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The reaction *Ar(p,y)* K has been measured in the proton energy range of E,=0.32-0.93 MeV. A
new resonance was found at Ex =321 keV. We have measured the branching ratios and the resonance
strength. The stellar reaction rates which are dominated by this resonance for temperatures
T=0.07-0.9 GK are calculated. Network calculations have been performed to investigate the influence
of the new stellar rates on the time evolution of the 3Ar abundance during explosive H burning.

PACS number(s): 25.40.Lw, 27.30.+t, 95.30.Cq

I. INTRODUCTION

Hydrogen burning, at temperatures and densities far in
excess of those attained in the interiors of ordinary
main-sequence stars, may occur in various astrophysical
site~, including novae, x-ray bursts, and supernova explo-
sions. For these explosive and hydrogen-rich environ-
ments, the rp process has been proposed [1] as a fast nu-
cleosynthesis reaction sequence whereby CNO material
will be transferred into the Fe-Ni mass region. The re-
sulting network of nuclear reactions involves proton and
alpha capture, (p,a) reactions, and S-decay processes, as
well as possible inverse reactions, and extends from the
line of stability up to the proton drip line.

Recent numerical network calculations [2] indicate
that the main reaction flow in the mass 4 =30-40 range
will lead to the production of 3¢Ar for typical tempera-
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FIG. 1. Major nuclear flows in the rp process integrated over
a period of t=1000 s for the 4 =30-40 mass range. The calcu-
lation was performed for a constant temperature T=0.4 GK
and density p=10° g/cm>. Solid arrows indicate dominant nu-
clear flows. Dashed arrows indicate flows roughly an order of
magnitude weaker.
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tures T=0.2-0.6 GK and densities p=10>-10° g/cm’.
Figure 1 shows the result of a calculation for a constant
temperature T7=0.4 GK and density p=10* g/cm>. For
the initial elemental-abundance distribution, solar isoto-
pic abundances have been used. The dominant reaction
path is given by

3Clp,y ) *Ar(BTv)*Cl(p,v ) Ar(p,y K (BT v)*®Ar

with an alternative branch via
SAr(BTv)*Cl(p,y)*Ar .

Therefore, the stellar rate of the subsequent reaction
3Ar(p,7)’K determines the flow towards heavier mass
regions.

The proton capture on *°Ar was previously investigat-
ed by Goosman and Kavanagh [3] and by de Esch and
van der Leun [4] in the bombarding energy range
E,>0.9 MeV. Figure 2 shows the level diagram of YK
with the corresponding resonances in the 3*Ar+p chan-
nel and the important energy windows for different stellar
temperatures. The lowest-lying resonance has been ob-
served [3] at ER =917 keV. The reaction rates for
3Ar(p,7)*’K have been previously estimated by Wallace
and Woosley [1] considering this resonance only. How-
ever, for temperatures of interest here (7 <1 GK), the
Gamow windows are located well below this proton ener-
gy. In fact, there are two more states known [3,4] be-
tween the proton threshold and the resonance at
E, =917 keV. The corresponding resonance energies are
Er =321 and 440 keV, respectively. We therefore inves-
tigated the reaction *®*Ar(p,7)*’K in the astrophysically
important energy range E, =300-920 keV.

Throughout this work, E, is the proton bombarding
energy and E labels the resonance energy. Both ener-
gies are given in the laboratory system unless stated oth-
erwise.
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FIG. 2. Level diagram of ’K and proton energies of reso-
nances in the reaction **Ar(p,y)’K. The Gamow windows for
different stellar temperatures T, (10° K) are also indicated.

II. APPARATUS

The 1-MV Van de Graaff accelerator at the University
of Toronto supplied proton beams of up to 70 uA on tar-
get in the energy range of E,=0.3-1.0 MeV, with an en-
ergy resolution of AE=1 keV and an energy calibration
better than +2 keV. The proton beam passed through a
Ta collimator and was directed onto the target which was
mounted at 45° with respect to the beam direction. A
liquid-nitrogen-cooled copper tube was placed between
the collimator and the target to minimize carbon deposi-
tion on the target. The target and chamber formed a
Faraday cup for charge integration and a negative volt-
age (—300 V) was applied to the Cu tube to suppress
secondary electron emission from the target.

