PHYSICAL REVIEW C 70, 015804(2004)

Search for astrophysically important °Ne levels with a thick-target 8 (p, p) 1 measurement

D. W. Bardayart, J. C. Blackmort,J. Gémez del CampbR. L. Kozub? J. F. Liang* Z. Ma? L. Sahin?®
D. Shapira and M. S. Smith
!physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
2Department of Physics, Tennessee Technological University, Cookeville, Tennessee 38505, USA
3Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
4Department of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA
5Department of Physics, Dumlupinar Univ., Kutahya, Turkey 43100
(Received 18 March 2004; published 21 July 2p04

The rates of the'®F(p, @)*®0 and *8F(p, y)**Ne reactions in astrophysical environments depend on the
properties of*Ne levels above th&F +p threshold. There are at least eight levels in the mirror nucigfisor
which analogs have not been observed®e in the excitation energy randg=6.4—7.6 MeV. These levels
may significantly enhance th¥F+p reaction rates, and thus we have made a search for these levels by
measuring théH(*®F,p)18F excitation function over the energy rangg, =0.3—1.3 MeV. We have identified
and measured the properties of a newly observed levEla?.420+0.014 MeV, which is most likely the
mirror to theJ’T:%+ 19 level at 7.56 MeV. We have additionally found a significant discrepancy with a recent
compilation for the properties of ®¥Ne state aE,=7.5 MeV and set upper limits on the proton widths of
missing levels.
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[. INTRODUCTION HRIBF Tandem electrostatic accelerator to remove an un-
wanted*®0 contamination. Even with use of this unfavorable
charge state(<5% charge state fractign more than
10* ¥F ion/s were delivered to the target station with 100%
purity. The ¥F beam was stopped in the thick target, and

; : ) 160, 1% scattered protons from th#H(*8F,p)*F reaction were de-
actions[3]. The synthesis of other isotopés.g., O, O, . 4aq ath.,=8°—16° by a double-sided silicon-strip detec-

andléF) also showadramatic sensitivity to the rates of thes‘:‘ior (DSSD. Because the scattered protons lose relatively
reactions[4]. In higher-temperafure environments such aSttle energy in the target, measurements of the proton’s en-
x-ray watS’ ther_e may be a transition to heavy eIemenérgy and angle of scatter are sufficient to determine the
production via the reaction S€qUENCe conter-of-mass energy at which the reaction occurred

18] 19 20, 21 H
F(p, ) "Ne(p,»)*Na(p, )*Mg... [5]. Whether there is @ 114 15 A measurement of the scattered proton energy spec-
significant flow through this reaction sequence depends set, 4t a fixed angle can thus be used to extract the excita-

sitively on the competition between tHéF(p,)*Ne and o function for thetH(8F,p) 18F reaction over a wide range
¥ (p, a)™0 reactions, and thus we must know their relative ot ~onter-of-mass energiés
rates in these high-temperature astrophysical environments. pgsitron decay by the Iérge amount §F implanted in
" To aclc;urately calculate the rates of tHe(p, )0 and e target material resulted in an intense low-energy back-
F(p, y)**Ne reactions, we must understand the level strucyround in the DSSD. This background was suppressed by
ture of 1Ne above the proton threshold B{=6.411 MeV.  measuring the time difference in a Time-to-Amplitude Con-
Despite numerous stab[é,7] and radioactivg8-12 beam  verter(TAC) between events in the DSSD and delayed sig-
studies of*°Ne, there still exist at least 8 levels in the mirror pals from a microchannel plate assembly placed upstream of
nucleus,*®F, for which analogs have not been observed inihe target[16]. Scattered protons from thied(18F  p)8F re-
'*Ne in the excitation energy rangg=6.4-7.6 MeV. These  action were cleanly distinguished from decays and other
unobserved levels may significantly enhance tffe+p re-  events by plotting the TAC output versus the energy detected
action rates, and thus their properties must be determined.jn the DSSD(Fig. 1). This low-energy background prevented
us from extending the measurement to energies lower than
Il. EXPERIMENTAL DETAILS Ecm=0.3 MeV. , ,
Data were collected in event mode for approximately 62
We have searched for these missing levels'fe by  hours. Events identified as protons were sorted in two-degree
measuring théH(*8F ,p)'8 excitation function over the en- angular bins, corrected for energy loss in the target, and are
ergy rangek. , =0.3—-1.3 MeV. A 24-MeV*¥ beam was plotted in Fig. 2. The number of counts per channel generally
used at the ORNL Holifield Radioactive lon Beam Facility fell with increasingE, ,,, which was simply a manifestation
(HRIBF) [13] to bombard a thick 2.8 mg/chpolypropylene  of the Rutherford scattering cross section. There were, how-
CH, target. The'®F beam was fully stripped tg=9" in a  ever, significant deviations from Rutherford scattering at
thin carbon foil before the energy-analyzing magnet of theE, ,,=0.665 MeV and 1.01 MeV where the cross section

