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Investigation of structure in >>Al via resonant proton scattering of 2?Mg+ p and the 2*Mg(p, y) 3Al
astrophysical reaction rate
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Proton resonant states in 2> Al have been investigated for the first time by the resonant elastic and inelastic
scattering of 2>Mg+ p with a 2Mg beam at 4.38 MeV/nucleon bombarding a thick (CH,), target. The low-energy
22Mg beam was separated by the CNS radioactive ion beam separator (CRIB). The energy spectra of recoiled

protons were measured at average scattering angles of 6,

~ 4°,17° and 23°. A new state has been observed at

E, = 3.00 MeV with a spin-parity assignment of (3/2%). In addition, resonant inelastic scattering has populated
three more states at excitation energies of 3.14, 3.26, and 3.95 MeV, with proton decay to the first excited state in
22Mg being observed. The new state at 3.95 MeV has been assigned a spin-parity of J™ = (7/2%). The resonant
parameters were determined by an R-matrix analysis of the excitation functions with a SAMMY-M6-BETA code.
The core-excited structure of 2*Al is discussed within a shell-model picture. The stellar reaction rate of the
2ZMg(p, y)** Al reaction has been reevaluated, and the revised total reaction rate is about 40% greater than the

previous result for temperatures beyond 7o = 0.3.
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I. INTRODUCTION

In the field of nuclear physics, the structure of 23 Al is still
largely unknown despite its importance to the physics of exotic
nuclei—it lies four neutrons away from the line of stability.
The excited states in 23 Al have been studied by the **Mg("Li,
8He)?* Al reaction [1,2], the B-delayed proton decay of 23Si
[3,4], and the Coulomb dissociation of Al [5,6]. However,
proton resonant states in 2>Al cannot necessarily be excited
by the ('Li, 8He) reaction because of the different reaction
mechanism, the B-delayed proton-decay study of 23Si is
restricted by the selection rules, and the reported level scheme
and spin-parity assignments in 2>Al are possibly not very
reliable because the final state in >?Mg was not identified. The
Coulomb-dissociation experiment only studied the first and
the second excited states in 23Al. Interestingly, a proton halo
structure with a J™ = 1/2" assignment has been suggested
for the ground state in 23A1 [7,8], while recent studies have
claimed the ground state to have a (normal) spin-parity of
5/2% [9,10]. The recent compilations for A = 23 nuclei can
be found in Refs. [11,12], and it can be seen that several states
have been reported in 23Al, although most of them have no
firm spin-parity assignment. In addition, the proton separation
energy of Al is very small, S, = 0.123 MeV [1]; whereas
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that of Mg is 5.502 MeV [13]. Consequently, Mg can
be considered as a core in 2*Al, and thereby the low-lying
nuclear structure in >*Al can be interpreted as a simple core
plus single-particle coupling picture.

In the field of nuclear astrophysics, the determination of
the 2*Mg(p, y)>Al reaction rate is very useful for reliably
predicting >’Na synthesis in novae. The Ne-Na cycle, one of
the noticeable reaction sequences in Ne novae [14], contains
a reaction sequence of 2°Ne(p, y)?'Na(p, y)**Mg(B8+v)**Na,
and the 2>Mg(p, y)?* Al reaction is one of the escape reactions
from this chain. Great effort has been made to observe
the characteristic **Na (E, =1.275 MeV) activities with
satellite-based y-ray telescopes such as COMPTEL and has
yielded an upper limit [15]. Therefore, improvements both
from theory and experiment aspects are required to address
the observation results. Gomi et al. [6] have concluded that the
main reaction flow favors  decay rather than proton capture
on 2*Mg assuming the temperature and density conditions
given by the nova models [16]. In this work, the rate of the
22Mg(p, y)* Al reaction has been reevaluated by using the
available experimental data.

We explain the experimental setups in Sec. II and the
experimental results and R-matrix analysis in Sec. III. The
model calculations are presented in Sec. IV, and the level
properties are discussed in Sec. V. The astrophysical reaction
rate in the 22Mg(p, y)?* Al reaction is presented in Sec. VI.

II. EXPERIMENT

The experiment was performed using the CNS radioactive
ion beam separator (CRIB) [17,18], installed by the Center

©2007 The American Physical Society
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FIG. 1. Experimental setup for the scattering measurement.

for Nuclear Study (CNS), University of Tokyo, in the RIKEN
Accelerator Research Facility. A primary beam of 2’Ne®* was
accelerated up to 8.11 MeV/nucleon by the cyclotron (K = 70)
[19] with an average intensity of 200 pnA. The primary beam
bombarded a water-cooled *He gas target confined in a small
cylindrical chamber whose entrance and exit windows were
made of two 2.2-um thick Havar foils. The thickness of He
gas was 0.36 mg/cm? at 1-atm pressure. A secondary beam
of 2?Mg was produced via the *He(*°Ne, >Mg)n reaction in
inverse kinematics. In addition, a 2'Na radioactive beam was
produced simultaneously. Both of them were separated and
used in the experiment. The experimental results with the >'Na
beam will be discussed elsewhere [20].

The experimental setup is shown in Fig. 1. The secondary
2Mg!?* particles were separated by the CRIB. At the
momentum dispersive focal plane (F1), an energy degrader of
6-pm thick Mylar foil was installed to remove the background
light ions from the secondary beam. After energy degradation,
a horizontal aperture selected the 2>Mg'>* particles at a mean
energy of 5.93 MeV/nucleon with a momentum spread of
£0.5%.

