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Astrophysically important 2°Si states studied with the(®He,n) reaction and the Al (p, y)?°Si
reaction rates in explosive hydrogen burning environments
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Additional experimental information concerning the level structuré®si above the proton threshold is
needed to reduce uncertainties in tal(p,y)?°Si reaction rate and consequently better deternifie
radioisotope production in astrophysical environments. ¥Mg(®He ,n)?%Si reaction was measured and ex-
citation energies of states #iSi were determined with improved accuracy. Spins were assigned to a number
of states by comparing their measured differential cross sections with Hauser-Feshbach cross sectidns. The 3
resonance state of thésAI(p,y)ZGSi reaction was identified at 590 keV excitation energy and the
25Al(p, y)%8Si reaction rate in explosive hydrogen burning environments was calculated.
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I. INTRODUCTION hydrogen burning environments is probably dominated by a

T— 2t — 1 _
The identification of large amouni{s~3M) [1] of the ‘J. ._3 (£=0) resonance stat% that “efﬁat. ng) keV. Ad
26 . X . : . ditional contributions to thé°Al(p, y)?*Si reaction rates at
Al radioisotope in the interstellar medium of our galaxy via .
its decay ZAI%S(8')?Mg (E.=1.8 MeW?Mgd*  from stellar temperatures af<1.5 GK are expected from direct
Y capture and resonances up to 1 MeV above the proton
threshold ir’®Si(S,=5518 keVj. The compilation of Endl6]
lists the level structure of®Si above the proton threshold
mainly from the results of?Mg(*He,n)?®Si [7] and
283i(p,1)%°Si [8] reaction measurements. Many of these lev-
els still have unknown spin-parity assignments or relatively
duction rate of?®Al in these environments can reveal infor- Isrge (t>2t0 dk.e\/) ;J:‘hcgg.a'”tt'iﬁs'.” gthelr dgg(;lt?l_tllor;Henzeerg'les.
mation about earlier stages in our galaxy related®%l ecent studies o i(p, )=Si [ ]_ar_l . i € _e) A
SOUrCes. [10] reactions reduced the uncertainties in @i excitation
The29Al production mechanism is dependent on the prop_energies for levels above the proton threshold; the first study
erties of the astrophysical environment. For example, th ssigned spin and parity to some states above the proton

26 P ; . threshold through distorted-wave Born approximation
Al production in nova explosion roceeds as follows: ; .
P P Bl p (DWBA) analysis and the second study assigd®s to two

Al(Bv)>Mg(p, y) A% B 1) * Mg’ ()*Mg?*. new stateg1* and 3) that were not observed in this recent
(p,t) [9] measurements. However, more studies are neces-
sary to confirm previous results since even in the two recent
high resolution studie$9,10] not all levels just above the
proton threshold were observed in each measurement. These

25A1(p, )28Si(BH 1) 2°AI™(B* ) * Mg levels are expected to play an important role in the astro-

physical reaction rates 6fAl(p, y)?®Si which depend sensi-

takes place. Thé°Al(p,7)?Si reaction has not yet been tively on the excitation energy values.

measured directly, due to the difficulties of producing ara- In this Work’ the astrophysica”y |mp0rtaﬁFS| states
dioactive Al beam. At the present time this reaction rate were studied via thé*Mg(®He ,n)?%Si reaction. The thin tar-
must thus be determined from indirect spectroscopic inforyets, |ong flight paths, and low bombarding energies pro-
mation. An accurate determination of tffé\l(p,7)*°Si reac-  yided high resolution for thé®Si states of interest. The

tion rate remains very important because a quantitative un®He n) reactions could result in better resolution than the
derstanding of thé°Al production rate can in turn constrain (p,t) or (*He ®He) reactions since neutrons could be de-

nova models. , , tected at any distance without losing energy using time-of-
Shell model calcsulatlonszgm_d mirror nucleus argumentsjigh techniques. The relatively low bombarding energy used
[4] indicate that thé®Al(p, 7)**Si reaction rate in explosive iy the present experiment has two advantages: the lower neu-
tron energy improves the neutron energy resolution deter-
mined by time of flight and th¢®He ,n) reaction at low in-
*Present address: Triangle Universities Nuclear Laboratory, Dukeident energies favors the compound nuclear reaction
University, Durham, North Carolina 27708-0308. mechanism, particularly when the outgoing neutron energy is

spectrometers on satellitg®,3] and recently by CGRO col-
laboration[1] is of great interest. A comparison of theal
half-life (T,,,=7.2X 10° yr) to the time scales of the galactic
chemical evolutior{=10'° yr) indicated that nucleosynthetic
processes are still active in our galapd}. Answers to ques-
tions regarding the astrophysical source4®{ and the pro-

