5 5 1 50 15
3.24 (n+ 2 1 10 35 2 40 85
3.272 o)+ 2 2 17 58 2 1 2
3.297 2+ 0 2 3 1.7 2 0.5 0.2 0 4.0 3.1
3.345 1- 1 1 0.6 0.6 1 4 1.2
1 2 0.4 0.4
3.3558 1+ 0 1 5 2.8 2 1.0 1.8
3.428° Jrat * %
3.46 (1~ 11 5 4.4 1 75 21
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TABLE I1. (Continued).

(p,po) (p,p)? (p,ao) (p,a;)

E, J7 I s re y? I s re y? ! re y? ! re y?
(MeV) (keV) (keV) (keV)  (keV) (keV) (keV) (keV) (keV)
3.47 1+ 0 1 8 4.3 2 25 38

(27) 1 * 4 34 1 15 13
3.543 1" 2 2 8 21 2 —1.5 0.5 0 3 2
3.595 1t 0 1 15 7.6 2 7 9
3.65 27 0 1 30 15 2 5 1.7 0 5 2
3.706°¢ * %
3.723 (1*) 22 25 56 2 3 15 9
3.75¢ * ¥
3.775¢ Jnat * %
3.86°
3.88° Jna * % * %
3.90 1+ 2 1 50 100 2 10 9
3.97 @) 2 % 1.6 3 4 60 48

4 1 0.4 54

3.98¢ (1") 2 % +10 18 2 +40 35
4.012¢ * %
4.05¢ Jn * %
4.07¢ * %
4.083¢ Jna * ¥
4.124¢ Jna * %

2One possible solution is given. For the p; channel, the values for / and s are uncertain.

®Signs associated with the partial widths indicate the sign of the reduced width amplitude. Only the relative signs between the p,
and ao amplitudes are determined; the p, amplitude with the lowest / value is assumed positive.

“Only total widths are determined for the resonances at E,=1.407 MeV (3.7%+0.5 keV), E,=1.498 MeV (6=*1 keV), E,=1.549
MeV (5.5£0.5 keV), E,=1.567 MeV (3%1 keV), E,=4.328 MeV (10£3 keV), E, =3.706 MeV (<10 keV), E,=3.75 MeV (38+9
keV), E,=3.775 MeV (1243 keV), E,=3.86 MeV (8030 keV), E,=3.88 MeV (2216 keV), E,;=4.012 MeV (<10 keV),
E,=4.05MeV ( <10 keV), E, =4.07 MeV (65+15 keV), E,=4.083 MeV (2415 keV), and E,=4.124 MeV (25+10 keV).

dA superimposed pair of resonances.

‘Relative signs of amplitudes with respect to the resonance at E, =3.90 MeV are important.

less than 10 keV in the energy range E,=1.09-2.07
MeV. The origin of this discrepancy is not known. The
only major disagreement is for the I'r ~30 keV d-wave
resonance at E,=1.136 MeV. The present 2" assign-
ment is supported by the (p,a;) experiment of Luukko
et al.’ There is some confusion concerning the
resonance(s) at E,=1.278 MeV. Endt and Van der
Leun® list this structure as possibly a close doublet.
Meyer et al.'® report a state with spin (27,3, 4*) at
E,=1.2828 MeV with I'r=6.3£1.0 keV. Luukko
et al.’ report a 5.2 keV 1~ state at 1.284 MeV. We ob-
serve no evidence for two resonances in the py and aq
channels. The a; angular distribution is consistent with
a single 37 state. Four resonances with significant
P1» Qo and a; widths were not observed in the elastic ex-
citation function. Total widths and possible spin assign-
ments are given as the observed channels permit. The
overall agreement with previous measurements is good.

In the region above E,=3.5 MeV there is relatively
little structure in the proton channel and the cross sec-
tion is much smaller. The p; group is completely
engulfed by protons elastically scattered from '>C. The
observed resonances have large widths. Although it is
impossible to fit all of these higher energy data, parame-
ters were obtained for some of the resonances, primarily
from (p,a) data.

V. SPECTROSCOPIC RESULTS

A. Analog states

The T =1 analog states in **Mg may be compared
with parent states in 2*Na. The location of analog states
can be estimated with an average Coulomb energy shift.
However, large shifts from this simple prediction occur
for the lowest states in the 2*Na-**Mg system. We there-
fore determined an empirical relation from a least-
squares fit to 11 analogs previously identified by Schmal-
brock et al.?® up to E,(*Mg)=12.05 MeV and
E.(**Na)=2.562 MeV. The empirical relation is

E,=1.010E, (**Na)—2.294 MeV ,

where E, is the laboratory proton bombarding energy.
No information was available on analog states in the en-
ergy region of the present experiment; there was also no
relevant (*He,d) data. Spectroscopic factors have been
determined?! with the (d,p) reaction for states up to
E,=4.19 MeV in **Na. Only four of these states in
24Na are expected to have corresponding proton widths
large enough to be observed in the present experiment.
The available transfer data restrict identification of ana-
log states to the region below E, =2 MeV.