At the achromatic focal plane (F2), a scattering setup
was installed inside a vacuum chamber (inset of Fig. 1).
The setup consisted of two parallel-plate avalanche counters
(PPACs) [21], a polyethylene (CH,), target of 7.9 mg/cm?,
and three sets of A E-FE silicon telescopes. The PPAC was used
for measuring time and two-dimensional position information
of the particles. The beam profile on the secondary target
was also monitored by the PPACs during the data acquisition.
The beam particles were identified in an event-by-event mode
by using the time of flight (TOF) between two PPACs, and
the TOF between PPACb and the rf signal provided by the
cyclotron. At target position, the average intensity of the Mg
beam was 4.4 x 10° particles/s with a purity of about 3%. The
major contaminant in the radioactive ion (RI) beam was 20Ne
caused by scattering of the primary beam at the inner walls
of the magnets. The >*Mg beam-spot widths (full width at
half maximum, FWHM) were 15 mm horizontally and 11 mm
vertically. The horizontal and vertical angular widths (FWHM)
of the beam were 28 and 33 mrad, respectively. The mean
energy of 22Mg was 4.38 MeV/nucleon with a width (FWHM)
of 0.18 MeV/nucleon on the target.

The 2*Mg particles were fully stopped in the (CH,), target,
thus Si detectors did not face the beam directly. The AE-E
telescopes were placed at three scattering angles for measuring
the recoil products, e.g., p, d, o, and other light particles. To
facilitate the following description, the AE-E telescopes at
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averaged angles of 6, ~ 4°,17°, and 23° are referred to
as SETI1, SET2, and SET3, respectively (see Fig. 1). The
scattering angle in the center-of-mass system can be deduced
by 0..m. = 180° — 26}, in the elastic scattering case. As for
SET1, a double-sided-strip (16 x 16 strips) AE was used for
measuring the two-dimensional position information; while
for AE in SET2 and SET3, only horizontal strips were used.
By using the proton-hit position on the AE detector and the
PPAC position information, the resolution of the scattering
angle was determined to be 1.0°, 1.4°, and 1.3° (FWHM) for
SET1, SET2, and SET3, respectively. The recoiled protons
were clearly identified by AE-E and E,-TOF information.
Here, TOF is the time of flight between PPACb and the
corresponding A E detector. The total proton energy (E,) was
deduced from the energies measured by AE-E telescopes.
The energy calibration for the detector system was performed
using the secondary proton beams separated by CRIB at several
energy points.

Experimental data with a C target (9.3 mg/cm?) was also
acquired in a separate run to evaluate the contributions from
the reactions of 2?Mg with C nuclei. The yield ratio of these
two proton spectra [with (CH3), and C targets] was normalized
by the number of beam particles and by the target thickness
per unit beam energy loss in the corresponding targets.

III. RESULTS

A. Experimental results

For reverse kinematics, the center-of-mass energy E.p, of
the Mg+ p system is related to the energy E, of the recoil
protons detected at a laboratory angle 6, by

Ab + At
4A,cos2 0 O

where A, and A, are the mass numbers of the beam and target
nuclei. This equation is valid only for an elastic scattering case.
Practically, E,, was converted to E ,, by assuming the elastic
scattering kinetics and considering the energy loss of particles
in the target. The energy resolution of E. ;,, was determined by
the resolution of the Si telescope system, the angular resolution
of the scattering angle, the energy width of the secondary beam,
and the particle straggling in the target material. The energy
resolution of the detection system was the main source in all
three SETs. The overall energy resolution (FWHM) of E. ,, in
SET1 was about 20 keV (at 0.5 MeV) to 45 keV (at 3.5 MeV).
While those in SET2 and SET3 were about 20-70 ke'V, because
the larger scattering angle resulted in larger kinetic shifts.
The systematic errors of E. were caused mainly by the
uncertainties of proton energy calibration. In SET1, it was
about £12 keV (at 1.0 MeV) to 20 keV (at 3.5 MeV), and
about £13 to £30keV in SET2 and 15 to 40 keV in SET3.

Figure 2 shows experimental proton spectra for 2?Mg+p
scattering at 6., = 172° (i.e., Oy, = 4° with SET1). All the
spectra were corrected for proton energy loss in exiting the
target. To deduce the energy scale, the kinematics of elastic
scattering of Mg+ p was assumed. The upper histogram
was obtained with the (CH;), target exposed to the beam,
while for the lower one a pure C target was used. Data
in the dead layer region (between AE and E detectors)

Ecm = ey
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FIG. 2. Experimental proton spectrum for Mg+ p elastic scat-
tering at 6., = 172°.

were removed as indicated in the figure. The resonances
seen in Fig. 2 have been fitted using a Lorentzian function,
resulting in the resonance energy determinations shown.
Corresponding excitation energies in >3 Al can be calculated by
E, = E.in. +0.123 (in MeV). Blank ez al. [3] have reported
that certain excited states in >Al decay to the first excited
state in 2?Mg by proton emission. Consequently, the resonant
inelastic scattering contribution also has to be considered. In
the present experiment, both resonant elastic and inelastic
scattering events have been clearly identified. The kinematics
analysis approach used to do this is explained below.