If the decay of°Al is bypassed by the proton capture GAl
at higher temperature@ > 0.4 GK), the resulting reaction
sequence
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also low (i.e., for high excitation energies of the residual The 26ug/cn-thick Mg (99.94% targets were made
nucleus. On the other hand, the previous experiments whichy evaporation onto 0.2-mm-thick stopping Ta disks. Addi-
were performed at higher energiéand in some cases in- tional targets were used, such’a€, Ta,0s, and Ta for iden-
volved different reactionsare expected to be dominated by tifying_contaminants and checking the background, and a
direct reactions which typically only strongly populate natu-thick 27Al for the efficiency measurements. All targets were
ral parity states corresponding to a simple rearrangement ¢pounted on a wheel in the scattering chamber. The beam
nucleons. The present experiment should be capable of sewas focused through a 0.64-cm-diameter collimator followed
ing all states regardless of their structure including thosdy @ 0.32-cm-diameter collimator onto the target located in
with unnatural parity such as the astrophysically importanlthe_ center of the scattering chamber. Currents from the scat-
3* state. In many cases it is also possible to assign spins #§N9 chamber, target, and beamstop were summed, inte-

states lying at high excitation energies by comparing thegrated, and digitized to determine the number of incident

measured cross section to Hauser-Feshbach calculations. 'ONS- In order to suppress electrons liberated from the colli-
mator at the entrance to the chamber a ring immediately

following the collimator was held at a potential of —300 V. A

thermoelectric coole(MI2021T) was used to maintain a

cold copper plate a few centimeters from the target, gather-
The **Mg(®He ,n)?®Si reaction was measured at the Ohioing in this way on its surface the contaminant molecules and

University 4.5 MV Van de Graaff Tandem Accelerator. A reducing contamination on a target. The pressure in the scat-

He™ beam was produced using the duoplasmatron source. féring chamber was maintained at 4 @orr.

was chopped and bunched at 1.25 MHz, injected into the Neutrons were detected in a three-detector array of 12.7-

tandem where it was accelerated and stripped, and eventualiyn-diameter and 5.1-cm-thickness liquid scintillatotao

a 3He'" pulsed beam was delivered through the swingeiBC501A and one NE2)3Placed 10 m from the target in the

magnet to the target with an intensity of 28 pnA. 30-m-long tunnel. Angles were changed by rotating the

Il. EXPERIMENT
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TABLE |. Excitation energiegin MeV) andJ” of 2gj states from this work in comparison with previous studies.

This work [7] [9] [10] 6] Jm [71 [9] (10} 6] (41
0.0f 0.0 0.0 0.0 0.0 0 0* 0* 0* 0* 0*
1.795¢ 1.80q30)  1.7959 1.7959  1.79%9) 2" 2" 2+h 2" 2" 2t
2.7838 2.78q30)  2.7835 2.7835  2.7838 2" 2" 2+h 2" 2" 2"
3.332 3.33030) 3.330 — 3.3328) O o o o* o 0*
3.756 3.76Q30) 3.756 — 3.7560) — — (3" 3* — 3*
— — — — 3.8422° — — — — — —
— — — — 4.0933° — — — — — —
4.1384)  4.14Q30) 4.1552)° 4.1448)  4.1381)  2* 2" 2*h 2" 2" 2"
4.1834) — 4.1552)° 4.21%16) 4.18311) 3* — (3" 3* — 4*
4.446 4.45Q30) 4.445 4.446 4.448) 2* — (25 +4%) (25 +4%) — 3*
4.806 4.81Q30) 4.805 4.806 4.808) (2 0'+(J>0) (0*+2°+4") (0*+2*+4%) 0° (0*,2",4Y
5.1454) — 5.1452)  5.14Q10) — 2* — 2+ 2" — —
— — — — 5.22912) — — — — 2* 2"
5.29%4)  5.31Q30) 5.29%3) 5291 5330 4 4* 4h 4+ 4* 4+
5.5154) — 55155  5.5288) 5.56328) 4* — (4%)! 4+ — 1+
5.67Q4) — — 5.6788) — 1+ — — 1+ — —
5.91274)  5.91Q30) 5.9162) — — 3t 0'+(4Y o — — —
5.94Q4) — — 5.9458) 5.94G25 O — — 3k 0* (0%, 4%
6.3134)  6.32Q30) 6.30Q4)° — 2* 2* (L=2) — —
6.3884) — 6.38q4)" 6.35q25) 2" — (L=2) 2+ 2+
6.47%4)  6.47Q30) — 6.47q30) O* 0* — 0* (1)
6.7884)  6.78q30) 6.7874) 6.78917) 3~ (2 3 3 (3)
—b 6.88030) — 6.88030) — (0% — (0% (3)
— — 7.01910)° — — — — — —
7.1534)  7.15Q30) 7.16Q10) 7.15q13) 2* 2" 2*h 2" 2"
7.4254)  7.39Q30)  7.4257) 7.39q30) O* (0% (L=2) (0% —
7.4934)  7.48Q30)  7.4984) 7.48915  2* 2" 2*h 2" 2"
7.6944) — 7.68722) 7.69%30) 3° — 3 — —
7.8994)  7.90Q30) 7.90G22) 7.89215 1~ — 1 — —

