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Background: The uncertainty in th&9P(p,y)30S reaction rate over 0.£ T < 1.3 GK was previously determined to spad orders of
magnitude due to the uncertain location of two previouslghserved 3 and 2" resonances in theyE= 4.7 — 4.8 MeV region in
303, Therefore, the abundances of silicon isotopes syn#émbgiznovae, which are relevant for the identification of ptasgrains of
putative nova origin, were uncertain by a factor of 3.

Purpose: (a) To investigate the level structure S above the proton threshold (4394.9(7) keV) via chargetetaspectroscopy using the
325(p,1)39S reaction and in-beamray spectroscopy using tH&Si(He, ny)3YS reaction to calculate tHEP(p, y)3°S reaction rate. (b)
To explore the impact of this rate on the abundances of silisotopes synthesized in novae.

Methods: Differential cross sections of tH&S(p,t)39S reaction were measured at 34.5 MeV. Distorted Wave Borrdimation (DWBA)
calculations were performed to constrain the spin-pasggignments of the observed levels, including the two abyrsipally important
levels. An energy level scheme was deduced fieyncoincidence measurements using #i8i(3He, ny)3°S reaction. Spin-parity
assignments based on measurementsraf/ angular distributions angly directional correlation from oriented nuclei were made for
most of the observed levels &S.

Results: The resonance energies corresponding to the states wilMel5< Ex < 6 MeV, including the two astrophysically important states
predicted previously, are measured with significantlydygttecision than before. The spin-parity assignments tf astrophysically
important resonances are confirmed. The uncertainty iratiesof the??P(p, y)3°S reaction is substantially reduced over the temperature
range of interest. Finally, the influence of this rate on thieralance ratios of silicon isotopes synthesized in novaelstained via 1D

hydrodynamic nova simulations.

Conclusions: The uncertainty in thé2P(p,y)3%S reaction rate is reduced to the point that it no longer &ffée silicon isotopic abundance
ratios significantly, and thus the results of our nova hygnagnic simulation for the nucleosynthesis in the Si-Ca nmeg®n are more

reliable than before.

PACS numbers: 26.30.Ca,25.40.Hs,23.20.En,23.20.Lv

I. ASTROPHYSICAL MOTIVATION
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with masses up té ~ 40, including?®Al. 30S (t;, = 1175.9(17) ms10]) proton unbound states with

The ejecta of classical novae are studied by systematic ind.5< Ex < 6 MeV.
frared observations3[ 4] which reveal episodes of dust for-  The 2°P(p,y)°S rate was evaluated by Wiescher and
mation following a nova outburst. Several candidate pegsol Gorres [L1], and more recently by lliadist al. [9, 12] and
grains of nova origin have been fourd 6], most of which are  Bardayaret al. [13]. The rate calculated by lliadist al.[9]
of silicon carbide (SiC) type. These grains show abundancesas found to be dominated by th¢ and 2 proton unbound
anomalies for some isotopes (compared with the average setates in®°S. The excitation energies corresponding to these
lar system isotopic abundances), e.g., close to or slighilgr  two unobserved resonances were predic&ai§ing the Iso-
than solarr®Si?8Si ratios and higher than sol&!Si?8Si ra-  baric Multiplet Mass Equation (IMME) to be 4733(40) keV
tios [7]. and 4888(40) keV for the states wifff = 3* andJ™ = 27,

In order to reach a quantitative agreement between the is@espectively. Such large uncertainties in the resonanee en
topic abundances observed in the presolar gr&@eid those  gies,E,, resulted in an uncertainty in the rate which spanned
predicted by simulations7], nova nucleosynthesis models re- ~4 orders of magnitude9]. Prior to this prediction, sev-
quire some dilution. Thus, the mixing between the matenial i eral experiments had been performed to study the structure
nova ejecta and the solar-like material must be underswod tof 3°S [14-18]. However, the two astrophysically important
tighten the links between nova nucleosynthesis and presolatates predicted by lliadist al. [9] were not observed in any
grains. Also, a better knowledge of the rates of the reastionof the previous experiments.
that affect nova nucleosynthesis is required to better unde A direct measurement of theP(p,y)3°S reaction is cur-
stand the origin of the isotopic ratios observed in the novaently not feasible because R8P radioactive ion beam with
presolar grain candidates. Improving the reaction rates cathe required beam intensity-(10° pps) is available. Thus,
also constrain nova models and simulations and amend o#gllowing the prediction by lliadiset al. [9], attempts were
understanding of nova nucleosynthedis [ made to find these two states via indirect methdds; 19—

According to hydrodynamic classical nova simulatiofs [  22]. Bardayaret al.[13] remeasured the excitation energies
the dominant nova nucleosynthetic path is sensitive to thand spin-parity assignments of the state¥’sfup to 7.1 MeV
chemical composition of the white dwarf, the extent to whichpy means of thé?S(p, t)3°S two-nucleon transfer reaction. As
convective mixing occurs between the material of the whitea result, a state at 4704(5) keV was discovered and was pro-
dwarf’s core and that of the envelope, and the thermal historposed to be the predicted 3tate. However, no trace of the
of the envelope. Such questions can be partially answeregther important level was found.
via analysis of the Si isotopic abundance ratf${?Si and Shortly thereafter, we performed two separate experiments
30Si/28si) in SiC presolar grains of potential nova origifl,[  each with two phases, to determine the excitation energis a
and thus such ratios are of specific significance to this 8ork’ spin-parity assignments of several stateS%, which were
motivation. populated via thé?S(p,t)2°S and?8Si(He, ny)3°S two nu-

To explore and improve the silicon isotopic abundances irtleon transfer reactions.
nova ejecta predicted from nova simulations, the thermonu- In Ref. [23], the resonance energies corresponding to six
clear reactions that most strongly affect the synthesislief s proton unbound states with, < 5.5 MeV in3°S were pre-
con in novae must be determined and their rates understoogented, including both astrophysically important states p
One such reaction FP(p,y)3°S. Over the temperature range dicted by lliadiset al. [9] one of which was observed for the
characteristic of explosive nucleosynthesis in novae{@# first time. Since then, we have performed a né®(p,t)3°S
GK), the rate of theé°P(p,y)*°S reaction competes with that measurement with a different target (phase 1l), and have im-
of 29P(3™) decay. If in this temperature range %@ (p,y)*°S  proved upon the analysis of the existing data. Phase I of our
reaction rate is faster than tR&P(3") decay rate, and if the 28Sj(3He, ny)3°S experiment was performed with the sole pur-
30p(R*) decay rate competes favorably with the rate of protorpose of determining vig-ray coincidence measurements the
capture or?°P [8], the net effect is an increase in the produc-energies of the two important resonances predicted byisliad
tion of 3°Si via the?°P(p,y)*SB")*°P(B")3°Si reaction se- et al.[9], and phase Il was carried out to measureytnay an-
quence, as well as a simultaneous decrease in the abundargéar distributions ang-y angular correlations from oriented
of 29Si, which is the product of thB*-decay of?P. There-  nuclei to infer the spins of the obsen4$ states. The results
fore, an excess iA’Si together with the depletion #7Si ob-  of phase | of our8SiHe, ny)3°S experiment are also pub-
served in some SiC presolar grains could indicate imprihts olished p4].
anova origin. In a study on the sensitivity of nova nucleesyn The present work discusses in detail the experimental
thesis to uncertainties in thermonuclear reaction ratgsal  setups and data analyses for the second phases of our
change in theé°P(p,y)*°S rate by 16, which was consistent 325(p,)30S and?28SiHe, ny)3°S experiments, and presents
with the rate limits from Ref.g], resulted in changes #%3°Si  our unpublished data for the first phase of 32&®(p,t)3°S
abundances by a factor of 3. experiment. This work thus presents our combined final re-

In the temperature range characteristic of explosive hydrosults on the energies and spin-parity assignments of the ob-
gen burning (0. T < 1.3 GK), the Gamow window of the served®°S states, the most updat&tP(p, y)3°S reaction rate
29P(p,y)°S reaction sparfe,~ 700 — 1770 keV, where there calculated via a newly developed Monte Carlo method, as
is a low level density. Thus, the rate depends on the pr@serti well as the impact of this rate on the abundance ratios of
of isolated and narro®P + p resonances corresponding to silicon isotopes synthesized in novae. Therefore, thelteesu



in the present paper supersede those of our previous publica 2

tions [23, 24]. @ : Ml 25 (p,0)°S
O\ = 27.5°)

154

II. EXPERIMENTS
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A. The325(p,1)39S experiment 54

1. Experimental setup and data analysis: phase I 20

154
The experiment was performed at the Wright Nuclear

Structure Laboratory (WNSL) at Yale University. A proton £
beam was accelerated, using the ESTU tandem Van de Graaf6
accelerator, to 34.5 Me\MVE/E ~ 6 x 107%) [23, 25].

The beam impinged on a 55:9 5.6 pg/cn? isotopically
pure (99.9% enriched)’C foil implanted with 10.4+ 0.4
pg/ent of 32S. This target was fabricated specifically to re-
duce the relatively flat background produced by HEd,

where nat refers to natural,sé: omponent of the CdS targetFigure 1: Triton spectra from th&S(p,t)3°S reaction measured at
used in phase | of OLﬁzS(p,_t) S experiment23. The pro- 7' (a) and 45 (b) obtained with the implanted target. Peaks cor-
duction procedure for the implanted target is describee-els yegponding t6s states are labeled with energies in keV. The filled
where P5, 26]. The thicknesses of th&S and'*C layers histograms are background spectra measured with an isattypen-

in the implanted target were obtained through a Rutherfordiched!2C target, normalized to th#S(p,t)39S data. The main con-
backscattering measuremeRg] 26)]. taminant is the ground state (g.s.) *8C. For 27.5, an aluminum

In addition to the aforementioned target, a free-standinglate along the focal plane blocked the region correspantiiriri-
3114g/cn? natural Si foil was used for calibration purposes. tons with energies higher than 9.5 MeV, where elasticalgttsced
Also, a stand alone 4pglcrr'|2-thick 99.9% isotopically en- protqns reached the focal plang. At°4fhe gates cut the region to
riched!2C foil was used to measure the background frpnt) the right of the peak corresponding to the 4688-keV state.
reactions on the carbon substrate in the implanted tardet. T
method of measuring the thicknesses of these targets is de-
scribed in Ref. 25]. any significant statistical evidence for that peak. Tpg) re-

The reaction ejectiles were dispersed according to their moactions on other stable isotopes of oxygen were kinemétical
menta with an Enge split-pole magnetic spectrograph, witlexcluded. The remaining background observed in Eits
vertical and horizontal aperture settings/ap = +40 mrad, due to the presence of deuteron background in the tritorsgate
andAB = +30 mrad, respectively. The study was carried outthat could not be eliminated completely. T#S implanted
at multiple angles with magnetic field strengths of 10 kG fortarget produced a background that was decreased by about a
0 =22°;9.5kG for@ = 27.5; and 9.2 kG fof = 45°, where  factor of 2 compared with the relatively flat background pro-
0 is the scattering angle in the laboratory system. duced by thé2Cd component of the CdS target used in phase

The tritons were focused at the spectrograph’s focal pland,of the 32S(p,t)3°S experiment.
where they were detected with an isobutane-filled position The triton peaks observed in the presented spectra were fit-
sensitive ionization drift chambe2¥], together with a plastic ted using a least-squares multi-Gaussian fit function terdet
scintillator. The ionization chamber measured the pasi#tio mine the peak centroids, widths and areas. The energyaalibr
along the focal plane and energy lossAE) of the tritons.  tion was determined from a combination of known levels of
Those that passed through this detector deposited théir res 26Si (measured with th€Si(p,t) reaction using the Si-target)
ual energy Ees) in the plastic scintillator. and of3°S, whose adopted energies are weighted averages of

AE, Es and position (proportional to momentum) were previous work orf®Si levels [L4, 28-34] and on3°S [14-17].
measured to identify tritons and determine their momentaSince the earlier publicatior2f], the previous calibration fits
The tritons were selected accordingA& and Ees, Wwhich  were improved through reanalysis of the previous data éeorr
were plotted vs. focal plane position gates. The spectraeof t sponding to phase 1) by accounting for the angle of the target
tritons’ momenta were then plotted for each spectrograph arwith respect to the beam (details are provided in R25))[
gle (see Figl). Triton peaks corresponding S states in  Figure2 presents th&, > 5.5 MeV excited states i#'S ob-
these spectra were clearly identified through kinematidyana served in phase | of th#&S(p,t)3°S experiment that were not
Sis. published in Ref.23].