The method of identifying analog states and calculat-



ing spectroscopic factors is described by Bilpuch et al.!'*
Proton single particle widths are estimated following the
Zaidi and Darmodjo?? and Harney*® method discussed in
detail by Harney and Wiedenmiiller.?* In order to com-
pare directly with the neutron transfer results, potential
well parameters are those used in the (d,p) analysis®! and
the 27+ 1 factor is included in S,.

(i) The analog of the E, =3.372 MeV 2~ state in **Na
is expected near E,=1.12 MeV with '~ keV. No 2~
resonance was observed in this region.
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(ii) The analog of the 3.413 MeV 1+ state in **Na is
expected near E,=1.16 MeV with I';~15 keV. There
isa 1" resonance at E,=1.1691 MeV, but the / =0 pro-
ton spectroscopic factor S, is only 0.04 compared with
S4p=0.28 (I =0) and 0.31 (/ =2). We do not observe
the / =2 component because of the very low / =2 pene-
trability.

(iii) The analog of the E,=3.589 MeV 1% state in
*Na is expected near E,=1.34 MeV with T',~2 keV.
The 1% resonance at E;=1.3136 MeV has
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FIG. 4. Level positions and proton reduced widths and sum of reduced widths for 1* and 2* / =0 resonances and 1~ and 2~
1 =1 resonances in >*Mg. The strengths are summed over channel spin.
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§,(1 =0)=0.02 and Sp(l=2)=0.08, as compared with
Sgp(l =0)=0.04 and S4,(/ =2)=0.12.

(iv) The analog of the E,=4.187 MeV 2% state in
2%Na is expected near E,=1.95 MeV. No /=0 width
was observed for this resonance; the proton spectroscop-
ic factor S,(/ =2)=0.05, as compared with S4,(/ =2)
=0.04. The 2% assignment for this resonance is tenta-
tive.

B. Proton strengths

The proton reduced widths are shown in Figs. 4 and 5
for 17, 2% (I=0);1", 27, 37 (I=1); 11, 2% (I=2);
and 37 (/ =3) states. For other /, J, and 7 combina-
tions there are too few states to plot. Since there is no
information concerning analogs above E,=2 MeV (no
corresponding data on parent states in 2*Na), some
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of the large anomalies (for example, the 1 resonance
near 2.7 MeV, the 1~ resonance near 2.2 MeV) may be
analog states. However, there are also individual states
with extremely large reduced widths which are known to
be nonanalog states (for example the 3~ state near 1.3
MeV, the 1T state near 1.8 MeV and the 27 state near
1.4 MeV).

Although the cumulative strengths are large, all are
less than half the single particle value except for 37
1 =3, for which there is a very large error. The cumula-
tive strengths are listed in Table III. The proton single
particle value was obtained with the code HANS;?* the
values obtained ( ~700 keV) are close to the single parti-
cle estimate yg_p_ =#*/2ma?. For states which are
formed by two channels, we used 27/3_[,‘ for the sum rule.

C. Alpha strengths

The a strengths are plotted in Fig. 6 for 17, 2%, and
3~ states. The absolute strengths are smaller than the
proton strengths, but the fractions of the sum rule are
larger. We adopt the simplest assumption, that the “sin-
gle particle” value for alphas is yz.p.(a):)/z_,,_ (p)/4.
The cumulative strengths are listed for the ag and «; de-
cays in Table IV. There is only one decay channel un-
less there is / mixing, which occurs in practice only for
a,; decay from 27 states. For the sum in this case we
used twice yg‘p.(a). The fraction of the sum rule is
greater than 50% for a, decay from 1~ and 27 states
and a; decay from 1%, 27, 2%, and 3~ states. Thus
many of the states at this excitation energy in **Mg have
a very large component of an alpha particle coupled to
the ground or first excited state of 2°Ne.