The 6Ar target was made by implanting Ar ions into a
0.5-mm-thick Ta backing with a charge density of 54
mC/cm? and an implantation energy of 80 keV, yielding
a thickness of ~7 keV at E, =917-keV bombarding ener-
gy. The thick target yield curve for the Ex =917-keV
resonance in ®Ar(p,7)*’K is shown in Fig. 3. The target
stoichiometry was determined from the known [3]
strength of this resonance, oy =0.208+0.03 eV. Using
the stopping power, tables of Andersen and Ziegler [5], a
ratio of tantalum to argon of Ny,/N,,=6.51t1.3 has
been obtained. The target was directly water cooled and
was checked several times during the course of the exper-
iment. No noticeable deterioration was observed over an
accumulated charge of 6 C.

The y-ray spectra was measured with a 37% Ge detec-
tor. The energy resolution was 2.0 keV at E, =1.3 MeV.
The detector was placed at 6,=55° with respect to the
beam direction at a front-face-to-target distance of d=1.8
cm and was shielded by 5 cm of lead to reduce room
background contributions. The y-ray efficiencies were
determined using a calibrated ®Co source as well as the y
rays from the resonance [6] at Ep =992 keV in the
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FIG. 3. Excitation function for **Ar(p,y)’’K, measured at
6=55° for the primary transition to the ground state in K.
The data points shown are not corrected for the y-ray efficiency
of the Ge detector. The resonance at Egx =321 keV has not
been observed previously. The ratio of target thicknesses at
E, =321 and 917 keV agrees with the corresponding ratio of the
effective stopping powers. The solid line is to guide the eye.

2 Al(p,7)®Si reaction. Since the Ge detector was posi-
tioned in close geometry to the target, coincidence sum-
ming [7] of y rays had to be considered. We have es-
timated the effect of coincidence summing on the abso-
lute y-ray efficiency at E, =1333 keV to be less than 9%
using the calibrated %°Co source strength and the intensi-
ties of the y lines at E, =1173 and 1333 keV and of their
summing peak. This uncertainty was included in the er-
rors for the full-energy peak efficiency.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Gamma-ray spectra were measured in the bombarding
energy range E,=320-930 keV with charge accumula-
tions of 0.01-1 C. Figure 3 shows the yield curve for the
primary decay to the ground state of ’K. Two reso-
nances have been observed at Ex =917 and 321 keV.

The resonance at Ex =917 keV was known from ear-
lier work [3,4]. Our measured resonance energy and
branching ratios are listed in Tables I and II, and they
are in agreement with the values from the literature.

The resonance at Ex =321 keV had not been seen pre-
viously. Both the resonance energy and the observed pri-
mary Y energies, however, correspond within the experi-
mental errors to the state at E, =2170 keV (J"=27) in
the compound nucleus *’K. This state was observed in
transfer reaction studies [3] and in (p,yy) work [4]. We,
therefore, adopt spin and parity of J”=2" for this reso-
nance. Figure 4 shows the on-resonance y spectrum tak-
en at E, =325 keV. In addition to the strong ground-
state branching, a weak primary decay to the first excited
state at E, =1371 keV (J"=1%) is also observed (see
Table II). This branch has not been seen in the earlier
(p,vy) work of Ref. [4] where the state at E, =2170 keV
was populated by the y decay of higher-lying resonances.
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TABLE I. Energies and strengths for **Ar(p,y)*’K resonances.

Ep (keV) J7 wy (eV)©
Present Ref. [4] (Ref. [4]) Experiment Calculated’
321+2° 321.340.2° - (6.141.4)X 1074¢ 6.3 1074
439.5+0.2° 1+ <2.4X1075¢ <2.5%10°°
917422 917.5210.07 %+ 0.208+0.030¢ 0.095

“From the location of midpoint of front edge of thick target yield curve.
®Calculated from known E, and Q,,=(1857.57£0.09) keV.
“From the present work; the quoted values have been obtained relative to the strength of the resonance

at Ex =917 keV (see text).

9From Ref. [3]; used as a reference for the calculation of the target stoichiometry.

“With wy =(2Jg + )T, T, /2T

{Calculated from Eq. (1) by estimates of the partial widths I', and T, (see text).

The corresponding secondary ground-state transition of
the level at E, =1371 keV is also indicated in Fig. 4 and
agrees in intensity, after correction for the different y-ray
efficiencies, with the primary decay.

The strength wy of a (p,y ) resonance is defined by

_ 2J +1 r,r,
(2j,+1)(2j,+1) T

oY (1)
with J, j,, and j, as spin of the resonance, the projectile,
and the target nucleus, respectively; I' is the total width
of the resonance, and I',,I", are the corresponding par-
tial widths. The resonance strength is related to the
thick-target yield Y, of a resonance [8] by

where Ay is the proton wavelength at the resonance ener-
gy, 4, (4,) the mass of the target (projectile) in u, and
€. the effective stopping power of the ArTa target com-
pound:

eeﬂ‘zeAr+(NTa/NAr)€Ta with NTa/NAr:65i13 .

