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The Jet Experiments in Nuclear Structure and Astrophysics (JENSA) gas-jet target was used to perform

spectroscopic studies of 20Ne + p reactions. Levels in 19Ne were probed via the 20Ne(p,d)19Ne reaction to

constrain the astrophysical rate of the 18F(p,α)15O reaction. Additionally, the first spectroscopic study of the
20Ne(p,3He)18F reaction was performed. Angular distribution data were used to determine or confirm the spins

of several previously observed levels, and the existence of a strong subthreshold 18F(p,α)15O resonance was

verified.
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I. INTRODUCTION

The astrophysical rate of the 18F(p,α)15O reaction deter-

mines, in part, the amount of potentially observable 18F that is

ejected from novae. Observations of such ejecta would provide

a rather direct constraint on nova models [1–3]. The rate of the
18F(p,α)15O reaction is determined by the properties of 19Ne

levels near and above the proton threshold at 6.4100(5) MeV.

Because of this importance, the 18F(p,α)15O reaction has

been studied with a variety of direct [4–8] and indirect

measurements with both stable [9–12] and radioactive beams

[13–16]. Additional guidance has come from compilations

[17] and theoretical studies [18]. These studies have indicated

that uncertainties in the rate may be large because of the

uncertain interference between near-threshold resonances and

broad higher-lying 1
2

+
and 3

2

+
resonances. These uncertainties

have been exacerbated by the lack of spin assignments for the

near-threshold [11] and subthreshold [15] levels.

II. EXPERIMENT

To further study the spins of these levels, a spectroscopic

study of the 20Ne(p,d)19Ne reaction was performed at the

Holifield Radioactive Ion Beam Facility (HRIBF) [19]. First

results were presented by Bardayan et al. [20]. In this followup

paper, further experimental and analysis details are presented

along with data from the 20Ne(p,3He)18F reaction channel,

which was measured simultaneously.

The Jet Experiments in Nuclear Structure and Astrophysics

(JENSA) [21] gas-jet target was used to create a localized

(4 mm) and dense (4 × 1018 atoms/cm2) natNe target (∼90.5%
20Ne), which was bombarded with a 30-MeV proton beam

(3 nA) from the HRIBF. The beam was tuned and focused to

a spot size of 2–3 mm at an optically aligned retractable scin-

tillating phosphor, ensuring spatial overlap with the JENSA

gas jet. Reaction ejectiles were detected and identified using

elements of the SIDAR Silicon Detector Array [5] configured

in telescope mode with 65-μm-thick �E detectors being

backed by 1000-μm-thick E detectors and covering laboratory

angles between 18◦ and 53◦. A particle-identification spectrum

from the experiment is plotted in Fig. 1. The various observed

particle groups (p, d, t , 3He, and 4He ions) were well separated

using this energy-loss technique. The most intense group

(10–20 kHz) arose from elastically-scattered protons, which

were preferentially suppressed from the data acquisition by

applying a hardware energy threshold to the �E detector

signals. This reduced the trigger rate to ∼4 kHz and the data

acquisition dead time to 15%, but the high rate still produced

a small amount of pileup pollution (e.g., the counts between

the H and He groups) to the other particle groups as observed

in the particle-identification plot. This generally resulted in

a smoothly varying background that could be subtracted in

analysis. Data were taken in event mode for 15 hours and

later replayed in software where small corrections to detector

channel gain inhomogeneities could be applied. This was

important since data from all detectors at the same angle

were summed to maximize statistics in the excitation energy

2469-9985/2017/96(5)/055806(7) 055806-1 ©2017 American Physical Society



D. W. BARDAYAN et al. PHYSICAL REVIEW C 96, 055806 (2017)

0 50 100 150 200 250 300 350 400
0

50

100

150

200

Δ
E

 E
n
er

g
y
 (

ch
an

n
el

s)

E Energy (channels)

p
d

t

3He

4He

FIG. 1. A particle identification spectrum produced by plotting

the energy loss in the �E 65-μm-thick detector on the vertical axis

against the residual energy deposited in the 1000-μm-thick E detector

on the horizontal axis.

spectrum. Examples of the compiled energy spectra are plotted

in Fig. 2 for the 20Ne(p,d)19Ne reaction as measured at three

demonstrative angles.

