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Chapter 5
22Mg data and their astrophysical implications

In this chapter we will discuss the24Mg(p,t)22Mg data in detail. Our data will be compared
with previous results and possible spin assignments will begiven. This information will be
included in the18Ne(α,p)21Na and21Na(p,γ)22Mg reaction-rate calculations and used in a
model describing X-ray bursts and ONe (oxygen-neon) novae.

5.1 The24Mg(p,t)22Mg angular distributions

To obtain angular-distribution parameters for the (p,t) reaction, we performed measure-
ments at three different GR spectrometer angles (−0.3◦, 8◦ and 17◦). Differential cross
sections were calculated using the equation

dσ

dΩ
= 2.66 · 10−4 At

D

nt

µ

Zp

△Ω

1

Q(1 − τ)
[mb/sr] (5.1)

where:

Zp is the elementary charge of the projectile.
At is the mass of the target [g/mol].
△Ω is the effective solid angle [sr].
nt is the number of counts in△Ω.
D is the detection efficiency (in our experiment above 82%).
µ is the thickness of the target [mg/cm2].
Q is the integrated charge [nC].
τ is the dead time.

The deduced differential cross sections were compared withdistorted-wave Born ap-
proximation (DWBA) calculations performed with the code DWUCK4 [54]. A coupled-
channels (CC) calculation including inelastic scatteringin the entrance and exit channels
using the code CHUCK3 [55] did not change appreciably the shape of the calculated angu-
lar distributions. The proton optical-potential parameters for the input channel were taken
from Ref. [56]. For the outgoing channel the parameterization of Ref. [57] was used
which is based on the analysis of the26Mg(3He,t)26Al reaction. All parameters used in the
DWBA and CC calculations are given in Appendix A.
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We found a large discrepancy between the measured and calculated angular distribu-
tions for the first three22Mg levels (g.s. 0+, 1.247 MeV 2+ and 3.308 MeV 4+). The
angular distributions of these three levels are presented in Fig. 5.1 together with the an-
gular distributions calculated with DWUCK4. In addition, we found a discrepancy in the
obtained differential cross section for the12C(p,t)10C reaction compared to those from the
previous experiments [58, 59], where the observed angular distributions are less steep. The
reason for this discrepancy remains unknown.

Because of the discrepancy between the measured and calculated angular distributions,
we performed mirror spin-parity assignments on basis of already known data for22Na. For
the22Na levels for which the spin and parity are not known, we made assignments on basis
of theoretical calculations given by Ref. [60]. Because the24Mg(p,t)22Mg reaction pro-
ceeds mainly through a direct reaction mechanism it mainly populates states with natural
parity in 22Mg. Therefore, we assumed that the previously observed levels that have not
been observed in our experiment are unnatural-parity or high-spin (natural-parity) states.
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Figure 5.1: The measured and calculated angular distributions for the g.s. 0+, 1.247 MeV 2+, and
3.308 MeV 4+ levels of22Mg. See further Fig. 4.5 for more details. The solid line is used to guide
the eye.



5.2. 22Mg and its mirror nucleus 22Ne 63

5.2 22Mg and its mirror nucleus 22Ne

It can be seen from Eq. 2.30 that resonance strength data are necessary for the calcula-
tion of the reaction rates. Up to now several experiments [17, 19, 18, 20, 21] have been
performed with the aim to measure the resonance strengths for the 21Na(p,γ)22Mg and
18Ne(α,p)21Na reactions directly. They succeeded in measuring the resonance strengths
for eight resonances above the proton-emission threshold and eight resonances above the
alpha-emission threshold. To investigate the rest of the22Mg levels and their influence on
the 21Na(p,γ)22Mg and18Ne(α,p)21Na reaction rates we need spin-parity values, and the
partial widthsΓp, Γγ , or Γα for these resonances.

The source for spin-parity assignments andΓγ andΓα data can be mirror levels in
22Ne, which is a stable nucleus. Therefore, its nuclear structure is much better known than
22Mg. The main data source for excitation energies and spin-parities of levels in22Ne is
Ref. [61]. Nevertheless, spin-parity values are not known for a number of levels, within
the astrophysical region of interest (below 14 MeV). Consequently, additional spin-parity
values have been taken from the theoretical calculations listed in Ref. [60]. These values
are indicated by the superscriptT in our tables and figures.

The main obstacle in our spin-parity mirror assignments is the scarcity of definite spin-
parity assignments in22Mg and the lack of it above the 0+ level at 7.218 MeV. Therefore,
spin-parity assignments at higher energies become more andmore uncertain.

α-spectroscopic factors for22Mg were taken from Refs. [20, 21]. In addition, we as-
sumed that corresponding22Mg and22Ne mirror states above the22Neα-emission thresh-
old have the sameα-spectroscopic factor. For this purpose, we used theα-spectroscopic
factors for22Ne levels above the alpha-emission threshold that are listed in Ref. [62]; see
also Section 5.6.

For the21Na(p,γ)22Mg reaction-rate calculations we took for22Mg theγ-resonance-
widths,Γγ , of corresponding22Ne mirror states and corrected these for the differences in
γ-ray transition energies; see Section 5.8. In22Ne, theΓγ level widths for all levels below
9.69 MeV are calculated from their life-times, where known,since for these levels only
γ-decay is allowed.

Here, we explained why additional data for reaction-rate calculations are needed. For
this purpose, spin-parity,Γγ andΓα data taken from22Ne will be used for mirror levels in
22Mg. In this way, we attempt to minimize the errors introducedby parameters which are
not experimentally obtained for22Mg nuclei. The procedures for using these parameters in
the reaction-rate calculations are described in the following sections.
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Table 5.1: The calibration region covering the22Mg excitation energies below 5.711 MeV (proton-
emission threshold 5.512 MeV), with the adopted spin-parity assignments.

Jπ Present work Ref. [16] Ref. [11] Ref. [13] Ref. [52] Ref. [12] adopted
(p,t) (p,γ) (p,t) (3He,6He) (3He,n) (16O,6He) present

0+ g.s. g.s. - g.s.a g.s. g.s.a g.s.
2+ 1.24718∗ 1.24718(3) - 1.2463a 1.244(32) 1.2463a 1.24718(3)
4+ 3.30821∗ 3.30821(6) - 3.3082a 3.269(50) 3.3082a 3.30821(6)
2+ 4.4020∗ 4.4020(3) 4.4013(42) 4.4009a 4.378(35) 4.408(12)a 4.4020(29)
2+ 5.0354∗ 5.0354(5) 5.0362(14) 5.033(7) 5.032(30) 5.029(12)a 5.0346(5)
1+ (5.092(5)) 5.0893(8) 5.0887(17) - 5.130(35) - 5.0893(8)
4+ 5.2947(23) 5.2931(14) 5.2939(16) 5.301(4) 5.286(30) 5.272(9) 5.2938(10)
2− - 5.2960(4) - - - - 5.2960(4)
3+ 5.4540(40) 5.4524(4) 5.4519(16) 5.451(5) 5.433(25) - 5.4524(4)
2+ 5.7110∗ 5.7110(10) 5.7106(12) 5.7139a 5.699(20) 5.711(13)a 5.7101(5)

All energies are in MeV.
∗ Levels from Ref. [16] used in our calibration.
e Used for calibration in previous articles.
Data in the fourth column are the corrected data of Batemanet al., which we already
discussed in Section 4.3 Table (4.1).