Since the aforementioned spectra were obtained under
the assumption of kinematics describing elastic scattering of
Mg+ p, one expects that the c.m. energies at which true
elastic scattering peaks occur will be constant regardless of
the scattering angle. Conversely, peaks that are in fact due to
inelastic scattering will appear at an energy that depends on
scattering angle. Figure 3 illustrates the power of this technique
and clearly identifies those resonances at 3.14, 3.26, and
3.95 MeV as being due to inelastic scattering, while the elastic
resonance at 3.00 MeV stays within the error bar. The thick

T
* Expt.
30— in)é astic 7
I - - - elastic
[ | | |
@ 20 | | | | _
<) I | | i |
SN
= Y [ [
N R
E.=3.14 E.=3.26 E=3.00 E.=3.95
I \ \
02.0 2.5 3.0 3.5
Ec.m(MeV)

FIG. 3. Scattering center-of-mass energies E., Vs scattering
angle. E.,, is derived under the assumption of elastic scattering
kinematics of Mg+ p. See text for details.
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solid lines indicate the calculated kinematics for the inelastic
case, i.e., decaying into the first excited state (J™ =27,
1.25 MeV) in >*Mg by the emission of a proton, while
the dashed lines indicate the angle independent elastic case.
Furthermore, the magnitude of the kinematic energy shift from
the elastic scattering (the dashed line in Fig. 3) depends on the
excitation energy in the 22Mg nucleus; that is, the higher the
excitation energy, the larger the energy shift. If one measures
precisely the energy shift, the excitation energy of the core
can be determined. As a conclusion, the 3.00 MeV state
decays to the ground state, while the states at 3.14, 3.26, and
3.95 MeV decay predominantly to the 1.25 MeV first excited
state in 2>Mg.

A new level scheme of 2>Al is proposed in Fig. 4. The
uncertainty in the energies is indicated by the number in paren-
theses; it includes both systematic and fitting uncertainties
and is given in keV. The previously observed states are also
shown for comparison. It can be concluded that the 3.00 and
3.95 MeV states are newly observed, and the states at 3.14
and 3.26 MeV could correspond to the broad peak at E, =
3.204 MeV reported before [1].

B. R-matrix analysis

The laboratory differential cross sections (do/d<2) for
Mg+ p scattering at energy E » and angle 6y, are deduced
[22] from the proton spectrum by

do N

—(Ep, Op) = ————,
dQu, 7" ToNgAQ

where N is the number of detected protons, i.e., at energy
interval of £, — E, + AE and scattering angle of 0, which
are measured by a Si telescope covering a solid angle AQy,p.
Iy is the total number of >?Mg beam particles bombarding the
(CH,), target and is considered to be constant in the whole
energy region. The correction of dead time has been made
properly here. N; is the number of H atoms per unit area per
energy bin in the target (dx/d E) [23]. The transformation of
the laboratory differential cross sections to the c.m. frame is
given by

do (E B ) = 1 do
dQem ™™ 40086010 d Qap

Because the main error in cross-section data is statistical, about
15%, and systematic error is estimated to be less than 6%, only
statistical error is taken into account in the present work.

The c.m. differential cross sections have been analyzed by
an R-matrix [24] code SAMMY-M6-BETA [25], which enables
multilevel R-matrix fits to the cross-section data using Bayes’s
equations. The Reich-Moore approximation [26] is used in the
code, i.e., neglecting the level-level interference for the capture
channels and neglecting interference between the aggregate
capture channel and other channels. The R matrix takes
the form of

2

(Ep,bap). ()

YicVice'
Reo =y —0 @
. ; E,-E- ly/\zy
where, the subscripts ¢ and ¢’ represent only particle channels.
The sum over A includes an infinite number of levels (i.e.,
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FIG. 4. New level scheme in 2*Al proposed in this work. The calculated levels together with the previously observed levels [1,5,6] and the

mirror levels [11] are shown for comparison. (Energy in MeV).

resonances); for practical purposes, this number is of course
truncated to a finite value, and the effect of the omitted levels is
approximated either by large distant levels or by a parametrized
R as give in the SAMMY manual. We have neglected the effect
of the omitted levels in the analysis, since it is very difficult, as
we tried, to observe such a small effect in the present statistics
and energy-resolution level. E; is the resonance energy, and the
quantity yfy is called the reduced capture width. The y width
I/ is given in terms of the reduced capture width amplitude (or
y width amplitude) y;, as I/ = 23/%,. The particle width is
defined as I';. = nyc Py, and y)i, is referred to as the reduced
particle width. Here, we assume that the y widths F)’\/ are
negligible compared to the particle widths I, .. The Coulomb
penetrability is given by

kR

RN ©

P, =
where k is the wave number, k = /2 E. .. /i (11 is the reduced
mass). Fy, and G, are the regular and irregular Coulomb
functions, respectively. The channel (or interaction) radius
is given by R = 1. 4(A1/3 l/3) fm [27]; and A;, A, are
the mass numbers of the target and projectile, respectlvely
Actually, the R-matrix fitting result is not very sensitive to the
choice of radius, e.g., the resultant x2/N value is changed by
less than 2% in the 1.2~1.6 fm range. The choice of radius
has minor effect on the rather large uncertainties in both the
excitation energy and the width.

Because the present version of SAMMY can only treat the
differential elastic and inelastic scattering types separately
rather than simultaneously, the interference between elastic
and inelastic resonances is not included in the present work.

1. Elastic scattering
Since spin-parity of the proton is J” = 1/2% and that of
the ground state in 2?Mg is 07, the channel spin is determined
uniquely to be s = 1/2. For the state at £, = 3.00 MeV, only
d-wave fits can reproduce the experimental data well, as shown

in Fig. 5. Therefore, a spin-parity of (5/2%, 3/27) is assigned
to this state. An s-wave fit is also shown for comparison.
But a p-wave assignment is unlikely because of its negative-
peak (dip) shape. The proton partial width is determined to be
', =32+5keV for J* =3/2%, and T, = 17 £ 3 keV for
J™ =5/2%. The excitation energy is determined to be E, =
3.00 £ 0.02 MeV, whose uncertainty includes both systematic
and fitted uncertainties. In addition, it seems that there is a
“resonant shape” at E, around 3.1 MeV, but it cannot be fitted
reasonably by any ¢ values. This might be due to the poor
statistics. The resonant properties have been listed in Table I.