*These levels were observed and used for energy calibration.
PThis level was not observed because of contaminant peaks.
“Average centroid of doublet peak.

partially resolved.

“Observed only in 24% 6, ,, <37° range.

fCompilation.

90bserved in &*He,ny) reaction[14].

_hFrom Ref.[6].

'From DWBA analysis.

JFrom Ref.[9].

kErom mirror nuclei considerations.

'From shell-model calculations and mirror nuclei considerations.

swinger magnet facilityl1] around its axis of rotation, keep- to the time-of-flight circuit. These procedures maximized the
ing the neutron detector array fixed. The adjustable collimaneutron detector efficiency in the region of interest and re-
tors, according to the solid anglgnade of polyethylene, jected unwanted noise without cutting low energy neutrons
lead, and tungstgnat the entrance of the tunnel and the of interest. Outputs from the CFD corresponding to each
tunnel itself, provided good shielding and background reducédetector were sent to the Router and saved. This information
tion. was useful in the analysis because it indicated in which neu-
A time signal was extracted from the anode signal of thetron detector the event was recorded. @®CFD output was
photomultiplier(PMT) bases. Special care was taken to ad-used as the start signal of the time-to-amplitude converter
just the gain of the PMT bases and the threshold of the con‘TAC) while a beam pickoff signal, after delay by almost a
stant fraction discriminatofCFD) before sending the signal period, was used as the stop signal. Treoutputs of the

065805-3



PARPOTTASet al. PHYSICAL REVIEW C 70, 065805(2004)

pulse shape discrimination and the pulse height circuits were ECHe)=7.9 MeV, 6=0° E(He)=8.11 MeV, 6=60"
also processed and saved for further analysis. Data were (a) E=5.912(4) MoV (b)

saved in event mode and analyzed off line with cuts on the 501  T'87@NkeV} mijiz:(z‘))k“:;v

pulse shape and height optimized for besgt discrimination. 400{E =5 948(4) MoV

The dead time of the electronics and the 8-ApXhalog-to- £ [r153@2)kev
Digital-Convertey system[12] and also the beam current §3°°

integration were recorded, in histogram format, for the needs

100/E.=5.946(4) Mo
r=18.2(2.1) ke!

of this analysis too. 20 /\,’

Two measurements were taken to study the region just 1004, 4 % R bavaninnd
above the proton threshold. Bombarding energies of 148 152 1.58 144 148 152 158
7.9 MeV at 0° and 8.11 MeV at 60° were chosen so that the Neutron energy (MeV) Neutron energy (MeV)

time of flight for the 5.90-5.96 MeV excitation region of

26c; 25 26c; ; ; B
Si, where the™Al(p, )™Si 3 resopan(l:e prSSIny IS IIO _ citation region of?Si from the low bombarding energy measure-
cated, and the 6.31-6.38 MeV previously known doublet Mments. Excitation-energy centroids and widthsensistent with in-

26 . . . . ..
“°Si were close to the maximum practical value, optimizingsirymental resolutiorare also shown. The bin width is given by Eq.
in this way the energy resolution for these neutron groups. A1)

