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Abstract; Proton resonant states in *Mg have been investigated by the resonant elastic scattering
of *Na-+p. The *Na beam with a mean energy of 4. 00 MeV/u was separated by the CNS radioac-
tive ion beam separator (CRIB) and bombarded a thick(CH, ), target. The energy spectra of re-
coiled protons were measured at scattering angles of 0.,2172° and 146°, respectively. A new state
at 7. 06 MeV has been observed clearly and another new one at 7. 28 MeV is tentatively identified
due to its low statistics. The proton resonant parameters were deduced from an R-matrix analysis
of the differential cross section data. The astrophysical resonant reaction rate for the *Ne(qa, p)
“INa reaction has been estimated, and it is about five times larger than that assumed before.
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reactions®

1, which preferentially populate the nat-

Nowadays the nuclear structure study of *Mg
is becoming very interesting for its important role
in estimating the astrophysical reaction rates of
“"Na(p, y)”Mg and "Ne(qa, p)* Na reactions in
explosive stellar scenarios™" %,

22

Mg were in-
vestigated  via “Mg(p,t)
ZZMgLS 6] , 24 Mg("He, GHe)UJ and lzc(lb‘ (), 6He)

Previously the excited states in

many  reactions;
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ural-parity states in ?Mg; Mg (*He, *He) reac-
tion™ which populates both the natural-parity and
“Ne (*He, n)

unnatural-parity states; reac-

tion"” 7 as well as 2 Ne(* He, ny) reaction"? 7,

By knowing the exact location of excitation states
in Mg, the resonance property of states just

above the proton threshold has been studied by the

direct ®Na(p, y)** Mg measurements-* %!

as well
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as by a resonant scattering measurement of * Na-
pH* with the DRAGON recoil separator at TRI-

UMF. Based on the firm experimental re-

sultsH® 17

, the astrophysical implication of *'Na
(p, ¥)* Mg reaction has been discussed, and the
conclusion is no further measurement is needed to
determine this resonant reaction rate under nova
conditions.

On the other hand, Wiescher et al.™ have
proposed that the "*Ne(a, p)*' Na reaction is prob-
ably one of the key reactions for the break-out
from the hot CNO cycle in X-ray burst. In order to
estimate  the  resonant reaction rate  of
"¥Ne(a, p)*'Na, the knowledge about the resonant
properties of those states above the « threshold (Q
=38. 14 MeV) in *Mg is required. As for these
states although their excitation energies were de-

d"" %", their resonant properties (such

termine
as, J*, I' ,and I',) have not been determined yet.
Actually, in calculating the resonant reaction rate
of ¥ Ne(a, p)*'Na using the narrow resonance for-
malism, knowledge of the proton partial widths
(I',) is not required. According to the knowledge
of the states in *Ne, I, <<I,2I',, and thus the

LIy
I
(2]+1DI,. Here, J is the spin of resonant state,
34 )
p R

, the spectro-

resonance strength wy = (2] + 1) <

and the partial width I', is given by I', = (

[8.18]

P,C?*S,"™ ¥ In previous papers
scopic S, factors were assumed from those of mir-
ror states based on the *O(°Li, d)* Ne q-transfer

studiesH®-

. Therefore, the spin-parity of resonance
and the uncertainty in S, caused by the potential
incorrectness of mirror assignments are still un-
known.

The paper is organized as follows. In section
2, we introduce the experiment briefly. In section

3, we show the results, including the proton spec-

tra and the R-matrix fitting. Finally, in section 4

we discuss the effect of our results on the resonant

reaction rate of "*Ne(a, p)? Na,

2 Experiment

The experiment was performed using the CNS
radioactive-ion-beam separator ( CRIB)™% 21, Tt
will be briefly introduced below for the details can
be found in***!. An 8.11 MeV/u ?Ne*" beam bom-
barded a water-cooled *He gas target (0. 36 mg/
cm”), where a “’Na beam was produced through
*He(*"Ne, **Mg" )n with subsequent decay to *' Na
+p. The *’Na beam, with a mean energy of 4. 00
MeV/u (4.1 % in FWHM) and an average intensi-
ty of 1. 5 X 10" particles/s, was delivered at the
secondary target position where it bombarded a 7. 9
mg/cm* (CH, ), foil in which the **Na particles
were stopped. The recoiled light particles were
measured using the AE-E Si telescopes that sub-
tended A, ==10°(~ 35 mSr in solid angle). The
energy calibration for the detector system was per-
formed using the secondary proton beams separa-
ted by CRIB at several energy points. In addition,
a carbon target with a stopping-thickness equiva-
lent to that of the (CH,), target was used in a sep-
arate run for evaluating the background contribu-
tion.