III. 20Ne( p,d)19Ne ANALYSIS

An internal calibration was performed using the strongly

populated 19Ne levels at 0, 2794.7(6), and 6742(7) keV.

Using such an internal calibration helps minimize systematic

uncertainties related to absolute energy and position calibra-

tions. As shown by Bardayan et al. [20], there was excellent

correspondence between the observed peaks in the spectrum

and known levels in 19Ne. The only observed peaks that

did not correspond to known 19Ne levels could be traced to

(p,d) reactions on the 22Ne atoms in the natNe target gas. The
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FIG. 2. The deuteron energy spectra observed from the
20Ne(p,d)19Ne reaction. The levels used for calibration are marked

with an asterisk. Resolution of ∼70 keV was obtained, which was

mostly a result of the kinematic shift of deuterons over the angles

covered by the detectors.
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FIG. 3. Data points depicting the observed deuteron energies for

population of the 6288-keV 19Ne level. The line shows the expected

energies as a function of angle from kinematics.

identification of the observed peaks was further verified from

their kinematic shifts as a function of angle. An example for the

observed 19Ne level at Ex = 6288 keV is shown in Fig. 3. The

observed deuteron energies agree with the expected energies

from reaction kinematics. The excitation energies measured in

this work were reported in Ref. [20] and are repeated here in

Table I for completeness.

A primary goal of the present work was to determine the

spin of the subthreshold 18F(p,α)15O resonance arising from

the 19Ne level at Ex = 6288 keV. This state was populated

strongly with an � = 0 transfer in a previous 18F(d,n)19Ne

TABLE I. The 19Ne excitation energies in keV from

this work are compared with those from the most recent

evaluation [22]. The states marked with an asterisk were

used for the internal energy calibration. Only statistical

uncertainties are quoted. There is an additional systematic

uncertainty in the present results, estimated to be ±3 keV.

Present work Compilation

2(2) 0*

255(2) 238.27(11) + 275.09(13)

1524(2) 1507.56(30) + 1536.0(4)

1604(3) 1615.6(5)

2792(3) 2794.7(6)*

4035(4) 4032.9(24)

4153(4) 4140(4)

4371(3) 4379.1(22)

4556(3) 4549(4)

5090(6) 5092(6)

5424(7) 5424(7)

5529(10) 5539(9)

6017(3) 6013(7)

6101(4) 6092(8)

6282(3) 6288(7)

6438(2) 6437(9)

6742(3) 6742(7)*

6865(3) 6861(7)

7067(2) 7067(9)
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FIG. 4. Extracted angular distributions for the 20Ne(p,d)19Ne

reaction from Ref. [20] and repeated here for completeness.

measurement and could give rise to significant interference

effects in the 18F(p,α)15O cross section if it has J π = 3
2

+
[15].

Unfortunately, the study by Adekola et al. could not distinguish

angular distributions produced by populating 1
2

+
or 3

2

+
levels,

and considerable uncertainty in the 18F(p,α)15O reaction rate

remained. This ambiguity, however, could be resolved by

studying the level with the 20Ne(p,d)19Ne reaction where

population of a 1
2

+
or 3

2

+
level would require an � = 0 or � = 2

transfer, respectively. The angular distributions of deuterons

produced in such transfers would have significantly different

shapes such that the two possibilities could be distinguished.