third measurement was also taken at 10 MeV bombarding
energy and 0° to deduce excitation energies up to 7.9 MeMhe flight path length have been adjusted slightly within their
Each run lasted five days because of the low counting due toncertainties in order to optimize the agreement with known
the thin targets and the long flight path. The energy calibralow-lying states of?°Si (E,<5 MeV). The excitation ener-
tion and the time resolution were checked every 24 h; thejies derived for these states from our final calibration agreed
time resolution was 1.5-2.0 ns over the course of the meawith known values within 3 keV. A 4-keV systematic un-
surements. Thre®Mg targets were utilized in order to mini- certainty is assigned for states abdsg=5 MeV (statistical
mize any effects of target deterioration and/or carboruncertainties were 1 keV or lessExcitation energy values
buildup. Runs with secondary targaféC, Ta0s, and Ta  are labeled in Fig. 1 for each observed level including con-
were also taken under the same kinematic conditions of theaminant peaks due t60 and*?C. Table I lists the excitation
three main measurements, for reasons mentioned above. energies of®Si up to 7.9 MeV from this work in comparison
with previous studies. Spin and parity values for these levels
are also shown in this table and are discussed in the next
IIl. ANALYSIS AND RESULTS section.
A. Excitation energies of2Si Because of the high resolution achieved in this measure-
, ) , , ment, previously known doublets were partially resolved
The event files were converted into time using the methoq4_138_4_183 MeV in Figs.(&) and b)] or totally resolved

described in Ref{13]. The TAC was calibrated using a ran- [5.912—5.946 MeV and 6.312—6.388 MeV in Figg)land
dom spectrum and a calibration circuit which produced; b). Also levels at 6.471, 7.152, 7.425, 7.693, and

pulses separ_ate_d by a known period. These_ procedures y_i J309 MeV were located more accuratelyee Table )
an accuracy in time dete_rm|nat|on of approxmate]y 1 part iNproton-unbound states lying up to 1 MeV above the thresh-
1_04. The time spectra, with PSD cuts anq dead time correcg g (the astrophysically important energy rangeere seen at
tions for each detector, were added using as reference thegzo 5912, 5946, 6.312, and 6.388 MeV while in previous
ground state and the low excitation levels*di since their studies[7,9,1Q, two or three of these states were observed
excitation energies are accurately known. (see Table)l The isospin-triplet states @§=26 nuclei and
The t!me spgctra were rebinned accordlr)g to neutron eny_4 given by Endt[6] implies that the?Al(p,7)?Si 3*
ergy, using variable-width neutron-energy bins: resonance should lie in the 5.90-5.96 MeV region. Both
Ax\2 [At)\2 [ AE,\2|2 members of the previously known doubld,7] at
AEp, = 2fE, <—) + (T) +< E ) . (1) 5.90-5.96 MeV excitation region were observed. These
X n states were not seen together in the recent high-resolution
The following parameters are constants in Bk: f=0.333, measurements; the 5.912 MeV level was reported in the
Ax=0.0254 m (detector thicknegs x=10 m (flight path,  (p,t) work while the 5.945 MeV level in the>He °He)
At=1.5 ns(time resolution, and AE,=0.005 MeV (beam-  study. These states were resolved in the low bombarding
energy resolution, including the effect of energy loss in theenergy measurements where the energy resolution from all
targe}, while the time of flightt and neutron energl,, vary  contributions was approximately 16 keV at FWHM in that
over the spectrum. This energy-binning method is not integion. The 10-MeV measurement could not separate these
tended to exactly model our neutron-energy resolution, bukevels but one can easily conclude that the broad peak in that
rather to yield peaks with four to six bins full width at half region should be a doublet since the observed width is larger
maximum(FWHM) over the entire spectruiassuming neg- than the expected experimental width of nearby states, and it
ligible intrinsic width), using physically reasonable inputs. is also asymmetric. Figure 2 shows the neutron-energy spec-
The final neutron-energy spectra are presented in Fig. tra of the 5.90—5.96 MeV excitation region #8i from the
Peak centroids were deduced from fits and converted intowo low bombarding energy measurements. Excitation ener-
excitation energies. The mean beam energy in the target argles deduced from the neutron peak centroid and width val-

FIG. 2. Neutron-energy spectra fits of the 5.90-5.96 MeV ex-
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FIG. 3. Neutron detector efficiencies with air and aluminum € 0.08]
corrections. é’ 0.06
B 0.04
ues from fits are also shown in the figure. No levels seem to g-gg'
have appreciable intrinsic widths since the observed widths ' 0 1 2 3 4 5 6 7 8
and the experimental width values were in agreement within Excitation Energy (MeV)
the width error from the fits. This is also in agreement with _ _ ' _ _
theoretical calculations of those width4] which are of the FIG. 4. Differential cross section per energy bin as a function of
order of eV(I'y+T,) excitation energy for thé*Mg(®He ,n)?%Si reaction measurements.
y)-