2. Inelastic scattering

The inelastic scattering data were reanalyzed applying the
kinematics appropriate to the inelastic scattering that was
observed. The first excited state in 2>Mg has J* = 2%, and the
channel spin has two values now: s = 5/2 and 3/2. Therefore,
the situation is getting complicated. R-matrix fits have been
attempted with all possible allowed spin-parity combinations
for the states at 3.14 and 3.26 MeV. Here, only those probable

O.4_|||||||||||||||||||||||||_
: Xf/N:1.09 1— J: :3/21 (d-wave) E
T 0.3 X3N=1.25 ij‘_'_';:‘]niS/a(d'Wave) -
S [ X3/N=2.93 Fmmm ST R127 (swave) ]
g C ]
o 02— —
3 B ]
o == b
= ooaE =
‘ - 0, ,=172° ﬁ 0, n.=147° ]
| c.m. m
00'|||||||||||||||||||||||'
2.6 2.8 3.0 2.6 2.8 3.0
Ec.m(MeV)

FIG. 5. R-matrix analyses for 2?Mg+ p elastic scattering at E, =
3.00 MeV.
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TABLE I. Resonant properties determined in this work, together with spectroscopic factors and the proton partial widths calculated by

the shell model. See text for details.

E.(MeV) J” (expt) J7 (calc) F;’ff;,)(keV) F;ﬁl(i,/)(keV) V4 C?Stog.s. C?S to 1% excited state
1ds), 1ds), 1ds), ds ) 2512
3.00 (3/2%) 3/22r p:32(5) 44 2 0.28
p: 5 0 0.005 0.059 0.018

3.14 1/2+,5/2%) 125 pi 2 4

p’: 30(20)* 6 2 0.024 0.324
3.26 (7/2%,5/2%)  5/2F p:2-5 3 2 0.01

p’:30(20)* 10 0 0.010 0.033 0.023
3.95 /24 724 P2 20(10) 4

p':30(20) 18 2 0.002 0.180

*Assuming 5-keV elastic proton width.

results are shown in Fig. 6. The ¢,s values for different
J7 values are listed in Table II. In the present work, the
£, s combination for a given J”7 value is identical. It can
be seen that several combinations of spin-parity assignment
can explain these two structures reasonably because of the
poor counting statistics. Thus, a spin-parity of (7/2, 5/2) is
tentatively assigned to the states at 3.14 and 3.26 MeV. The
excitation energies are determined to be 3.14 £ 0.03 and
3.26 £ 0.03 MeV, respectively.

As for elastic scattering, the amplitude of cross section is
proportional to I',, while for inelastic scattering, the amplitude
of cross section is proportional to I',I",/ 'y [suffixes p
and p’ imply the »*Mg(g.s.)+p (elastic) and **Mg(2])+p
(inelastic) channels, respectively]. In turn, 'y > T'), + Ty
(because I', < I', and I",). Thus one can determine, to a
reasonable accuracy, the elastic and inelastic widths separately.
The decay branches from these two states to the ground state
in 22Mg, which would appear at E.,, = 3.00-3.16 MeV,
were not observed in Fig. 2, and thus their elastic proton
widths may be estimated to be I', <5 keV (the estimated

TABLEII. Combinations of spin-parity assignments for the 3.14-
and 3.26-MeV states and the corresponding x?/N values derived
from the R-matrix analysis. (The ¢, s values listed in parentheses
are for the exit channels, and the ¢, s combinations for one given J™
value are the same.)

Group 3.14-MeV (¢; s) 3.26-MeV (¢; s) x2/N?
1 7/27 (2;3/2) 7/21(2;3/2) 0.94,0.48
2 5/2% (0; 5/2) 5/2%(0; 5/2) 1.04,0.52
3 3/2%(0; 3/2) 3/2%(0; 3/2) 1.26,0.69
4 1/27(2;3/2) 1/27(2;3/2) 1.55,0.99
5 1/27 (15 3/2) 1/27 (15 3/2) 1.55,0.99
6 7/27 (1;5/2) 7/27 (1;5/2) 0.86, 0.44
7 5/27 (15 3/2) 5/27 (1; 3/2) 0.86, 0.44
8 3/27 (15 3/2) 3/27 (15 3/2) 1.73,0.96
ob 7/2% (2;3/2) 7/2% (2;3/2) 0.96, 0.56

10 7/27 (2;3/2) 5/2%(0; 5/2) 0.96, 0.48

11 5/2% (0; 5/2) 7/2% (2;3/2) 1.06, 0.49

*For SET1(0..m. & 172°) and SET2(6. .. & 147°), respectively.
"The elastic and inelastic proton widths are fixed at I',, = 5 keV and
I')y = 30 keV, respectively.

limit of the experiment). If T", is fixed at this value, the
proton inelastic partial widths are fitted to be Iy = 30 & 20
keV. The resulting x2/N values are not very sensitive to I’ I
within the estimated uncertainties. On the other hand, if I',,
is less than 2 keV, R-matrix fits cannot explain the inelastic
cross section. Therefore, these two states are concluded to
have elastic scattering widths of 2<T", <5 keV. As seen in
Fig. 6(b), the fits having I'), =5 keV, I')y = 30 keV, with
J™ =17/2" assignments for both states, are indicated by the
solid line (labeled as No. 9); although not the best fit, it is a
reasonable candidate because of the low statistics.

As for the 3.95 MeV state, the R-matrix fits with J* =
(7/2,5/27) reproduce the experimental data most reasonably
as shown in Fig. 7. An excitation energy of 3.95 £ 0.03 MeV
is determined for this state. The proton partial widths are
determined to be I', =20 & 10 keV and Iy = 30 4= 20 keV,
respectively. The experimental data in the region of 3.9 MeV
were affected by contaminants, and thus the above-discussed
restriction on I", cannot be made for this state. All the resonant
properties for these inelastic scattering states are summarized
in Table I.

