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The ?°Ne(a,n)®Mg reaction is thought to be the neutron source during sh®ocess in massive and
intermediate mass stars as well as a secondary neutron source durggrtieess in low-mass stars. There-
fore, an accurate determination of this rate is important for a better understanding of the origin of nuclides
heavier than iron as well as for improvisgprocess models. Also, theprocess produces seed nuclides for a
later p process in massive stars, so an accurate value for this rate is important for a better understanding of the
p process. Because the lowest observed resonance in dfi¢e{e,n)>°Mg measurements is considerably
above the most important energy range $qrocess temperatures, the uncertainty in this rate is dominated by
the poorly known properties of states Mg between this resonance and threshold. Neutron measurements
can observe these states with much better sensitivity and determine their pardmetepsl”,,) much more
accurately than direc??Ne(«,n)?®Mg measurements. | have analyzed previously repottdig+ n total and
25Mg(n,y) cross sections to obtain a much improved set of resonance parameters for stiég bretween
threshold and the lowest observ&iNe(a,n)?>Mg resonance, and an improved estimate of the uncertainty in
the 2Ne(a,n)?Mg reaction rate. For example, definitely two, and very likely at least four, of the states in this
region have natural parity and hence can contribute to*tNe(a,n)?*Mg reaction, but two others definitely
have non-natural parity and so can be eliminated from consideration. As a result, a recent evaluation in which
it was assumed that only one of these states has natural parity has underestimated the reaction rate uncertainty
by at least a factor of 10, whereas evaluations that assumed all these states could contribute probably have
overestimated the uncertainty.
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[. INTRODUCTION charged-particle transfer reactiof@. However, direct mea-
surements have suffered from relatively poor resolution as
During helium-burning and, perhaps, carbon-burningwell as the fact that the cross section is extremely small at
phases in massive and intermediate mass stars, thke lower energies correspondinggg@rocess temperatures.
22Ne(a,n)?>Mg reaction is thought to be the neutron sourcelndirect methods have also suffered from limited sensitivity
driving the synthesis of nuclides in th&a~60-90 mass and relatively poor resolution. This rate, in principle, could
range during the slow-neutron-captug procesg1,2]. The  be determined via the inverséMg(n,«)?Ne reaction, but
s process in these stars also can modify the abundances tife small size of the cross section in the relevant energy
several lighter nuclides. Thé°Ne(a,n)?®Mg reaction also range makes these measurements exceedingly difficult, so no
acts as a secondary neutron source duringstpeocess in  results have been reported. As a result, various evaluations
low-mass asymptotic giant branéAGB) stars during which  [7,11-13 of this rate show considerable differences and alll
roughly half the abundances of nuclides in #he=90—-209  but the most recerf®] recommend uncertainties much larger
range are thought to be synthesiZ8dl Although the overall than needed to adequately constrain astrophysical models.
neutron exposure due to this reaction in AGB stars is muclBecause the lowest observed resonanéeg, <832 keV,
smaller than that due t&C(a,n)*0, the neutron density as which corresponds t&,=235 keV in the inverse reactipn
well as the temperature are much higher during then direct ?°Ne(a,n)®Mg measurements is considerably
22Ne(a,n)?>Mg phase, resulting in important modifications above the most important energy range $grocess tem-
to the finals-process abundances. Massive stars during theiperatures, the uncertainty in this rate is dominated by the
later burning stages are also the leading candidates for th@oorly known properties of states fiMg between this reso-
production of the rare neutron-deficient isotopes of nuclidesiance and threshold. Because béthe and “He havel™
in the A=90 mass range through the so-callegrocess. =07, only natural-parity (0,17,2" ...) states in?*Mg
Because thes process in these stars produces seed nuclidesan participate in the?”Ne(«,n)?>Mg reaction, so only a
for a laterp process, the size of th&Ne(a,n)?Mg reaction  subset of?®Mg states in the relevant energy range observed
rate used in the stellar model can have a significant effect omia neutron reactions can contribute to the reaction rate.
the predicted abundances of thésotoped4]. Most evaluations have made the assumption that either all, or
There have been several attempts to determine the rate fonly one, of the known statefsl4,15 in this region can
this reaction either through direé®Ne(a,n)?®Mg measure-  contribute to the reaction rate. For example, in the recent
ments [5-9] or indirectly via ?®Mg(y,n)>®Mg [10] or  Nuclear Astrophysical Compilation of Reaction rates
(NACRE) [13] evaluation, all known states in this region
were considered when calculating the uncertainty whereas in
*Electronic address: koehlerpe@ornl.gov the most recent repofi9] only one state was assumed to
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have natural parity. As a result, the recommended uncertairators to detect the rays. Although total cross section mea-

ties in the NACRE evaluation are much larger than those irsurements have been repor{d®] using an enriched®Mg

Ref. [9]. For example, alf =0.2 GK, the NACRE uncer- sample, the data are of much lower resolution and precision

tainty is approximately 300 times larger than that given inthan those of Ref[18].