The bin width is given by Eq(l).
B. Spin assignments

Since both the 5.912- and 5.946-MeV states were ob- The neutron detector efficienci€gcluding air and alu-
served, we are able to assign spin to them based on compafinum correctionsand the differential cross section spectra
son of their differential cross sections with Hauser-FeshbacB® shown in Figs. 3 and 4, respectively. The irregularities
predicted cross sections. Spins were also assigned to high@fth minima and maxima in the absolute efficiency spectra
excited levels verifying the existing assignments or choosinge strongly correlated with resonances in the cross section
a specificJ™ in the case that more than od& was reported

by previous studies. 0.40 5 [ etrer7o vev,e0'rore || © E%
The differential cross section was calculated from the Toad & = | * HF
neutron yield according to the following equation: E 0225_: §t* . + g €C o 3

dr__ ¥ , ga] &g §gtdEBE ER
— = ® ] 8 a3

dQ  179AxeAQ’ 2 3 g:;gz g § ¥ g g 43 e oo ]

whereY is the number of detected neutromss the absolute 40 45 50 55 60 65
efficiency of a neutron detectoA() is the solid angle frac- __0.30 [ ®)ECHe)=8.1 Mev, e=60", R=085 | 3
tion subtended by a neutron detectbris the number of  0.251 § T & ]
particles that strikes the target with thicknéss andn is the vg'fgz %.{; b, : §g 8 g& ]
nuclei per unit volume. The quantityis determined by the g 0410d 3 g8 S ‘% 18 %¢ §§ ]
accumulated charge during the measurement time wiiibe I 0.05 <3 8 g ! ,§ LLEN
is given by 000 = ~ s

40 45 50 55 60 65
_ PNapAx —_ 8;3_- | (c1ECHe)=10 MoV, 6=0°R=07 | ]
77AX =, (3) % 1 & ~ .
M 2 064 2 o o B p
E 057 2+§§§%c§€€ g E
where P is the isotopic abundance of target atoms in the g ey T 5 3% $58°8 ySugGC ;
prepared foil N, is Avogadro’s numbenM is the target mo- Foalg P -t yie 8B LgEgs ]
lar mass, anghAx is the target areal mass density. e g-a; < - T
The absolute efficiencies of the neutron detectors were ’ 40 45 50 56 60 65 70 75 80

measured with &d,n) reaction on &’Al stopping target at
Ey=7.44 MeV and at 120°. The differential cross section of
the outgoing particle was normalized to the corresponding FIG. 5. Comparison of the experimental differential cross sec-
one obtained with a fission chambgt5] using the same tions from the?®Si measurements with the corresponding Hauser-
reaction under the same kinematic conditions. A fissiorFeshbach calculations. The sum of the differential cross sections for
chamber was chosen because the fission cross sections #re 4.1382)+4.1833%) and 5.9123*)+5.9440") states are shown
accurately known for the uranium isotopes. in (c) because they are not resolved in this measurement.

Excitation energy (MeV)
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TABLE Il. Optical model parametgfOMP) sets.

OMP set8 Vg s aRr W, ry @y W, re as Voo T g Tc
28si(n,n) 48.9 1.28 0.7 0.0 0.00 0.0 12.3 1.28 04 45 108 07 0.0
28A1(p,p) 51.6-02E° 1.16 08 1.2+0.0¢ 140 07 4.2-008 138 06 6.0 108 08 1.25
2Mg(a, @) 126.6-0.2E 123 0.8 0.0 000 00 78+@E 158 06 00 000 00 1.23
2Mg(®He *He) 177.0 1.10 0.7 28.8 120 0.7 0.0 00 00 00 000 00 12

A&/, W, are in MeV andr;, «; in fm.
PE is the incident kinetic energy in MeV.