5.3 Calibration region (g.s. - 5.711 MeV)

In this section we will discuss the unnatural-parity statesup to 5.711 MeV. The natural-
parity states have already been discussed in Section 4.5 andwere used in the energy cal-
ibration. In Fig. 5.2 spectra obtained at−0.3◦, 8◦ and 17◦ are shown with calibration
levels indicated by *. It can be seen that in addition to the six calibration levels taken
from Ref. [16], we observed three weakly excited levels at 5.092(5) MeV, 5.2947(23) MeV
and 5.454(4) MeV. These three levels correspond to the 5.0893(8) MeV 1+, 5.2931(14)
MeV 4+ and 5.4524(4) MeV 3+ states from Ref. [16], respectively. In Table 5.1 we see
an excellent agreement between our data and all previous results. We did not observe the
unnatural-parity 2− level at 5.2960(4) MeV from Ref. [16]. The only unnatural-parity
states which we observed are the 5.092 MeV 1+ and 5.454 MeV 3+ with very low statis-
tics, as can be seen in Fig. 5.2. In Fig. 5.3 the mirror assignments for levels below the
proton-emission threshold are presented.

The only astrophysically important state in this interval is the state at 5.7110(10) MeV,
which will be discussed in the next section together with theother levels above the proton-
emission threshold.
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Figure 5.2: 24Mg(p,t)22Mg spectra encompassing the calibration region and taken atspectrometer
angles−0.3◦, 8◦ and 17◦. The calibration lines are marked with∗. The determined excitation
energies for22Mg are listed in the second column of Table 5.1.

5.4 Region above the proton-emission threshold (5.5042
MeV- 8.142 MeV)

The excellent energy resolution of about 13 keV (FWHM for theground state) achieved
in our experiment allowed us to separate close peaks and to clarify some uncertainties
from previous experiments. The presently measured22Mg excitation energies between the
proton-emission and alpha-emission thresholds are listedin column 3 of Table 5.2. In Fig.
5.4 we show our triton spectra for this energy range taken at spectrometer angles−0.3◦,
8◦, and 17◦.
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Figure 5.3: The possible22Mg mirror assignments for states below the proton-emissionthreshold.
The 22Mg spin-parity assignments without bracket are taken from previous experiments [61]. The
full arrows indicate the mirror assignments between22Mg and 22Ne levels for which spin-parity
values are already known. The22Ne spin-parity values are taken from Ref. [61]. These spin-parity
assignments will be used for reaction-rate calculations. Adopted levels with a dashed line have not
been resolved in this experiment but their excitation energies have been taken from the literature.

Previous experimental results in this region are listed in columns 4 - 11 of Table 5.2.
Our results agree with previously reported excitation energies. In the first column spin-
parity values from previous experiments are listed as adopted in Ref. [61].

In the second column of Table 5.2 we list the spin-parity values obtained by mirror
assignment from22Ne, see Fig. 5.5. Note that the superscriptT means that the spin-parity
assignments for some22Ne levels are not known, and are taken from Ref. [60].

In Fig 5.5 we show22Mg levels and the corresponding22Ne mirror states up to the
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alpha-emission threshold. The problem in the spin-parity assignments is the lack of22Mg
spin-parity data; the highest excitation energy for a statewith known spin and parity is
that of the 0+ state at 7.2183 MeV. For all levels above this energy mirror assignments
are very uncertain. In the following and in later sections wewill discuss some of the levels
individually based on the following criteria: 1) levels which differ significantly in excitation
energies from those reported in the literature; 2) levels that are of astrophysical importance;
and 3) levels belonging to doublets that have not been resolved earlier.

6.0362(8) MeV (3−): Our measured excitation energy for this level is lower compared
to previous experiments, but still in agreement within errors. Spin-parity of this level re-
mains uncertain. Because this state is strongly populated in the (p,t) experiments we can
assume that it has natural-parity. Seweryniaket al. [16] suggest spin-parity 3−, which
corresponds well with the 5.910 MeV, 3− state in22Ne (see Fig. 5.5).

6.2261(10) MeV (4+): Since Batemanet al. [11] measured a peak at 6.241 MeV with
a relatively large width of 26±6 keV; they suggested that it consisted of a doublet. This
conjecture was confirmed by Seweryniaket al. [16] when they resolved the doublet by
measuring a 6+ state at 6.254 MeV. In the present (p,t) experiment we observed only a
level at the lower energy of 6.2261(10) MeV with a width of 13 keV corresponding to the
energy resolution of the present experiment. This level probably corresponds to the22Ne
4+ state at 6.346 MeV (Fig. 5.5). The 6+ state at 6.254 MeV is not observed in the present
experiment as expected because of the high momentum transfer necessary to populate this
level strongly.

6.306(9) MeV (3+) or (1+): This level is reported in Refs. [13, 18, 19] at an energy
above 6.325 MeV. Our data are consistent with the corrected data of Batemanet al. (5th

column of Table 5.2). In our reaction this peak is weakly excited and in addition affected by
the12C and16O contaminant lines; at the spectrometer angles of−0.3◦ and 17◦ this peak
coincides with the contaminant peaks. Batemanet al. [11] reported a natural parity for
this level. The weak population is an indication of an unnatural-parity state. The possible
mirror level in22Ne is the 6.635 MeV 3+ state (Fig 5.5); it has a mirror energy shift which
is consistent with the lower lying 3+ state at 5.454 MeV. However, Fortuneet al. [63] and
Ruiz et al. [19] correlated this level, on basis of Thomas-Ehrmann shift calculations, to be
the mirror of the 6.855 MeV 1+ state in22Ne. Taking into consideration our assignments
the 22Ne 6.855 MeV state would be the first uncorrelated unnatural-parity 22Ne state in
Fig. 5.5.
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Figure 5.4: The 22Mg spectra above the proton-emission threshold. A∗ indicates a peak used for
calibration. The excitation energy in MeV for each peak is marked in the specific spectrum, where it is
determined, obtained at either−0.3◦, 8◦ or 17◦. All 12C(p,t)10C and16O(p,t)14O contaminant peaks
have been subtracted. The determined excitation energies for 22Mg are listed in the third column of
Table 5.2. See further Fig. 4.5 for more details.
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Figure 5.5: The22Mg mirror assignments for states between 5 MeV up to the alpha-emission thresh-
old located at 8.140 MeV. The22Mg spin-parity assignments without brackets are taken fromprevious
experiments [61]. The22Mg spin-parity values within brackets are possible mirror assignments. The
full (dashed) arrows indicate definite (tentative) mirror assignments. The22Ne spin-parity values
are from Ref. [61]. The spin-parity values marked by the superscript T are from Ref. [60]. These
spin-parity assignments will be used for reaction-rate calculations. See further Fig. 5.3 for more
details.
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Table 5.2: Excitation energies, spins and parities of levels in the region (5.512 - 8.142 MeV) above the proton-emission threshold.