The center-of-mass energy(E.,) has been de-
duced using the elastic scattering kinematics of
'Na-+p with correction of the energy loss of parti-
cles in the target. At scattering angle of §.,2172°,
the typical energy resolution(FWHM of E.,,) is ap-
proximately 20 keV at E,, =0.5 MeV and 45 keV
at E., = 3.5 MeV, and the corresponding energy
uncertainty is approximately #=15 and £ 20 keV,
respectively; at 0.,2146°, the typical energy reso-
lution is approximately 20 keV at E,, =0.5 MeV
and 75 keV at E.,=3.5 MeV, and the correspond-
ing energy uncertainty is approximately £ 15 and
+30 keV. respectively. The major contributions
in resolution and uncertainty of E, energy to the
latter telescope are from two aspects, one is the

large kinematical shift, and the other one is that,
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for this position sensitive detector, only horizontal
x strips were used and vertical y strips were un-

used due to the practical difficulties.

3 Results

Fig. 1(a) and (b) show the center-of-mass dif-
ferential cross sections for the ?’ Na—+p elastic scat-
tering at angles of 0.,,2172° and 146°, respective-
ly. The cross-section data have been corrected for
the stopping cross sections'®’, and the data within
the dead layer region (between AE and E) were re-
moved from the figure. The excitation energies in-
dicated on the figure are calculated by relation E.,
=FE,+5.502 MeV, where the resonant energies E,
are deduced from the R-matrix analysis, and the
previously determined ones are shown in parenthe-
ses for comparison. The region investigated by the
TRIUMEF group is also indicated, and two resonant
states well observed at E..,=6. 61, 6. 81 MeV are
corresponding to the previously observed 6. 615,

[16]

6.795 MeV states, respectively''™.
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Fig. 1 R-matrix analysis of center-of-mass differential cross
sections for the ' Na+ p resonant elastic scattering at
the angles of (a) 0, =172°, and (b) O, 2=146°. See

text for details.

The center-of-mass differential cross sections
have been analyzed by an R-matrix'*" code SAM-
MY-M6-BETA™!, which enables multilevel R-
matrix fits to the cross-section data using Bayes’s
equations. The fits with all possible spin-parity as-
signments to the observed resonances have been at-
tempted. The preferred fits are shown in Fig. 1,
and the ¥*/N values are 2. 50 and 2. 13, respective-
ly. The energy resolution has been taken into ac-
count in the fitting curves. The deduced resonant
properties, J* and I', have been determined and lis-
ted in Table 1, where the excitation energies are
determined by the data at 0.,2172° for their better
energy resolution and the uncertainties include
both systematic and fitted ones; the proton partial
widths are obtained by weighted average of those
deduced from both data at 4.,2172° and 146°. The
excitation energies and spin-parities determined be-
fore are also listed for comparison. By comparing
the level population intensity in the previous exper-

°1, the probable parity properties (natural

iments'”
or unnatural) are estimated as listed in the 6th col-
umn of Table 1.

transferred / values are recommended based on the

The probable spin-parity and

natural-or-unnatural property restrictions (see 8th
column in Table 1). For instance, the present R-
matrix analysis gives a J*=(1", 2~ , 3~ ) for the
8. 51 MeV state, while based on the previous
work'” * this state most probably has a natural
parity, so it is assigned as J*= (1, 37 ) in the
present work. By looking at the states in the mir-
ror nucleus * Ne around this energy region there is
no such 1~ (as well as 27 ) spin-parity state, and
thus this state probably have a J*=3".

A level scheme of **Mg deduced from the
present work is shown in Fig. 2. The previous level
scheme of Mg as well as that of mirror nucleus
2Nel* are shown for comparison. The dashed
lines in the present scheme indicate those states
which can not be determined very well due to their
counting statistics. We conclude that a new state,

i.e., at 7. 06 MeV has been observed in the pres-
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ent experiment, and another new one at 7. 28 MeV
is tentatively identified because of its low statis-
tics. As for all other observed states, the deduced
excitation energies are in good agreement with

those measured before. Furthermore, several reso-

nances have been seen above the « threshold,
which could be very difficult (or even impossible)
to observe directly by the "*Ne(«, p)* Na reaction

because of the small cross sections.