Ref.[9]. The original, unaveraged®Wg+n transmission data
Much of the information about states Mg in the rel-  were obtained23] to preserve the best resolution so that the

evant energy region comes from neutron measureni&fts  pest possible parameters could be obtained from fitting the

18]. In principle, the combination of neutron total and cap-gaa. The data between resonances were averaged to speed

ture cross section measurementsg can determine all up the fitting process. Only a subset of tFMg(n, y)2*Mg

of the relevgnt resonance pafa”.‘%’t@*(”v I'n, andI’,) . data, corresponding to energy regions near the resonances
exceptl”,, with much better sensitivity and to greater preci- reported in Ref[18] and extending to onlE, =275 keV,

sion than other techniques. Both high-resolutifMg+ n
25 26 q ng 9 could be located24]. These data were corrected by a factor
total and “°Mg(n, y)-°Mg cross sections have been reported .
of 0.9325 as recommended in Ref[25]. The
[18] and some resonance parameters were extracted froﬁl,zqv' (n,7)52Mg data of Ref[18] could not be found
these data. However, the resonance analysis was rather lim- 9(n.y 9 ; ’ ) .
The data were fitted with th®-matrix codesammy [19]

ited and it is possible to extract much more information us- X
ing current techniques. For example, resonance shapes afpyextract resonance parameters. All three stable Mg isotopes

peak heights in the total cross section should allow the ex¥ere mclut;led in the analysis because the sample for the total
traction of J™ values, but no definite assignments were madéross section measurements was natural(F&99% *Mg,
in Ref.[18] for states in?Mg. Also, it should be possible to  10.00%2°Mg, and 11.01%°Mg). Orbital angular momenta
determine the partial widths for many of the resonances, bu#p to and includingd waves were considered. Radii of 4.9
only five I', and noT',, values were reported for the 17 fm were used in alP®Mg+n channels as well as th&Mg
Mg+ n resonances reported in RELS]. Partial width in-  +n d-wave channels, and a radius of 4.3 fm was used in all
formation can be particularly valuable in assessing the rela?®Mg+n channels. Becausé'Mg is the major isotope in
tive strengths of the competing?®Ne(a,n)*Mg and  natural Mg and because tseandp-wave penetrabilities are
22Ne(a,y)?®Mg reactions in stars, and hence the efficiencyconsiderably larger thad wave at these energies, teeand
of the s-process neutron source. p-wave radii for>Mg+ n were allowed to vary while fitting
| have analyzed previously report¢di§] "Mg+n total  the total cross sections. The fitted radii were 5.88 fm and
and *®Mg(n,y)?®Mg cross sections using the multilevel, 4.17 fm for s and p waves, respectively, if*Mg+n. All
multichannelR-matrix codesammy [19] to obtain a much resonances up to the highest energy given in Réi. (1.754
improved set of resonance parameters for states from thresMeV) were included in theR matrix although | did not
old through the lowest observedNe(«,n)?°Mg resonances. attempt to fit the total cross section data above 500 keV
In the next section, | describe the data and analysis techniqueecause the unavailability of°Mg(n,y)?*Mg data above
used. In Sec. lIl, | compare the new results to previous analy275 keV made it increasingly difficult to assighiMg+n
ses of neutron data as well as resonance parameter informaesonances at the higher energies. The parameters of Ref.
tion from ?Ne(a,n)®Mg, ®Mg(y,n)®®Mg, and [18], supplemented by those in Rgf4] in some cases, were
22Ne(®Li, d)*®Mg measurements. In Sec. IV, | use the newused as starting points in the fitting process.
resonance parameters together with recently repdétedp- The starting parameters required considerable adjustments
per limits for the 2Ne(«,n)?®Mg cross section to compute in some cases to fit the data. Some of these differences prob-
the uncertainty in this rate aprocess temperatures. | con- ably can be ascribed to the Breit-Wigner fitting approach of
clude that the most recent repd® of this reaction rate has Ref.[18]. The resulting parameters are given in Tables |-III.
underestimated the uncertainty by at least a factor of 10 andll parameters for all observed resonances are included in
that high-resolution®®Mg+n total cross section measure- these tables, even those that are not well determined, so that
ments would be invaluable in further refining the uncertaintythe present results could be duplicated if necessary. The
in this important reaction rate. "aMg+n and ®Mg(n,y)?*Mg data of Ref.[18] and the
sAMMY fits are shown in Figs. 1 and 2, respectively.
Although | did not have?*?Mg(n, v)?>?Mg data to fit,
the gamma widths for the strong resonances and the neutron
The best data for the present purposes are those of Refiidths for the weak resonances presented herein were calcu-
[18]. The data consist of very high-resoluti6fiMg+n total  lated to be consistent with the correc{@®] neutron capture
and high-resolutiorf®Mg(n, y)?®Mg cross sections measured data of Ref.[18]. For strong resonances that were clearly
using time-of-flight techniques at the white neutron source ofisible in the total cross section data, thi¢ values in Tables
the Oak Ridge Electron Linear Accelerator facilf30—22. | and Il were calculated to yield the correctf2b] capture
Total cross sections were measured using a relatively thickernels gI',I",/T") given in Ref.[18]. Becausd ,>T", for
(0.2192 atoms/bmetallic Mg sample and a plastic scintilla- these resonances, the choicegfhas a negligible effect on
tor detector on a 200-m flight path. The neutron capture meathe fit to the total cross section data. For weak resonances not
surements were made using a tifh030 atoms/lh 97.87%  visible in the total cross section, | uséd=3.0 eV and the
enriched sample on a 40-m flight path, and employed theorrected[25] capture kernels of Refl18] to calculate the
pulse-height weighting technique using fluorocarbon scintil-neutron widths. | used’,=3.0 eV because it appears to be

1. DATAAND R-MATRIX ANALYSIS
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TABLE I. **Mg+n resonance parameters. length uncertaintyAd~3 cm. Because the flight path length
for neutron capture was shorter than that for the total cross