The major contaminant peak observed was the ground state The final excitation energy uncertainties for the data ofibot
of 10C (see Figl). The first excited state df'O, populated phases of this experiment arise from: (1) statistical utages
via the 1%0(p,t)1#0 reaction, was expected, based on kine-ties (< 2 keV), (2) uncertainties in the thicknesses of the CdS
matic simulations27], to be present on the focal plane as atarget (2 keV) and the implanted target (1 keV) taking into ac
common source of contamination. However, we did not find count the uncertainty in the thickness of tH&i target used

10 H

Triton Lab Energy (MeV)
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303 mass, and our improved calibration fits for the previous
data obtained by the CdS target.

The energy resolution was approximately 28 keV and 22
keV (FWHM) for the spectra obtained with the CdS and im-
planted targets, respectively. Therefore, our achievedgn
resolution is a factor of 3 — 5 smaller than those of previous
323(p,1)2°S measurement4, 14).

(CY

=5(p,0%S

Counts

2. Results: both phases combined

Over both phases of ti8S(p,t)3°S experiment, 12 proton
unbound states 6PS with Ex < 6.8 MeV were observed, and
their weighted average energies (over all angles) aralliste
Tablel.

Counts

Table I: Weighted average excitation energies38$ from both
phases of ouf2S(p,t)39S experiment. States used for energy cali-
bration are marked by an asterisk.

ol 8 2. @ Ex (keV) Jr Ey (keV) Jr
© 18 o 2208(3) 5393(2) 3

oq 8 3402.6 5849(2) (T, 2+, 4"
£ .18 oo ST 3681(3) (1", 0%) [5947(2)]
3 o &3 B 4688(2) 3 6055(3) (1)

2ol 2 5 o8 9 4812(2) v.4 6345(3) ()

3 b 5136 (41 6536(3) (2,3)
104 5225(2) (0) 6768(3) .
o 5315(2) (3,24
8 9 10 11 12

Triton Lab Energy (MeV)

Most of the measured energies in the present work are in
agreement within 1 —@with those measured in the previous

reaction at 22 (a), 20 (b), and 10 (c) obtained with the CdS target 325(p7.t)305 measuremenﬂ..B]. The energy of the 5947-keV
(for details, see Ref2[]). Peaks corresponding #8S states are la- tentatlvg Stfate o_bs_erved in the present_ work (see panels (b)
beled with energies in keV. The states wih > 5.5 MeV were not ~ and (€) in Fig 2) is in good agreement with that of the 5945-
published in Ref.23]. The filled histograms are background spec- k€V tentative level observed in Refl§]. The former state is
tra measured with 8Cd target on a carbon backing, normalized to observed in the present work with a statistical significasice
the 325(p,1)30S data. A peak from th&C(p,t)11C reaction is also  one standard deviation at 1@nd 20 above the background
identified and labeled by its parent nucleus. Fdraod 20, an alu-  expectations. For the state with an expected excitatiorggne
minum plate along the focal plane blocked the region cooeding  of E, ~ 4.7 MeV [9], our measured energy of 4688(2) keV
to tritons whose energies are higher than 11 MeV, whereieddist  qges not agree with the 4704(5) keV measured in R, |
scattered protons reached the focal plane. Most of the levels observed in 0dfS(p,t)°S experiments
whoseEy > 5 MeV have been measured previously but have
for calibration, (3) uncertainty in th@-values of thé®Si(p,t)  spin-parity assignments that are either unknown or temtati
and32S(p, t) reactions (0.3 kev3s] and 0.4 keV LL(], respec- To obtain the spin-parity assignments’e$ states observed
tively), and (4) 20 keV uncertainty in the beam energyQ.3  in phase | of thé?S(p,t)3°S experiment, the equivalent thick-
keV uncertainty in excitation energy). Therefore, A8 exci-  ness of the sulfur content of the CdS target was required Thi
tation energy uncertainties, when added in quadratures &er thickness was determined to be 5% pg/cn? through the re-
keV and 2 keV for the CdS and implanted targets, respectivelyanalysis of the data of a previous scattering experiniggjt [
Lastly, to obtain the finatS excitation energies, a weighted where an 8-MeV*He" beam along with the Enge spectro-
average was calculated for each state over all the anglds, agraph at WNSL and a silicon surface barrier detector were
thus over both targets. With respect to the previous publicaused to determine the composition and thickness of the CdS
tion[23], all the measured excitation energies from the presentarget. The theoretical angular distributions of the crss
work have smaller uncertainties by at least 40% as a resalt oftions were then computed via (i) Distorted Wave Born Ap-
reduction in the uncertainty of ti@-value of the’®>S(p,t)3°S  proximation (DWBA) calculations using the one-step finite
reaction due to a recent improved measurem&@t §n the  range transfer formalism for the natural-parity states, @h

Figure 2: Triton spectra measured (in phase 1) from38(p,t)3°S



Table II: Optical model parameters used for the analysib@&ingular distributions.

Reaction Vo Wo Wb \VAS ro a ro a 74 a’ loc A PNLOC
Channel (MeV) (MeV) (MeV) MeV) (fm) (fm) (@fm) (fm) (fm) (fm) (fm) (fm)

p+ 325 37.1 0 6.875 75 118 066 118 066 118 07 1.25

t + 303 144 30 0 0 124 0.68 145 084 O 0 125

d+31s 90 0 25 130 0.62 1.18 0.58 1.25

n+ 31sp 0 0 1.20 0.65 130 25 0.85
2n + 30s 0 0 1.25 0.65 25

aThis parameter, as well &§ anda’, is taken from Ref.14].
bThe input parameters corresponding to this channel are fam Ref. B7).

the coupled reaction channels (CRC) calculations under Angular distributions of the states wits, < 5.136 MeV
the assumption of finite-range interaction potential fog th are discussed in BB 2 2.4, since those states were also ob-
unnatural-parity states. Both DWBA and CRC calculationsserved in our-ray measurements. In the following, we will
were performed via using the coBRESCJ38]. DWBA cal-  only discuss the triton angular distributions 88 levels with
culations for the natural-parity states were also perfaroe  Ex > 5.225 MeV.
ing DWUCK$39] code, and the results were identical to those e The 5225-keV levelThis state is a prominent peak that
obtained by usinggRESCO The angular distributions of the was observed at every angle measured irP#sp, t)°°S ex-
unnatural-parity final states #'S were obtained for the se- periments. There is no conclusive information regardirgy th
quence’?S(p, d)31Sy s (d, 1)30S. J™ assignment of this state in the literature. Our only guide
The distorted waves in the entrance and exit channels wermes from a shell-model calculatiohl], which suggested
calculated for optical interaction potentials, the partareof  that there should be atOevel around 5.2 MeV. Reasonable
which were taken from Refl1f] (and references therein), and fits are obtained witd™ = 0" and 2" (see panel (e) in Fig).
are given in Tablél. Although the latter fit describes the data better, we have as-
Furthermore, the widely used Reid soft core poten#@] [  signed a)™ = 0 to this state because thg 2tate in the mir-
was used to derive the deuteron and triton wave functions, a®r nucleus corresponds K = 5614 keV, which is 389 keV

well as the p-n and d-n interactions. higher in energy. This shift in energy is too large suggestin
The differential cross sections in the lab system were obthat the 5225-keV state is most likely not a &tate. So we
tained from p5] suggest that this state is the mirror to the $tate in30Si at
5372.2 keV 42).
do\'® b/si) — dy nA e The 5315-keV levelThis state is also a prominent peak
(@)e (in Wo/sy = (E)e (3.75x 103)quAx 1) observed at all angles. It is known to be a&ate [L7]. Our

angular distribution is better fitted by &a 2 angular momen-
h is th ber of unit ch ied by the b tum transfer, but = 3 would also be reasonably consistent
wheren is the number of unit charges carried by the beamgee panel (f) in Fig3). If this state is assumed to be thg 2
particles;A is the atomic or molecular mass of the target (mstate in?0S, it has to be paired up with the 5614-keV state in

grams);q (in mili-Coulomb) quantifies the number of beam sog; "y ever, the 300 keV shiftin excitation energy seems

lons incident on the target, measured by a beam gurrent im(:f(_) be too large for the mirror states. Therefore, we adoptied o
grator placed downstream of the targets the stoichiometry next best choice, which is dn= 3 transfer. Thus, we suggest

of the atoms of interest in the target materi&t;is the thick- . . . . )
ness (in mg/crf) of the target atoms of interest; ardv{/dQ)g T?%gtsﬁljvﬁ:]aﬁ E r;f) ?lel]kely the mirror to the 5487.5-keafst

(in counts/milli-steradian) is the differential yield dfe reac- « The 5393-keV levelThis state was observed at all angles
tion, which is the total number of nuclear reaction productsmeasureol in th@2S(p,1)30S experiments. Its spin was ten-
detected in the solid angiQ (in msr) covered by the detec- tatively assigned to t;é —1or2in previbus work17. In
tor per total number of incident beam particles. Dependinq?ef [13), tentative™ — 3~ and 2" assignments were. given
on the scattering ang the number of reaction products that y :

reach the detector is different, and thus the differenteltlyis to this f]taf[e' ?ur triton angularddlﬁtrlbunon ~ morr]_e cons|
a function ofo. tent withJ™ = 3* assignment, and thus we assign this state to

- . . . 30 .
The measured differential cross sections in the lab Systerﬁgvg}é’lzr]nakmg it the mirror to the 3 state in*’Si at 5231.38
were converted to those in the center-of-mass system via us- . The.58 49-keV levelThis state was tentatively assigned

ing equation C.43 of Reffl] (p. 597). Finally, the theoret- to be a1 state in Ref.13]. However| = 2, 3 and 4 transfers

ical triton angular distribution curves were normalizedtie Id b luded d his level b d
center-of-mass differential cross sections. Fighishows the could not be excluded. In our data, this level was observed at
' 10°, 207, 22° and 45. We can rule oud™ = 4~ and 2" assig-

triton angular distribution plots.
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Figure 3: Triton angular distributions populating state2% compared with the DWBA curves for the natural-parity siatet multi-step CRC

calculations for the unnatural-parity levels. The fillecttds with error bars are the measured differential crossmses in the center-of-mass
system, and the solid, dashed or dotted curves are the tleadengular distributions obtained via usifRESCOIf not shown, the error bar
is smaller than the point size. The excitation energies amngn the top middle of each plot.