D. Strength functions

The strength function is defined as (y2?)/{D ). Spin-
spin forces in the nucleon-nucleus interaction will result
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TABLE III. Proton elastic strengths in **Mg.
Sy’ Sum rule

J7 / Levels Channels® (keV) (%)

1+ 0 11 1 140 18

2+ 0 13 1 90 12

0~ 1 3 1 70 10

1- 1 10 2 140 10

2- 1 7 2 210 15

3~ 1 6 1 230 30

0* 2 3 1 190 25

1" 2 8 2 390 26

2+ 2 9 2 340 23

3+ 2 3 2 47 3

4+ 2 4 1 22 3

1~ 3 1

2 3 2

3- 3 4 2 650 44

4- 3 2

5” 3 1 1 150 20

3Strengths are summed over channel spin. The sum rule limit
is the number of channels times the single particle value.

in differences in values for the s-wave strength functions
for states of different J. Many neutron s-wave strength
functions have been extracted,”” and in some cases con-
siderable differences were observed for different J values.
However, the results are inconclusive due to small sam-
ple size (12-50 levels) and to possible intermediate
structure effects. Nelson et al.! measured a strength
function ratio S; _ /Sy, =3.5 for 33 s-wave proton reso-
nances on >’Al. The sample size is similarly restricted in
the present experiment (13 1+ and 12 2% levels); the ra-
tio of 1* and 2% strengths is S;_/S;, =0.61%0.35.
The error quoted is the fractional statistical error, which
is (2/n)"? for a Porter-Thomas distribution.
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FIG. 6. Level positions and alpha reduced widths and sum of reduced widths for 1, 2%, and 3~ resonances in **Mg.
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TABLE IV. Alpha strengths in >*Mg.

Sy’ Sum rule

JT ! Levels (keV) (%)

o
1~ 1 8 140 64
2+ 2 10 190 89
3~ 3 6 25 12

a)
1~ 1 1 8.8 4
1% 2 8 250 (100)?
2~ 1 3 230 (100)*
2+ 0+42° 6 100 50
3- 1 1 130 63
3+ 2 2 22 11
4+ 2 1 12 6

2Values in excess of the sum rule are obtained with the single
particle estimate #*/(2ma?).

®There is only one exit channel unless / is mixed, which occurs
only for the @, decay from the 2% states. Due to the small
penetrability, only / =0, 1, and 2 are considered for a,; decay.

Coupling of the nucleon and target spins also may
cause dependence of the p-wave strength functions on to-
tal angular momentum. Identification of p-wave reso-
nances in proton elastic scattering is much easier than
for neutron scattering, due to the strong dependence of
the characteristic resonance shapes on [ value. The
/=0, 1, and 2 proton strength functions on zero-spin
targets have been measured in the mass range
A ~40-60 at TUNL (Ref. 14) and Tokyo.?® Unfor-
tunately a quadratic ambiguity occurs when transform-
ing from the channel spin to the angular momentum rep-
resentation. Thus at present the p-wave strength func-
tion data are of no practical value in the search for
spin-spin effects.

VI. ASTROPHYSICAL IMPLICATIONS

Understanding nucleosynthesis and energy generation
in stars requires a knowledge of many nuclear reactions.
In particular, the reactions proceeding through mass
24— 2Na(p,a), Nela,y) and '*C('*C,X)—provide in-
formation on the energy generation during the carbon
burning phase of stellar evolution and on the initial
abundances for later stages of steller evolution.?’

Calculation of thermonuclear reaction rates involves
the overlap of reaction cross sections with the thermal
distribution of velocities,

N, (ov)=N, fow g(EWwé(v, T)dv cm?®/s/mole ,

where
1/2

m _ 2
e MU T4y 2y

2wkT

o, T)=

The velocity distribution is taken as Maxwellian at a
temperature 7Ty in billions of degrees Kelvin
(kT =T4/11.6 MeV). Due to the interplay between the
reaction cross section and the high energy tail of the

Maxwell-Boltzmann distribution, a rather narrow energy
range contributes most of the yield. This region is cen-
tered at an energy E,=0.122(Z2Z34)"3T3/° MeV, with
a total width AE,=0.237(Z3Z3%A4)"/°T3/° MeV.2® Al-
though the average reaction cross section is governed by
the Coulomb barrier penetration probability, the loca-
tion and spin of resonances can have dramatic effects on
the reaction rate. For the compound nuclear processes,
the cross section may be taken as a sum of Breit-Wigner
contributions.

2J +1 Coulin
(20 +1)02I +1) (Eq—E)*+(T'p/2)?