The stopping power values for €,, and ey, were taken
from Ref. [5]. For the newly observed resonance at
Er =321 keV, a value of oy =(6.1£1.4)X 107 * eV has
been obtained (see Table I). The quoted error includes
the uncertainty of the effective stopping power (+20%),
the relative y-ray efficiency (£7%), and the charge mea-
surement (+£5%).

wy= 2eer A4, Y ) No resonance has been observed at E, =440 keV, cor-
Ay A,+A4, ko responding to the state at E, =2285 keV (J7=17). Us-
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FIG. 4. On-resonance y-ray spectrum, measured at 6=>55° for the new observed resonance at Ex =321 keV. The y-ray energies

above peaks are in keV. Background contributions are labeled.
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TABLE II. Gamma-ray branching ratios (in %) of 'K states.

Er (keV) 321 917
E,; (keV) 2170 2750
E., Jm? 3= 3"
(keV) Present Ref. [4] Present Ref. [4]
0 %+ 87+6 100 98.6+0.9 98.24+0.1
1371 1 1314 <4
1380 %ﬁ <4 1.4+0.4 1.5+0.1
2170 %* <0.4 0.3%0.1

*From Ref. [4].

ing the known branching ratio [4] of this state, an upper
limit of @y <2.4X107° eV has been determined (see
Table I).

The branching ratios and wy values have been deduced
from spectra taken at 6,=55° [where P,(cosf)=0], as-
suming that any possible P,(cosf) component in the an-
gular distribution is negligible. This is clearly the case
for the J =3 resonance at Ex =321 keV. Also, the mea-
sured angular distribution [4] of the resonance at
Eg =917 keV (J =37) indicates only an 4, component.
For the possible resonance at E,=440 keV (J ”=%+ ), no
correction for angular distribution effects has been ap-
plied in the calculation of the upper limit for wy.

It is interesting to compare the measured resonance
strengths with the values obtained from Eq. (1) by an esti-
mate of the partial widths I'), and I',. Such calculated
resonance strengths are frequently used for the derivation
of stellar reaction rates if the respective values for wy
cannot be measured directly. The y partial width I",, of
unbound *’K states can be deduced from the known life-
times [9] of the bound mirror states in 3’Ar. The proton
partial width I", can be parametrized [8] as

2
r,=3 # >
UR

P,C3S . 3)

Here, the quantity R denotes the nuclear channel radius,
u the reduced mass, P, the penetrability at the resonance
energy E; for the orbital angular momentum / of the reso-
nance, and C? the isospin Clebsch-Gordan coefficient
(C*=1for T =1 states). The single-particle spectroscop-
ic factors S were adopted from Hagen et al. [10]. The re-
sulting strengths of wy =6.3X10"* and 9.5X 1072 eV
for the resonances at Ex =321 and 917 keV, respectively,
are in the same order of magnitude as the directly mea-
sured values (see Table I). For the assumed g-wave reso-
nance at E; =440 keV, no spectroscopic factor is known.
Using the Wigner limit C2S=1 results in a theoretical
upper limit for the strength of wy<2.5X1073
eV, similar to the experimentally obtained upper limit
(see Table I).

To search for possible direct capture (DC) transitions,
an off-resonance y spectrum was taken at a proton bom-
barding energy of E, =895 keV with a total accumulated
charge of 1 C. No y transitions to final states in K

could be observed. The cross sections that result from
DC model calculations (see Sec. IV) are 2 orders of mag-
nitude smaller than the experimentally determined upper
limits of 0°€ <40 nb.

IV. ASTROPHYSICAL IMPLICATIONS

The stellar reaction rate N ,{ov ) of **Ar(p,y)*’K can
have contributions from narrow resonances and the
direct capture process into the low-lying states in K.
The reaction rate (in units of reactions s~ 'mol~!cm?)
for isolated narrow resonances is given by the expression

[11]
N, (ov)=1.54X10"[uT(GK)] 3/
X ¥ (wy);exp[ —11.605E; /T(GK)], 4)

where the reduced mass p is an u and the strengths wy;
and c.m. energies E; of the resonances are in MeV. For
temperatures of interest here (7 <1 GK), all resonances
with E; <2042 keV were considered. The E; and wy;
values for resonances located in the energy range of the
present experiment were taken from Table I. Otherwise,
the values of Refs. [3,4] have been used. The reaction
rate contribution for the resonances at Ez =321 and 917
keV are listed in columns 2 and 4 of Table III, respective-
ly. To investigate the maximum contribution of the as-
sumed resonance at Ex =440 keV, the stellar rates have
been calculated with the experimentally found upper lim-
it (see Table I). The resulting values are shown in column
3 of Table III.