for air and aluminum(scattering chambgiin the range of compound nucleus cross section even in channels with no
neutron energies of the present study. The 5% mass uncetirect component since the flux going into the direct nonelas-
tainty of the highly enriched*U fission chamber is included tic reactions does not enter the compound nucleus. There-
in the error propagation of the efficiencies and the differenfore, in the analysis of these interactions a reduction faRtor
tial cross sections. An additional 10% systematic uncertaintghould be defined. This reduction factor denotes the percent-
is assigned to the differential cross spectra due to the uncege of the reaction cross section which is compound. Lack of
tainty in the target thickness. In Fig. 5 we show the measurefnowledge of all levels in every exit channel or low density
differential cross sections for the states wWEf>4 MeV. parameter values could also leadRec 1, while the opposite
Hauser-Feshbach calculations predict the angular distribf® R> 1. Five sets of level density parametric equations were
tion of the differential cross section of the emitted particlesPUilt in theHF code related to analogous studies and provided
from the various exit channels of a compound nucleus. 1the freedom to choose the appropriate level density param-
takes into account the formation of the compound nucleu§ters that match the experimental data best. _
and the various residual nuclei of exit channels in states of Figure 5 shows the comparison of the differential cross
differentJ™ and the level density in the region where com- S€ctions with the corresponding HF calqulatlons, after the
pound nuclear levels overlap. The explicit expression for thdeduction, for every)™ state above 4 MeV in these measure-
Hauser-FeshbackHF) differential cross section given by Ments. States below 4 MeV were excluded since they had
Douglas and McDonald16] contains Racah and Clebsch- significant direct contribution. HF is sensitive ddut not to
Gordan coefficients for angular momentum coupling, trans# changes; therefore our measurements can lead to a value
mission factors to describe the probability for compoundfor J but rely on other results for inferring. A large number
nucleus formation and decay, and spherical harmonics to d&f levels especially at higher excitation energies had

scribe the angular dependence. Firecode[17] is based on  Strengths consistent with HF calculations based on known
the theory and formulas in Ref18]. spins (see Fig. 3. In several cases previous studies have

Transmission coefficients fotn,n), (p,p), (*He 3He) reported two or three possiblE values. In these cases we
and(a, a), particle separation energies, resolved levels, and@ve adopted the assignment which gave the best agreement

level density parameters for the most probable exit channeldith HF calculgtlons. A”JW as&gnments'from .th's work in
were taken into consideration for the HF calculations of thec©MpParison with previous studies are listed in T_able l, to-
27si compound nucleus. The transmission coefficients wer ether W'_th the excitation energy assignments d|_scussed n
computed from theop code[19] which calculates the elastic € Previous section. In the astrophysically important
cross sections. The optical model parameters were detep:9—6-0 MeV range the most recent studi@slQj have in-
mined by a literature search and are listed in Table II. Leveflicated the presence .O.f 48nd a3 state; c_JIder worK7] has
density parameteréa, o, ) were obtained by expressions suggested the possibility of & 4tate. In Fig. 6 we show the
derived by fitting experimental data and they are described in  TABLE IIl. Exit channels of the?’Si compound nucleus for
Ref. [20], while the known resolved levels and thédffwere  E(°*He)=10 MeV.

taken from the NNDQ21]. Table Il shows all energetically

possible exit channels of neutrons, protons, alphas, or com- Open exit channels Ep> (MeV) RL/LDP?
binations of these. For some exit channels, we just needed p—
resolved level§RL) and for others resolved levels and level ZGS!J“?’ 22.00 RL+LDP
density parameteréRL+LDP) according to the maximum Si+n 8.69 RL
excitation energy of the residual nuclei. 2°Al+p 14.54 RL+LDP
The HF differential cross sections of every state were con- A1+ np 3.17 RL
verteo_l into the lab s_yste_m, reduced, and compared with the SMg+2p 8.23 RL
experimental ones in Fig. 5. The HF results were _redu_ced Mg +a 12.66 RL+LDP
because the HF theory assumes that the cross sections in the 22
. . Na+ap 5.20 RL
nonelastic channels come entirely from the decay of the 15
Ne+ 2« 3.32 RL

compound nucleus, so that only the elastic channels contrib-
ute in both direct(shape elasticand compound processes °RL means that only the resolved levels ugElf>*are needed while
[22]. In practice, however, there are frequently direct contri-RL+LDP means that all the known resolved levels and the level
butions to the nonelastic channels as well. This affects théensity parameters are required.
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0.13 R sented does not fit the data particularly well and importantly
0.124 E:(;.He):."mev S * Exp. the experiment did not covef, ,, <20° where the angular
0111 Rr=0.78 ="' E=5912MeV distribution for a 0 state is most unique. We believe that it is

o 0107 3. . likely that this state corresponds to the 5.912-MeV state

EE’ 0.09 1 'I' 7] found in the present work which we find to ha¥&=3*. The

S 008 . . recent?8Si(*He °He)?°Si measurements of Caggiamo al.

g 71 -5 EF5.846 MeV [10] determined excitation energies for several level&°8i

© 0.0 J=0- ¥ ] including one at 5.948) MeV, consistent with the present
0.05 y work. However, we do not agree with their suggestion that
0.04 this state hag™=3". It should also be noted that the excita-

tion energies found in the present experiment are in good

0147 ECHey8.11 MeV ] agreement with Refs[7,9,10 but are significantly lower

o 0121 ‘ms =3, 1 . than the excitation energies found by Paddg¢gk in the

EEs” 0.0l — j=4' E=5912MeV ] 5-6.5 MeV range.