Jπ Jπ present Ref. [16] Ref. [11] Ref. [13] Ref. [52] Ref. [12] Ref. [14] Ref. [18] Ref. [19] adopted
ado.a mirrorb (p,t) (p,γ) (p,t) (3He,6He) (3He,n) (16O,6He) (4He,6He) (21Na,22Mg) (21Na,22Mg) presentc

2+ 2+ 5.7110∗ 5.7110(10) 5.7106(12) 5.7139 5.699(20) 5.711 - 5.7097(5) - 5.7101(5)d

0+ 0+ 5.9538(8) - 5.9577(25) - 5.945(20) - - 5.958(5) - 5.9542(6)
- 3− 6.0362(8) - 6.0413(30) 6.051(4) - 6.041(11) 6.059(9) 6.042(13) - 6.0371(8)
(4+) 4+ 6.2261(10) - 6.2411(51)g 6.246(4)g - - 6.244(9)g 6.242(1)g - 6.2261(10)e

(6+) (6+) - 6.2543(3) 6.2411(51)g 6.246(4)g 6.263(20) 6.255(10) 6.244(9)g 6.242(1)g - 6.2543(3)f

- 3+ 6.306(9) - 6.3170(60) 6.329(6) - - - 6.3255(9) 6.3290(24) 6.3256(9)
- 1− 6.578(7) - - - 6.573(20) - - - 6.587(10) 6.580(6)
(2,3,4)+ 2+ 6.602(9) - 6.606(7) 6.616(4) - 6.606(11) 6.606(9) 6.6053(25) 6.611(11) 6.605(7)
(3−) 0+T 6.7688(12) - 6.780(14) 6.771(5) 6.770(20) 6.767(20) 6.766(12) - 6.792(17) 6.7690(12)
(3−) 1− 6.8760(12) - - 6.878(9) - 6.889(10) - - 6.881(?) 6.8762(12)
- 3+T 7.027(9) - - - - - - - - 7.027(9)
- 4+ 7.045(7) - - - - - - - - 7.045(7)
- 3− 7.060(7) - - - - - - - - 7.060(7)
- 1− 7.079(8) - - - - - - - - 7.079(8)
0+ 0+ 7.2183(10) - - 7.206(6) 7.201(20) 7.169(11) 7.216(9) - - 7.2176(9)
- 2+ 7.338(13) - - - - - - - - 7.338(13)
- 3− 7.389(12) - - 7.373(9) - 7.402(13) - - - 7.384(7)
- 2+ 7.5995(29) - - 7.606(11) - - 7.614(9) - - 7.6012(27)
- 2− - - - - - 7.674(18) - - - 7.674(18)
- 4+ 7.7411(20) - - 7.757(11) - 7.784(18) - - - 7.7420(19)
- 2+ 7.9206(15) - - - - - - - 7.9206(14)
- 3− 8.0070(14) - - 7.986(16) - 7.964(16) 7.938(9) - - 8.0051(13)
- 3+T - - - - - 8.062(16) - - - 8.062(16)

∗ Energy from Ref. [16] used for calibration in the present work.
a Adopted Jπ values by Ref. [61].
b Mirror assignment, Fig. 5.5.
c Weighted average.
d Only data from Refs. [16, 18, 52] are included.
e Only present data considered.
f Included data in the weighted average are from Refs. [12, 16,52]
g Unresolved doublet.T Theoretical value taken from Ref. [60].
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Figure 5.6: Doublet near 6.6 MeV observed at the 8◦ spectrometer angle. The upper panel shows
the two-peak fit to the data. The lower panel shows the difference between data and fit (residue
spectrum). The determined excitation energies for22Mg are listed in the third column of Table 5.2.
See further Fig. 4.5 for more details.

6.578(7) MeV (1−), 6.602(9) MeV (2+): This doublet was resolved by Ruizet al. [19]
at 6.587(10) MeV and 6.611(11) MeV, respectively. We could resolve these two levels only
at an angle of 8◦ (see Fig. 5.6). At−0.3◦ and 17◦ these lines were affected by the12C and
16O contaminant lines, respectively. By mirror assignments these levels were assumed to
correspond to the 6.691 MeV 1− and the 6.819 MeV 2+ levels in22Ne, respectively. This
is in agreement with Ref. [19].

6.7688(12) MeV (0+, 1+): This level was observed in many previous experiments.
Our result is in agreement with all previous results, exceptthat of Ref. [19]. This level is
proposed to have spin-parity 3− in Ref. [10]. In contrast, the mirror state in22Ne could be
the 6.900 MeV level which has (0,1)+ assignment [61]. In the21Na(p,γ)22Mg reaction-rate
calculations we will assume the natural 0+ spin-parity value.

7.027(9) MeV (3+)T, 7.045(7) MeV (4+), 7.060(7) MeV (3−), 7.079(8) MeV (1−):
These four levels are for the first time observed in our high-resolution (p,t) experiment. We
have been able to resolve these levels at spectrometer angles of 8◦ and 17◦ (Fig. 5.7). At
the spectrometer angle of 8◦ we resolved all four levels, for 17◦ only three. These four
levels correspond probably to the closely-spaced levels above 7.343 MeV in22Ne (see Fig.
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5.5). We exclude the mirror level at 7.422 MeV with a probable5+ spin-parity, since this
state is unlikely to be excited in our reaction due to high spin and unnatural parity.

7.2183(10) MeV 0+: The 0+ level at 7.2183 MeV is the highest lying level in22Mg for
which adopted values of spins and parities of excited statesare known from other experi-
ments; see Ref. [10]. Therefore, it is the highest energy where we can verify our spin-parity
assignments with22Ne mirror states.

In this region above the proton-emission threshold and below the alpha-emission thresh-
old we observed additional levels at 7.338(13) MeV and 7.9206(15) MeV. Their possible
mirror spin-parity assignment can be seen on the right panelin Fig. 5.5.
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Table 5.3: Excitation energies, spins and parities of levels in the region (8.14 - 10.5 MeV) above the
α-emission threshold in22Mg.

Jπ present Ref. [13] Ref. [12] Ref. [14] adopted
mirror (p,t) 25Mg(3He,6He)22Mg (16O,6He) (4He,6He) presenta

(2+) 8.1803(17) 8.229(20) 8.203(23) 8.197(10) 8.1812(16)
(2+) 8.383(13) 8.394(21) 8.396(15) 8.380(10) 8.385(7)
(3−) 8.5193(21) 8.487(36) 8.547(18)b 8.512(10) 8.5193(20)
(4+)T 8.572(6) 8.598(20) - - 8.574(6)
(0+)T 8.6575(17) - 8.613(20) (8.644(18))c 8.6572(17)
(4+) 8.743(14) - - - 8.743(14)
(1−) 8.7845(23) 8.789(20) 8.754(15) 8.771(9) 8.7832(22)
(2+) 8.9331(29) - 8.925(19) 8.921(9) 8.9318(27)
(1−)d 9.082(7) - 9.066(18) (9.029(20))c 9.080(7)
(4+)T 9.157(4) - (9.172(23)) 9.154(10) 9.157(4)
(6+)T - - (9.248(20)) - 9.248(20)
(2+)T 9.315(14) - 9.329(26) (9.378(22))c 9.318(12)
(3−) 9.492(13) - (9.452(21)) 9.482(11)
(2+) 9.546(15) - 9.533(24) 9.542(12) 9.542(9)
(6+)T - - 9.638 9.640(10) 9.640(9)
(0+) (9.70(5)) - 9.712(21) - 9.709(19)
(2+) 9.752(24) - - 9.746(10) 9.7516(27)
(0+) 9.861(6) - 9.827(44) 9.853(11) 9.860(5)
(1+) - - 9.924(28) 9.953(13) 9.948(12)
(2+) 10.087(15) - 10.078(24) (10.128(20))c 10.085(13)
(3+) (10.168(9)) - 10.190(29) - 10.170(8)
(2+) 10.2717(17) - 10.297(25) 10.260(10) 10.2715(17)
(4+)T 10.430(19) - 10.429(16) (10.389(20))c 10.429(13)

a Weighted average.
b Probably unresolved doublet of the levels at 8.5193(21) MeVand 8.572(6) MeV; not
included in the averaging of values.
c The energies of these levels differ significantly from thosemeasured in the present
experiment and Ref. [12], except for the level at 8.644 MeV which has a tentative
assignment in Ref. [14]; these levels are not included in theweighted average.
d Negative parity, in this case we assume 1−.
T Spin-parity value from Ref. [60].