IV. MODEL CALCULATIONS

A shell-model calculation for the A =23 nucleus has
been performed with the shell-model code OXBASH [29]. The
calculation was carried out in a large model space (spsdpf)
using an isospin-conserving WBT interaction of Warburton
and Brown [30]. This procedure allows a consistent calculation
for both positive (0iw) and negative (17iw) parity states with
the same interaction within the same model space. All states
below 7.5 MeV with J < 9/2 were included in the calculation.
In addition, for comparison, the positive parity states were also
calculated in an sd model space with a Wildenthal interaction
[31]. The differences in the calculated excitation energies by
the two procedures are less than 10 keV. Additionally, to
calculate the single-particle spectroscopic factors, the states
in the Mg core were also studied within the spsdf model
space and the WBT interaction.

The calculated levels in the A = 23 nucleus are listed in
Table III and displayed in Fig. 4. The calculated energies of
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FIG. 6. R-matrix analyses for 2?Mg*(2] )+ p inelastic scattering at £, = 3.14 and 3.26 MeV.

positive states agree very well with those observed in >*Ne [11].
As for the negative parity states, the discrepancies are very
large. The calculated C2S factors are also in good agreement
with those determined from the (d, p) reaction [32] except for
the 1.823 and 3.836 MeV states (see Table III). As for the
2.517 MeV state in 2*Ne, the compilations [11,33] assigned
it with J™ = (5/2,7/2)*. This assignment was based on the
assumption that the ZF(B7)**Ne branches to 2*Ne excited
states have allowed character (log ft = 5.9 [33]). However,
this assignment is possibly wrong as pointed out in Ref. [11].
According to calculations by the Nilsson model (with Coriolis-

mixing) [34] and the OXBASH shell model, the 2.517 MeV state
is tentatively assigned with J™ = (5/2—9/2)". In addition,
the 3.458 MeV level might have (1/21), from a previous work
[34].

In the present work, the method for calculating proton
partial width has been applied by Schiffer [28] with the result

I, = C*STy, (6)

where I's, denotes the partial width of a single-particle
resonance located at the same energy as the resonance of
interest. This quantity can be computed numerically by solving

TABLEIIIL Properties of excited states in mirror 2*Ne [11] nucleus and those deduced

from shell-model calculations.

Ne Shell-model calculations

E, Jr c?se E, Jr Cc*S
0 5/2+ 022 (¢ =2) 0 5020 034
1.017 12+ 0.70 (£ = 0) 0.991 12F 0.66
1.702 7/2° 1.759 7/2;r

1.823 3/2% <0.02( =2) 1.767 3/2;r 0.08
2.315 5/2% 0.06 (¢ =2) 2.183 5/2;r 0.09
2517 (5/2—9/2)* ¢ 2516 921

3.221 3/2° 030 =1 4.178 3/27 0.28
3.432 3/2% 0.30 (¢ =2) 3.237 3/2;r 0.28
3.458 (1/2,3/2,5/24) 3.494 1/2¢ 0.03
3.831 (3/2—7/2)* 3.605 7/24

3.836 1/2~ 0.11 (=1 2.828 1/2; 0.01
3.843

3.988 3/2%(5/2)" 0.28 (£ =2) 3.778 3/2;r 0.22
4.010

4.270

4.436 (3/2-17/2)* 4.394 7/2;r

4§ factors are from Ref. [32], transferred ¢ indicated in brackets. A 25% intrinsic
uncertainty was ascribed to their DWBA analysis.

(5/2,7/2%) is adopted in Ref. [12].
“See text for details.
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FIG. 7. Same as Fig. 6, but for £, = 3.95 MeV.

the Schrddinger equation for the elastic scattering of protons
by an appropriate diffuse-edge optical-model potential. The
parameters have been adopted from Iliadis’s work [36], i.e.,
values of ro=1.17 fm, a =0.69 fm, and r. = 1.28 fm
have been used for the Woods-Saxon optical-model potential
radius and diffuseness, and the Coulomb potential radius,
respectively. C2S is the single-nucleon spectroscopic factor,
which has been calculated and listed in Tables I and III. The
calculated proton partial widths I', are listed in Table I.

V. DISCUSSIONS

The correspondence assignments made between the exper-
imental levels and the shell-model calculated ones are shown
in Fig. 4, and the structure of the excited states in Al is
discussed in the following section.

A. 3.00 MeV state

We suggest that the 3.00 MeV state corresponds to the
calculated 3.237 MeV state (J7 = 3/27). The predicted T,
value is 44 keV (see Table I), which agrees well with the
experimental value of '), =32+ 5 keV (with J7 = 3/2%).
Therefore, a spin-parity of J™ = (3/27) is most favorable to
this state. The main configuration of this state may be written
as 0" ® 1ds,2, where 0" indicates the *?Mg core ground state,
and the proton occupies the 1d5,, orbit in the ?* Al nucleus. In
comparison, the excitation energy of the 1d3, single-particle
state is 3.43 MeV in ZNe. In ¥Na, the 7.890 MeV state
(with 5/2%) may be considered as the ground state with
respect to the isospin quartet states of 7 = 3/2 [33], and the
11.247 MeV state (J* = 3/2", T = 3/2) [35] might corre-
spond to the presently observed state. It gives an energy of
3.36 MeV (= 11.247 — 7.890) for the 1d3/, single particle in
BNa (T = 3/2).