Angular distributions have been extracted for the strongly

populated levels with an emphasis on obtaining the 6288-keV

angular distribution. The angles and solid angles subtended by

the detector strips were calculated from the known detector

geometry. The consistency (Fig. 3) between the angular

dependence of the observed deuteron energies and those

calculated from kinematics provides further verification of

the detector geometry. The angular distributions extracted

(including population of the 6288-keV level) are plotted in

Fig. 4 and listed in Table II. The data are plotted with arbitrary

units since the beam current was not measured during the

experiment. This does not jeopardize the analysis, however,

since only the shape of the angular distribution is necessary to

determine the transferred angular momentum. Cross section

data are not reported at some angles if the peak of interest had

too few statistics, was not resolved from a nearby peak, or was

cut off by a discriminator threshold.

The extracted angular distributions were compared to

finite-range distorted-wave Born approximation (DWBA) cal-

culations using the computer code TWOFNR18 [23]. Global

optical model sets were used and found to provide a reasonable

description of the angular distributions for populating levels

with known spins. The optical model parameters used are

given in Table III. As can be seen in Fig. 4, the angular

distribution populating the 6288-keV 19Ne level agrees much

better with the calculated � = 0 angular momentum transfer

than for � = 2. This therefore indicates that the subthreshold
18F(p,α)15O resonance has J π = 1

2

+
.

IV. 20Ne( p,
3He)18F ANALYSIS

While the focus of the experiment was to study the
20Ne(p,d)19Ne reaction, other reaction channels were also

clearly present as seen in Fig. 1 and measured simultaneously.

Of these other channels, the 3He channel was the mostly likely

TABLE II. The number of counts divided by the solid angle covered in the center of mass (i.e., angular distributions) extracted for the

population of states in the 20Ne(p,d)19Ne reaction as a function of center-of-mass angle in degrees. The cross sections should be considered

relative (to each other) values since the beam current was not measured.

g.s. 238+275 keV 1616 keV 2795 keV 5092 keV 6288 keV 6742 keV

θc.m.
dσ

d�
θc.m.

dσ

d�
θc.m.

dσ

d�
θc.m.

dσ

d�
θc.m.

dσ

d�
θc.m.

dσ

d�
θc.m.

dσ

d�

23.0 15.4 ± 0.7 23.0 168.6 ± 1.9 23.1 28 ± 2 23.2 12.4 ± 0.8 23.5 3.8 ± 0.9 28.2 1.5 ± 0.3 23.8 22.9 ± 1.0

25.2 25.6 ± 0.7 25.2 168.6 ± 1.7 25.3 27.2 ± 0.9 25.4 13.1 ± 0.6 25.8 4.8 ± 0.5 30.5 1.3 ± 0.3 26.1 26.7 ± 0.8

27.4 41.9 ± 0.9 27.4 142.3 ± 1.5 27.5 19.6 ± 0.8 27.7 13.5 ± 0.5 28.0 4.9 ± 0.4 32.9 1.7 ± 0.3 28.3 25.4 ± 0.6

29.5 46.2 ± 0.9 29.6 113.6 ± 1.3 29.7 17.1 ± 0.7 29.9 13.1 ± 0.6 30.2 3.8 ± 0.3 35.3 1.5 ± 0.3 30.6 22.6 ± 0.6

31.8 45.0 ± 0.8 31.9 91.8 ± 1.1 32.0 12.0 ± 0.5 32.2 14.0 ± 0.5 32.6 3.8 ± 0.3 37.8 0.6 ± 0.3 33.0 21.0 ± 0.5

34.2 35.4 ± 1.0 34.3 74.4 ± 1.4 34.4 8.4 ± 1.0 34.6 13.0 ± 0.5 35.0 3.5 ± 0.3 40.4 1.3 ± 0.3 35.5 19.9 ± 0.5

36.6 24.2 ± 0.8 36.7 61.7 ± 1.3 37.0 13.4 ± 0.8 37.5 3.1 ± 0.5 42.9 1.0 ± 0.2 37.9 19.5 ± 0.6

39.1 14.9 ± 0.7 39.2 63.9 ± 1.2 39.6 13.4 ± 0.7 40.0 3.7 ± 0.4 45.5 1.0 ± 0.2 40.5 17.4 ± 0.5