The proton-induced reactions fF are of astrophysical
interest for a variety of reasons. The amount of the long
lived radioisotope®F [1,2] produced in novae depends criti-
cally on the rates of thé®F(p,a)*°0 and'®F(p, y)**Ne re-
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T e S T T T O FIG. 3. (Color onling The data from théH(*8F ,p)*F reaction
0 50 100 measured ab,,=12° are shown. The curves show the calculated
Energy DSSD (channel) excitation functions for a variety of spin values for ti&

=1.01 MeV resonance. Only &" or 2" assignment is consistent
FIG. 1. A TAC was used to measure the time between DSSDyith the data.
events and a delayed microchannel plate signal. This TAC spectrum
was plotted against the energy of the detected particle to distinguisﬂear E

protons from other background events. em=1.01 MeV' could not be ~explained using

previously-known levels and indicated the presence of a
newly-observed®Ne resonance.

abruptly rises and falls, respectively. The increase in cross
section atE.,,=665 keV arises from the previously ob- ll. DATA ANALYSIS

_3+ - . .
servedJ7=3 = scattering resonand®]. Since the properties Excitation functions were calculated using tReMatrix
of this resonance are well known, it provided a convenientgge muLT [17]. A good fit to the data was obtainddee
internal energy calibration. The sharp fall in cross section-. S . 3+

9y P r\:lgs. 2 and Busing just three resonances: thie=5 * reso-

nance atE,,,=0.665 MeV, a newly-observed=%" or 2"
resonance neédt; ,=1.01 MeV, and a broad-wave reso-
nance higher in energy. The tail of teevave resonance was
needed to reproduce the high-enef@: ,>1.1 MeV) part

of the spectrum, but our fits were relatively insensitive to its
properties. A simultaneous fit of the data sets obtained at
each angle was performed by varying the properties of the
resonance neét; ,,=1.01 MeV, and leaving the properties

of the knownE, ,,=0.665 MeV resonance fixed at the values
measured in Ref[9]. For a given set of resonance param-
eters, the cross section was calculated at each angle using
MULTI and then convoluted with the detector resolution. The
chi-square was then computed, and the resonance parameters

varied until the minimum of the chi-square was found.

The best fit(X§:1.45 was obtained for a]W:%+ reso-

nance atE, ,=1.009+0.014 MeV(E,=7.420+0.014 MeY

with I',=27+4 keV andI',=71+11 keV. A fit nearly as

Eem (MeV) good (x*=1.52 was obtained for d@"=2" resonance at the

same energy witl',=31+4 keV andl',=71+11 keV. As

18 18 - . . . . .
) FIG. 2. The proton energy spectra from the(*F,p)°F reac shown in Fig. 3, no other spin and parity assignments were
tion are shown as a function of angle. These data have been cor- 5+

rected for energy loss in the target and internally calibrated by th&onsistent with the data. A"=3 ~ assignment, however, ap-
E. =665 keV resonanci9]. The solid line shows the best fit as- PEarS tollge rather unlikely from a c_omparlson_wnh the mirror
suming a%+ resonance &, , =1.01 MeV. The dashed line in the nucleus,”F. The only kr;?v‘ig candidatesee Fig. 4 for an

8° spectrum shows the excitation function expected using the res@nalog |EiVe| are thd"=3 ~F state atE,=7.54 MeV and
nance parameters from R¢20]. theJ"=1" 1% state at 7.56 Me\6]. It should be noted that
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Excitation Energies (MeV) TABLE I. Upper limits onI', are shown for missing levels.
Resonances were added B&t,,=0.7—-0.9 MeV with a variety of
7661 oo alpha widths between 1 and 100 keV. For a given set of trial reso-
nance parametefd”,I',), the upper limit onl’, was computed at
the 90% confidence level.
a7l
resorey 759 I,=1keV I',=10 keV I',=100 keV
(Mo and Weller) "——5/2" v g7 I (keV I (keV I (keV
AN p (keV) p (keV) p (keV)
(Mo;:\?\fehgx& 7/2+\ BN 1+
_ N 2 2.7 1.8 1.8
r(ﬁlgftk;x L2 5124 N, 7533 1 r =20,r=31keV 2_
¢ A (5/2) mm——— i etal) : 1.7 1.1 2.0
AY ~
A . __7.500 =0.19 (Utku et al.) 3+ . . )
\\ > (512 _F:irpzs keV (p:esent! work) 2 14 0.7 05
\ g‘ 0.9 0.6 1.0
N g+ 2.6 3.6 7.6
AY
\ g_ 0.6 0.4 0.8
y 2/2%) e T</T; = 26, T = 98 ke 7+
( ) {present work) 5 10 02 Ol
I 1.2 1.4 0.8
198 19Ne 2