B. 3.14, 3.26 MeV states

According to the R-matrix analysis, the most possible
assignment for the 3.14 MeV state is J™ = (7/2,5/2), with
m =4 or —. It can be seen that no negative parity states
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with 5/27 and 7/27 assignments are observed in the mirror
nucleus (**Ne) or predicted by the shell model in the present
energy region (see Fig. 4). Therefore, it most likely has an
assignment of J™ = (7/2%,5/2"). It possibly corresponds to
the calculated 3.605 (7/ 2; ) state. According to the shell-model
calculations, it mainly decays to the first excited state in >>Mg
by a 1d3,, proton emission rather than to the ground state, and
this result is consistent with the experimental observations. The
predicted proton width value is I',, = 6 keV, which is not very
far from the experimental value I',, = 30 £ 20 keV (within 2o
error of predicted value). Its main configuration can be written
as 27 ® ld; ), where 2™ implies the first excited state in the
22Mg core, and the proton occupies the 1d3), orbit in the Al
nucleus. Likewise, the 3.26 MeV state is tentatively assigned
J™ = (7/2*%,5/2%), and it decays mainly to the first excited
state in 2?Mg as well. The predicted I,y values are 10 and
1 keV for the 251/, and 1d3,, proton emissions, respectively.
Therefore, the former is dominant in the proton emission, and
the width is also close to the experimental value I"y = 30 &
20 keV. Its main configuration is possibly a mixing of 2+ ®
2512 and 2t ® 1ds /2. Furthermore, the calculated proton width
to the ground state in **Mg viaa 1ds, decay is only about I', =
3 eV, in agreement with the above restriction of 2<T", <
5 keV (see Sec. III B 2).

C. 3.95 MeV state

By the R-matrix analysis, most probably the 3.95-MeV
state has an assignment of J” = (7/2,5/27). The 5/2~
assignment is unlikely by comparing the structures observed
in the mirror nucleus and those calculated by the shell
model. It has most probably an assignment of J* = (7/2%).
It mainly decays to the first excited state in **Mg by 1d5),
proton emission. The predicted I',, value is 18 keV, which
agrees well with that deduced from the R-matrix analysis of
')y = 30 4= 20 ke V. The main configuration can be written as
2" ® 1ds, in the same way.

D. Other unobserved states

The previously observed 1.773 MeV state [1] is not
identified in the present experiment possibly because of
either the poor counting statistics or its narrow width (I",, ~
1 keV). In addition, the previously observed 3.699 MeV state
is also not identified because of the unresolved background
contamination specifically in the present study. Here we would
like to mention the previously observed 2.575 MeV state which
most probably corresponds to the predicted J™ = 5/27 state
(see Fig. 4). The calculated proton width to the ground state
in 22Mg is only about 3 keV, while that to the first excited
state via a 2s;,, proton emission may be as large as 20 keV.
This “inelastic” proton-decay branch should appear around
E.m. = 1.76 MeV with SET1 (see Fig. 2). Unfortunately, the
low counting statistics prohibited our drawing a conclusion,
although some small structures were observed. Additionally,
in the Coulomb-dissociation study [5], a state at £, ~ 2 MeV
decaying to the first excited state in 2>Mg was observed, and
it probably corresponds to this state.
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E. Halo structure

It has been suggested that a proton halo structure, with
J™ =1/2" assignment, should exist in the ground state of
Al [7,8]. However, a recent measurement of the magnetic
moment by the S-NMR method [9] has clearly shown that
the 22Al ground state has a normal spin-parity of 5/2%, and
a B-decay study of Al with 8-y coincidence measurements
[10] has confirmed this normal assignment as well. The present
shell-model calculation, which describes the present data well,
also predicts spin-parities of 5/2% and 1/2" for the ground and
first excited states in 2> Al (see Fig. 4), respectively. Therefore
the present result supports this normal spin-parity assignment
as well. According to the shell-model calculation, the first
excited state in A = 23 nuclei has a very good single-particle
character of s, with C 2§ = 0.70; therefore, the proton halo
structure may appear in the first excited state instead of the
ground state.

VI. ASTROPHYSICAL REACTION RATE

The stellar reaction rate of *2Mg(p, y)>Al had been
calculated in the previous work [1,2]. However, it should be
noted that there are some typographical errors in Egs. (2)
and (3) of Ref. [1]. Furthermore, we could not reproduce
the previous resonant reaction rates as listed in their Table
V and Fig. 5 [1]. It is likely that the proton energy E,,(:% E,,
ie., 0.423 MeV) was used in their calculation instead of
the resonant one E, (i.e., 0.405 MeV). In addition, the
experimental value of I", [6] is available now. Therefore we
would like to reevaluate this reaction rate here.

The nonresonant (i.e., direct capture) reaction rate can be
calculated by [37]

8§ \'* 1
<‘”>=(ﬁ> (T)72

OoS(E) E_ b dE @)
x/o exp |:_kT — E1/21| .