En (kW) | gl Iy (V) gl (eV) section measurements, energy uncertainties for resonances
46.347-0.016 (1) (17) 1.832 1.556-0.089 observed only in the neutron capture data are correspond-
68.529:0.024 (1) (1) 3b 5 60+0.22 ingly larger. Weak and very broad resonances can also have
83.924+0.031 1 3 4.7 8007.0:50  additional non-negligible uncertainties in their energy asso-
176.700° 1) (1) 3b 0.314¢ ciated \{wth the fitting process. The two uncertainties were
257.18-012  (2)  (3%) 1.132 s69:10  added in quadrature to obtain the values given in Tables
266.10£0.12 1 T 5.22 80216+ 41 "'I';' , . .
431.070.23 1 3 702 30082+ 22 ~ Ifthe neutron width of a resonance is large enough, then it
475.35+0.27 > 5 1.042 13.8513 is possible to discern its spin and/or parity. For example,
498.2'#0-28 1 3 038 520‘ 0t4‘ 5 s-wave resonances have a characteristic asymmetric shape in

the total cross section due to interference with potential scat-
: ; ; 25

3Gamma width calculated to yield the correct@®ef. [25]) capture  t€fing. On this basis, the®™Mg+n resonances atE,

kernel given in Ref[18]. =19.880, 72.674, 79.30, 100.007, 188.334, and 261.00 keV

bAssumed gamma width. See text for details. definitely can be assigned as beiagvave. Similarly, al-

°From Ref.[18]. Not observed in this work. See text for details.  though it is not possible to discern the parity of thrMg

dNeutron width calculated to yield the correct@Rief. [25]) capture TN resonances a,=156.169 and 211.20 keV, they are
kernel given in Ref[18]. definitely nots wave. In addition, the spins of th€Mg+n

resonances &,=19.880, 72.674, 79.30, 100.007, 156.169,
4.502, 200.285, 244.58, 261.90, 311.56, 361.88, and
7.35 keV definitely can be assigned by virtue of the

—3.0 eV for those cases where neither Capturehe|ghts of the peaks in the total cross secfidepths of the

kernels norl", values were given in Ref$14,1§. Because dips in the transmission spectrum

. . For the present application, it is important to identify
the neutron widths for these resonances are large, any physrlnétural- arity resonances #Ma + n because onlv thev can
cally reasonable choice df, could be used to fit the total parity 9 y they

Cross section data. | also usEd=3.0 eV in those cases participate in the??Ne(a,n)?Mg reaction. On the basis of
Where resonances were visible onlyl in tFg(n. 7)2Mg the neutron data alone, there are at least 16 statég\dg
data and fitted the data to obtain the neutron widths. In thes%e;\gr?aer?céhrtevigﬂsv\%}g the_ligzsgoogsgrjg%e;:’kne))wzlf?_
cases, only the capture kernels are well determined, so t & ' &, = 19. '

individual ", and T’ values given in Table Il are rather nitely have natural parity and two other&,=79.30 and

arbitrary. However, the widths of peaks in the neutron cap—loos'ggt7 kz\r{a?;;;g'telxogz\t/ﬁepon\"aﬁfurailnfoa:::%ﬂgrrlomf:gﬁ

ture data and/or the total cross section data can be used to % (7.)2Mg measurements[10], two more €
limits on neutron, and hence the total, widths in these cases. 97 9 ’ n

For these cases, the tenth column in Table Il lists the limits_ 62.738 and 200.285 ke\of the states in this region can be

on the total widths rather than the actual total widths, ( Z,Sssljgge:rizisnnaftr%rﬁl Eg;:[yélr?s;:i r;gxt rseei/?gsg'vtvrgfkag:jeoé?se_r
+T,) used to fit the data. 9 P P

One-standard-deviation uncertainties in the partial widthscussed'

determined in fitting the data are also given in Tables I-IIl.
Uncertainties in the partial widths were added in quadrature IIl. COMPARISON TO PREVIOUS WORK

to obtain uncertainties in the total widths. Uncertainties in The 24’2€Mg+n resonance parameters of the present work

the resonance energies are dominated by the flight patye \yith a few notable exceptions, in agreement with those
of Refs.[14,18,2] to within the experimental uncertainties.

close to the average gamma width for these nuclides. In thes}g
cases, it is clear that the neutron widths are fairly small. |
also used”,,

TABLE II. **Mg+n resonance parameters. Exceptions include thé*Mg-+n resonance at 46.347 keV
which was previously assigned as a defirite [14]. This
En (keV) ' 237 I, (ev) gl'n (8V)  resonance is so weak in the total cross section that it was not
68.72 1) (1) 3b 0.070° possible to make a fird™ assignment in the present work.
210.39-0 11 5 3 1 780 1015:40  Inaddition, I find that the width of thé*Mg+n resonance at
295 91+ 0.15 1 3 3b 66920+ 170 4_98.27_ keV is almost ten—standard—deviatiqns larger than that
427 38025 ©) (1" 430 3170+ 160 given in Refs.[14,1§. Also, the neutron widtHand hence

the total width of the Mg+ n resonance at 219.39 keV was
found to be four times smaller in the present work than that
3From Ref.[18]. Not observed in this work. See text for details.  given in Refs.[14,18. Also, a broad}(™) 2®Mg+n reso-