nments but 1, 2" and 4" are all in reasonable agreementwith  goooo

our data (see panel (h) in Fig). g .
e The 5947-keV tentative leveThis level was too weakly N 3
populated to extract a significant angular distribution. 600001 || g = @
e The K > 6 MeV statesWith the exception of the 6055- < N &o 2 g
keV and 6768-keV states, which are observed at four angleg : 8 /‘ S ¢
(see panels (i) and (1) in Fig), all other states oS observed 5 49000 i ol & g 9 o
in the present experiment whose excitation energies angeabo © © & S g EI
6 MeV are only observed at most at three angles, 20° and J ) = & 5 o
22 (see Fig2). Nonetheless, we propose a tentative assign- 20000 I g g8
ment of I to the 6055-keV state, which is consistent with \«./J T
the assignment made in ReL7], but the energy of this state
from our data differs by 62 keV. Also a tentatiJ® = 0" as- 0

400 600 800 1000 1200 1400 1600 1800

signment is made in the present work to the 6345-keV state, Channo
anne

which is consistent with a definitd' = 0" assignment made
in Ref. [17]. Furthermore, we tentatively assign=2 orJ =3
to the 6_536—kev state, which is consistent with what Was SUGFigre 4: Singles-ray spectrum measured during phase Il of the
gested in Ref.17]. Lastly, forthe 6768-keV state, we confirm experiment at 90 using detector 1. Selected strong transitions are
J = 2 suggested in Ref1p], and likely rule outt = 3 and 4  |apeled by their parent nuclei and with energies (in keV) tra
transfers. Though, our angular distribution data are bistlifi weighted averages between both phases of the experiment. Th
with a negative parity assignment. Therefore, we propose a210.6-keV (2 — 0;) and 1194-keV (2 — 2{) peaks originate
spin-parity assignment df' = 2(-) to this state. from levels in3°S.

pendent efficiencies were determined with a standaféu
calibration source. The initial energy calibration fit was- i
proved via internal calibration by using strotf y-rays emit-
ted from the?8Si(He, py)3°P reaction, whose cross section is
_ _ _ higher than that of thé®Si(®He, ny)3°S reaction at this beam
An in-beam y-ray spectroscopy experiment using the energy 3, 44]. The resulting uncertainties in the detection
28Si(®He, ny)*°S reaction was carried out to assign spins tOgfficiencies were estimated to be 5%.
the populated®s levels based on measurementy-ofly an- The coincidence analysis was performed via construction
gular distributions ang-y angular correlations from oriented oy ay-y coincidence matrix. Figurg presents the coincidence
nuclei. This experiment was performed at the U_niversity Ofspectra. They-ray angular distribution ang-y angular cor-
Tsukuba Tandem Accelerator Complex (UTTAC) in Japan. Arg|ation measurements and their results will be discussed i
3He?* beam was accelerated to 9 MeV via the 12UD Pelletrors |82 2.2 and §11B22.3 respectively.
tandem accelerator at UTTAC. The details of this beam are de- '
scribed in Ref.24]. The beam impinged on a self-standing 25

B. The?28Si(3He, ny)30S experiment

1. Experimental setup and data analysis: phase I

um-thick foil of "&Si, of which the?®Si abundance is 92.23%. 2. Results: both phases combined
High-purity germanium detectors with 50% and 70% rel-
ative efficiency were placed at 9@nd 135 with respect to 2.1. Decay scheme S

the beam axis, respectively. We hereafter refer to these de-
tectors as 1 and 2, respectively. These detectors wereetbcat Inthe singles-ray spectra of both Ge-detectors during each
on opposite sides with respect to the beam line. The energyhase of the experiment, twerays were clearly observed at
resolution of detectors 1 and 2 was determined to be 4.4 ke¥210.6(3) keV and 1194.0(1) keV, which correspond to the
and 3.2 keV (FWHM) aE, = 1333 keV, respectively-yco- 2] — 0] and 2 — 2] transitions in3’S, respectively (see
incidence data were accumulated during a total of 4 days, anig. 4).
was corrected hourly for detector gain shifts. A samptay A few y-rays with energies in the range of 3 MeV were ex-
spectra can be seen in F#y. pected to be observed in the singles spectra according to the
To extract the centroid and area of each peak, the peakaeasured branching ratios5, 16] of the y-rays from decays
were fitted using a single-Gaussian function whenever thepf the bound states and the lowest-lying resonance¥:f
were reasonably isolated from each other, and with a multiHowever, thesg-rays did not appear as separate observable
Gaussian function for the partially resolved or unresolvedpeaks in the singlegray spectra obtained during either phase
doublets. Those peaks that were affected by Doppler shifbf the experiment. This was most likely because they were ob-
at higher angles were fitted using Gaussian-plus-expailentiscured by the Compton scattengdays from3°P transitions.
functions to account for the exponential tail. Backgroumoks After placing software gates on the 2210.6- and 1194.0-
traction was performed by assuming a linear function undekeV peaks,y-decay cascades from higher-lying states were
each peak. observed in thg-y coincidence spectra (see F&). In partic-
The Ge-detectors’ initial energy calibration and energy-d ular, we observed transitions with energies of 2477.3(8) ke
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Figure 5: They-y coincidence spectrum measured during phase Il a{@0and 133 (b) obtained from gating on the 2210.6-kevl*(2—> Of)

transition 0f2%S. Peaks corresponding to the transitions from knéf@hstates are labeled with energies (in keV). At%,3Be labeled energies
are corrected for Doppler shift except that of the 846.1-kady (see text). The 2477.1-keV and 2599.5-keV peaks are fhe decays of
proton-unbound states at 4688.0 keV and 4810.4 keV, rasphct

Table Ill: Weighted average energies (between both phasae @xperiment) and relative intensities of the observadsitions in*°S. The
latter are calculated with respect to the strongesty measured at the same angle. The uncertainties in tbé esergies Erecoil) Were
negligible, and thus are not presented. The energies ddliaitd final statesH; andEs, respectively) are corrected for the corresponding
recoil energies. The results obtained in Yy measurement of RefL§] are also shown for comparison.

Present Work Ref. [16]
Gaté Ey Erecoil E E¢ 190 335 Ey E E¢
(keV) (keV) (keV) (keV) (%) (%) (keV) (keV) (keV)
2210.6(3) 846.0(4) 0.01 unplaced unplaced 3.9(6) 2.8(5)
1194.0(1)  0.03  3404.7(3) 2210.7(3) 33.5(5) 43.3(10) 0@, 3402.6(13) 2210.7(5)
1194.0(1) 1283.4(8) 0.03 4688.1(4) 3404.7(3) 1.2(2)
1194.0(1)  1405.1(4) 0.04  4809.8(5) 3404.7(3) 3.1(4) .94
2210.6(3)  1456.5(3) 0.04 3667.2(4) 2210.7(3) 11(3)  13.9(9 1456.8(9)  3667.5(10) 2210.7(5)
2210.6(3)  1466.2(3) 0.04 3676.9(4) 2210.7(3) 3.1(1) 3.6(6 1465(3) 3676(3) 2210.7(5)
2210.6(3)  0.10 2210.7(3) g.s. 100(1)  100(1) 2210.7(5) 2HH) g.s.
3402.6(13) 3402.6(13) g.s.
3676(3) 3676(3) g.s.
2210.6(3)  2477.3(3) 0.10 4688.1(4) 2210.7(3) 6.0(4) 9.3(9
2210.6(3) 2599.0(4) 0.10 4809.8(5) 2210.7(3) 1.6(3)
2210.6(3)  2921.4(4) 0.20 5132.3(5) 2210.7(3) 9.7(4)  1AB( 2925(2) 5136(2) 2210.7(5)

aThe transition on which the coincidence gate is placed.

bThis transition is not observed at 135
®This transition is too weak at 13%o obtain a reasonable yield.

2599.0(4) keV (see Fig. 2 in Ref24]) and 2921.4(4) keV  Fig. 6). The measured energies of most of the observed levels
from 39S proton-unbound states at 4688.1(4) keV, 4809.8(5are in agreement with the results of #&(p,t)3°S measure-
ments discussed earlier, as well as those of previous measur

keV and 5132.3(5) keV, respectively.

Recoil energies were taken into account when constructments on thg-rays of3°S [15, 16]. In particular, the measured
energies of the two astrophysically important excitedestait

ing the final excitation energies éfS from itsy-ray decay
scheme. The results are given in Table The final uncer-
tainties in the energies are due to the statistical unceigai

tion energies have negligible uncertainties.

From the recoil energies and tygay energies, the exci-

4688.1(4) keV and 4809.8(5) keV from owray measure-
ments are in excellent agreement with the 4688(2) keV and
in the corresponding centroids only, because all the aalibr 4812(2) keV energies from th&S(p,t)3°S experiments pre-

sented in Tablé.
However, there are discrepancies in the energies of#®o

tation energies of the first few states were reconstructed ttevels: the energies of the 3404.7- and 5132.3-keV states de

obtain the level scheme 8¢S (see Tabldll and panel (b) in

duced from ouy-ray energies are’2 keV higher and-4 keV
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Figure 6: A portion 0f9Si decay schemetp] (a) in comparison with that 0#°S based on the results of the present work (b). {hay
branches of these mirror nuclei are not to scale; howeverthitker the arrow, the stronger the branch. All the obskgwrys are shown
with their energies (in keV) corrected for the recoil enesgf the correspondimtyS excited states, which are also shown (in keV). nay
transitions with energies above 3 MeV 3RS could not be resolved in our experiments due to the presefnsteong3°P transitions in that
region.

lower, respectively, than those measured inythay study of . T
Ref. [16]. The reason for the discrepancy in the energy of the 5000
5-MeV state is unclear; however, we suggest that the insensi
tency between the measured energies of the 3-MeV state orig-
inates from the presence of a double escape peak at 1188.6
keV (see Fig7) just beside the peak at 1194 keV, correspond-
ing to the 2" — 2/ transition in3°S, observed in our singles
spectra.

The energy of the 1194-keyray results in the level energy 2000
of the 2] state of°S to be~2 keV higher than that measured
by Kuhlmannet al.[16]. The latter measurement was carried
out in the early 1970’s when the Ge-detectors were smaller.
Thus, it may be possible that the 1188.6-keV double escape

4000 -

%0p: 1264.57

3000

¥s: 1188.6
(double escape)

Counts
+«—%5: 11940

1000

peak was also present in their spectra; however, because of 760 780 800 820 840 860 880
the lower detector efficiency the two peaks were assumed to Channel
be one.