If the S(E) factor is nearly a constant over the Gamow window,
the nonresonant reaction rate can be approximated in a form
(37]

ZZo\'"?
(ov)ge = 1.30 x 1074 (;‘—2) Ty 2 Setr

r

22724\ "’
X exp —4.2487( ‘TZ ) [em®s™'], (8)

9

and the effective S factor is given, in units of MeV b, as
1/3
5T,

5
SeffZS()<1+_)=S() 1+ , 9
127 50.984(22734,)""

where the factor (1 4+ 5/127) reflects the correction factor F(7)
for the asymmetry of the Gamow peak [37]. The assumed
constant S factor (Sp) has been calculated in the work of
Caggiano et al. in which S, represented an averaged value
of the calculated S(E) over the characteristic energy range of
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novae burning, i.e., 0.1-0.3 MeV. Additionally, if the S(E)
factor is described by a slowly varying function of energy E
rather than by a constant, it can be expanded in a Taylor series,

S(E) = SO0) + SOE + L3OE>+---.  (10)

As aresult, the effective S factor can be expressed as

5 80 35
Ser(Eo) = S(0) |:1 +— = (Eo + —kT>

127 S(0) 36
150) (1, 89
+350) <E0 + 36E0kT>] (11)

in a Gaussian function approximation [37,38], and can either
be expressed as

SHMEo) = S(0) [1 L2 30 (Eo N ikT)

12t ' S(0) 36
150) (o, 53
*350) (Eo + 3¢ EOkT)] (12)

in a Lorentzian function approximation [39]. Again, the first
two terms inside the brackets reflect the correction factor for
the asymmetry of the Gamow peak. The remaining terms result
from the assumption that S(E) is a slowly varying function of
energy, and they are generally much more important than the
second term [37]. Therefore, Eqs. (11) and (12) cannot be
simply written in the form of Eq. (9) in this case.

In the present work, the contribution to the 2?Mg(p, y)**Al
rate from direct capture into ground state in >>Al has been
calculated with a potential model [40] using a Woods-Saxon
nuclear potential (central plus spin orbit) and a Coulomb
potential of a uniform charge distribution. For consistency, the
parameters are again taken from Ref. [36], i.e., ro = 1.17 fm,
a = 0.69 fm, and r, = 1.28 fm for the Woods-Saxon optical-
model potential radius and diffuseness, and the Coulomb
potential radius, respectively. The Woods-Saxon potential Vj
is varied to reproduce the bound energy of the ground state in
23 Al As for the spin-orbit potential, the parameters are Vi, =
—6.41 MeV, ry, = 1.06 fm, and ay, = 0.66 fm, respectively,
which are the averaged values from the literature [41-44].
The calculated averaged values of S(E) over the energy range
of 0.1-0.3 MeV are 6.12 x 107* MeV b for the p — d
transition and 6.04 x 107> MeV b for the f — d transition,
respectively. The differences are very small, about 8.4% and
14.2% compared to the previous ones [1], and the S(E) values
are changed by about 9% and 14% within this energy range
for these two cases. However, the S(E) values are changed by
about 50% and 107% over the energy range of 0.1-1.0 MeV
for these two cases. Therefore, the approximation made in
Eq. (9) is not very appropriate beyond the novae temperature.
In the present calculation, the direct capture (DC) rate has
been calculated directly from Eq. (7) by using the calculated
S(E) factors. The spectroscopic factor (i.e., C2S = 0.34) is
taken from the previous work [1,2] and is also reproduced in
our shell-model calculation. The present DC rates are listed in
Table IV and are compared to the previous ones.
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TABLE IV. Reaction rates of 2*Mg(p, y)**Al reaction in units of cm?/mole s as a function of temperature. Listed are the
revised and the previous [1] resonant (only due to E, = 0.405 MeV resonance) and DC rates together their corresponding ratios.
Ratio™! represents the ratio between the revised total rate and the previous one.

T(GK) Resonant rate DC rate Ratio™!
NA (J U)lr”:/ised NA (U v>:)erivi0us Ratio™ NA (0 U)gsised NA (O- v)ggvious RatiODC
0.10 1.44 x 1072 1.32 x 1072 10.9 1.67 x 10713 1.70 x 10713 1.0 1.0
0.15 4.98 x 10714 9.20 x 1071 54 5.11 x 107 5.13 x 107 1.0 1.0
0.20 8.16 x 10~ 2.14 x 107" 3.8 1.88 x 107° 1.87 x 107° 1.0 1.0
0.30 1.12 x 1077 4.16 x 1078 2.7 1.71 x 1077 1.66 x 1077 1.0 1.4
0.40 3.66 x 107°¢ 1.61 x 107 2.3 2.92 x 107 2.81 x 107 1.0 1.5
0.50 2.74 x 1073 1.34 x 107 2.1 2.20 x 1073 2.09 x 107? 1.1 1.4
0.60 1.00 x 10~* 5.25 x 1073 1.9 1.03 x 107* 9.62 x 1073 1.1 1.4
0.70 243 x 1074 1.34 x 1074 1.8 3.51 x 107* 3.24 x 1074 1.1 1.3
0.80 4.60 x 1074 2.64 x 1074 1.7 9.69 x 10~* 8.77 x 10~* 1.1 1.3
0.90 7.41 x 107* 437 x 10~ 1.7 2.29 x 1073 2.04 x 1073 1.1 1.2
1.00 1.07 x 1073 6.44 x 1074 1.7 4.79 x 1073 4.21 x 1073 1.1 1.2
1.50 2.78 x 1073 1.80 x 1073 1.6 6.57 x 1072 5.23 x 1072 1.3 1.3
2.00 3.95 x 1073 2.65 x 1073 1.5 3.46 x 107! 2.52 x 107! 1.4 1.4

The resonant capture rate for isolated, narrow resonance is
given by

<0v>res = 2.557 x 10719(ArT9)73/2CL))/

11.605E, 3 1
X exp —— [cm’s™ ], (13)
9

where the reduced mass A, (in amu) is given by A, A, /(A +
A;), and A, and A, are defined in Eq. (1). The resonance
strength wy is in eV, and E, in MeV. Wiescher et al.
[2] computed the y width from the reduced E?2 transition
probability B(E?2) for the y decay of the first excited state
(%+, E, =0.47 £0.04 MeV) to the ground state (§+) with
a shell model, and it yielded I', =2.57)3 x 1077 eV. The
Weisskopf-unit y width (in eV) is known as F}‘,)V (E2) =
4.9 x 1078443 E> [45]. Therefore, the y width is calculated
to be T') =5.49 x 1077 eV for the new excitation energy
(i.e., 0.550 MeV) in 23Al as measured by Caggiano et al.
If we take the averaged excitation energy (i.e., 0.528 MeV
[1]), the ¥ width is calculated to be I', =4.5 x 1077 eV.
However, for a reliable calculation, an experimental value
of ')y =72 x 1077 eV (with 20% uncertainty) [6], which
is about a factor of 1.6 larger than the calculated one, has been
used in the present work. The revised resonant reaction rates
(only due to E, = 0.405 MeV resonance) have been listed in
Table IV together with those calculated in the previous work
for comparison.