For the calculation of the nonresonant reaction rates,
the cross sections of the DC process for transitions to all
bound states in 3’K were calculated using the formalism
described by Rolfs [12]. The single-particle spectroscopic
factors were adopted from Ref. [10]. The sum of the as-
trophysical S factors for all final states was parametrized
below E, =1.5 MeV by the polynomial

S(E)=0.1195—4.630X 107 2E +1.4996 X 10 2E? (5)

with S in MeV b and E the c.m. energy in MeV. The stel-
lar reaction rates were calculated using the expressions
for nonresonant reaction mechanisms [11] and are listed
in column 5 of Table III.

The total reaction rates are shown in column 6 of
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TABLE III. Stellar reaction rates N ,{ov ) of 3Ar(p,y)*’K in units of (cm*/mol s).

NA ((TU )

T, (10° K) 321° 440° 917° DC* Total®
0.05 2.71X10728 2.72% 1074 1.46X 1072 1.46X 1072
0.06 3.67X1072% 3.16 X107 2.34X 1079 1.32X 1072 1.68X 10722
0.07 1.64X1071° 3.39X107% 9.58 X107 4.77x1072! 1.68X 107"
0.1 5.44X 10713 3.42X107% 1.08X10™% 9.63x107 1% 5.44X1071
0.3 3.34% 1073 1.54X107¢ 2.04X 10710 8.35x10°10 3.34x1073
0.5 1.96x 107! 5.33X107* 9.48X 1073 4701077 1.96x 107!
0.8 1.47 1.09X 1072 1.11x107! 1.58
0.9 2.04 1.82X1072 3.92x107! 2.43
1.0 2.60 2.69X 1072 1.06 3.66
1.5 4.74 7.67X1072 1.82 10! 2.30X% 10!
2.0 5.64 1.14x 107! 6.64 10! 7.35X 10!

2Contribution of new observed resonance at Ex =321 keV.
®Maximum contribution of assumed resonance at Er =440 keV, calculated with the experimentally

determined upper limit for wy (see Table I).
°Contribution of resonance at Eg =917 keV.

dContribution of direct capture into states at E, =0, 1371, and 1380 keV in K.
“Total reaction rate contribution of resonances Eg =321-2042 keV and DC.

Table III and they are also displayed in Fig. 5 with the
individual contributions discussed above. It can be seen
that the new resonance at E =321 keV determines the
stellar rates over the entire temperature range of
T =0.07-0.9 GK . At very low temperatures, T <0.07
GK, the DC process dominates, while the resonance at
Eg =917 keV contributes substantially only at high tem-
peratures T >0.9 GK. The assumed resonance at
E =440 keV and all other resonances with Ep =1259
keV, are negligible for temperatures T <1.5 GK.

The resonance at Eg =321 keV increases N ,{ov) by
several orders of magnitude for temperatures 7 <0.9 GK
(see Table III). To investigate the impact of our new re-
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FIG. 5. Total stellar reaction rate (solid line) and individual
contributions (dashed lines) for the reaction *Ar(p,v)’K.

sults on the expected abundance of **Ar during explosive
H burning, we have performed network calculations us-
ing the new and old stellar rates, respectively. Figure 6
shows the time evolution of the 3°Ar abundance, obtained
for a constant temperature and density (7=0.4 GK,
p=10% g/cm?®) over a time period of 1000 s. The old
rates predicted an appreciable enrichment by nearly 2 or-
ders of magnitude over the initial solar abundance of
3Ar. Due to its small depletion rate at this temperature,
%Ar is not processed further towards heavier masses
within the time scale of the calculation. The use of the
new rate, however, leads to a substantially different re-
sult. The initial **Ar abundance is reduced by 3 orders of

10 T T T T T T B

o[ T=04GK, p-10 g/cm’

1oL oD |

Abundance of 3'GAr

1 1 I { Il 1 1
-4 -3 -2 -1 | 2
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Time (s)

FIG. 6. Abundance of *Ar vs time for a constant tempera-
ture T=0.4 GK and density p=10° g/cm’. The two curves
shown result from using the old and new stellar rates for the re-
action *®Ar(p,y)¥’K, respectively.
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magnitude at the end of the calculation. The new stellar
reaction rate of **Ar(p,y)*’K is large enough to guaran-
tee a strong mass flow towards heavier nuclei at tempera-
tures T'=0.2-0.6 GK.
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