5.5 Region above theα-emission threshold (8.142 MeV-
10.5 MeV)

The 22Mg levels above theα-emission threshold are important for the18Ne(α,p)21Na re-
action in X-ray bursts. Table 5.3 lists the present results together with the results from
previous experiments Refs. [12, 13, 14]. In the last column the adopted energies for levels
are listed, which we will use for reaction-rate calculations. In Fig. 5.8 we show our triton
spectra at spectrometer angles−0.3◦, 8◦ and 17◦ for this energy range.
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Figure 5.8: The 22Mg spectra above the alpha-emission threshold. The energy for each peak
is marked in the specific spectrum, where determined, obtained at either−0.3◦, 8◦ or 17◦. All
12C(p,t)10C and16O(p,t)14O contaminant peaks have been subtracted. The determined excitation
energies for22Mg are listed in the second column of Table 5.3. See further Fig. 4.5 for more details.

22Ne is a stable nucleus. Therefore, there is more experimental information regarding
its structure available than for22Mg. The number of known levels above theα-emission
threshold in22Ne is larger than in22Mg. However, the spin-parity information is not known
for all observed22Ne levels above theα-emission threshold. We used the calculations from
Ref. [60] in an attempt to deduce the spin-parity for22Ne levels with unknown spin-parity
and subsequently for those in22Mg. Therefore, the22Mg spin-parity mirror assignments
are uncertain. In this section we will discuss some of the levels together with the tentative
spin-parity assignments.

Fig. 5.9 displays tentative spin-parity assignments for levels above theα-emission
threshold in22Mg. A larger level density in22Ne than in22Mg can be observed. We tried
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to maintain a constant energy shift for levels with the same spin-parity. This can be seen
in Fig. 5.9 where a relatively small energy shift for the 6+ levels at 9.248 MeV and 9.640
MeV was taken similar to that of the 6+ level at 6.2543 MeV (Fig. 5.5). For the 2+ states
we maintained an energy shift between 300 keV and 400 keV similar to the shifts of the
2+ levels with known spin-parity values at lower energies (Figs. 5.3 and 5.5). In order to
estimate the uncertainty of the reaction rates due to these uncertainties in level assignments,
we performed calculations with different spin assignmentsfor dominant levels,i.e. levels
within the Gamow window.

8.1803(17) MeV (2+): This is the first level above theα-emission threshold. The ob-
tained excitation energy is in agreement with that obtainedin Ref. [12], but in disagreement
with Refs. [13, 14]. For this level we assigned a spin-parity2+ assuming it to be the mirror
of the22Ne 8.489 MeV state.

8.5193(21) MeV, 8.572(6) MeV, 8.6575(17) MeV, 8.743(14) MeV, 8.7845(23) MeV:
Owing to our high-resolution spectra we were able to identify five levels in the range from
8.5 MeV up to 8.8 MeV. The excitation energies for these five levels are deduced from
the measurement at−0.3◦, and tentative spin assignments are given in Fig. 5.9. The spin
assignments can be made in different ways. We assigned 0+ spin-parity to the 8.6575(17)
MeV level, because of the fast decline of the cross section with increasing scattering angle
(Fig. 5.10) as expected for anL=0 transition.

Only levels whisch differ significantly in excitation energy from the previous exper-
iments are discussed here. The level at 10.168(9) MeV is tentatively introduced here,
because of consistent analysis at the three different scattering angles. Furthermore, we
determined the excitation energies for some of the levels inthis region with an error as
small as a few keV. This achievement is a great improvement owing to the high-resolution
spectroscopy of the GR facility. Since the excitation energies of resonance levels enter
exponentially in the rate calculations, this achievement will greatly decrease the errors
originating from these uncertainties.
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Figure 5.9: Mirror spin-parity assignments for the22Mg levels above theα-emission threshold. The
adopted22Mg energies are taken from the last column of Table 5.3. The spin assignments of the
22Mg level scheme are obtained in accordance with the mirror nucleus. The energies given between
brackets are tentative. See further Fig. 5.3 for more details.
a The spin-parity value is from Ref. [64].
b The excitation energies are from Ref. [46].
T Spin-parity value is from Ref. [60].
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Table 5.4: Excitation energies, spins and parities of levels in the region above 10.5 MeV.

Jπ Present Ref. [12] Ref. [20] Ref. [21] Ref. [14] adopted
mirror (p,t) (3He,6He) (18Ne,p) (18Ne,p) (4He,6He) presenta

(3+)T - 10.570(25) (10.580(50)) 10.55(14) - 10.572(23)
(3−) 10.667(19) 10.660(28) - 10.66(14) 10.627(20) 10.651(13)
(2+) 10.768(21) 10.750(31) - - 10.776(20) 10.768(13)
(4+)T 10.881(15) 10.844(38) (10.820(60)) 10.86(14) - 10.873(14)
(8+) - - 10.910(50) 10.92(14) (10.915(20)) 10.914(19)b

(0+) 10.999(15) 10.980(31) 10.990(50) 11.01(14) (11.015(20)) 11.001(11)b

(6,7) - - (11.050(50)) - - 11.050(50)
(7−) - 11.135(40) 11.130(50) - (11.118(20)) 11.122(17)b

(6+)T - - - - (11.231(20)) 11.231(20)b

(4+)T 11.317(27) - - - 11.313(20) 11.315(16)
(2+) 11.499(17) - - - - 11.499(17)
(1−) 11.603(16) - - - 11.581(20) 11.595(12)
(0+) 11.76(3) - - - (11.742(20)) 11.747(17)b

(0+) 11.937(17) - - - 11.881(20) 11.914(13)
(1−) - - - - (12.003(20)) 12.003(20)b

(3−) 12.220(30) - - - (12.169(20)) 12.185(17)b

(2+) 12.474(26) - - - - 12.474(26)
(3−) 12.665(17) - - - - 12.665(17)
(0+) (13.010(50)) - - - - (13.010(50))

a Weighted average.
b Here, we included the tentatively determined levels from Ref. [14].
T Spin-parity from Ref. [60].
Excitation energies within brackets indicate tentativelyidentified levels.

5.6 Region above 10.5 MeV

The22Mg levels in the region above 10.5 MeV become important for X-ray bursts at peak
temperatures around 2.5 T9. Previous studies [12, 14, 20, 21] succeeded in identifyingsev-
eral levels in this region. The resolution achieved in previous experiments was, however,
insufficient to resolve most states. For this energy region,we have performed measure-
ments at scattering angles of 8◦ and 17◦. Our results together with the data from these
previous experiments are listed in Table 5.4.

From our data (listed in the second column of Table 5.4) it canbe seen that the accuracy
for the determination of the peak position is worse comparedto those for levels at lower ex-
citation energy as discussed in the previous sections. The increase of the excitation-energy
error is due to the error in the scattering-angle determination (0.15◦); this error contributes
more than 5 keV or 10 keV for the scattering angles of 8◦ or 17◦, respectively. However,
due to the larger statistics collected at the 17◦ scattering angle than at the 8◦ scattering an-
gle, the total error is comparable for both scattering angles. A level was adopted if identified
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Figure 5.11: The24Mg(p,t)22Mg spectrum above 10.5 MeV, measured at a scattering angle of17◦.
The determined excitation energies for22Mg are listed in the second column of Table 5.4. See further
Fig. 4.5 for more details.

at both scattering angles. Because of the larger collected statistics we use22Mg excitation
energies determined from the 17◦ spectrum. The results are listed in the second column of
Table 5.4. Fig. 5.11 presents a spectrum taken at 17◦ where all impurity lines have been
subtracted.

In the last column of Table 5.4 we list the averaged energies from all experiments,
including the tentatively identified peaks from Ref. [14]. We confirmed the existence of
the level at 11.742(20) MeV which was tentatively identifiedin Ref. [14].