41.6 8.9 ± 0.6 41.7 62.2 ± 1.1 42.1 13.1 ± 0.7 42.6 2.3 ± 0.3 48.0 0.7 ± 0.2 43.1 14.8 ± 0.4

46.6 6.0 ± 0.4 46.6 46.8 ± 0.9 47.1 9.9 ± 0.5 45.1 2.3 ± 0.3 50.7 0.8 ± 0.3 45.7 13.0 ± 0.4

49.2 5.3 ± 0.4 49.2 33.8 ± 0.8 49.7 9.3 ± 0.5 47.7 2.4 ± 0.2 53.2 0.6 ± 0.2 48.2 13.3 ± 0.4

51.7 3.7 ± 0.3 54.3 30.3 ± 0.8 52.2 9.5 ± 0.6 50.3 2.8 ± 0.3 50.9 13.0 ± 0.4

54.2 10.1 ± 0.6 56.8 29.2 ± 1.1 54.8 8.7 ± 0.6 53.4 12.7 ± 0.4

56.8 15.7 ± 0.9 57.4 5.2 ± 0.6 56.0 7.5 ± 0.7
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TABLE III. Global optical model parameters used in the calcula-

tion of DWBA cross sections. The proton parameters were from Perey

and Perey [24], the deuteron parameters were from Lohr and Haeberli

[25], and the 3He parameters were from Becchetti and Greenlees [26].

Parameter p d 3He

Vr (MeV) 38.3 99.4 149.5

ro (fm) 1.25 1.05 1.20

ao (fm) 0.65 0.86 0.72

Ws (MeV) 13.5 30.6 0.00

rI (fm) 1.25 1.43 1.40

aI (fm) 0.47 0.59 0.88

WV (MeV) 0.00 0.00 37.1

VSO (MeV) 7.50 3.50 2.50

rSO (fm) 1.25 0.75 1.20

aSO (fm) 0.47 0.50 0.72

to yield spectroscopic information since the excitation energy

region (Ex = 0–6 MeV) populated by ejectiles identifiable in

the telescopes is characterized by a level density resolvable

within the energy resolution of the system (∼60 keV). While

there has been a single previous study of the 20Ne(p,3He)18F

reaction [27], a spectroscopic study of the levels populated in

the reaction has not been previously reported.

Similar to the 20Ne(p,d)19Ne data, events associated with
3He ejectiles were selected in software for analysis. The

energies from the �E and E detectors were summed and

carefully gain matched between telescopes. The total energy

spectra were then projected, and an example from θlab = 29◦

is plotted in Fig. 5. As seen in Fig. 5, there was once

again excellent agreement between the observed peaks and

the known 18F levels. An internal calibration of the data

was performed using the well-separated and known levels

at Ex = 0, 1700.8(2), and 3358(1) keV. It was assumed that

the calibration was linear since there was a lack of sufficient

information to attempt a higher-order calibration. The energy

levels extracted from this work are compared with compilation

values in Table IV. Small differences are observed between

the extracted and known energies, and thus a systematic

uncertainty of 5 keV is estimated for the present data set.

Angular distributions have been extracted for the isolated

lower-lying 18F levels. Analysis of other levels was problem-

atic due to the existence of mutliple doublets resulting in

mostly featureless angular distributions. The exceptions are

shown in Fig. 6 where the angular distributions are plotted

with arbitrary units. The distributions were compared to

TWOFNR18 calculations using global optical model parameters

tabulated in Table III. The optical model parameters from

Perey and Perey [24] were used for the initial state and

those from Bechetti and Greenlees [26] for the exit channel.

Reasonable agreement was observed between the calculated

angular distributions and the observed ones assuming the

lowest angular momentum transfer was dominant for a given

spin. The results were consistent with known spin-parity

assignments for the observed levels. The extracted relative

cross sections are given in Table V.
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FIG. 5. The top panel shows the observed 3He energy spectrum at 29◦ while the bottom panel shows the expected energies for the population

of known levels in the 20Ne(p,3He)18F reaction at the same angle and a bombarding energy of 30 MeV. Peaks labeled with asterisks were used

for the internal energy calibration.