Table 1

of keV, are included in the parentheses”

Resonant properties of excited states in > Mg deduced from the present work. The uncertainties of energy, in units

Epresent /MeV  ELTT/MeV ELB!/MeV E)/MeV  ELI /MeV Parity® J*(R-matrix)® J7; [(adopted) I,/keV
6.61(15)¢  6.606(9)  6.606(11)  6.616(4) =N~ @t 1 2750 23(7)
6.81(15)4 6.766(12) 6.767(20) 6.771(5) 6.760(90) at, 2% (17,250 62(7)
6.92(15) 6.889(10) 6.878(9) =N @t,1t,37,2) (27,37 ); 0(D) 16(7)
7.06(16) 1r,37.2) (17,37, 2); 0(1) 48(7)
7.28(16) @t,1h) 2,150 17(7)
7.42(17) 7.402(13) 7.373(9) (1,21 (1., 27); 0(D 10(7)
7.58(17) 7.614(9) 7.606(11) at, 2t at, 250 23(7)
7.80(18) 7.784(18) 7.757(11) 7.840(90) r=ulN (1= —37) (2751 27¢
7.97(19) 7.938(9) 7.964(16) 7.986(16) 7.890(100) =N at, 2t (27)50 20¢
8.17(19) 8.197(10) 8.203(23) 8.229(20) (1t—=3") (17 —3"); 2 348
8.31(20) 8.290(40) (1+t—=3%) (1t —3t); 2 53¢
8.51(20)¢ 8.512(10) 8.547(18) 8.550(90) =N (1" —3) (3751 40(7)
8.61(21)F  (8.644(18)) 8.613(20) 8.598(20) 2% (27); 2 27C7)

% a N, uN denote level of natural and unnatural parity, respectively; b Present R-matrix results; ¢ J*=2" determined for the 6. 616
MeV statel?0]; d J*= (1", 27 ) determined for the 6. 796 MeV statel26]; e J*=27 assumed in Chen et al. [26); { J*=3" assumed in
Chen et al. [26]; g The proton widths of these states are only roughly estimated from the R-matrix fits on the data.

See text for details.
Present Previous Mirror
8.74] m— 3
8.61 e (2}) 8.613 mmm 96 m— 2 3 3 3
T p— =0 4 Astrophysical Implication
8.396 =—— 8.376 w3
8.3] mmmm- 3% 20/() m—
T atyy 814 Mev s — ey We have observed four states above the «
1Ne + o 8.062 mmmmm  8.077 ¥ .
7.97 mmmmm @ T — threshold, i. e. ., at 8. 17, 8. 31, 8. 51 and 8. 61
780 =m==s @) T — - MeV. The first two states possibly both have J*=
7674 e 7664 e 2,
+ oyt [ 7.643 = 2* .
758 S T.o0e 1488 e (17-3"7) with =2, but due to present energy res-
7.42 mm—— a,2% 7.402 m— » 3.5)" . . L.
728 mmmmn @t % olution and counting statistics they are not well re-
: T = . . . .
Ruiz et al. _ _
s oe . . - solved and only have tentative spin-parity assign
6.92 @5) 6380 3 oty = MV ments; the latter two probably have 37 and 27,
681 == (192) (796 (I,7) (1 ;- 6819 2
61 @ s8¢ 2 eans GO ——1, respectively. Based on the work of Gorres et
al. "1, Chen et al. ) made a mirror assignment be-
6.333 m— |t 6.323 ssnnnns . .
EXTT : : tween states in ?Mg and *’Ne, i. e. , the 8. 547 and
2Na+p — — — — o ]
2Mg 2Mg 2Mg *Ne 8.613 MeV states in “*Mg were corresponding to

Fig. 2 A level scheme of Mg deduced from the present
work. The previous ones and that of the mirror nucle-
us *Ne are shown for comparison. The dashed lines in
the present work indicate those states which can not be

determined very well due to their counting statistics.

the 8. 596 and 8. 741 MeV states in *Ne, respec-
tively, and they were assignment with J*=2" and
37, respectively®™. However, their results are
contrary to ours. If we simply suppose that the

8.547, 8. 613 MeV states in ** Mg are respectively



7Y

HE Jian-jun et al : Study of Proton Resonances in 2> Mg by Resonant Elastic Scattering of 2! Na+p and «+* e 157 -«

corresponding to the 8. 741 and 8. 596 MeV states
in #Ne, the previously used spectroscopic S, fac-
tors for 8.547 and 8. 613 MeV states should be ex-
changed, and the corresponding width I', should be
corrected with respect to the energy change. This
exchange will greatly affect the reaction rate below
temperature Ty, < 0. 4, where the previous domi-
nant contribution from 8. 547 MeV state is negli-
gible in the present calculation for its resonant
strength is reduced by two orders of magnitude
compared to the previous value™ ; while the con-
tribution from 8. 613 MeV state becomes dominant
with a resonance strength increased by two orders
of magnitude compared to the previous onel*.
Generally, the present resonant reaction rate for
these two states is larger than that of previous one
by a factor of ~30 around Ty, =1. 0; while around
T,=0. 3 the present total resonant reaction rate for
those 7 states used in Chen et al. ’s work are about
a factor of 5 larger than that assumed before!® (see
Fig. 3). The detailed R-matrix analysis of the data
and reaction rate calculation will be published

soon™7,
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Fig. 3 The ratios between the present resonant reaction rates
and those previous ones at certain temperature range.

See text for details.
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