We expected to observe therays emitted from de-
excitations of the 3407.7- and 3676.9-keV states directly t

the ground state in the singles spectra. Moreover, if th% e ; .
. 30 . re identified by their parent nucleus and their energy (W) k&he
4809.8-keV state is th%ZState in""S, then according to the black and red spectra are measured by the 50% and 70% redfitive

decay scheme of its mirror level we expect that the tramsitio ciency detectors, respectively. For a short time duringsEieof the
from the %F — Oir decay in®S is a strong branch (with re- experiment, these detectors were placed @f° with respect to the
spect to the strength of the other decay branches of the samheam axis. The 1188.6-keV transition is the double escapk pk
level). Therefore, we also expected to observe the 4809.8he 2210.6-ke\y-ray of 39S, and its yield has decreased significantly
keV y-rays of3%S in the singles spectra. However, the detec-when measured by the larger detector af -%the peak correspond-
tion efficiency for detecting such high energyays is rela- ing to the 1194-keW-ray is one of the two that stands out in the
tively low, and the high energy regions of the spectra olein SPectrum measured by the larger detector &t.-90

in the 28Si(He, ny)3°S experiments are obscured mostly by

wide peaks originating from transitions ¥P. Therefore, the

3407.7-,3676.9-, and 4809.8-keV transitions are notvesbl 1 3 o5 which should be similar to that of the transition from
Hence, the fact that thej2— 0 transition in®°S is not ob-  the 4809.8-keV state to the ground statd%8.

served in these experiments does notimply that this tiansit e have observed a weak line at 846 keV in the singles

is weak. Based on Ref4§| where the intensities of thﬁrays y-ray Spectrum measured atog(xee F|g4)’ which also ap-
of the mirror nucleus®Si were measured at 90ve estimated pears in the coincidence spectra af @0d 135 as a more

the branching ratio of thej2— 0] transition in%%Sito be 36 noticeable peak (see Fif). The energy of this peak does not

Figure 7: (Color online) The 1194-keV peak together with dloe-
ble escape peak of the 2210.6-keV line386. The other two peaks



seem to be Doppler shifted at 135vhich suggests that this

10

The alignment factors are defined d§][(p. 55):

y-ray may originate from a state whose half-life is more than

2 ps @6]. Thisy-ray transition is also in coincidence with the
1194-keV transition irfS. A weighted average between in-
dependent measured energies &t 80d 135 for this y-ray
results inEy = 846.0(4) keV (see Tabl#l). The energy of

this transition does not add up to any of the known levels o
30s: however, the fact that it is a fairly prominent peak and is

in coincidence with two transitions dPS suggests that this
y-ray may also belong to the decay scheme of this nucleu
The higher lying resonanceBy > 6 MeV) of 3°S may emit
y-rays in this energy range, e.g., the decay transition fitoen t
state withEx = 7123(10) keV to that witlex = 6280.1(12)

keV [42]. In particular, if one of these resonances has a high
spin, its proton decay might be suppressed by the centtifuga

barrier, and thus it can decay wWeray emission. The 846-

keV y-ray transition has so far remained unplaced in the level

scheme obtained from the present experiment.

The relative intensities from full-energy-peaks of all tie
served transitions were calculated af @hd 135. For the
coincidence spectra, first the yield of the 1194-keV tramsit

observed in the singles spectrum was normalized to that of

the 2210.6-keW-ray transition also obtained from the same
spectrum. Then the relative intensity of the 1194-kekay
transition was used to convert the yields of all the otpeay
transitions in the coincidence spectra into relative isitées.
These results are tabulated in Table

2.2. Singles measurementgray angular distributions

For a transition; — J;, whereJ represents the spin of the
state, the theoreticgiray angular distribution function is de-
fined as #7):

4
W(O)ineo= 5 AdP(cosd), (2)
k=0

k=even

where the coefficientBi(cosB) are the Legendre Polynomi-
als, and thé\, coefficients are defined a4§] (p. 55):

o Be .. ... o
AN 1) = T (Rl ANJ) + 25F( 1AW })

+ RN i), ®)
whereji and j; are the spins of the initial and final states in-
volved in the transition, respectivelk; and)’ are transition
multipolarities;ay are the alignment factors (see Ef))( Bk
and K coefficients are tabulated ] for different j; — j;
transitions; and is the mixing ratio of a/-ray transition de-
fined as #1] (p. 54):

= (4)

wherewL and@L + 1 are the magnetic and electric transi-
tions of multipolarityL, andL + 1, respectively; and; is the
partialy-ray width corresponding to a state with sgin

j

ak:ZG

m< |

(5)

1wherek is even andk > 6 are ignored due to a rapid de-

crease of transition probabilities of higher order mulkgzo
An individual aligned state with spipcan be represented as

a Gaussian probability distributidd(m) of 2j + 1 magnetic

Substatesn;, wherem; = —j, ---, |, with the FWHM ofo
along the beam axid?(m) is the population parameter and is

defined as48] (p. 56):
(2)
exp

202
i
Z exp(

nm=-—j

P(m) =

(6)

2

m)’

202

whereo can be defined experimentally.

An incomplete alignment of a state relative to the beam
axis results in an attenuation of the population paramétes.
alignment factorsyg, describe the degree of the attenuation of
the population parameter. White) is considered to be unity,
o2 anday coefficients are determined experimentally.

For the y-ray angular distribution measurement during
phase Il of the experiment, the total charge deposited by the
beam could not be determined due to a faulty beam current
integrator. Therefore, to take into account the fluctuatiion
the beam intensity and possible target degradations ogeisan
in the target profile that could affect the areas under th&kpea
of interest, detector 1 was used as a monitor detector. It was
kept fixed at 90 with respect to the beam axis 10 cm away
from the target. Detector 2, on the other hand, was positione
7 cm away from the target and on the opposite side of detector
1. Detector 2 was moved betweer’30 120 in intervals of
10° and was lastly positioned at 13®@ith respect to the beam
axis. It could not be place at angles higher than°1®%e to
the presence of the beam line.

The singlesy-ray spectra were then obtained for 1 hour
from both detectors at five different angular pairs and were
calibrated as explained before.

For every 01, 82) angular pair corresponding to detectors
1 and 2, the intensities of the 2210.6-keV and 1194-ia&y
transitions fron?°S were normalized to the intensé 1> 17
transition at 708.7 keV iA°P.

The normalized relative yields for each peak of interest
were plotted against c&®), where8 is the detection angle,
and these data were fitted (see Fpusing the function:

W(e)exp = AO + AZPZ(COSG) + A4P4(COSG), (7)
where the coefficient®\, are extracted from the fit, and
P»(cosB) and P4(cosB) are Legendre polynomialsV(8)exp
represents the experimentatay angular distribution func-
tion, which can be used to normali$é0)heo. From the lat-
ter, one can infer the alignment probability of an excitexdest
involved in ay-ray transition.
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Figure 8: Experimentafray angular distributions of the 2210.6-keV
(a) and the 1194-keV (b) transitions. Batiays are observed in the
singles spectra obtained during phase Il of the experinTérey cor-
respond to the2 — 0] and 2 — 2/ transitions ir*’S, respectively.
The solid lines are best fits to Legendre polynomials.

The angular distributions of the two obsen®®8& peaks in
the singles spectra are discussed below.

» The 2210.6-keV transition &fS:

The 2210.6-ke\}-ray corresponds to thej2— 0] tran-
sition in 39S, This transition is a purg2 ( = 0) and is a
so-called stretched quadrupole transitidf]

The experimental intensities of thg 2+ 0] transition (see
panel (a) in Fig8) was used to normalize thg(8)ineo Of this
transition obtained via Eqs2) and @) usingd = 0.

To normalizeW(8)iheo t0 W(B)exp, the coefficientByF>
andByF, for the 28 — O* transition were taken to be 0.7143
and -1.7143, respectively, from Reflf (p. 82). Therefore,

the only parameters that were free to vary were the alignme
factorsay anday. These coefficients are given in the litera-

ture b1 for0.1< o/j < 2.
Thus, for eachd>, 04) pair corresponding to a specific

o/ value, the theoretical angular distribution was calculate
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Figure 9: Experimentaj-ray angular distributions shown in circles
in comparison with the theoretical angular distributiomsmalized
to the data shown with solid lines. The former were obtaimedhf
fitting Eq. (7) to relative intensities shown in Fi@®, and the latter
were calculated using Eq)(and @). The comparison is made for
the 2210.6-keV (a) and 1194-keV (k)yays. The normalization of
the theoretical angular distributions is best performetthwij = 0.6
andd = 0 for the 2210.6-ke\}-ray, and witho/j = 0.5 andd = 0.16
for the 1194-keW-ray. The agreement between the theoretical and
experimental curves over most of the angles is good for tHh® .52
keV y-ray and less satisfactory for the 1194-keVay (see text). For
those angles lower than #4@nd higher than 150 thewW(6){}%™ di-
verges significantly fronmiV(8)exp due to the lack of data points for
normalization at those angles.

of (a2, a4), which yielded the minimum difference between

va(e)theo and lexp, was found. Finding theap, ag) pair

uniquely determines the paramet®j, whereo is the FWHM
of the population parameter. The results for tiie-2 0] tran-
sition in 39S are presented in panel (a) in Figand TabldV .

at the same angles at which a relative yield was measured in

phase Il of the?®Si(CHe, ny)3°S experiment. An average nor-

» The 1194-keV transition 6PS:

malization factor was thus obtained and was used to normal-

ize W(B)ineo to the intensity at each angle. Then, a plot of

IW(B)fuot — lexpl/Olexp Wherelexp anddlexp are respectively
the intensity and its uncertainty obtained from the dathat t

angled, against co%0 was acquired. Hence, the specific pair

From a comparison of the 1194-keiay, corresponding
to the 2 — 2] transition in®°S, with the mirror transition in
30sj, it was assumed that this transition is a mix&dE2. For
this transition, the mixing ratio is an additional free parame-
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Table IV: Results of thg-ray angular distribution studies f&?S transitions observed in the present work. Energies are\in k

Ey J' o JE AdA? AdlAg® ofi® Multt 3
2210.6(3Y 27 —0f 0.4(2) -0.0091(1800) 0.6 E2 0
1194.0f 25 — 2/ 0.38(25) -0.14(22) 0.5 ML,E2 0.16

aThis value is normalized such that E@) becomedNey(8) = 1+ (Az/Ag) P2(cosB) + (A4/Ao) P4(cosB), which resembles Eq2), whereAoPy(cosB) = 1.
bThe attenuation factors arg1] (a2,04) = (0.41482,0.048393) fav/j = 0.6, and @12,04) = (0.53784,0.095181) fav/j = 0.5.

®Transition multipolarity

dE — E;: 2210.7(3) keV— g.s.

®E; — E;: 3404.7(3) keV— 2210.7(3) keV

2-0_||||||||||||||||||_ ] 07_|||||||||||||||||||_
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Figure 10:x2 (solid line) vs. arctad for the 1194-ke-ray de-exciting the 3404.7-keV state¥8 (a). The dashed line shows,, + 1, and
is therefore our & confidence level (see text). Polynomial fits of tH& 8egree are shown in panels (b) and (c) with solid black lirssing
through a selected portion g, denoted by+ signs, vs. arctab

ter that is required for normalization & (8)theo t0 W (8)exp. local solutions, which werd = 0.16 and = 1.5.
For the 1194-keW-ray, the coefficienté\,/Ag andAs/Ag Thosed's that are within 1.0 of the begf (see the dashed
were first extracted from the experimental fit (see Ef).( line in panel (a) in Figl0) are located at approximatetyla.
W (0)theo Was calculated for allo(z, a4) pairs corresponding Therefore, alld's within -0.13 < & < 3.73 are valid, which
t0 0.1< o/j < 2 fora 2" — 2" transition p1]. The mixing  means our uncertainty in delta is very large. However, our
ratio was set to a constant free parameter from a prechoseamoice ofd from the aforementioned range is determined by
set of values. The parameteBsF and BsF; are constants the consistency with the mixing ratio of the mirror trarmiti
given in the literature48] (p. 82). With theseW(0)ineo Was (6 = 0.18(5) B2]) and the agreement between the theoretical
calculated for each value & Then, ax? statistical test was and experimental angular distributions for the 1194-kedy.
performed withx? defined by: The latter is best foo/j = 0.4; howeverd in that case is cal-
culated to be 0.04, which is not consistent (with@) @ith the
) AJP — Afeo 2 ATP — Afeo 2 mixing ratio of the mirror transition. Therefore, the nexish
X = (W) (W) ) ()  value isa/j = 0.5, for whichd = 0.16 consistent with that of
2 4 the 2 — 2; mirror transition in®Si. & = 0.16, as mentioned
ex . before, also represents a local minimum in x8evs. arctad
where t_heAi P parameters are the ylelds. &S y-rays ob- plot. We thus adopted = 0.16 and held it fixed. For the sign
served in the singles spectra ag;(g normalized to thatPa ¢ 5 \ve have followed the convention adopted by Krane and
y—ray_pgak as d|scuss¢d earligty” " are the expenmenta_l Un- steffen p2] as opposed to that of Rose and Brifgd].
certainties iny rlgggr_\ahzed to¥o extracted from the fitgiven 14 confirm that we can rejedt= 1.5, the single particlg2
by Eq. (); andA™is calculated using Eq3]. transition strengttB(E2;2" — 0%) in Weisskopf units was
Thex? was plotted against arctaifsee panel (a) in Fid0)  getermined as follows:
and had local minima at arctén~ 10 and arctad ~ 60. x°
was again separately plotted for two regions around these mi B(E2) (in Wu) — 9.527 x 10°BR
ima, and each region was fitted with a polynomial of the third (E2)(in W.u.) = Ep(1+ a) A3ty
degree (see panels (b) and (c) in Fi@) to obtain the func- Y
tional forms ofx? with respect ta for these regions. Then a wherety ; is the half-life of the state under consideratién;
X2 minimization procedure was used to find the best possible