055806-4



SPECTROSCOPIC STUDY OF 20Ne + p REACTIONS . . . PHYSICAL REVIEW C 96, 055806 (2017)

TABLE IV. The 18F excitation energies in keV from this work

are compared with those from the most recent evaluation [22]. The

states marked with an asterisk were used for the internal energy

calibration. Only statistical uncertainties are quoted. There is an

additional systematic uncertainty in the present results estimated to

be ±5 keV.

Present work Compilation J π

0(2)* 0.0 1+

942(7) 937.20(6) 3+

1043(2) 1041.55(8) 0+

1085(6) 1080.54(12) 0−

1121.36(15) 5+

1692(2)* 1700.81(18) 1+

2092(4) 2100.61(10) 2−

2515(5) 2523.35(18) 2+

3068(3) 3061.84(18) 2+

3133.87(15) 1−

3358(3)* 3358.2(10) 3+

3734(11) 3724.19(22) 1+

3791.49(22) 2+

3831(5) 3839.17(22) 2+

V. ASTROPHYSICAL IMPLICATIONS

The astrophysical implications of the current measurement

were discussed in Ref. [20]. In summary, the dominant

uncertainty in the astrophysical 18F(p,α)15O rate was the result

of uncertain interference between sub- and near-threshold

resonances and higher-lying broad s-wave resonances. There

were several possibilities for the signs of this interference

as a function of energy depending on the spins of the near-

threshold resonances. Constraining the spin of the 19Ne level

at 6286(3) keV to be 1
2

+
significantly reduced the number of

possibilities resulting in a reduction in the astrophysical rate

band width by as much as a factor of 4 in the temperature range

0.1–0.4 GK. The current uncertainty is less than a factor of 4

in the nova temperature range. Parametrizations of the low and
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FIG. 6. Extracted angular distributions for the 20Ne(p,3He)18F

reaction. The distributions are compared to DWBA calculations using

global optical model parameter sets.

high limits of the rate band were calculated [28] in the form

NA〈σv〉 = exp

[

a1 +

6
∑

i=2

aiT
2i/3−7/3 + a7 ln T

]

, (1)

where the reaction rate is given in cm3/(mole s) and the

temperature, T , is in GK with coefficients listed in Table VI.

The impact of the uncertainties on 18F production has

been explored through a representative series of hydrodynamic

nova simulations performed with the spherically symmetric,

implicit, Langrangian code SHIVA [3,29]. SHIVA simulates the

evolution of nova outbursts from the onset of accretion to the

explosion and ejection of nova material. The hydrodynamic

code is coupled directly to the nuclear reaction network

ensuring consistency between changes in the reaction network

and the resulting energetics. Simulations utilized a 1.25M�

ONe white dwarf, accreting solar material (with a 50%

premixing with material from the outermost ONe substrate)

at a rate of 2 × 10−10M� yr−1. The final 18F yields were

TABLE V. The number of counts divided by the solid angle covered in the center of mass (i.e., angular distributions) extracted for the

population of states in the 20Ne(p,3He)18F reaction as a function of center-of-mass angle in degrees. The cross sections should be considered

relative (to each other) values since the beam current was not measured.

g.s. 1701 keV 2101 keV 2523 keV

θc.m.
dσ

d�
θc.m.

dσ

d�
θc.m.

dσ

d�
θc.m.