FIG. 4. An updated®Ne level scheme is shown along with

proposed mirror assignments procedure at higher energids, ,=1.1-1.3 MeV. In general

the upper limits at these energies are not nearly as stringent
the 1 state at 7.59 MeV was incorrectly shown in Fig. 6 of because of the reduced statistics. These upper limits are par-
Ref. [6] to haveJﬂ:%* instead of the measured valuegﬁ ticularly high for low-spin states and states that pro_duce
[18]. The 7.54 MeV§+ 19¢ level is narrow(I'=0.16 ke negative deviations from Rutherford scatter'(mgg.,\]”:%
and is thus not a good candidate for the mirror to our newlyaﬂdg )-
observed level witH' =98 keV. On the other hand, thg’
19F level is rather broadl’=85 keV [19]) and has no other IV. ASTROPHYSICAL IMPLICATIONS

obvious analog in“Ne. The newly observedNe level at The data obtained in this experiment mainly impact our
EX:742010014 MeV iS, therefore, most ||ke|y the mirror understanding of the h|gh temperature behavior oflﬂfe
7+ . .

to theJ"™=75" °F level at 7.56 MeV. +p reactions, and so the subsequent paragraphs will focus on

In addition to the best fit calculation, we also show in Fig.the rates of these reactions abdve 1 GK. The rates of the
2 the calculated excitation function using tH&le resonance 8F(p, a)'0 and 8F(p, y)1Ne reactions are mostly domi-
parameters from Ref20]. That calculation includes contri- nated by theE, ,, =330 and 665 keV resonances at tempera-
butions from 13 resonances, most of which produce onlytures below thig8,20,1Q. We group together in Table Ill the
minor perturbations to the excitation function. The one g|al’-propertie5 of knowrt®Ne levels above the proton threshold.
ing discrepancy is for the expected contribution from §h+e These values are unchanged from previous paji&ig,2Q
level atE.,=1.09 MeV (E,=7.500 Me\}. This level was except where indicated and described below.
observed in Ref[6] to havel',/T",=5.25 and a & upper
limit of I'<32 keV. A width of 16 keV was adopted for this TABLE 1I. Upper limits on T, are shown for missing levels.
level in Ref.[20], but clearly(as seen in Fig. 2the actual Resonances were added Bt,,=1.1-1.3 MeV with a variety of
width is much smaller. This is not really surprising consid-alpha widths between 1 and 100 keV. For a given set of trial reso-
ering the width of the proposed analog level is only 0.16 keVnance parametefd™,I',,), the upper limit onl", was computed at
[18]. Using the ratio of the proton- to the alpha-partial width the 90% confidence level.
measured in Re{6], we can set an upper limit on the proton

width of T',(7.500 MeV) <2.5 keV at the 90% confidence I',=1keV I',=10 keV I',=100 keV
level. J T, (keV) T, (keV) T, (keV)
Since there are still severék7) °Ne levels expected in i
this excitation energy region, we have set upper limits on the 78 123 273
proton widths of these missing levels. Resonances of a giveh 63.8 37.2 37.1
spin and parity were added one at a time to the level schem&* 4.9 115 27.0
bgtween E.m=0.7 gnd 0.9 MeV, and for several alpha 3- 3.4 98 335
widths representative of the knowd®Ne levels (I, 2, 0.6 0.8 e
=1-100 keV, the 90% confidence level upper limits diy g_ ' ' '
were calculated. The results of this procedure are shown ig 16 3.1 15.4
Table I. Within the rangé&, ,,=0.7—0.9 MeV, the calculated %+ 1.2 3.7 18.0
upper limits were relatively insensitive to the particular en-7- 1.0 26 6.9

ergy used in this process. In Table Il, we repeat the samé
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TABLE Ill. The properties of'®Ne levels above the proton threshold are tabulated. Much of this information is discussed in previous
papers(Refs.[6,8,10,20) except where indicated. Thewidths in brackets were assumed for the purpose of calculatinéfitp, v)1°Ne
reaction rate.