U(E)=77'7122

The reaction rates of Fowler et al.?® for *Na(p,a)
were determined from resonances lying below E, =1
MeV. At temperatures 74¢>1, resonances above
E,=1.0 MeV are the major contributors to the reaction
rates. The rates obtained including resonances from the
present experiment are compared with the empirical for-
mula of Fowler in Fig. 7. Resonance parameters for
E,<1.01 MeV are taken from Kuperus et al.*
(E, <500 keV) and Luukko et al.® (0.592 <E,<1.01
MeV). The present calculation indicates an approximate
factor of 10 increase over the empirical formula in the
range 1< T49<6. For temperatures Ty >5, resonances
lying above E,=4 MeV (above our measurements) be-
come important contributors to the integral.

In the C+C fusion reaction, the region of interest is
E..=10-51 MeV for 0.3<T7Ty<3.0. Almquist
et al.,’' Patterson et al.,’? Mazarakis and Stephens,33
Becker,>* and Kettner et al.?® have measured the C(C,p)
and C(C,a) cross sections down to 2.45 MeV. Measure-
ments of heavy-ion cross sections at low energy are ex-
tremely difficult. Often it is sufficient to extrapolate the
measured cross sections into the region of interest, but in
the case of '2C+ !2C, large intermediate structure effects
are observed. For carbon energies E.,, =0.0-1.7 MeV
the corresponding energy range for protons on *’Na is

*Na(p,a,) Reaction Rate

Ratio R

N,< o v> (present)

Ratio R =
Nu,<o v> (Fo 75)

6 1 1 1 !
o 2 4 6 8 10

T, (10° K)

FIG. 7. Temperature dependence of the reaction rate for
BNa(p,ap). The present results are compared with those cal-
culated by Fowler. See text for discussion.
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FIG. 8. Carbon-carbon fusion cross sections. The dashed
and dotted curves are extrapolations using parameters from
Reeves and Fowler, respectively. The solid line is the upper
limit for the fusion cross section proceeding through the com-
pound nuclear resonances measured in the **Na(p,p) and
Nal(p,a) reactions. See text for discussion.

E,=2.3-4.1 MeV. In the present experiment several
resonances are observed in this energy range with large
proton and alpha widths.

Although a calculation of the C+ C reaction cross sec-
tion requires a knowledge of the carbon partial widths,
an upper limit for the fusion cross section (proceeding
through these compound nuclear states) may be obtained
by assuming the maximum value allowed for the carbon
partial width—a single particle unit [‘yf.p.(CC)z 105
keV]. Because the entrance channel consists of identical
spin zero bosons, only even, natural parity resonances
contribute to the cross section. Resonances lying at
E,=2.50 MeV and above were included in the calcula-
tion. The carbon channel radius was 5.5 fm. The exit
channel widths were taken as the observed total widths.
The calculated fusion cross section is shown in Fig. 8.
Resonances appear in the rapidly changing cross section,
which is dominated by the Coulomb penetrability. The
extrapolations of Reeves’® and Fowler et al.?’ are shown
for comparison. The parametrization by Reeves is a fit
to the E.,, =5 MeV region of the C+C cross section
with the standard form
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o(B)= S e 2 et

with S(E) set to a constant, S,. The parametrization by
Fowler uses an analytic expression for S (E),

S(E)=Sy(e 7E" 4 pePE)~!

to fit the available data over a wider range of energies.
A different choice for S, leads to the difference in the
extrapolations of Reeves and Fowler. Of course the
spectroscopic factors for decay into the carbon-carbon
channel are less than the assumed value of one. Average
spectroscopic factors on the order of 1073-10~2 pro-
duce approximate agreement with the extrapolations of
Reeves and Fowler et al. It appears that simple com-
pound nucleus processes may be sufficient to explain the
extrapolated '>C->C fusion cross sections near E_ , ~1
MeV.

VII. SUMMARY

The 3Na (p,py), (p-P1)> (p,2g), and (p,a;) reactions
have been measured in the energy range E,=1.08-4.15
MeV with an overall resolution of 400 eV. Resonance
parameters were extracted for 94 levels with a multilev-
el, multichannel R-matrix code. Two analog states were
identified. The ratio of /=0 strength functions was
measured to be S;_;/S;_,=0.611+0.35. Very strong ay
and a; decay was observed for many resonances. The
astrophysical reaction rates for the **Na(p,a,) reaction
were obtained for the region above Ty=1. The *C-12C
reaction rates are not well known in the energy region
E.., =1.0-2.5 MeV. Proton and alpha widths for even
natural parity states were used to provide an upper limit
for the '2C-'?C fusion cross section through simple com-
pound nucleus processes in a region where there are
currently no direct measurements. It would be extreme-
ly interesting to look directly at '>C+'>C reactions in
this energy region.
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