430.88-0.33 (1) (1)) 4.2¢ 25990+ 290

bAssumed gamma width. See text for details. nance atE,,=300*+4 keV is listed in Ref[14] but not in
°Neutron width calculated to yield the correctdRief.[25]) capture  Ref.[18]. | find that the fit to the total cross section data is
kernel given in Ref[18]. much improved if a2®Mg-+n resonance is included with an
dGamma width calculated to yield the correct@ef.[25]) capture  energy and width in agreement with those given in R&4],
kernel given in Ref[18]. but only if J7=3". In addition, the 68.529-keV resonance
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TABLE Ill. ?®Mg+n resonance parameters.
E, (keV) I J7 I, (ev) 29T, (eV) I (eV)
This work Ref[15] Ref.[18] Ref.[9] Ref.[10] This work Ref.[18] Ref. [9]
19.880+0.014  19.70.2  19.9C° 0 2% 1.732¢£0.031 214820  2580-24
51+6
62.738:0.023  62.50.2  62.88  6&10 62.4 1 1°°  4.79+0.29 7.202.1 19242  24.6-2.2
72.674:0.042  73.%0.5 73.3 723 0 2 4.56+0.29 387@:83  4650-100 760G-1100
79.30+0.15 79.4-0.2 79.6 0 3 6.17-0.24  2700:180 2320-150 191@-140
81.13+0.14 81.2-0.7  81.35 2 (@) 3¢ 1.20+0.13 <75 20.3-2.6
93.61+0.17 93.6-0.2 93.8 (1) (1) 3¢ 0.270+0.044 <77
100.0070.050 99.6-0.2 99.8 0 3 2.92+0.18 6074-85  5210-73
102+2
105.5-0.2  105.8
156.169-0.076 156.30.2  156.5 ay 209 7.42+0.60 375989  4520+110
188.334-0.081 188.60.2  188.9 0 (2 3.24+035 45043 543+ 52
194.502-0.085 194.600.2  194.2 (1) 4) 0.59+0.24 22751 1514+ 34
200.285-0.097 204 1 ¢ 0.79+0.46 628-50 1257+ 100
201.062-0.095 201.30.3  201.6 (2) (2)°® 4.26+0.60 10.25.0 17.16.0
203.86:0.44  204.6600.3  204.3 1 (@) 3¢ 1.28+0.38 <32
211.20:0.11  209.80.5 210 (1 (37) 3.31+0.73  940@-140 806G-120 2630-230
226.19-0.50  226.7-0.5 227 1) (1) 3¢ 0.56+0.20 <56
242.45+0.55 (1) (1) 3¢ 0.30+0.16 <43
24458-0.12 244705 245 2352 250 19 1 3.63+0.47 212-43 428+ 86 250+ 170
245.57-0.56 245-2 1 @) 3¢ 1.40+0.50 <34
253.67-0.58 1 (1) 3¢ 0.71+0.28 <48
261.00-0.14  260.70.5 261 0 (2% 118027 128 35 155+ 42
261.9-0.14 (1) 47 1.82+0.38 6200280 414G-190
279.8-0.6
282.8-0.6
290.7+0.6
311.560.15  311.70.6 (2) v 3¢ 532+ 35 293+ 19
345.7+0.7
361.88-0.19  360.70.7 362+2 29 4°f 3¢ 2200+120  1470-80 210G+ 900
379+2
387.35-0.21  385.8:0.8 3832 39 5° 3¢ 12000-160  6550-87 9300+ 2500

8Attributed to Ref.[17] in Ref.[18].

bSpin and parity assignment based on Re€)].
‘Assumed gamma width. See text for details.
dparity assignment based on REE0].

€>1.

fi>o0.

9Assigned natural parity observed fNe(«,n)?Mg.

listed in Table | has not been noted in any previous study bubut they are included in Tables | and Il in the interest of
is clearly visible in the total cross section data. This reso-completeness.

nance should be visible in the isotopin, ) data, but the The ®Mg+n parameters extracted in the present work
data are not available in this energy range ¥g, or atall  are compared to parameters resulting from a previous analy-
for 2#28g, so | tentatively assign this resonance %ig sis of these same dafd8] as well as to information from
+n. The neutron width is clearly too large to correspond to?®Mg(y,n)?*Mg [10] and ?°Ne(a,n)?*Mg [9] measurements
the 68.7-keV resonance attributed #g-+n in Ref.[18]. and to a recent compilatiofL5] in Table IIl. Unless other-
Finally, this latter resonance as well as the 176.7-keV resowise noted, the parameters in Table Il are from the present
nance in?*Mg+ n were not visible in the total cross section, work. To aid the comparison between the various experi-
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T T T sults of the present work and previous studies although, ex-
ntMg+n * cept for excitation energies, there is sparse information about
states in?®Mg in this energy range from previous work. In

order of increasing energy, important correspondences with

0.5

0.4 . :
c and differences between the present and previous work are
-g outlined in the next several paragraphs.
2903 .
g
£ A. Neutron resonances below the lowest-energ$Ne(a,n)?*Mg
= 0.2 N resonance
One of only two definiteJ™ assignments in this energy

0.1 . range was made in Refl17] at E,,=19.9 keV. This assign-
ment is confirmed in the present work although the width
‘ ‘ L T needed to fit the data is considerably larger than that given in
100 200 300 400 500 Ref.[17].