)
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Table V: The experimental DCO ratios ff!S y-rays observed in the present experimgntjm and | are the spins of the initial, intermediate
and final states, respectively. Theoretical DCO ratios ame fRefs. 16, 54], and are obtained from known transitions for whizhj = 0.3.
See text for further explanations of the theoretical ratios

The?8Si(®He, ny)3°S Experiment — Phase Il Theory
Ey(keV) ji— jm— jt 0/] Mult.2 & Rbco Al Mult.2 A Mult.2  Rpco
(Jm= j1) (m— 1) (i—im) >i— jm)
1194.0(1) 25250 0.5 ML/E2 018  0.92(4) 2 E2 0 D 1.0
1456.53) 020 03 E2 O 0.94(9) 2 E2 2 Q 1.0
1466.2(3) 1520 0.3 ML/E2 -0.09(3f 0.40(8) 2 E2 1 D 0.5
2477.3(3) 3520 0.3 MI1/E2 0.73(9F 0.37(4) 2 E2 1 D 0.5
2921.4(4) 452—-0 03 E2  (F 0.99(11) 2 E2 2 Q 1.0

aTransition multipolarity,D andQ refer to dipole and quadrupole, respectively.

bDetermined experimentally from angular distribution measents.

®The alignment factor 06/j = 0.3 is usually adopted when no experimental informationvislable for this parameter. Singeray angular distribution
measurements were only obtained for the 2210.6-keV and-k494/-rays, we have assignerf j = 0.3 for all othery-rays of*°S.

9dFrom selection rules.
€This mixing ratio was adopted from the mirror transitiong($ef. {2]).

is the mass numbeg is in keV; a is the internal conversion the multipolarities of thg-rays involved in a cascade, and thus
coefficient, which is ignored for our case as this coefficientit can be used as a guide for determination of the spins of the
decreases with increasiiiy; andBRis the branching ratio of associated states involved in the transitions.
the transition of interest. Forajs — jm — |i cascade, whergs, jm and j; are the

We obtainedB(E2;2" — 0™) = 0.41 for the 1194-keW-  spins of the final, intermediate and initial states, respelgt
ray transition. As a rule of thumHif), if the B(E2; 2" — 0T) the DCO ratio is generally defined &4
of atransition is larger than one, the corresponding statelw
emits they-ray of interest is most likely a collective state, for I\e’i (Gat%lz)
which the mixing ratio should be large. On the other hand, Roco = w )
when a transition haB(E2;2" — 0") < 1, the state which % 1
initiates the transition is to a good approximation estadat
as a single particle state with a small mixing ratio. Since ou
estimated3(E2; 2" — 01) value for the 1194-keV transition
falls into the latter category, we concluded that the 3404.7

keV state is a single particle state with a small mixing ratio tively. y; transition is the one on which the coincidence gate
Therefore, we adoptedl= 0.16. is placed

Finally, the procedure which was described for the 2210.6- . , : .
keV y-ray transition was repeated for the 1194-kekay tran- The thhe oretlﬁal DCO. r_at|ofs are r?n_/en N _Tag!efor Fhe
sition to determine the FWHM of its population parameter cases where thy, transition from thejs = Jm decay Is a
The results are given in Tabl¢ and panel (b) in Fig ‘pure transition. If on the other hang, is a mixed transition,
9 P ' the theoretical DCO ratio is expectes¥] to differ from what

The previously describexf method was also performed as ._ . . L . )
a check for the 2210.6-keV transition, and a sharp minimums listed in TableV. The significance of such a difference de

atd = 0 confirmed the stretchegR profile for thisy-ray. pendsfutﬁ)on the severiB/G?f the dipole-plus-quadrupole zdmi
o . ’ . ture of they, transition }6].
A }—2;3 ;i?i?;gig:'enq%f)lg‘vt)h;:Xr%%rs'?yeghaélﬁodfrf:rlrgwe& For oury-y angular correlation measurement, detectors 1
2

statistics in each peak in the singlesay spectra. However and 2 were positioned, with respect to the beam axis, at 90
they are still consistent with the typical valuets| 54, 55] and 135, respectively, and on opposite sides with respect to

; " Y
expected for a stretched quadrupole with= 2 (for the tran- \t/f\:i?hbde:tzlcltlgre'l guzz%roé attriﬁgscl)trzotr;w :2 trgnvgl?tif)rrln?r?esuhr% ?1
sition from the 2210.7-keV state to the ground state) and '

cFf‘ying transitions were observed in the coincidence speattru
mixed dipole-plus-quadrupole with] = O (for the transition
from the 3404.7-keV state to the 2210.7-keV state). measured by detector 2. Both detectors were placed as close

to the target as possible, i.e., 3 cm and 7 cm away from the
target, respectively.
2.3. Coincidence measurementsy angular correlations They-y angular correlations of°S y-rays were determined
by measuring the DCO ratios for eatds y-ray that was ob-

Measurements of the Directional Correlationg-afys de-  served at both angles. Since the statistics under the 1283.4
exciting Oriented states (DCO ratios) allow to deduce the ankeV, 1405.1-keV, and 2599-key/ray transitions correspond-
gular correlation information from they coincidence data. ing to the 3 — 25, 23 — 2] and 2 — 2 decays in*’S,
The method of measuring DCO ratios is applied to determineespectively, are too poor, the DCO ratio could not be deter-

(10)

wheref; and6, are the angles with respect to the beam axis
at which detectors 1 and 2 are placed, respectivag/the in-
tensity; andy; andy, are transitions observed in coincidence,
which originate from thg,, — ji andjs — j, decays, respec-
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mined for these transitions. 325(p,1)%°S experiment, we obtained an energy of 3681(3)
The experimental DCO ratios of all other transitions®  keV, consistent with the 3676.9(4) keV obtained from our in-
were determined after a gate was set around the stretché@damy-ray spectroscopy experiment withiw2 The present
quadrupole transition with 2210.6-keV energy (2 0]), ob-  triton angular distribution data for the 3681-keV stateesgr
served in the singleg-ray spectra at both angles, to obtain with bothJ™ = 0" andJ™ = 1" (see panel (a) in Fig). Pre-
the corresponding coincidence spectra. The peaks of stterevious measurementd 3, 16] have assigned & = 1" to this
in the coincidence spectra were then fitted, and their yjeldsstate. According to Tabl¥, the theoreticaRpco is expected
corrected for detector efficiencies, were obtained and tsed to be 0.5 if the 1466.2-ke\y-ray transition is a stretched
calculate the DCO ratios via EdL@). The results are given in dipole E1 or M1 transition withd = 0) AJ = 1 transition from
TableV. a state withJ™ = 1% or J™ = 3™, If, on the other hand, the
They-y directional correlations of-ray transitions irt%S,  aforementioned transition is a mixed dipole-plus-quadteip
and the spin-parity assignments38§ states witlE, < 5.136  instead of a stretched dipole, the theoretRato should dif-
MeV from our (p,t) measurements are discussed below. fer from 0.5 p4]. Considering the)™ — 2+ — 0" cascade
as the 3676.9-keV» 2210.7-keV— ground state decay tran-
sitions, our previous discussion implies that the 367&9-k
2.4. Spin-parity assignments state could either be the lor 3] state in*S. AJ™ = 0*,1*
oublet is thought]5, 16] to exist inEx = 3.6 — 3.8 MeV
egion in3°S. Being very close in energy to the 3667.2-keV
state, the 3676.9-keV state must be the hember of the
aforementioned doublet, now that we have confirmed the for-
mer as the ® member. Our experiment&bco ratio for the
3676.9 keV— 2210.7 keV— ground state cascade is slightly
lower than 0.5 (see TabM), which implies that the 3676.9-
keV state is most likely the 1 state of3°S and the 3676.9
keV — 2210.7 keV decay transition is a likely anl tran-
sition with a smallE2 admixture. We could not determine
the mixing ratios of any of the transitions observed via the
presenty-y directional correlation measurements. Therefore,

o we have adopted the mixing ratio of -0.09(&y] (from the
3404.7-keV— 2210.7-keV decay transition. Due to the lack mirror transition) for the 1466.2-keV-ray transition of°S.

of triton angular distribution data from o&#S(p,t)3°S exper- : b i
iments for the 3404.7-keV state, no conclusive spin-pasty :)nf S(?S”C'“S'o”’ we suggesti = 17 for the 3676.9-keV state
signment was obtained for this state from those experiments” | 1. 5477 3-keW-ray Transition: corresponds to the

Nevertheless, th&" assignment for the 3404.7-keV state is aI-4688 1-keV— 2210.7-keV decay transition. The present tri-
ready established as Zrom various previous measurements, ., angular distribution for the 4688.1-keV state is caesis
e.g., Ref. 13, and the results of oyrray an_gulardlstnbu.tlon with a J™ — 3+ assignment (see panel (b) in FB). More-
measurements for the 1194-kgfay transition agree with a over, the decay branches of the 4688-keV state, observed in

AJ = 0 transition from aJ" = 2+_state (see Tablh/l. Morei- our in-beamy-ray spectroscopy experiments, also agree with
over, our experimentdRoco ratio for the 2 — 2, — 0; 66 ot the mirror stat@f] assuming that the 4688-keV state
cascade agrees with the theoretical ratio wittinand is con- 4y, 3 state off’S. The present experimental DCO ratio ob-
sistent with arM1 trar_ls_ltlon with asmaHiZ admixture for the tained for the % N Zf N Of cascade is significantly differ-
1194-keVy-ray transition for the 2 — 2; decay. ent from the theoretic®pco = 0.5 (see Tabl®/). Therefore,

e The 1456.5-keW-ray Transition: corresponds to the b : ; ;
g ased on the previous discussion, we expect the 2477.3-keV
3667.2-keV— 2210.7-keV decay transition. The 3667.2-keV y-ray to be aAJ = 1 mixedML/E2 transition from aJ™ — 3+

. 30 .
sta(;e,;hcould no;[ be rte_solved_tln OEAS(p,1) S. expe_rtlm_ents, i or 1" state. According to the mirror statesi?Si [42], only
and thus no information on ItS energy or spin-parily IS avall o,q gu _ 1+ gtate is expected in this energy range, and that

?hble fr?m ItF?ose e>t<_per:cmetnhts. The §+rese|2)t+exper|rr(1jental ang most likely the 3676.9-keV state. These arguments sug-
eoreticalRoco ratios for the § — 2f — Of cascade are gest that the 4688.1-keV state is thg State of*°S. There-

consistent with unity, suggesting that the transition frive : :
3667.2-keV state to the 2210.7-keV state has the same m%ore, our experimentdoco ratio also supplements the other