In the region above 10.5 MeV there is no previous spin-parityinformation for22Mg
levels. Furthermore, there is very little experimental information from the22Ne mirror
nucleus in this excitation-energy region; additional Jπ information were taken from the
calculations of Brown [60]. The level structure of22Mg is given in Fig. 5.12; it presents
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one possible choice that was used as a starting point to studythe influence of the parities
and spins on the calculated reaction rates.

The excitation energies and corresponding Jπ values of levels in22Ne are taken from
Ref. [61] and they will be the leading source of the data for correlation with the22Mg
mirror nucleus. Additional information is taken from Ref. [62]. These additional data
are marked with# in Fig. 5.12. Some of the levels from Ref. [62] are introducedin the
22Ne level scheme, see Fig. 5.12 (dotted lines), and some are associated with the adopted
data from Ref. [61]. By comparing the data from Refs. [61, 62]it can be seen that there
is a discrepancy in the energy and the spin-parity values forsome of the states. If no
experimental information on spin-parity was given in Ref. [61], we used data from Ref.
[62]. In the remaining cases we used the calculation given byBrown [60].
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5.7 Astrophysical implications for the18Ne(α,p)21Na reac-
tion

Several experiments [12, 13, 14, 20, 21] were performed to determine properties such as
the excitation energy, the spin and parity values, and the resonance strengths of22Mg states
above the alpha-emission threshold (8.142 MeV). Together with our data, the excitation
energies of 42 levels have been determined up to now. However, we are still lacking in-
formation regarding the spin and the resonance strength formany of these levels. In this
paragraph we will calculate the reaction rates for the18Ne(α,p)21Na reaction by using
22Mg adopted excitation energies and discuss possible errors.

Each of the presently measured resonances, has a resonance width which is less than
10% of its resonance energy. The only exception is the level presently measured at Ex=9.082
MeV, where the measured width is 12.5% of the resonance energy:Γ/Eres=12.5%. Be-
cause of this we will use the theoretical description outlined in Ref. [4] in the case of
narrow resonances. According to this description, the total reaction rate can be expressed
as the sum of those of individual resonances, as it is explained in Section 2.3.

It can be seen from Eq. 2.30 that the largest uncertainties inthe reaction-rate calcula-
tions are introduced by uncertainties in the resonance energy, because of the exponential
dependence. However, with the present accuracy with which resonance energies are deter-
mined, the larger error in the21Na(α,p)21Ne rate calculations is introduced by the unknown
resonance strengths. In Refs. [20, 21] resonance strengthsfor seven and eight levels, re-
spectively, have been measured and they differ by up to an order of magnitude. However,
in both of these experiments spin information for the observed levels was not obtained.

The data determined by Groombridgeet al. [21] are given in Table 5.5. These authors
were able to resolve eight22Mg levels which are in good agreement with the adopted
values, the only exception being the first level which may be the unresolved doublet of
10.087 MeV and 10.168 MeV. In contrast, Bradfield-Smithet al. [20] identified only two
levels. Groombridgeet al. [21] admitted that the intrinsic resonance widths (Γ) are much
narrower than observed in their experiment because of the limited experimental resolution.
Because of the large difference in the observed resonance strengths between Refs. [21] and
[20] we will use the data for the last seven levels given in Ref. [21] as an upper limit.

Sources for the Sα values are calculations by Görreset al. [64] that are listed in Table
5.6. Data regardingα-cluster structure of22Ne from Ref. [62] are listed in Table 5.7. In the
previous section we mentioned a discrepancy between the data published in Refs. [62] and
[61], which are both listed in Table 5.7. In cases where we didnot have any experimental
information, we used the values of Sα calculated by Hess [65].

The lack of data for theα-spectroscopic factors in22Mg is obvious from Tables 5.5
- 5.7. We decided to use the Sα values for22Ne from Tables 5.6 and 5.7 for the mirror
levels in22Mg listed in the same tables. In the following, these Sα values will be denoted
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Table 5.5: The resonance strengths for the18Ne(α,p)21Na reaction taken from Ref. [21].

Ex(22Mg) Adopted
(MeV) ωγ (eV) Ex (MeV)
10.12(14) 1400 -
10.31(14) 10300 10.272
10.42(14) 7300 10.429
10.55(14) 18800 10.571
10.66(14) 18200 10.655
- - 10.768
10.86(14) 45200 10.876
10.92(14) 34000 10.914
11.01(14) 8100 11.001

Table 5.6: Resonance parameters for the18Ne(α,p)21Na reaction taken from Ref. [64].

Ex(22Ne) Jπ Sα Ex(22Mg) ωγ
(MeV)a 22Ne (MeV) (eV)
8.489 2+ 0.003 8.181 5.75E-67
8.596 2+ 0.225 8.385 8.94E-18
8.740 3− 0.012 8.519 1.43E-13
8.976 4+ 0.060 8.743 1.40E-8
9.097 3− b 0.050 8.783 4.76E-7
9.725 3− 0.080 9.484 6.78E-1
9.842 2+ 0.090 9.543 5.76E+0
10.066 0+ c 0.400 9.707 1.36E+2

a These are the possible22Ne mirror levels.
b This level is listed as 1− in Ref. [61], and the Sα will not be used in the present
calculation for the reaction rate.
c This level has negative parity in Ref. [61], and the Sα will not be used in the present
calculation for the reaction rate.

asacquired spectroscopic factors. For the remaining levels we will adopt a constant value
for each specific spin state. These fixed values are chosen on basis of the Sα values listed
in Tables 5.5, 5.6 and 5.7 and the calculations taken from Ref. [65], see also Fig. 5.13.
We adopted a value around the smaller Sα value for a particular spin. For example, for
22Ne 2+ states at 9.842 MeV, 11.700 MeV, 12.610 MeV, 12.800 MeV and 13.030 MeV
excitation energy Sα values are 0.090, 0.026, 0.017, 0.016 and 0.045, respectively. We
adopted Sα=0.020 to be a reasonable approximation for the constant spectroscopic factors,
for all levels with adopted spin-parity of 2+. Fig. 5.13 shows the known Sα values for the
natural-parity states up to 6+ and the adopted constant Sα values per spin value. These
constant Sα values are listed in Table 5.8, and will be denoted in the following as the
constant spectroscopic factors.
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Table 5.7: Resonance parameters for the18O(α,γ)22Ne reaction from Ref. [62].

Ex(22Ne)a Ex(22Ne)b Eres(c.m.) Jπ Γα Sα Ex(22Mg) Eres ωγ
(MeV) (MeV) (MeV) (eV) adopted (MeV) (MeV) (eV)
11.700 11.708 2.040 2+ 500 0.026 11.499 3.357 2.04E+4
11.760 11.772 2.104 3− a 3080 0.541 - - -
11.880 11.896 2.228 1− 3100 0.031 11.597 3.455 3.52E+4
12.020 12.000 2.332 0+ 44880 0.207 11.749 3.607 1.35E+5
12.250 12.218 2.550 0+ 76000 0.208 11.922 3.780 1.68E+5
12.280 12.280 2.612 1− 5100 0.018 12.003 3.861 3.69E+4
12.390 12.390 2.722 3− a 5940 0.120 12.192 4.050 1.76E+5
12.570 - 2.902 (1−) 36750 0.074 - - -
12.610 12.643 2.975 (2+) 4960 0.017 12.474 4.523 6.01E+4
12.700 - 3.032 3− 900 0.008 - - -
12.800 - 3.132 2+ 6000 0.016 - - -
12.820 - 3.152 1− 90100 0.124 - - -
12.890 12.910 3.242 3− 3510 0.021 - - -
12.990 - 3.322 0+ 32000 0.028 - - -
13.030 13.078 3.410 2+ 26100 0.045 - - -
13.190 - 3.522 3− 45820 0.165 - - -
13.490 - 3.822 4+ 2900 0.022 - - -
13.690 - 4.022 (5−) 2000 0.050 - - -

a Data taken from Ref. [62].
b Data taken from Ref. [61].
All Jπ values are taken from [62], except values marked witha which are taken from Ref.
[61].
Sα factors are calculated on basis of the resonance energies,J andΓα listed in the third,
fourth and fifth columns, respectively, using Eq. 2.29.
The22Mg resonance strengthsωγ are calculated on basis of resonance energies,J andSα

tabulated in the eighth, fourth and sixth columns, respectively, and,Jpro=0,Jtar=0, by
using Eq. 2.28.