E, (keV) A natural-parity state aE,=11142 keV E,=51 keV)
tentatively assigned in Refl5] was not observed in this
work. This state has been shoWn| to be an erroneous as-

signment5,6] due to background from th&'B(«,n)*N re-

00—

FIG. 1. "Mg-+ n total cross section dataoints with error bars
from Ref.[18] (as transmissionsand sammy fit (solid curve.

ments, the energies of Ref8,10,19 have been converted to aCtion.
laboratory neutron energies using Qevalues given in Ref. Resonances & ,=62.738 and 72.674 keV correspond
[15]. well with the E, =54.3- and 63.2-keVE,=62.4 and 72.3

Overall, there is fairly good agreement between the rekeV according to Eqgs(7) and(8) in Ref. [26]) resonances
observed in thé®Mg(y,n)?*Mg [10] reaction. Note that the

0.2 . . neutron energieg,, corresponding to thg, values of Ref.
25Mg(n,y) [10], given in the footnote of Table 3 of RER27] are incor-
0.1 A rect. The former resonance was assignedas1™ in Ref.

[10] and is a strong resonance fiMg(n,y)?*Mg but be-
cause it is barely visible in th&Mg-+ n total cross section

: : : : : data, it is not possible to make a firdfi assignment based on
04r T the data of Ref[18]. The total width fitted in the present
work is in agreement with Ref18] but the capture kernel |
obtained is 30% smaller. Thel™ value of the E_

0.0 =63.2-keV resonance is not discussed in R&€], but the

60 61 62 63 64 65 firm 2 assignment from the present work is consistent with
the small size of the peak in tHéMg(y,n)**Mg data.

The precision of the width of th&,=81.13-keV reso-
nance given in Ref.18] seems insupportable. This resonance
could not be observed in the total cross section due to a
nearby broad®“Mg+n resonance; hence, only the area and
width of the peak in th&°Mg(n, y)?*Mg data can be used to
determine the resonance parameters. The resolution of the
experiment at this energy was 120 eV, or five times the width
of the resonance assigned in Ref8]. | found that the data
could be well fitted with widths as large as 75 eV. Because
the data could be fitted by such a wide range of partial
widths, I decided to hold",, fixed at 3 eV and vary only’,
while fitting the data.

The state in Ref. [15] at E,=11191 keV E,
=102 keV) was not observed in this work, but its existence
' ' ' ' cannot be ruled out due to the presence of the broad reso-
nance atE,=100.007 keV. A state aE,=11194.5 keV
(E,=105.5 keV) is listed as a fird™=2" assignment hav-
ing a fairly large width {'=10%2 keV) in Refs[14,15 and

0.0

02 1

s, (b)

0.04

0.02

0.00

250 240 2;0 260 270 apparently is based on the work of REE8] in which a weak
E, (keV) resonance was assigned B},=105.8 keV, although no
width is given in this latter reference. Such a broad reso-
FIG. 2. Mg(n,y) cross section datéRef. [18]) (points with  nance easily would be visible in the total cross section data
error barg andsammy fit (solid curves. analyzed in this work, but there is no sign of it. Perhaps the
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compilers have confused it with the broad resonancE.at responding resonance easily would be visible in the data of
=100.007 keV. Although it is possible to add a small reso-Ref.[18]. In this case, the only possible corresponding reso-
nance atE,=105.8 keV, the fit to the data is not improved nance is aE,=244.58 keV. The energy of this resonance is
by its inclusion. almost five-standard-deviations higher than the energy deter-
A doublet is required to fit the data nek,=201 kev ~ mined in Ref.[9], but its width is in good agreement with
rather than the single resonance listed in previous work. Th&ef. [9] whereas all the other neutron resonances near this
lower resonance in this pair has a much larger neutron widtienergy are too narrow. Given the much superior energy reso-
than the upper one and definitely can be assigneb=k. It  lution of the data of Ref[18], the excellent correspondence
appears to correspond to tig =182 keV [E,=204 keV) of the energies determined from tH8Mg+n total cross
resonance irf®Mg(y,n)?*Mg [10] and so is assigned natural section and?®Mg(n,y)**Mg data, and the vast quantity of
parity in Table II1. data on other nuclides taken with this apparatus, it is ex-
The width of the resonance &,=211.20 keV fitted in  tremely unlikely that the energy of tH&,= 244.58-keV reso-
this work is three times larger than that determined in Refnance could be in error by such a large amount. Therefore, if
[18] and reported in Refd14,15. Although it is clear that  the width in Ref[9] is correct, then the reported energy must
there is a broad®Mg+n resonance at this energy, the datape almost 10-keV too low. Furthermore, if the width for the
could not be fitted as well as one would like with any S'”9|eEa=832-keV resonance reported in REJ] is correct, then

resonance, aIthoug_h itis clear that a breaslave resonance the narameters reported in that work and Ref] indicate
is ruled out. There is also a fairly weak resonance just below,. o+ jitferent resonances were observed in the

the 211.20-keV resonance vis?ble in the_z total cross sectioazNe(a’y)zeMg and 2Ne(a,n)?Mg measurements, and the
‘35“3- Bec?gse therg IS No sign of this resonance in thSartial widths determined in this work indicate that the reso-
Mg(n, y)*"Mg data, itis likely to be due to one of the other | o oherved in th&Ne(«, y)*°Mg measurements would
two Mg Isotopes. not be seen in thé’Ne(a,n)?®Mg measurements and vice
versa.
The width ("=250+170 eV) and strength oy 4, n
=(23+1)r,I,/'=118+11 pev] for the E,=832
There are four neutron resonancés, € 226.19, 242.45, +2_keV resonance from th&Ne(a,n)2°Mg measurements
24458, and 245.57 keV near the energy H,=235 [9], together with the strengthwy(, ,,=(2J+1)T,I',/T
=2 keV) corresponding to the lowest observed_3g+4 weV] of the E —828+5-keV resonance from the
22Ne(a,n)*>Mg resonance. None of these four resonanceay e, y)28\g measu?emen@?] imply I'_ =58 eV if the
QS‘S an 25energy In_agreement  with _the reporteds, e regonance is being observed in bo?[h reactions. This is
_I\Ig(a,n) Mg resonance to within the _experlmental UNCeT" almost 20 times larger than the average radiation width for
tainties, but only oneK,=244.58 keV) is broad enough to 26\ig and, although radiation widths vary more widely in

corresponed to the width reported in the latest hi han for heavi lides. it i iderabl