Prior to discussing the spin-parity assignments, it shoul
be noted that in the following discussion, the energies ef th
adoptedy-ray transitions are corrected féftS recoil energies
(see Tabldll and panel (b) in Fig6).

e The 2210.7-keV-ray Transition: corresponds to the
2210.7-keV— ground state decay transition. The 2210.7-
keV state was observed only at°6during phase | of the
325(p,1)%°S experiment, thus nd™ assignment is available
from that experiment. However, our presgitay angular dis-
tribution parameters for this transition (see TalM@ confirm
Jn=2",

e The 1194-keW-ray Transition: corresponds to the

tipolarity as that of the decay of the 2210.7-keV state to th resent results with regards to & value of the 4688-keV

e tate. We have adopted the mixing ratio of the mirror tran-
ground state (see Reb§] and TableV). This implies thatthe _..: - ) )
1456.5-keW-ray is a pure quadrupole transition. Therefore sition (6 = 0.73(9) #i2)) for the 2477.3-keW-ray due to the

) ; ‘lack of knowledge of its own mixing ratio. We conclude that
pr— + - . . . .
we confirm the assignment df* = 0" for the 3667.2-keV o 1688 kev state is the mirror to th¢ 3tate in®0Si at 4831
state, because from the mirror nucleus no other possisiliti

- ig%s i -
are expected in this energy range fdkh= 2 transition corre- keV [42]. Thus, the 4688-keV level if°S is the g astro

. o hysically important state predicted by lliadisal.[9].
sponding to the 3667.2-keM 2210.7-keV decay transition. P o
p. Theg 1466.2-ke\y-ray Transition: correspgnds to the ° 'he 2599.1-keVf-ray Transition: corresponds to the

3676.9-keV — 2210.7-keV decay transition. From our 4809.8-keV— 2210.7-keV decay transition, which is a very
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Table VI: Energy levels of°S from this work withEx < 6 MeV . The energies of the states used as internal calibrati@rgies in our
325(p,1)39S measurements are not shown here.

Present Work Present Work Adopted Level E2
325(p,1)%%s 28Si(BHe, ny)3%s (keV)
Ex (keV) NI Ex (kev) J" Ex (keV) J"
g.s. g.s. [§]
2208(3) 2210.7(3) 2 2210.6(3) 2
3404.7(3) Z 3403.6(6) 2
3667.2(4) O 3667.0(5) O
3681(3) (1, 0%) 3676.9(4) I 3677.0(4) 1
4688(2) kg 4688.1(4) 3 4688.1(4) 3 293.2(8)
4812(2) x 4809.8(5) 4809.8(6) 2 414.9(9)
(a+yp 5132.3(5) (4) 5132.6(8) (4) 737.7(11)
5225(2) @) 5221(2) (0) 826(2)
5315(2) (3,29 5314(4FY (37) 919(4)
5393(2) kg 5391(2) kg 996(2)
5849(2) (r,2",4%) 5847(2) (Z) 1452(2)
[5947(2)] [5946(3)] (47)  [1551(3)]

ag, = E, — Q, whereE; is the resonance enerds is the weighted average excitation energy grid the proton threshold of tH&P(p, y)3°S reaction (4394.9
keV). Those excitation energies for which no resonanceggrisireported correspond to the bound state¥sf

bThe corresponding energy (5136(2) keV) was used as inteatikation energy, and is thus not reported here.

CThis state is most likely the 5288-keV state observed by ¥pkbal.[17], which was assigned to be thg 3tate in39s.

weak transition observed at 135in the present the assumption thatthe 5132.3-ke¥2210.7-keV transition
283i(PHeny)3°S experiment. Therefore, no experimentalis a stretched quadrupole wiff] = 2. This indicates that the
Rpco ratio could be obtained for this transition. The present5132.3-keV state, observed in our in-begnay spectroscopy
triton angular distribution data agree with bah= 2" and  experiments, is either thej4or the G state of39S. The

3T (see panel (c) in Figd) but the former is a better fit. The formeris much more probable because a comparison with the
y-ray branching ratios for thedecay of the 4809.8-keV state mirror transitions irtSi reveals that thefdlevel at 5279.37

to the 27 and 2 states in*°S were measured at 9{24], and  keV in 3°Si decays with a 100% branch to the first excited
were in good agreement within their uncertainties with €éhos 21" state ft2. This is consistent with what we observe for
of the decay of the 4810-keV state #Si to its 2" and 2 the 5132.3-keV state i#PS, as well as what was observed for
lower-lying states (also seelBB 2). Also, in a recent shell  the same state in Refl§]. If the 5132.3-keV state were the
model calculation for the sd-shell iA = 30 nuclei using 05 state, based on its decay scheme in the mirror nucleus,
the USD Hamiltonian with inclusion of a Charged-dependenWe would have expected to observe other decay branches
term [57], the energy of the  state in®’S was derived to be  from this state with comparable strengths, in addition ® th
near 4800 keV, while that of the]3state was calculated to 2921.4-ke\W-ray transition #2]. From these arguments, we
be near 4700 keV. These results altogether strongly suppoténtatively assigd™ = 4+ to the 5132.7-keV level oi°S.

a J'= 2" assignment for the 4809.8-keV state (mirror to In the following subsection, the spin-parity assignments

the 2§ state at 4810-keV if%Si [42]), making it the next for a few other®S states wittE, < 6 MeV are discussed.
astrophysically important state predicted by lliaglisl. [9].

e The 2921.4-keW-ray Transition: corresponds to the ,
5132.3-keV— 2210.7-keV decay transition. In the shell- 2.5. Adopted energy levels S
model analysis by Wiescher and Gorrad][ they concluded  apje v presents the combined results of both phases of
that there are most likely at least two levels with energyrneapqin our experiments 1S excitation energies below 6 MeV,
5MeV: a4 near5.1 MeV and aOnear 5.2 MeV. Kuhimann - 5 the corresponding recommended spin-parity assigsment
et al. [16] observed a state at 5136(2) keV, and concludedrye adopted energies in Tahlé are the®S weighted average

that this level is most likely a 4 state. In Ref. 13, a state gy citation energies over all independent measurementin t
was observed at 5168(6) keV. The triton angular distributio |iteratyre, including the present work. States used asriate

data in that work could not be fitted with a single angularcgjinration energies were excluded in the calculationshef t
momentum transfer, which suggested that the latter statgqopted energies. In a few cases where the uncertainty in the
was an unresolved doublet consisting of & and a 0 \yeighted average was smaller than the smallest uncertainty
state. Our triton angular distribution data are best fitted, the measured excitation energies, the latter was adayted

with | = 4 transfer (see panel (d) in Fi§). The present ¢ final uncertainty only if the energy was measured in fewer
experimentaRpco ratio for the 4 — 2/ — 0f cascade is a0 4 independent measuremer® |

consistent with the theoretical ratio given in TabMeunder From our (,t) measurements, a unique spin-parity as-
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signment could not be determined for the 5847-keV andhe E1 and M1 nature of the transitions, which were then
[5946]-keV adopted levels (see Tabld). To calculate the weighted by the corresponding spectroscopic factors -deter
29P(p,y)3°S reaction rate, d™ value had to be assumed for mined from those of the mirror states9. The weighted S-
each of these states. factor contributions from each state 96 were then summed
A tentativeJ™ value of I was assignedifd] to the 5847-  to derive the total S-factor as a function of proton bombagdi
keV state (see Tabl¥l), but due to poor statistics for this energy for each transition multipolarity.
particular resonancé,= 2 or 3 transfers were not excluded. The S-factor was then fitted with a polynomial of the form
In our (p,t) measurements, th&" value for the 5391-keV given in Eq. (1) to determine the fit parameters, i.§0),
adopted state fits best with a 3assignment, and we have S(0) andS’(0). As a result we obtained the following values
assigned the 5314-keV adopted state to be thetate (see for the S-factor parameterizatio®(0) = 7.9x10" ! keV-b,
§11A2). Hence, we have tentatively assigned the 5847-ke\8(0) = -1.1x10-? b andS’(0) =1.3x10~° b/keV. An uncer-

state to be the 2state in3%S. tainty of 40% for the direct capture S-factor is adopteddioH
The [5946]-keV state has only been tentatively observedng the approach of Ref6[)].
in the measurement of RefL§] and in our®?S(p,t)3°S mea- With increasing center-of-mass energy, resonances become

surements. However, the data obtained in these measuremeirhportant, and therefore the non-resonant S-factor in Ef). (
were not enough to assign a conclusievalue to this state. is truncated at the so-called cutoff energy, after whichdie
From the results of a recent shell model calculatior,[the  rect capture S-factor deviates from the total astrophySiea
energies of the # states in*%S and its mirror nucleus 2Si  factor. The cutoff energy was chosed0] at ~1000 keV for

— are almost identical to each other. The excitation enefgy athe?°P(p,y)3°S reaction rate.

the 45 state in39Sj is 5950.73(15) keV42. On the other To calculate the resonant contributions to the rate, the pro
hand, the weighted average energy between the tentative resn widths were determined using the expression:

sults of Ref. L8 and our3?S(p,t)3°S measurements for the
corresponding state if’S is [5946(3)] keV. Therefore, we
concluded that this latter state is most likely the mirrotite
47 state in*°Si at 5950.73(15) keV.

The states presented in Tableare the only ones that could wherep is the reduced mas$) is the barrier penetrability
play a crucial role in determination of tHf8P(p,)*°S reac-  (calculated usingo = 1.25 fm) for orbital angular momen-
tion rate in the_ temperature range charactensuc_ of exy@os tuml, a = ro(Atl/3+A,lg/3) is the interaction radius in terms of
hydrogen burning (0.1 GK'T < 1.3 GK). The excited states 5rget and projectile mass numbefg &ndA,, respectively),
whose energies are below 4.5 MeV become important in déc gngsare the isospin Clebsch-Gordan coefficient and spec-

. . . . 30 X 3 X X
termining the non-resonant contributions to ##(p,y)*’s troscopic factor, respectively, ad, is the observed dimen-
reaction rate. sionless single-particle reduced width.

Theegpfactors were estimated using Eq. (11) together with
Table 1 of Ref. §1]. The only exceptions were the 4tates
corresponding to the resonances at 737.7 keV and 1551 keV.
The reduced widths of these resonances could not be deter-

To obtain the non-resonant contribution to #%8(p,y)°°S  mined from the approach of Ref6]], which is limited to
reaction rate, one has to determine the astrophysicaltSrfac single-particle states in thed — fp shells. Consequently,
S(E), from: egp < 1lis assumed for these states.