g 008 =2 ] | |

% 0.06 - 1. i C. Astrophysical reaction rates

© 0.4 E=5.945 MeV ] New astrophysical reaction rates were calculated for the
0.02] =0 . ] ZAl(p, )%°Si reaction based on the new location of the 3
0.00] 1 resonance in this work. This is because of the sensitivity of

the reaction rates to the resonance energy which differs by
FIG. 6. Differential cross sections from Hauser-Feshbach calcu33 keV from the corresponding value of Caggiaeb al.
lations for states aJ=0-5 in theexcitation region of 5.9-6.0 MeV  [10].

and the differential cross sections of the 5.192 and 5.946 Kfsv The nonresonant and tail contribution rates are approxi-
from the **Mg(*He ,n)?°Si reaction measurements. mated by the same equation in RE#3] and their values are

. ) o _ taken directly from Refs.[4,27] for temperatures(Tg
HF predicted cross sections forQ)<5 states in this exci- =0.03-1.5 in explosive hydrogen burning environments.

tation region along with our experimental data for the two
low bombarding energy measurements. The compariso
strongly favors 0 for the 5.946-MeV state. For the 5.912-
MeV state we findJ"=3*; a 4" assignment is only margin-
ally consistent.

Some discussion of previous work in the context of our B s Er
new results is in order. The earfiMg(*He ,n)2Si experi-  Na(ov)r=1.5394x 10MA™¥%(wy) T, exp(— 11-6051_—),
ment of Bohneet al. [7] was performed at higher energies o
than the present workl3.0 MeV) where direct reactions are (4)

expected to dominate and found a state at §300MeV  whereA is the reduced mass in amuwyy is the resonance
which had an angular distribution characteristic of‘zstte. Strength in Mev, ancER is the center-of-mass resonance en-
In addition there was evidence for anothetransfer which  ergy in MeV. Proton and gamma widths were needed to cal-
was interpreted as an indication of an unresolvédstéte.  culate the resonance strength. The experimental values of the
However given the uncertainties in the distorted-wave Born, width of 2Mg mirror states were used for thé and O
approximation calculations and the likely presence of multi-states while a calculated value from Rgf} was used for the
step and compound-nuclear processes this result could alge state since the experimental value is only a lower limit.
arise from a 2 state or an unnatural parity stagee also the  proton widths were calculated based on the proportionality
discussion in Ref{10]). This interpretation is consistent with of the proton width to the penetrabilif4], taking into ac-

the present work which indicates & State at 5.91&) MeV  count the penetrability ratio for the previous and new reso-
and a O state at 5.94@!) MeV. The compilation of Endf6]  nance energy locatior(i.e., assuming constant reduced
adoptedJ™ assignments based on the work of Boteteal.  width). Previous values for proton widths were taken from
The recent®®Si(p,t)?°Si experiment of Bardayaet al. [9]  Ref. [4] where they were deduced from mirror statesu-
found a state at 5.918) MeV. The authors claim to confirm tron spectroscopic factors for states?iMg have been de-
the 0" assignment of Endt, but the DWBA calculation pre-termined using neutron-transfer experiments and/or shell-

The resonance reaction rates of fial(p,y)?°Si 3" (£=0)
fesonance and the two nearby statés(d=2) and 0 (¢

=2) resonances were calculated. These rates are approxi-
mated[23] as follows:

TABLE IV. Parameters used in the astrophysical reaction rate calculations.

E, (MeV) Jm ES™ (keV) Ty (eV) I, (eV) wy (eV)
5.670 T 152 1.30<10°° 1.10x 101 3.25x 10710
5.912 3 394 2.68< 1(° 3.30x 1072 1.90x 1072
5.946 (0] 428 1.90x 1072 8.80x 1073 5.05x 1074
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10° 1004 i —Ratlo (lliadis ef al.)