22Ne(a,n)*Mg measurement®]. It appears that either the this mass range than for heavier nuclides, it is considerably

width or the energy reported in Ré8] is in error, and if the larger than any reported radiation width for nuclides in this
' Jnass range. Furthermore, the partial widths resulting from

reported width is correct, then the partial widths determine ing th has b b 4 in both th
in this work indicate that different resonances near this en@SSUMing the same resonance has been observed in both the
(a,n) and (a,y) channels imply a capture kernel

ergy have been observed in th&Ne(a,n)®*®Mg and .
22Ne(a, y)2Mg reactions. (gI',I',,/T") roughly ten times larger than observed for any

The first two neutron resonances in this regiod, ( ©Of the four?Mg(n,y)?**Mg resonances near this energy.
=226.19 and 242.45 keé\are visible only as small peaks in If instead different resonances were observed in tha)
the ®Mg(n, y)?®Mg data; hence, they have relatively small and («,y) reactions, then the strength of the resonance ob-
neutron widths. The higher-energy one has not been reportexerved in?’Ne(a,n) *Mg together with the partial widths for
in any previous work. The upper two resonances in this rethe E,=244.58-keV resonance from the present work
gion (E,=244.58, and 245.57 keVappear as a partially (I',/I',=117) imply a resonance strength in the
resolved doublet in the®Mg(n,y)?*Mg data. Only the #Ne(a,y)?*Mg reaction ofwy, ,)=1.0 ueV, well below
lower-energy one of this pair is visible in tHéMg+n total  the sensitivity of the measurements of R&7]. Similarly, if
cross section data, through which it definitely can be asthe E,=828-keV resonance frori®Ne(«,y)?*Mg is identi-
signedJ=1. fied with either theE,=226.19- or 242.45-keV resonance
In addition to the previous analysis of these ddi8] and  from the present work, then the strength from the
the ?Ne(a,n)*Mg [5-7,9 work, resonances near this en- ??Ne(«a,y)?®Mg measurements together with the partial
ergy have been identified in?®Mg(y,n)®®Mg [10], widths from the present work imply a strength in the
?Ne(a,y)*Mg [27], and *Ne(®Li, d)?**Mg [8] measure- #Ne(a,n)*Mg reaction of aboutvy(, n=10 weV. This is
ments. Data from the latter two arfNe(a,n)?®Mg reac-  smaller than any resonance reported in Rgf, and in any
tions have been interpreted as having observed the same statse would have been obscured by the much strokger
in 2%Mg corresponding to ai,~830-keV resonance. If the =832-keV resonance if indeed different resonances near this
fairly large width reported in Ref9] is correct, then the bulk energy were being observed in tHéNe(«,n)?®Mg and
of the width must be due to the neutron channel and a cor?Ne(a, y)?®Mg reactions.

B. Which neutron resonance corresponds to the lowest-energy
22Ne( @,n)*Mg resonance?
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Alternatively, if the width reported in Refl9] for the tributions from undetected resonances below the lowest ob-
E.=832+2-keV resonance is too large, then it is possibleserved resonance &,=832 keV. Most previous evalua-
that the same state ifPMg has been observed in the various tions of this rate have assumed either that all the known
reactions and the corresponding neutron resonancefs at states, or at most only a single state,’fiMg in this energy
=226.19 or 242.45 keV. However, the energies still do notrange can contribute to the reaction rate. To contribute to this
agree to within the reported experimental uncertainties.  reaction rate, the state must have natural parity. T or

Interestingly, a resonance Bt =224 keV, corresponding  three[15] states in this region have been assigned natural
to E,=250 keV, was observeld0] in the *Mg(y,n)**Mg  parity in the compilations. As discussed above, two of these
reaction and assigned=1 in agreement with theE,  giates do not even exist, let alone have natural parity. The
=244.58-keV resonance of the present work, but it was tengirq (E,=11112.18,E,=19.880 keV) was identified via
tatively assigngd as being non-na.tural parit_y. AIthoggh "%he neutron total cross section measurements of[Réfand
energy uncertamUes_ were stated in REX0], information this assignment was verified in the present work. In addition,
given in Ref. [26] implies that the energy of th&, — jnnher statel, =11 162.95E,=72.674 keV) has been as-
=224-keV resonance cor.responds to "Eﬁ:. 244.58-kev . signed definite natural paritfd7=2") in the present work,
resonance observed in this work to well within the experi-p o others E,=11169.32, 11189.23,=79.30, 100.007
mental uncertainties. Also, a state fiMg at E,=11311 keV) have been assigned definite non-natural pari§ (
+20 keV (corresponding toE,=828 or E,=231keV), — _34y ‘554 together with information froreMg( ,n)2Mg
g?vmg a sgﬁectroscoplc fact@®,=0.04, was ob;ervedw|n measurement§10], two more €,=11153.40, 11 285.65,