1 Spectroscopic factors were determined from neutron
~ =4 2 spectroscopic factors of the mirror states measured with
S(E) ~ S(0) + S(OF + ZS (0%, D 293i(d, p)3°Si [59). The mirror levels in°Si corresponding
to the resonances &S at 737.7 keV, 826 keV and 1551 keV
were populated very weakly in the measurement of R&, [
and thus naC2S values could be determined experimentally
for these levels. Hence, an upper limit 68S < 0.01 is
adopted for these states, based on the sensitivity for the ex
Na < G0 > = 8 Na /ms(E)exp —E  J/Es dE. traction of small spectroscopic factors. Following thegero
T (KT)%/2 Jo KT E " dure of Ref. p0], the uncertainties in the proton widths were
(12) estimated to be 40%.
whereNa < ou > is the reaction raté\a is Avogadro’s num- To determine thg-ray partial widths (y), the correspond-
ber, 4 is the reduced masg, is Boltzmann’s constanfl is  ing widths of the mirror states i’Si were calculated from
the temperaturds; is the center-of-mass energy, daglisthe  measured half-lives, branching ratios, multipolaritiesd
Gamow energy. mixing ratios B2]. For the cases where mixing ratios of the

The 2°P(p,y)3°S direct capture (DC) reaction rate to all transitions of interest iA°Si have not been determined exper-
bound states, including the ground state, was calculated asnentally or theoretically, we have assumed that such tran-
suming proton transfer intosand U final orbitals. For each sitions are pure, with multipolarities assumed to be theidom
final state, the S-factor was calculated by taking into antou nant multipolarity of the actual mixed transition. Thesethis

(13)

ﬁz 2cn2
rpzzﬁzac 92,

I11. THE 2°P(p,y)3°SREACTION RATE

where the primes indicate derivatives with resped t&(E)
can be integrated to give the non-resonant reaction Efe [
(p. 158):
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Table VII: 39S level parameters for tHEP(p, y)3%S resonant reaction rate (see text for discussion). Fordha@sonant S-factor parameteri-
zation, see p. 16.

Ed E Jn c?e Mo ry wy
(keV) (keV) (eV) (eV) (eV)
46881(4) 2932(8) 3" 0.04 1.%10°° 4.6x10°3 3.0x10°°
48120(20) 4149(9) 2* 0.11 3.%10°3 4.9x10°3 2.6x10°3
51323(5) 737.7(11) (4%) <0.01 <2.3x10* 4.4x10°3 <4.9x10°*
52250(20) 826.0(20) (0%) <0.01 < 1.9x10"t 6.5x10°3 <1.6x10°3
53150(20) 919.0(40) (3) 0.36 1.1x10*° 9.7x10°3 1.7x10°?
53930(20) 9960(20) 3t 0.02 2.8¢100 1.9x10°2 3.3x10°?
58490(20) 14520(20) 24 0.05 1.0<10*2 1.8x10°2 2.2x10°?
[5947.0(20)] [1551.0(30)] @) <0.01 <1.8x10°1 3.2x10°? <6.1x102

aAdopted level energies listed in Tabié.
bSpectroscopic factors of mirror states determined fron?¥8é(d, p)3°Si reaction in the work of Ref5d].

Table VIII: Total Monte Carlo rate for th&?P(p,y)3°S thermonuclear reaction. See text for details.

T (GK) Low Rate Median Rate High Rate T (GK) Low Rate MediandraHigh Rate

0.010 5.0&10°%2 7.38x10742 1.08x10°%! 0.130 2.7%10°10 4.01x10710 5.87x10°10
0.011 1.9%10°40 2.86x10°40 4.19x10°40 0.140 1.6%10°9 2.33x10°09 3.41x10°99
0.012 4.8%10°39 7.19x103° 1.06x10°38 0.150 7.3%10°9 1.07x10°08 1.56x10°98
0.013 8.9%10°38 1.31x10°37 1.91x10°37 0.160 2.7%10°9 4.02x10°08 5.87x10°98
0.014 1.2x10736 1.77x10°3% 2.59x10°36 0.180 2.56<10797 3.66x10°07 5.29x10°97
0.015 1.2%10°35 1.88x1073° 2.74x10°35 0.200 1.5%10°9 2.16x10°06 3.07x10°96
0.016 1.1%10°3* 1.64x10°34 24210734 0.250 4.2%107°9% 5.65x10°0° 7.67x10°9°
0.018 5.1%10°33 7.58x10°33 1.11x10°32 0.300 4.4%10°9%4 570x10°94 7.39x10°94
0.020 1.4%10°31 2.06x10°3! 3.01x10°3! 0.350 2.5%10793 3.23x10°03 4.14x10° 93
0.025 1.0410°28 1.54x10°28 2.27x10°28 0.400 9.65%10793 1.24x10°02 1.59x10°92
0.030 1.6X10°26 2.36x1026 3.49x10°26 0.450 2.76¢10792 3.56x10°02 4.61x10°92
0.040 2.4%10°23 3.69x10"23 53810723 0.500 6.410792 8.30x10°02 1.09x 1001
0.050 4.64102! 6.80x10°21 9.90x10°21 0.600 2.2%10°1 2.93x10°0! 3.88x10 01
0.060 2.4%10°19 3.58<10°1° 533x10°1° 0.700 5.3%10°°1 7.09x10°01 9.43x10°91
0.070 6.0%10°18 8.81x10°18 1.28x10°17 0.800 1.0x10M0 1.35¢10t00 1.80x10790
0.080 1.4%10°16 1.88<10°16 2.49x10°16 0.900 1.6%10M%0 2.21x10+t00 2 9511000
0.090 5.3%10°15 7.34x10°15 1.03x107 14 1.000 2.4%10M%0 3.26x10t00 4.34x 10700
0.100 1.6&10713 2.39x10713 34710718 1.250 5.1410M%0 6.67x10t00 8.71x 10700
0.110 3.0%10712 4.45¢10°12 6.52x10712 1.500 8.8%10M%0 1.12x10t01 1.43x10701
0.120 3.5%1011 5.11x10°11 7.49x10°11

were then scaled to account for the energy difference betweeP(p, y)*°S reaction rate was calculated vi#l] (p. 192):

each mirror pair, assuming similar decay branches and re-

duced transition probabilities. wy — (20+1) Cply (14)
Only an upper limit is known for the half-life of the;state (2, +1)(2+1) T

in 30Si. Hence, the aforementioned method of calculation of

the y-ray partial width is not possible for the correspondingwherel, J, andJp are the spins of a resonance*s, proton

mirror state in3’S. Therefore, we considered the 0.012 eV ang29p, respectively; anl = I, + I'y is the total resonance

value from Ref. §0] for the totaly-ray width of the  res-  width.

onance in*%S, and scaled it to account for the differences in  The 2%P(p,y)3°S reaction rate was calculated using the

the measured energies. Following the procedure discussed iMonte Carlo method presented in Ref$2[60, 62] and by

Ref. [60], the uncertainties i-ray widths are assumed to be using 1¢ random samples. Tablél shows the resonant pa-

50%. rameters used to calculate this rate. The complete input file
Once the proton- and gamma-widths were found, theequired for calculation of th&’P(p,y)3°S Monte Carlo reac-

strength of each resonance which contributes to theion rate is provided in Ref25]. The numerical values of the
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Figure 11: (Color online) Resonant and DC contributionshe t
29P(p,y)39S Monte Carlo rate as a function of temperature. Abbre-
viations are as follows: DC: Direct Capture; UL: Upper Limithe
latter is used for those resonances for which the protorigbaridth

is estimated to be an upper limit.
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29P(p,y)3°S rate are given in TabMlll .

Fig. 11 compares the contributions of the direct capture rate
(DC Rate) and those of the resonances listed in Tébte the e e
total >°P(p, y)°S thermonuclear reaction rate. The direct cap- 001 01 !
ture rate dominates the total rate fo10.08 GK, whereas at Temperature (GK)
higher temperatures characteristic of explosive nucletbsy
sis in novae, the total reaction rate is dominated by a singlgigure 12: (Color online) The ratio of our Monte Carlo low, dien
3, resonance at 293.2 keV in the range of 0.09 — 0.3 GKand high rates to those obtained in Réf2][(a). Our median rate
The 414.9-keV resonance wift = 2] is the main contrib- s 2.3 times larger than that of Ref.7] at T = 0.1 GK. The uncer-
utor to the total rate from 0.35 GK to 2 GK. The 996-keV tainty bands (b) corresponding M < 0U >g/Na < OU > eqian @and
resonance becomes important at temperatures higher thanN& < 0U >o./Na < OU > peqian from our Monte Carlo rate (solid lines)
GK, which are beyond the temperature range of interest$o thicompared to those of Refl?] (dashed lines). AT = 0.1 GK, the
work. The other resonances, including those for which onlyatio of theNa < 6 >y,;/Na < 6L >, from our Monte Carlo rate is
an upper limit proton partial width is known, do not contriéu 72% smaller than that of the Monte Carlo rate reported in Réj.
significantly to the?®P(p,y)3°S total rate in the temperature
range of interest.

Fig. 12 compares our Monte Carlo rate for th#(p, y)3°S
reaction with that of Ref.12], where the energies of thg 3
and 2 states of°S were assumed to be 4704(5) kedg[and
4888(40) keV 9], respectively.

Both rates shown in Fidl2 are calculated using the Monte Ref._ [12). :

Carlo technique. The resonance energies, corresponding toSlnce these two resonances together dominate the total rate

the two astrophysically importaf®S states, derived from our over Q'QS< T < 2CK, the red_ucthns in their assoplated un-
measured excitation energies are lower than those adapted Gertainties reduce the uncertainty in the total reactite (see

: : panel (b) in Fig12). For example, al = 0.1 GK, where the
E‘?\Eé %éi]; ;I'argrf%ri,)(:ﬁ;? tet%lag ergit:rlsaun% troegc')?,n?ggnldléguncertainty in both our rate and that of Reff2 is maximum,
rates of Refs.g, 12], respectively (see panel (a) in Fifj2). FheN/;< 0L > i:/Na < OU >, rattio from our Monte Carlo rate
For the recommended rate of Red] [the energies of both as- 'S 72% smaller than that of the Monte Carlo rate reported in
trophysically important resonances (corresponding to3the Ref. [12].
and 2 states irt®S) were determined theoretically based on
the IMME, since none of these resonances were observed at
the time.

For our present rate, the energy of the resonance corre-
sponding to the 2 state of*%S is determined experimentally.  In § 1, it was emphasized thd#3°P(p, y)3*3!S are the two
Thus, its uncertainty of 0.9 keV is reduced by a factordi4  reactions that are thought to affect the silicon isotopimsa
with respect to the theoretical estimate of 40 keV adopted irin nova ejecta.

Ref. [12]. Furthermore, the 2-keV uncertainty in the energy
of the resonance corresponding to the Sate in%S, mea-
sured in this work, is also reduced by 40% with respect to the
5 keV measured in Reflp] that is used to derive the rate in

IV.  NOVA |SOTOPIC ABUNDANCES
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To investigate the impact of the updat&¥P(p,y)3°S rate  in the present simulations are given in R@&J. [The impact of
on the isotopic abundances of silicon synthesized in elassthe new solar metallicityd5] (decreased by about a factor of
cal novae, we have computed three different models of nova) on the overall results presented here has been tested and i
outbursts, with identical input physics except for the addp insignificant.
29P(p,y)3S rate. Results from our nova nucleosynthesis sim- In addition to hydrodynamics, a reaction rate network in-
ulations are presented next. cluding 370 nuclear reactions involving 117 isotopes rang-
ing from 'H to “8Ti is used. Monte Carlo reaction rates are
adopted from the most updated compilation of R&g] with
A. Novasimulations additional reactions selected from the reaction rate tjbod
lliadis (2005). The only exception is tR&P(p, y)3°S reaction,

. . whose rate is chosen (one at a time for each of the three mod-
Three nova nucleosynthesis models were computed Wltgls) from the present work, as well as from Ref.12] for

the Lagrangian one-dimensional (spherically symmettid) f :

hydrodynamic and implicit code callegHIVA. Detailed in- comparison.

fy i bout thi dei ided in R 1§3 64 These rates are corrected for the stellar enhancementfacto
ormation about this code is provided in Re3]64]. to allow for the increase in reaction rates associated véth p