dσ

d�

23.6 10.2 ± 0.6 23.8 3.9 ± 0.4 23.9 1.6 ± 0.3 23.9 0.7 ± 0.3

25.9 9.3 ± 0.4 26.1 3.5 ± 0.3 26.1 1.8 ± 0.2 26.2 0.87 ± 0.14

28.1 10.3 ± 0.3 28.4 3.5 ± 0.2 28.4 1.96 ± 0.16 28.5 0.84 ± 0.12

30.4 9.4 ± 0.3 30.6 3.28 ± 0.18 30.7 1.75 ± 0.16 30.8 0.88 ± 0.12

32.7 8.6 ± 0.3 33.0 2.37 ± 0.16 33.1 1.65 ± 0.14 33.2 0.78 ± 0.10

35.2 7.5 ± 0.2 35.5 1.80 ± 0.14 35.6 0.70 ± 0.10 35.6 0.65 ± 0.09

37.6 4.8 ± 0.2 38.0 1.51 ± 0.15 38.0 0.93 ± 0.13 38.1 0.46 ± 0.12

40.2 3.6 ± 0.2 40.5 1.20 ± 0.15 40.6 0.71 ± 0.15 40.7 0.42 ± 0.13

42.8 2.99 ± 0.15 43.1 0.81 ± 0.09 43.2 0.76 ± 0.10 43.3 0.53 ± 0.09

45.3 2.48 ± 0.14 45.7 0.80 ± 0.10 45.8 0.68 ± 0.10 45.9 0.34 ± 0.08

47.8 2.67 ± 0.13 48.2 0.70 ± 0.09 51.0 0.65 ± 0.10 48.4 0.27 ± 0.09

50.5 2.75 ± 0.12 53.5 0.70 ± 0.11
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TABLE VI. The coefficients, ai , used to parametrize the 18F(p,α)15O rate via a fit of Eq. (1) to the calculated rate. The two sets of parameters

are for low and high limits of the rate band.

Rate a1 a2 a3 a4 a5 a6 a7

low 0.125497 × 104 −0.147438 × 101 0.255995 × 103 −0.192537 × 104 0.664574 × 103 −0.255348 × 103 0.420723 × 103

high 0.981567 × 103 −0.130737 × 101 0.216525 × 103 −0.148303 × 104 0.429081 × 103 −0.135502 × 103 0.345346 × 103

compared one hour after the peak temperature (0.25 GK)

was reached. It was found that the range of ejected 18F mass

has been reduced by factor of 1.92 owing to the reduction

in uncertainty in the 18F(p,α)15O rate. The results from the

previously reported “post-processing” approach [20] agree

well with the present results from a fully coupled set of

hydrodynamics calculations.

VI. CONCLUSIONS

The JENSA gas-jet target has enabled a new class of exper-

iments utilizing transfer reactions with gaseous targets and ra-

dioactive beams. The results of the first transfer reaction mea-

surement using JENSA are reported here in further detail and

expanding upon the initial report published as Ref. [20]. Ener-

getic proton beams bombarded a natural Ne gas-jet target and

reaction ejectiles probed the structure of a number of nuclei.
19Ne was studied via the 20Ne(p,d)19Ne reaction in order

to constrain the spin of a strong subthreshold 18F(p,α)15O res-

onance. This resonance was found to have significant single-

particle strength in previous 18F(d,n)19Ne measurements, but

its contribution was uncertain, in part, because of its uncertain

spin. The results from this study constrain its spin and parity to

be 1
2

+
, and the uncertainty in the 18F(p,α)15O rate is reduced

by up to a factor of 4 in the nova temperature range. Nucle-

osynthesis calculations indicate that the uncertainty in ejected
18F is reduced by roughly a factor of 2 owing to this result.

The structure of 18F was studied simultaneously by detect-

ing ejectiles from the 20Ne(p,3He)18F reaction. Eleven 18F

levels were observed with energies agreeing with previous

compilation values. The angular distributions were extracted

for the low-lying isolated levels and agree with expectations

for the known spins.

While this study has clarified 18F(p,α)15O rate calculations,

further improvements could come from a better determination

of the strength of the 332-keV resonance (6742-keV level),

measurements of the 18F(p,α)15O cross section off-resonance

to constrain the sign of the interference, observation of a

predicted broad 1
2

+
level [18] expected above Ec.m. = 1 MeV,

or further clarification of the states near threshold in 19Ne. The

latter could come from γ -ray studies of 19Ne [30].
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