E.(*%F) (MeV) E.(**Ne) (MeV) Ecm. (keV) J” r,(ev) ' (keV) I, (keV) References
6.497 6.419 ®) g* 0.8515) 4.39)x 10°%7 0.5(5) [10,20
6.429 6.437 2@) 3 [1(D)] (2.839)x 1020 21619) [8,20]
6.528 6.449 3@) g* 1.22) 6.6(6.6) X 10715 4.33.7) [10,2Q
6.838 6.698 28(B) 2t 0.336) 2.52.5x107° 1.21.0) [10,20
6.787 6.741 33®) - 5.50(76) 2.2269) x 1073 2.72.3 (8,20
6.927 6.861 45@) 'y 2.4Q(35) 1.6(1.6)x 1075 3.12.7) [7,20

7.30 7.076 664(1.6) g+ [1(1)] 15.21.0) 23.91.2 [9,10
7.262 7.238 82(B) g+ [1(1)] 0.3535) 6.05.2) This work, [20]
7.364 7.253 84@0) 1 [1(1)] 0.99) 23(20) This work, [20]
7.560 7.420 1009.4) I [1(1)] 27(4) 71(11) This work
7.540 7.500 1089) g* 5.80.9) 1.251.25 0.2424) This work, [6,20]
7.590 7.533 11241) &” [1(1)] 10(6) 21(11) This work, [6,20]

The 1™ 450-keV1°Ne resonance was not listed in Table 1 *°F(p, 7)**Ne reactions. There are approximately eigFf
of Ref. [20] but was included in the reaction rate calculation. levels for which analod®Ne levels had not previously been
Its properties were measured in REf], but because of its observed but are expected to be in the astrophysically-
unfavorable spin and parity, it does not contribute signifi-important excitation energy rang&,=6.4—7.6 MeV. We
cantly to the'®F+p reaction rates. The proton width of the have searched for these missing levels by measuring the
" 827-keV resonance was reduced in accordance with th&H (18, p)8F excitation function fronE, , ~0.3—1.3 MeV.
upper limit obtained in this work. The resonance included inwe have identified a new *Ne Ievel at E,

Table 1 of Ref.[20] at 915 keV was not considered in this =7 420+0.014 MeV. This level had™=2" or 2" with the

\[Aécﬂk:ggﬁigizlg ?r?el)r/evi?;%(\;vzs:tieeX::dee?oCrejéflgrlelt\?eleglienc%og likely mirror assignment being that it is the analog to
. ’ - 19,

tulated in Ref.[20] to be atE,=7.35 MeV. We, therefore, the Z* 1F level at 7.56 MeV. A simultaneous fit to our data
tentatively link as a mirror pair the " °F level at E,

=7.364 MeV with the'®Ne level atE,=7.253 MeV. The .
proton width was then set at a level consistent with the upper

limits from this experiment. The properties of the,

=1009 keV resonance were measured in this work. The pro- 10
ton width of the 1089 keV resonance was set at a level con-

sistent with the upper limit, and then the alpha width scaled 10
by the ratio measured in Ref6]. The 1122-keV resonance

was tentatively assigned to be the mirror he'*F level at "o 10°
E,=7.590 MeV with properties measured in RE]. '©
Using the values of resonance parameters in Table I, we g 10°
have calculated updatédF +p reaction rates which are plot- "g
ted in Fig. 5. The largest contributions to tA&(p, «)'°0 ~
rate in the rangd=1-3 GK come from the 665-keV reso- e 10°
nance and the newly-observed 1009-keV resonance. The ad- =

dition of the 1009-keV resonance increases fti&p, «)1°0

rate by 16%, 63%, and 106% @at1, 2, and 3 GK, respec- 10%
tively. The '8F(p, y)**Ne rate is dominated by the 665-keV

resonance below 1.6 GK and the 1089-keV resonance above.

The 1009-keV resonance was calculated to increase the rate 10°
by ~7% over 1-3 GK. Throughout this temperature range,

the ®F(p, a)*°0 reaction rate is about 3-4 orders of magni-

19
tude faster than the®=(p, y)**Ne rate. FIG. 5. Updated calculations of the!®F(p,a)%0 and
18F(p, v)1°Ne reaction rates using resonance parameters from Table
V. CONCLUSIONS IIl are shown. The high temperature range1-3 GK isfocused
Knowledge of the!®Ne level structure is important for on since this range is most relevant for the data taken during this
calculating the astrophysical rates of tH&(p,«)'°0 and  experiment.

Temperature (GK)
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resulted in a best fit foﬁwz%", E,=7.420+0.014 MeV [, T=1-3 GKwith the 1009-keV resonance increasing the cal-
=27+4 keV, andl',=71+11 keV. culated rate by-7%.

We can add|t|onallg/+exclude the contribution of .an ex- ACKNOWLEDGMENTS
pectedE,=7.500 MeV; * state at the level calculated in Ref.
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