NE( Li,d)“°Mg measurement$8] and was assigned E,=62.738, 200.285 keV) can be assigned as very likely
=2 although 1 could not b? ruled out. Bgcause the en- natural parity 0”=1"). Therefore, at the very least four
ergy resolution of the experiment was fairly broadH  gai0q of the 1617 if the E,= 11 191, E, = 102 keV state of

:.1.20 ke\é),hthesr(la mgasuremegts arﬁea\rllot helpful in aSCeRef.[15] is included in this energy range should be included
taining whether there Is more than ontNe+a resonance jen estimating the contributions of possible low-energy

near this energy. resonances to thé?Ne(a,n)>®Mg reaction rate, and two
) states definitely can be eliminated from consideration.
C. Higher-energy resonances The yields below the lowest observedNe(a,n)®Mg

The possible multiplet identified in Ref18] near E,,  resonance together with the quoted upper limit on the
=261 keV clearly shows up as a doublet in both thestrength of the possibl&,=635-keV resonance from Ref.
25\Mg(n, v)®Mg and "Mg-+ n total cross section data. The [9] can be used to estimate the contributions of this and other
lower-energy resonance of the pair is clearlyave whereas ~Possible unobserved resonances to#fi¢e(a,n)*Mg reac-
the upper-energy one can be assigned as a dediritereso-  tion rate. Assuming that the thick target approximation ap-
nance. plies[28], the upper limit on the resonance strengthyg) of

The lack of >®*Mg(n, y)?®Mg data was a severe handicap & possible resonance at eneify having a yieldY, scales
to the analysis above this energy. However, the analysis wa6om the measured limits on the strengti ;) and yield
continued toE,, =500 keV in an attempt to overlap with the (Y1) of the E,=E;=635-keV resonance as
22Ne(a,n)**Mg data as much as possible. Of the eight reso-
nances listed in Refl15] in this region, three were observed, 0V = Y2E; 1)
two of which correspond td°Ne(a,n)?Mg resonances. YTV,

The second and third lowest-eneréiNe(a,n)>Mg reso-
nanceg9] atE, =976 and 1000 keV appear to correspond to  The Yield limits of Ref.[9] in this energy are approxi-
the E,=361.88- and 387.35-keV resonances, respectivelynately constant, so | simply scaled the strengths of possible
observed in this work. There is fairly good agreement in thdow-energy resonances from the measured limit for Ee
widths and energies between the neutron and=635-keV resonance according to their energies. The con-
22Ne(a,n)*Mg data. Curiously, thd values required to fit tribution of these resonances to thée(a,n)?>Mg reaction
the neutron data imply rather high values for these two rate then can be estimated using the simplesonance for-
resonances. Because thge=387.35-keV resonance is also mula[29]:
observed as a resonance & _,=1000keV in the o _
22Ne(a,n)**Mg reaction, it is assigned as natural parity ( Na(ov),=1.54x 1°A~ 32Ty ¥ wy)e 0% To, (2)
=3) in Table Il even though waves were not included in _ ) )
the R-matrix analysis. It should make little difference to the =~ HEreA s the reduced mass, is the temperature in GK,
quality of the fit to the data that the fitted cross section wad@?)r IS the resonance strength in e, is the center of

calculated with ad-wave rather than afiwave resonance at Mass resonance energy in MeV, aNg(ov) is the reaction
this energy. rate in cni/s/mole. However, in some cases the widths of

the resonances may be important, so | also calculated the
reaction rate by numerically integrating the cross section cal-
culated from the resonance parameters. To do this, | used the
definitions of the resonance strengthwy(,,n=(2J

At s-process temperatures, the uncertainty in thet+1)I',I',/T'] and total width {=I",+1",+I",) to calcu-
?’Ne(a,n)**Mg reaction rate is dominated by possible con-late the alpha widths[T' ,=wy(I',+T)/[(2J+1)T,

IV. IMPACT ON THE 2?Ne(a,n)?Mg ASTROPHYSICAL
REACTION RATE
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2 ' ' but the 6-resonance formula and numerical integration re-
£ N 2ZNe(a,n)?’Mg [ 588, 2 sults were verified by a third techniqu&0] in which the

§ 102) — 636,11 ] reaction rate was calculated using a Breit-Wigner resonance
g \\\\ """" 648, 2 Shape_

8 N Another effect that has been overlooked in previous
5101} TN - ~ evaluations of thé?Ne(a,n)?Mg reaction rate is the uncer-

3 TS tainty due to the resonance energy. As limits for resonance
N strengths are pushed lower and lower, the uncertainty in the
S P R S | energy of the resonance can become a significant effect. For
g example, in Ref.[9] the energy of the possible,

% =635-keV resonance was estimated to be uncertain by
“10_1 +10 keV. Using Eq.(2), this uncertainty in the resonance

0.1 0.2 0.3 0.4 0.5 energy translates to a factor of 2.7 uncertainty in the reaction
T, (GK) rate atTg=0.2, which is comparable to the total uncertainty
of a factor of 5.9("high”/“low” ) at this temperature recom-
mended in Ref[9]. Although it is questionable that the en-
ergy of this state is so uncertain, the results of the present
work should make it clear that energies resulting from analy-
sis of the neutron data are so precise that this source of