Table 5.8: Theconstant Sα values assumed for the levels without any experimental information.

J Sα

0 0.030
1 0.025
2 0.020
3 0.010
4 0.060
5 0.050
6 0.025

By using the already known Sα values listed in Tables 5.6 and 5.7 (acquired Sα) and
constant values for a particular spin of the states with unknown Sα values, we attempt to
maintain the simple procedure followed in this work. With the constant α-spectroscopic
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Figure 5.13: Theacquired Sα values for the spin values from 0 up to 6 for the entire astrophysically
important region of excitation energies in22Mg. Sα values are taken from Tables 5.6 and 5.7; all Sα

values for the spin value 6 are taken from Ref. [65].Constant Sα factors are chosen on basis of the
acquired Sα values and they are indicated on the right side of the figure.

factors for the levels with the same spin and parity it will beeasy to compare and improve
the calculations once accurate experimental data will become available. With the choice of
low Sα values we attempt to be on the low limit of the reaction rates.

The mirror spin assignments given in Tables 5.3 and 5.4 and inFigs. 5.9 and 5.12 are
used in our calculations of the reaction rates because thesespin assignments allow us to
use the22Ne known Sα values. However, these spin assignments are arbitrary and we will
check the influence of the spin assignments by comparing our mirror assignments with a
randomly generated spin distribution. Three possible combinations are given in Table 5.9,
with the last two spin assignments being randomly generatedaccording to the following
procedure. The upper limit for a randomly generated spin was6. This number was chosen
because the ratio of the penetrabilities for states having spin 0 and 6 can go up to 10000,
which is already a noticeable difference. Furthermore, equal probability for all possible
spins is assumed. The second restriction was to preserve theacquired Sα values in both
random cases (Table 5.9). Thus we assume that the corresponding levels have a properly
determined spin and Sα values.

Calculated reaction rates for the astrophysically interesting interval of temperature are
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Table 5.9: The spin values and resonance strengths for the18Ne(α,p)21Na reaction.

mirror a RND1 b RND2 b

Eres (MeV) J ωγ (eV) J ωγ (eV) J ωγ (eV)

0.0391 2 9.14E-67c 2 9.14E-67c 2 9.14E-67c

0.2431 2 9.35E-18c 2 9.35E-18c 2 9.35E-18c

0.3773 3 1.46E-13c 3 1.46E-13c 3 1.46E-13c

0.4317 4 3.26E-12 1 5.93E-11 6 2.10E-16
0.5152 0 1.36E-08 3 7.84E-11 6 2.42E-14
0.6010 4 1.40E-08c 4 1.40E-08c 4 1.40E-8c

0.6415 1 2.75E-06 6 5.30E-12 3 1.37E-8
0.7901 2 7.51E-05 6 5.58E-10 0 1.64E-4
0.9383 1 5.26E-03 4 1.75E-05 6 1.91E-8
1.0149 4 6.70E-04 0 1.60E-02 5 3.98E-6
1.1060 6 5.75E-06 1 2.90E-02 6 4.43E-7
1.1756 2 9.04E-02 0 1.76E-01 6 1.35E-6
1.3419 3 6.66E-01c 3 6.66E-01c 3 6.66E-1c

1.4012 2 5.72E+00c 2 5.72E+00c 2 5.72E+0c

1.4976 6 1.07E-03 2 6.52E-01 4 4.33E-2
1.5651 0 1.43E+01 3 1.15E-01 5 5.75E-3
1.6097 2 8.65E+00 6 2.60E-04 6 2.60E-4
1.7176 0 4.36E+02c 0 4.36E+02c 5 4.36E+2c

1.8059 1 8.48E+01 0 5.94E+01 6 1.52E-3
1.9435 2 8.99E+01 4 1.60E+00 1 6.55E+1
2.0263 3 2.25E+01 3 3.22E+00 3 3.22E+0
2.1295 2 1.03E+04e 4 1.03E+04e 6 1.03E+4e

2.2874 4 7.30E+03e 6 7.30E+03e 4 7.30E+3e

2.4295 3 1.88E+04e 6 1.88E+04e 3 1.88E+4e

2.5133 3 1.82E+04e 5 1.82E+04e 2 1.82E+4e

2.6263 2 2.11E+03 3 5.52E+01 3 5.52E+1
2.7338 0 4.52E+04e 2 4.52E+04e 1 4.52E+4e

2.7724 6 3.40E+04e 6 3.40E+04e 1 3.40E+4e

2.8587 0 8.10E+03e 0 8.10E+03e 2 8.10E+3e

2.9080 6 1.24E+01 1 2.98E+03 0 5.37E+3
2.9804 6 1.66E+01 1 3.58E+03 6 1.28E+0
3.0890 6 2.55E+01 1 4.60E+03 2 1.69E+3
3.1732 4 3.66E+03 4 4.07E+02 2 2.08E+3
3.3572 2 2.04E+04d 2 2.04E+04d 2 2.04E+4d

3.4553 1 3.51E+04d 1 3.51E+04d 1 3.51E+4d

3.6072 0 1.34E+05d 0 1.34E+05d 0 1.34E+5d

3.7798 0 1.67E+05d 0 1.67E+05d 0 1.67E+5d

3.8610 1 3.69E+04d 1 3.69E+04d 1 3.69E+4d

4.0495 3 1.73E+05d 3 1.73E+05d 3 1.73E+5d

4.3322 2 6.01E+04d 2 6.01E+04d 2 6.01E+4d

4.5226 3 2.88E+04 2 1.72E+04 6 1.21E+2
4.8650 0 5.88E+04 6 2.44E+02 3 6.08E+3

a Spin and resonance strength for the mirror assignments given in Figs. 5.9 and 5.12.
b Spin and resonance strength for the randomly generated spins of states.
c Sα factors taken from Table 5.6, andd Sα factors taken from Table 5.7.
e Resonance strengths are measured in Ref. [21].c, d ande denote levels withacquired Sα.
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presented in Fig. 5.14. Previous calculations given in Refs. [12, 20, 21, 64] are also
plotted for comparison. Our calculated18Ne(α,p)21Na reaction rates are at least five time
larger than any of the previous calculations, for a stellar temperature larger than 0.3 T9

(T9 ≡109 K). In Fig. 5.14, it can be noticed that the reaction-rate calculation done by
Groombridgeet al. [21] has a similar shape to the present calculation for temperatures
above 1 T9. The reason for the shape similarity between our work and thecalculations
from Refs. [12, 20, 21, 64] are theacquired Sα values taken from those references. The
first-excited level above theα-emission threshold does not contribute significantly to the
calculated reaction rates because it is below the Gamow window for the 18Ne(α,p)21Na
reaction (see Section 2.5) at the predicted X-ray burst temperatures.

Fig. 5.15 displays the contribution of levels with theacquired Sα values taken from
different Refs. [21, 62, 64]. The low contributions of the levels with constant Sα can be
observed from Fig. 5.15; this effect is due to the much lower Sα values of these levels.