SH,:V'? S|mul?tes tthst.\hevolution_ of nO\(/ja QUt?.urStSff:ﬁ m theticipation of excited states of nuclei in the reactions. thas
onset of accretion 1o the explosion and €jection of tN€ N0V, q iy 54 0t of thé®P(p, y)30S stellar reaction rate on nova nu-

efecta. Tht(_a hydr?vt\j/ynl?rr]rlﬁ cod_e |tshcoupled ?wecﬂy ttr? the nluE:Ieosynthesis was compared for the three different regorte
clear Feacl |;)_n ne tor .h tus, In the prelsen Wtord, .tﬁde:tp.?rates: the recommended classical rate from Rejf. iere-
sion simulations at eéach stage are complemented wi all 5fter model A; the median Monte Carlo rate from Réf2]|
nova nucleqsynt_heS|s calculations using the most updated "hereafter model B; and the high Monte Carlo rate from this
action rate libraries. work, henceforth model C. The main distinctions in the three

As pointed out in Ref.§3], the material is dredged up on 29P(p,y)3°S rates used in the present nova simulations arise
short timescales from the outermost shells of the CO- or ONefrom different input energies and uncertainties for twoores

rich core to the surface of the white dwarf by convective mix- .o corresponding to thg and 2 states of°S (see 8l
ing processes. Nuclear reactions in stellar environmenets a - discussion)

sensitive to the temperature, and thus the ejected abueslanc The selection of the high Monte Carlo rate from this work

of fragile nuclei that would have been destroyed if they haq stead of the median rate is to account for the largest plgssi
not been carried to higher and cooler layers, are increase ect of the new rate on the abundances of elements synthe-
by considering the convection process during the evOIUtior%ized in novae. While our median rate is 2.3 times larger (at
of the nova outburst. This, in turn, makes the present simo.1 GK) than that of Ref.12] (see panel (a).in Figl2), the

;Jlat.'oné mgre realistic l?nd fswtable for dei‘flmng S]bsq‘lfﬁi' present high rate is a factor of 3.5 and 17 larger (at 0.1 GK)
opic abundancesresulting irom nova nucleosyntnesISean ., the median rate of Refl?] and the recommended rate
previous post-processing nucleosynthesis simulatioed irs of Ref. [9], respectively

Refs. [L, 13], where the nucleosynthesis is decoupled from the
hydrodynamics of the outburst.
The absolute abundances observed in nova ejecta or in

presolar grains of potential nova origin provide strong-con B. Results

straints for improvement of nova simulations. Thus, a more

precise set of constraints can be obtained if predictiorspen To assign different weights to individual shells of the unde
cific isotopic abundances are available. lying white dwarf, the isotopic abundances obtained from th

For the present full hydrodynamic simulations, the ther-three aforementioned hydrodynamic nova simulations were
modynamic profiles are identical to those of hydrodynamicakveraged over mass within each shell. The total ejected en-
simulations, given in Refg3], for a massive ONe nova with velope mass is 4.5% 10° Mg for each of the three mod-

a 1.35M, underlying white dwarf. Such an extreme white els. The resulting mean abundances (in mass fractionsgin th
dwarf is adopted because a CO white dwarf shows limited acejected envelope shells for models A to C are given in Ta-
tivity in the Si-Ca mass region. This, in turn, is due to verybleIX for a selection of the stable isotopes in the Si-Ca mass
little, if any, Ne, Mg and Si seed nuclei available in the @ute region, whose abundances (in mass fractions) are greater th
core of a CO white dwarf, and the lower temperature achievedr equal to 10°. Those stable isotopes not included in Ta-
in a CO nova outburs®]. Thus the nucleosynthesis of silicon blesIX did not change significantly between models.
isotopes in CO novae, with even the most massive underlying For the stable isotopes with X4Z < 20 which are products
white dwarf, is negligible. of the decays of the short-lived radioactive species, a @mp

An accretion at a rate dfl,.. = 2 x 10*10M@/yr of solar-  ison was made between the mean abundances obtained from
like matter onto a 1.3, ONe white dwarfis assumedinall model C and those obtained from models A and B. With re-
three present models. 50% enrichment by the white dwarf'spect to models A and B, the largest abundance change ob-
core material is adopted for the accreted matter to mimic theerved from the results of model C is a 6% decrease in the
unknown mechanism responsible for the enhancementin me&bundance of°Si. This percentage difference is defined to
als, which ultimately powers the explosion through hydroge be: [(new value- old valug - old valué, where the “new”
burning [7]. The initial abundances of the seed isotopes usedalue is an isotopic abundance or ratio resulting from model



Table 1X: Selected mean composition of nova ejecta (in mess f
tions, for the Si-Ca isotopes) from models of nova explosiam 1.35

20

Table X: Deviations (in permil) from solar abundances indated
and measured nova silicon isotopic abundances. Models AaieC

M ONe white dwarfs. The only difference between models A, B explained in the text, and are obtained from hydrodynamiwiki-
and C is theé?®P(p, y)3S rate used.

tions of classical nova outbursts. The measured valuesifghéour
rows) are for SiC presolar grains reported in Refs7].

Isotope Hydrodynamic Model
A B C Grain 3(29Sil8si)  8(3°Sif28Si) Hydrodynamic
Ref. [9] Ref. [17] present work (%0) (%0) Model

s (rzcgg'l‘gf‘o‘ied) 5 Oémig'f’;g) S o5 (26%2)2 AF15bB-429-3 2830 1118t 44
298! > 38, 1003 2'39»<X 10-02 2-24X 10-02 AF15bC-126-3 -105-17 237+ 20
oo : o : S, 22100 % KIGMAC-100-3 55k 5 119+ 6

Si 1.54<10 1.54x10 1.51x10 KIGM4C-311-6 -4 5 149+ 6
3lp 8.71x10°%3 8.73x10°%®  8.61x10°* 527.1 13970 A
323 521092 5271092  530x10 2 533.5 13970 B
33g 8.02<10°0%4 8.01x10°%  8.17x10 %4 437.3 13678 C
34g 3.63x 10794 3.63x10°%4 3.71x 10 %4
35C 3.85x10%4 3.85x10° %  3.95x10°%
36ar 5.14x 10795 5.14x10°9 5.29x 10705
38pr 2 19%10-95 219109  2.21x10-% solar value. Using the measurg@°Si/”®Si) values, given in

TableX, as inputs to Eq.1(5), we extract a measurédSi/28Si
ratio that varies between a factor of 0.9 — 1.1 times the so-
lar ratio, and thus is again only slightly lower or higherrtha

C, and the “old” values are those resulting from models A orthe solar value. Therefore, even though the R&R(p,y)3°S

B, whichever gives a higher percentage difference. A negarate does not significantly improve the theoretidalalues,

tive (positive) percentage difference indicates thatsédpic  the simulated signatures are qualitatively consistertt wie

abundance or ratio resulting from model C is decreased (in?°Si?8Si ratios measured in presolar grains identified to have

creased) with respect to that obtained from model A or B.  a nova origin. In other words, the simulated and measd+ed
Therefore, changing thé®P(p,y)3°S rate seems to have values both show enhancements in the same direction.

only a small effect on the abundances of isotopes With 30 On the other hand, th&Si/*8Si ratio in the ejecta result-

produced in a nova outburst. However, because of the reducéag from the simulations is much highex{5 times larger)

uncertainty in the updatedP(p,y)3°S rate, we are now more than the solar value (see Tall¢), such that the classical

confidentin the reliability of the isotopic abundances ol  nova ejecta resulting from the hydrodynamic models is sig-

using model C. nificantly enriched inf®Si. The simulated and measured val-
The abundance of each stable isotope alone does not proes again are in qualitative agreement with each othey, i.e.
vide much useful information. Instead, to compare the isoenhanced in the same direction, but the magnitudes of the en-
topic abundances obtained from nova simulations with thosBancements are not in agreement.
observed in presolar grains, one has to investigate ampigoto ~ Our results support the indication that in order for the
abundance ratio. For example, the silicon isotopic ratieam models to predict thé’Si/?®Si ejecta ratio that quantitatively
sured in presolar grains are usually expressed]as [ matches the grain data, one has to assume a mixing process
between material newly synthesized in the nova outburst and
29.30g;j 29.30g; 29.30g;j more than 10 times as much unprocessed, isotopically close
5 (T&) = <T5i)ejecta/ (Tgi>® — 1] x100Q o solar, material be_fore th.e process of grain_ formatE;_r‘n’I.
(15) The details of_ the ejecta dilution and the grain formatioopr
. _ cesses are still unknown.
Whereé represents deV|at|on_s from solar abundances in per- | addition to invoking the mixing with solar composi-
mil, and the adopted numerlcaZIL v_a1|2u8e§ for the solar siliconjon material, an increase in tA8P(p, y)31S reaction rate also
isotopic ratios are€6] (p. 130): (*Si/**Si) ;, = 0.0506 and  pa|ns reduce thi¥Si28Si ratio by moving the nucleosynthesis
(*°si/?®si) ., = 0.0334. The deviations from solar abun- flow away from3°P toward the heavier isotopes. A decrease
dances are computed for silicon isotopic abundance raltios o in the abundance dPP consequently reduces that®88i pro-
tained from models A, B and C, and the results are showmluced fron?°PB+)3°Si. The rate of thé°P(p,y)31S reaction
in Table X, along with2%39Sj/28S;j ratios measured] from  has been evaluated in Ref8, p7, 68 and more recently in
some SiC presolar grains with proposed classical nova-pateRef. [69]. This last rate is found to be 10 times greater, at
nity. T ~ 0.25 GK, than the lower limit set in Ref6§]. A factor
As seen in Tabl&, the theoretically predictedlvalues are  of ~10 increase in thé°P(p,y)31S reaction rate results in a
much larger than the measured counterparts. Overall, howypical factor of~10 reduction in the expected abundance of
ever, regardless of thé&®P(p,y)3°S reaction rate used, the 39Si[69]. This new information may now help to better con-
295i/?8si ratio in the ejecta resulting from the simulations is strain the dilution process in new nova model predictions.
only slightly higher 1.5 times larger, see TablX) than the In comparison with the high Monte Carlo rate from the
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present work, the present median and low Monte Carlo rateslations. Although, our updated rate does not affect the sil
show smaller deviations with respect to the median rates afon isotopic abundance ratios significantly, due to a reduct
Refs. P, 12]. Therefore, we did not extend our investigation in its uncertainty, the present nova hydrodynamic simoiei
to study the effects of these rates on the nova yields. can be compared with more reliability to the isotopic ratios
measured in presolar grains of potential nova paternity.
As for the nuclear structure dfS, improvements in spin-
V. CONCLUSIONS parity assignments may be made by theoretical estimates via
the IMME for those®’S states whose spin-parity assignments

The 29P(p7 y)305 reaction rate at the temperature range ofare still tentative. However, this method is currently Uiatge
0.1< T < 1.3 GK is dominated by two low energy resonancesfor A = 30 because many of the relevant analog staté8fn
just above the proton threshold (4394.9(7) keV) correspondalso have unknown or tentative spin-parity assignmetth [
ing to two excited states if’S in theEx ~ 4.7 — 4.8 MeV  Thus, if such properties of the levels #P are constrained
range, whosé™ values were previously estimated] fo be 3" better in the future, this in turn will help with the deterrain
and 2", respectively. We have observed these excited statdion of those ofS.
in 39S at 4688.1(4) keV and 4809.8(6) keV, respectively, via
two separate experiments: tFS(p, t)3°S two-nucleon trans-
fer reaction and an in-beayrray spectroscopy experiment via ACKNOWLEDGEMENTS
the28Si(*He, ny)3°S reaction.

Both of our experiments result in measured resonance en- K. S. wishes to thank C. lliadis, D. W. Bardayan, B. Singh
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