—wy]] from the scaled resonance strengths as well as thincertainty now is practically eliminated.
partial widths determined in the present work. Then, | used
these partial widths in sammy to calculate the
Mg(n,a)?Ne  cross section, from which the | have analyzed previously reportédMg+n total and
??Ne(a,n)**Mg cross section was calculated using detailed®®Mg(n,y) cross sections to obtain parameters for reso-
balance. The two approaches were in satisfactory agreemenénces belovE,=500 keV. With a few notable exceptions,
for the purposes of the present work. For example, using theéhe obtainec?*Mg+ n and 2®Mg+ n parameters are in agree-
measured[9] upper limit for the strength of theE, ment with previous results to within the experimental uncer-
=635-keV resonance of 60eV and theJ”, I';,, andI',  tainties. The main focus of the present work has been to
values for theE,=62.738-keV resonance in Table Il leads obtain an improved set Mg+ n parameters and hence an
to [',<27neV, and a reaction rate dfy=0.1 of 3.3 improved estimate of the uncertainty in th&\e(e,n)*Mg
% 10~2° cm®/s/mole from numerical integration and 3.4 astrophysical reaction rate. This reaction is the main neutron
x 107 2° cm?/s/mole from thes-resonance formula. source during the weak component of taprocess nucleo-
The contributions of the two definite natural-parity”™(  synthesis as well as a secondary neutron source during the
=2", E,=19.880, and 72.674 keVstates and one very main component of theprocess. The uncertainty in this rate
likely natural-parity stateJ"=1", E,,=62.738 keV) to the ats-process temperatures is dominated by possible contribu-
uncertainty in the reaction rate are shown in Fig. 3. Shown irtions from resonances between threshold and the lowest ob-
this figure are the reaction rates due to each of the resonancssrved resonance.
divided by the difference between the “high” and “recom-  The new?>Mg-+n parameter set represents a substantial
mended” rates of Ref[9]. The other very likely natural- improvement over previous work. For example, sevéfal
parity state {"=1", E,=200.285 keV) contributes much assignments were made and the partial widths for most reso-
less to the uncertainty so it is not shown. As can be seen inances were determined. In the previous analysis, no definite
Fig. 3, the present results indicate that the uncertainty in thd™ assignments were made and very few partial widths were
reaction rate calculated in R¢B] is approximately a factor reported. Also, one previously reportgti8] resonance was
of 10 too small ats-process temperatures. Most of the in- not observed and, if it does exist, has a width much smaller
crease in the uncertainty indicated by the present work rethan reported in compilatiorj44,15. In addition, four new
sults from inclusion of thée,=19.880-keV resonance. The resonances were observed in this energy range. Furthermore,
natural-parity nature of this state has been known for mangorresponding resonances were found for all three of the
years[17], but it often has been overlooked when estimating®®Ne(a,n)?®Mg resonances as well as the four
the uncertainty in thé?Ne(«,n)?°Mg reaction rate. Instead, 2°Mg(y,n)?*>Mg resonances reportd®,10] in this energy
most of the attention has been focused on thg range, although the energy or width of the lowest
=62.738-keV resonance since attention was first called to i#?Ne(a,n)?*Mg resonances appears to be in error.
in Ref.[10]. The contribution of theE,,=62.738-keV reso- Only natural-parity states if®Mg can contribute to the
nance to the reaction rate uncertainty appears to have beéfe(«,n)?>Mg reaction rate. Much attention has been fo-
underestimated by a factor of 2 in Ref9]. Both the cused on &®Mg(y,n)?*Mg resonance &, =54.3 keV be-
é-resonance formula and numerical integration results usingause it very likely has natural parity and therefore could
a resonance strength of 8@V yield a reaction rate approxi- correspond to a %°Ne(a,n)®®Mg resonance atE,
mately twice as large as the “high” rate of R¢B] at the =636 keV, nearly the optimal energy to make a large con-
lower temperatures where their “high” rate is due mostly to tribution to the reaction rate @&process temperatures. The
this resonance. The reason for this difference is unknownR-matrix analysis of the present work revealed that of the 16

FIG. 3. Ratios of the individual contributions of three possible
resonanceglabeled by their laboratory alpha-particle energies and
J™ values to the ?Ne(e,n)?®Mg reaction rate to the uncertainty
(“high”-“recommended”) of Ref.[9] versus temperature.

V. SUMMARY AND CONCLUSIONS
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states observed, there are at least two, and very likely threg@(9, of the"®Mg sample used in the total cross section mea-
other definite natural-parity states Mg in this energy  surements analyzed in this work. New high-resolution total
range and two definite non-natural-parity states. The parantross section measurements on highly enrich&¥g

eters for these natural-parity states, together with yield limitssamples could go a long way towards discerning how many
from a recent®Ne(a,n)*Mg measuremenii9], have been of these states have natural parity. It may be that neutron
used to estimate the contributions of these states to this redastic scattering measurements would also be needed in the
action rate. In a recent repdi®], only one of these states more difficult cases. In addition, it would be useful to deter-
(E,=636 keV) was considered, and it was concluded thainine the energy and width of the lowest observed
the uncertainty in the reaction rate was much less than pre?Ne(a,n)?°Mg resonance with improved precision. At
viously estimated. However, using the upper limit on thepresent, the reported energy is not in good agreement with
resonance strength of the possillig=636-keV resonance any observed neutron resonance, and the reported width im-
reported in this reference, | calculate that they have underegfies that a different state at nearly the same energy has been
timated the uncertainty due to this resonance alone by a fagbserved in’Ne(a, y)?°®Mg measurements.

tor of 2. More importantly, the definite natural-parity reso-
nance atE,,=19.880 keV, which corresponds to a possible
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