The largest difference between18Ne(α,p)21Na reaction rates, calculated for the ran-
domly produced spin values compared to the assigned mirror spin values was found to be
about 70%. This is, for example, the case if for one level in the first seta spin 0 value
and in the second set a spin 6 value was used. In that case, the difference in the penetra-
bilities through the Coulomb and orbital-momentum barriers can differ by five orders of
magnitude. Because in the present experiment we did not clearly observe any 6+ state, it
is unlikely that we are making a huge error in the22Mg spin-parity assignments (i.e. spin
0 instead of spin 6 and vice versa). Therefore, we are limiting the error originating from
the spin-parity assignments to less than an order of magnitude. In Fig. 5.16, it can be seen
that there is almost no difference between these various choices made for the spin values
for a stellar temperature above 1 T9. The reason for this behavior is coming from the fixed
resonance strengths for levels marked by the superscriptsa, b andc in Table 5.9 (levels with
theacquired Sα).

With the assumption that our mirror spin assignments and corresponding Sα values are
correct we calculated the error for the18Ne(α,p)21Na reaction rate caused by the uncer-
tainty of the resonance energy (Table 5.10). The large relative error at low temperatures
(0.1-0.2 T9) is caused by the energy error for the 8.385(7) MeV level which dominates at
these temperatures. With increasing temperature the errororiginating from the resonance-
energy uncertainties drops to 2%, and it is significantly smaller than uncertainties which
originate from the spin assignments and Sα values.

We calculated the18Ne(α,p)21Na reaction rate with the presently available data set.
The values obtained can change due to several reasons:

1. There may be missing states in22Mg which can significantly contribute to the
18Ne(α,p)21Na reaction. We already concluded before that the observed level density
of 22Ne is larger than that of22Mg in the region above theα-emission threshold.

2. The spin assignment can be incorrect especially at the higher excitation energies. We
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Figure 5.14: The 18Ne(α,p)21Na reaction rates as a function of temperature. The different curves
indicate reaction rates calculated in Refs. [12, 20, 21, 64]as well as the one calculated in the present
work with theacquired Sα from those references.
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Table 5.10: The relative errors of the18Ne(α,p)21Na reaction rate originating from the uncertainty
in resonance energy.

Temperature NA < σv > relative error
T9 (K) (cm3 mol−3 s−1)

0.1 4.14E-24 0.73
0.2 4.92E-16 0.10
0.3 1.30E-11 0.08
0.4 4.52E-09 0.08
0.5 2.90E-07 0.10
0.6 7.63E-06 0.13
0.8 1.57E-03 0.17
1.0 7.98E-02 0.15
2.0 1.06E+03 0.06
3.0 4.76E+04 0.04
4.0 3.43E+05 0.03
5.0 1.15E+06 0.03
6.0 2.60E+06 0.02
8.0 7.23E+06 0.02
10.0 1.31E+07 0.02

have already shown that wrong spin assignments can change the reaction rates by up
to one order of magnitude.

3. There is lack of experimental information on theα-spectroscopic factors for the
22Mg states.

4. The accuracy of the determination of the excitation energy can be improved.

Our experiment significantly improved the precision of the measured22Mg excitation
energies for levels above the proton-emission threshold. Consequently, the reaction-rate
errors originating from the error in the spin assignments can reach an order of magnitude
and this is larger than the error caused by the excitation-energy precision (less than 20% for
the stellar temperatures above 0.1 T9). Therefore, more experimental efforts are necessary
to obtain the spin and Sα values for the22Mg levels.
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Figure 5.16: The 18Ne(α,p)21Na reaction rate as a function of temperature for the three different
sets of spin assignments given in Table 5.9.

5.8 Astrophysical implications for the 21Na(p,γ)22Mg re-

action

The 21Na(p,γ)22Mg reaction has been studied in recent experiments; see Refs. [16, 19].
These experiments significantly improved our knowledge of22Mg. We already emphasized
(Section 4.3) the error introduced by using an excitation energy of 5.7139 MeV for the
first level above the proton-emission threshold in the calibration procedure. By avoiding
this calibration problem and owing to the excellent resolution of the present experiment,
the excitation energies of the levels in22Mg above the proton-emission threshold were
determined with better precision; see Section 5.4.

By using the present data together with the data of the resonance strengths given in
Refs. [17, 18, 19] we performed reaction-rate calculationsfor the21Na(p,γ)22Mg reaction
in the range of stellar temperatures between 0.01 T9 and 5 T9. In the case of ONe novae
we are interested in temperatures up to 0.4 T9, corresponding to excitation energies up to
5.95 MeV in22Mg. Similarly, in the case of X-ray bursts we are interested in temperatures
up to 2.5 T9 corresponding to excitation energies up to 7.2 MeV.

In Table 5.11 we list levels in22Mg above the proton-emission threshold together with
their resonance strengths. The resonance strengths for thefirst nine levels above the proton-
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emission threshold (except for Ex=6.226 MeV level) were previously measured using a
radioactive21Na beam at the TRIUMF facility [17, 18, 19]. These eight resonance strengths
are marked by the superscriptsa, b and c, respectively. In Ref. [66], it is shown that
Γp ≪ Γγ only holds for the 5.710 MeV level. Already for the 5.954 MeV levelΓp ≫ Γγ

and this is also the case for all higher levels. Therefore, for these levels the resonance
strength

ωγ =
2J + 1

(2Jpro + 1)(2Jtar + 1)

ΓpΓγ

Γtot
(5.2)

can be expressed in terms ofΓγ only, sinceΓp ≈ Γtot:

ωγ =
2J + 1

(2Jpro + 1)(2Jtar + 1)
Γγ . (5.3)

In the mirror nucleus22Ne the proton, neutron andα-emission thresholds are at 15.266
MeV, 10.364 MeV and 9.699 MeV, respectively. Therefore, we used the experimentally
determined half-life data for decay viaγ-emission only [61] to calculateΓγ of 22Ne levels.
Furthermore, we corrected these values for the difference in γ-ray transition energies of the
mirror transitions; those levels are marked by the superscript d in Table 5.11. For the22Ne
levels where no multipolarity information exists for the emittedγ-rays we took the smaller
multipolarity values which satisfied the selection rules for the transition. In cases where an
emittedγ-ray has a mixed multipolarity, but the multipolarity mixing ratio was not given in
Ref. [61] and no mixing multipolarity was assumed, we took the multipolarity which gave
the smallerΓγ after correction. This is done in order to ensure that our calculations have
a smaller contribution from the unknown parameters, similar to the choice of the constant
Sα factors for the18Ne(α,p)21Na reaction-rate calculations. For the levels indicated by
the superscripte in Table 5.11 no half-life information exists for the mirrorlevels in22Ne.
Therefore, we assumed the lower value ofΓγ=0.01 eV. The calculated resonance strengths
are also listed in Table 5.11.

D’Auria et al. [18] calculated the reaction rates using the method of narrow resonances,
except for the resonances at 0.8214 and 1.1012 MeV, where broad resonances were used.
They did not find a significant difference between the above-mentioned method and the
method of narrow resonances over the temperature region associated with novae. Ruizet
al. [19] investigated radiative capture through the first-excited state of21Na at 0.332 MeV;
this state will be populated at astrophysical temperatures. Their result shows a negligi-
ble difference between the total reaction rate using as seedonly 21Na in its ground state
compared to a calculation with an additional thermal population of the first-excited state,
followed by subsequent capture. For these reasons and because the total widthΓ is smaller
than 10% of the resonance energy for all resonances in the excitation-energy region of
interest we used the narrow-resonance treatment, described in Ref. [4].
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Table 5.11: The21Na(p,γ)22Mg reaction: resonance energies, spin-parity assignmentsand resonance
strengths.