101 —a— E=394 keV, 3' i/ N |- Ratio (Caggiano ef al)
~ 10°] —s—E=428keV, 0"
g 10°] —e—Ests2keV, 1’ 1 H
o 104 _?:;.Ia capture [4] ] 2 104 E
K} —— w E

10°4 ] -
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FIG. 7. Direct, resonant, and total rates for thal(p, y)Si

reaction. FIG. 8. Ratios of the present total rates to the corresponding

rates of lliadiset al. [4,27] and Caggianet al. [10].

model calculations The penetrability of the Coulomb and

centrifugal barrier is expressed in terms of the regular angorresponding rates of lliadist al. [4,27 and Caggiancet
irregular Coulomb wave functiong5] and was calculated @al. [10] is shown in Fig. 8. The Caggianet al. [10] total
using the PENE code [26]. Table IV shows the parameter rates are closer to this work while both StUd[éﬁlQl show
values used in the reaction rate calculations and Fig. 7 pregreement with the present work at higher temperat(fes
sents these reaction rates as a function of the temperature0.2 GK). The present increase of the reaction rates is the
range mentioned above. These rates are also listed in Tabtirect result of the change in resonance energy, because the
V. The figure includes the direct capture r§tg, the reso- resonance parametgexcept the energigsvere scaled from
nance reaction rates of thé,3*, 0" states, and the total rates previous work.
of the present study. As can be seen from Fig. 7, the

Z5Al(p, v)%8Si total rates are dominated by the two unnatural IV. CONCLUSIONS

parity states(1* and 3) in the temperature rangd The **Mg(®*He ,n)?Si reaction was studied to deduce ex-
=0.05-1.5 GK. A comparison of the present total rates to theitation energy values for the astrophysically important states

TABLE V. Stellar reaction ratesla(ov) (in s~ mol™ cm3) for 2°Al(p, y)%°Si.

T (GK) Direct capturé Resonanck Resonance Resonanck Total
0.03 2.100< 10728 2.972x 10728 3.847x 10761 1.977x 10767 2.100x 10723
0.04 1.590< 10720 4.674x 10722 8.819x 10745 1.215x 10749 1.636% 10720
0.05 1.770< 10718 2.263x 10718 5.354x 10735 5.310x 10739 4.033x 10718
0.06 6.410 10717 6.160x 10716 1.694x 10728 6.263% 10732 6.801x 10716
0.07 1.120< 10715 3.259x 10714 7.186x 1074 6.799x 10727 3.371x 10714
0.08 1.190< 10714 6.225x 10713 2.067x 10720 3.958x 10723 6.344x 10713
0.09 8.720< 10714 6.045x 10712 9.924x 10718 3.287x 10720 6.132x 10712
0.1 4.840x 10713 3.664x 10711 1.362x 10715 6.998x 10718 3.712x 10711
0.15 2.040< 10710 7.136x107° 3.085x 107° 5.906x 10711 1.048x 1078
0.2 9.110< 10°° 8.766x 1078 4.087x10°° 1.510x 1077 4.335x 1076
0.3 1.040< 10°® 9.026x 1077 4.540x 1073 3.237x 10 4.860x 1073
0.4 2.040x 10°° 2.549x 1078 1.331x 10t 1.320x 1072 1.463x 1071
0.5 1.680< 107* 4.407x 10°° 9.370x 1071 1.131x 10t 1.050x 1P
0.6 8.350< 1074 6.036x 1078 3.272x10° 4.507x 1071 3.724x 10°
0.7 2.980x 1073 7.290x 1078 7.713x 10° 1.167x 10° 8.883x 10°
0.8 8.520x 1073 8.176x 1078 1.428x 10 2.319x 10° 1.661x 10
0.9 2.060x 1072 8.754x 1078 2.259x 10t 3.874x 10° 2.648x 10
1.0 4.400< 1072 9.093x 1076 3.205x 10 5.744x 10° 3.784x 10
15 6.310x 1071 8.910x 1076 8.011x 10t 1.637x 10" 9.711x 10

®From Ref.[4].

PAt ES™=152 keV.
°At E;™=394 keV.
At ES™=428 keV.
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of the 2°Al(p, 7)?°Si reaction. The reaction measurements ate.g., via?*Mg(®*He ,ny). In addition direct determinations of
8 MeV provided adequate resolution to resolve these statefie partial widths of the astrophysically relevant states would
that are located up to 1 MeV above the proton threshold irhelp to reduce uncertainties in the reaction rate. Higher bom-
the *°Si nucleus. The state at 5.912 MeV was assigned as parding energy measurements are also needed to complete
3* resonance of thé°Al(p, 7)*°Si based on the comparison the level structure of th&Si nucleus. It is hoped that in the
between the measured differential cross section with HF calfyture radioactive?®Al beams will become another tool for
culations. New reaction rates were calculated based on thegge study of states above the proton thresholé&8i.
new assignments and they are presented in Fig. 7. In addition
several states up to 7.9 MeV were located accuratelyJand
were assigned to the(see Table )l ACKNOWLEDGMENT

Confirmation of these excitation energies, spins, and pari-
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