According to the present reevaluation, the revised resonant
rate is much higher than previously expected at lower temper-
ature, by about one order of magnitude at 79 = 0.1. The DC
rate is increased up to 40% at Ty = 2, although it does not
change at the novae temperature. As a result, the total reaction
rate is increased by about 40% beyond 7o = 0.3.

The calculated rates are shown in Fig. 8, where the black
solid lines show the upper and lower limits for resonant
contribution from E, = 0.405 4+ 0.027 MeV resonance due
to the uncertainties in the resonance locations as well as in

the resonant strength. The presently calculated direct capture
rate and the previous results obtained with the NON-SMOKER
code, are also shown for comparison. The DC contribution
dominates in the rate below temperature 7y = 0.2, and both
direct and resonant captures contribute significantly to the rate
beyond this temperature up to 79 = 1.0.

In addition, for completeness, the resonant reaction rates
for states at 1.773, 2.575, and 3.00 MeV have been cal-
culated, although they are too high in novae temperature.
The relevant parameters were calculated and are listed in
Table V. The B(E2) and B(M1) values for the y tran-
sition to the ground state in 23Al were calculated by the
OXBASH code with the SD model space and the Wildenthal
interaction. Here, we assume the mixing ratio of E2 and
M1 transitions is unity. The y widths have been calcu-

lated, i.e., T (E2) = gz T} (E2) for the E2 transition,

10
Tm .
"2 10
g
P 10-10
g
2
-15 —0.528 MeV
/ﬁ 10 - -1.773 MeV
© <0+ 2.575 MeV
\/< ---3.00 MeV
-20 DC(present)
Z 10 /I /' Non-Smoker
0.1 0.5 1 2 3

T [GK]

FIG. 8. Revised reaction rates for *?Mg(p, y)** Al reaction. Two
black solid lines show the upper and lower limits for resonant
contribution from the first excited state at 0.528 MeV. The presently
calculated DC rate and the rate [1] obtained with the NON-SMOKER
code are shown for comparison. Additionally, three other resonant
contributions are indicated as well. See text for details.
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TABLE V. Relevant parameters for selected states in >3 Al used in calculating the reaction rates (E,

in MeV).

Eoon B(E2) (¢* fm*) B(M1) (113) Ty V) @y (V)
0.528 1] 20.4 (7.2 +£1.5) x 1077 (7.2+£1.5) x 1077
1.773 [1] 10.3 2.4 x 1072 8.3 x 107 1.7 x 1073
2.575[1] 5.1 1.3 x 1073 1.9 x 107* 5.7 x 1074
3.00¢ 2.4 1.1 x 1072 1.9 x 1073 3.8 x 1073

*Used in calculating the y-transition width.

"Data from Ref. [6] for the first excited state, I, =I[I',(E2) +T',(M1)]/2 for the latter three states.

‘From present work.

and I',(M1) = %F;}’(M]) for the M1 transition, where

the Weisskopf units are B (E2) = %(Z%)ZR4 ~ 6.04¢% fm*
(R = 1.34A' fm) and BV (M 1) = %(1%)2 ~ 1.79u%, and
the Weisskopf-unit y width (in eV) for the M1 transition is
F:V(Ml) =2.1x 10’2E}3, [45]. Since I, > T',, in the present
case, the resonance strength simply becomes wy = wI,,. The
corresponding curves are shown in Fig. 8. It is very clear that
these high-lying resonances do not affect the total reaction rate
at any temperature of interest.

VII. CONCLUSIONS

We have studied for the first time the resonant elastic
and inelastic scattering of Mg+ p using a radioactive ion
beam of 2Mg with a thick hydrogen target. By analyzing the
scattering data at different angles, a new resonant state in 2> Al
due to elastic scattering has been identified at E, = 3.00 &+
0.02 MeV, and three other states at 3.14, 3.26, and 3.95 MeV
have also been established, which mainly decay to the first
excited state of 2?Mg by the proton emissions. There, the
state at 3.95 MeV is also newly observed. Their resonance
parameters have been determined by the R-matrix analysis as
well as shell-model calculations. Qualitatively, the presently
observed states can be explained in a valence particle coupled
with a core (in ground or excited state) picture. The rate of the

22Mg(p, y)>* Al reaction has been reevaluated in the present
work. The revised total reaction rate is about 40% greater
than the previous result for temperatures beyond 7y = 0.3. In
addition, the NON-SMOKER model, whose results are largely
overestimated, is not applicable in this case because of the low
level density in Al

The present spectroscopy of single-particle states built on an
excited core made via thick target method resonant (elastic and
inelastic) scattering has proven to be a very simple technique
for deducing excited-core coupled single-particle components.
The resonant inelastic scattering events have been identified by
determining the kinematics energy shifts at different scattering
angles. This kinematics analysis approach in combination with
a y-ray coincidence measurement [46] can provide abundant
spectroscopic information for nuclear physics as well as for
nuclear astrophysics.
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