Ex (22Mg) Eres Jπ ωγ
(MeV) (MeV) mirror (eV)
5.7101 0.2059 2+ f 1.03E-3a

5.9542 0.4500 0+ f 8.60E-4b

6.0371 0.5329 (3−) 1.15E-2b

6.2261 0.7219 (4+) 5.23E-2d

6.2543 0.7501 (6+) f 2.19E-1b

6.3256 0.8214 (3+) 5.56E-1b

6.5807 1.0765 (1−) 3.68E-1c

6.6054 1.1012 (2+) 8.09E-2c

6.7690 1.2648 (0+) 4.84E-3c

6.8762 1.3720 (1−) 2.29E-3d

7.0268 1.5226 (3+) 2.71E-3d

7.0447 1.5405 (4+) 1.40E-2d

7.0604 1.5562 (3−) 9.01E-3d

7.0790 1.5748 (1−) 3.75E-3e

7.2176 1.7134 0+ f 2.90E-2d

7.3382 1.8340 (2+) 7.08E-1d

7.3842 1.8800 (3−) 8.75E-3e

7.6012 2.0970 (2+) 6.25E-3e

7.6740 2.1698 (2−) 3.26E+0d

7.7420 2.2378 (4+) 1.13E-2e

7.9206 2.4164 (2+) 6.25E-3e

8.0051 2.5009 (3−) 8.75E-3e

8.0620 2.5578 (3+) 8.75E-3e

8.1812 2.6770 (2+) 6.25E-3e

a Resonance strength taken from Ref. [17].
b Resonance strength taken from Ref. [18].
c Resonance strength taken from Ref. [19].
d Resonance strength calculated from the half-life data for22Ne mirror levels.
e A 0.01 eV constant partial widthΓγ is assumed.
f Jπ values taken from Ref. [61].
Jπ values in brackets are obtained by mirror assignments givenin Fig. 5.5.

The direct capture (DC) contribution is calculated using the prescription for non-resonance
reaction rate given in Ref. [67]. The astrophysical factor Sis taken from Ref. [11]:

S(E) = 7.9 × 10−3 − 3.4 × 10−3E + 1.8 × 10−3E2 [MeV· b] (5.4)

The total21Na(p,γ)22Mg reaction rate combining the contributions of DC processes and
resonance-capture processes is shown in Fig. 5.17. At the stellar temperatures below 0.06
T9 the21Na(p,γ)22Mg reaction proceeds mainly through the DC processes, whileat higher
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Figure 5.17: The total21Na(p,γ)22Mg reaction rate.

temperatures resonance-capture processes dominate. The contributions from the two most
dominant resonances are shown in Fig. 5.18.

The 0.2059 MeV resonance contribution is dominant in the entire interval of ONe nova
temperatures (0.05-0.4 T9). This conclusion is in agreement with Refs. [11, 15, 18, 19].
Furthermore, the same resonance dominates the production of 22Mg in X-ray bursts up to
a temperature of 1.1 T9. Beyond 1.1 T9 the main contribution comes from the resonance
at a resonance energy of 0.8214 MeV. This is mainly due to the larger resonance width as
compared to near-lying other resonances. D’Auriaet al. [18] concluded that the resonance
at 0.738 MeV (Ex=6.246 MeV unresolved doublet) yields the dominant contribution be-
yond a temperature of 1.1 T9. They state that the resonance at Eres=0.8214 MeV takes
over at higher temperatures. The source of uncertainties inthe present calculations can be
the resonance strengths taken for the levels at Eres=0.7219 MeV and Eres=0.7500 MeV,
which are calculated from the half-lives in the mirror nucleus 22Ne and from Ref. [18],
respectively. This is due to the fact that D’Auriaet al. [18] did not resolve the doublet
at excitation energies of 6.2261 MeV and 6.2543 MeV; insteadthey measured one level at
6.246 MeV. This can be indication that D’Auriaet al. [18] measured the resonance strength
with the contributions from both levels. However, we will use this resonance strength for
the level at Eres=0.7500 MeV. Furthermore, the level at a resonance energy of0.8214 MeV
strongly dominates above a stellar temperature of 1.1 T9.
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present results are plotted in comparison with those calculated in Refs. [11, 15, 18].
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Fig. 5.19 shows our calculated21Na(p,γ)22Mg resonance reaction rate in comparison
with those calculated in Refs. [11, 15, 18]. All calculations are shown for the stellar
temperatures above 0.06 T9, because DC dominates at the lower stellar temperatures. Our
present calculations yield almost identical results as obtained by D’Auriaet al. [18]. This
is a result of assuming the same resonance strengths for five resonances. We did not take
into account the contribution from the level at an excitation energy of 5.837 MeV observed
only by Ref. [68]. However, it was already shown [18, 19] thatthis resonance has a small
contribution to the total reaction rate due to the dominanceof the first-excited level above
the proton-emission threshold in22Mg.

The huge discrepancy between the present results and those reported by Batemanet al.
[11] has to be attributed to the overestimated resonance strength for the resonance at 0.450
MeV in Ref. [11] (larger by three orders of magnitude). The reaction-rate calculations
given by Davidset al. [15] were performed by using only two resonances, in contrast to our
work where we included all the resonances listed in Table 5.11. Therefore, a discrepancy
with the present results can be observed above 0.8 T9.

For ONe novae, the calculated21Na(p,γ)22Mg reaction rate is consistent with the cal-
culations done in Refs. [15, 18]. For temperatures higher than 1.1 T9 differences still exist
due to unknown spins and resonance strengths of several resonances. Especially after the
doublet at 6.2261 MeV and 6.2543 MeV is resolved it would be ofinterest to perform the
resonance-strength measurements for these two levels, because these two levels can be the
dominant contributors to the rate for the21Na(p,γ)22Mg reaction at X-ray burst tempera-
tures between 0.9 T9 and 1.1 T9.

5.9 Summary

In this section we discussed measured22Mg levels and their influence on the18Ne(α,p)21Na
and21Na(p,γ)22Mg reaction rates. With an unprecedented resolution of 13 keV (FWHM)
for a (p,t) experiment we resolved sixty two22Mg levels, twelve of which were observed
for the first time. The errors in excitation energies for someof the measured levels de-
creased by an order of magnitude. This leads to a decrease in the error in the calculated
reaction rates, which originates from the errors in the excitation energies of the resonances,
to below 15%.

By measuring the 6.2261 MeV (4+) level we confirmed the suggestion by Batemanet
al. [11] that the observed peak at 6.2411 MeV is a doublet. Furthermore, we resolved four
levels in the 7.0 to 7.1 MeV excitation-energy interval in22Mg. In the22Mg excitation-
energy region relevant for the18Ne(α,p)21Na reaction at stellar temperatures we measured
for the first time a level at 8.743 MeV and four more levels above 11 MeV excitation energy.

On the basis of measured excitation energies in22Mg, spin-parity mirror assignments
and adopted spectroscopic factors from previous works we have deduced18Ne(α,p)21Na
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and21Na(p,γ)22Mg reaction rates. For levels with unknownα-spectroscopic factors we
adopted a constantα-spectroscopic factor for the same spin value for the18Ne(α,p)21Na
reaction-rate calculations. Furthermore, we included allmeasured22Mg levels above the
α-emission threshold. For this reaction, our calculated rates are a factor of five larger
compared to previous calculations.

The determined21Na(p,γ)22Mg reaction rates are very similar to those calculated in
Ref. [18]. The reason for this similarity is that the same resonance strengths were used in
the present work and that of Ref. [18]. Our work shows that an additional evaluation of
the 6.2261 MeV and 6.2543 MeV resonance strengths would be ofinterest though it can be
seen from Fig. 5.18 that this may probably not change the21Na(p,γ)22Mg reaction rates
dramatically.






