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The ** Ar(a,p)®"K reaction is believed to be one of the last in a sequence of (a,p) and (p,y)
reactions within the T, = -1, sd-shell nuclei, known as the ap-process. This process is expected to
influence the shape and rise times of luminosity curves coming from type I X-ray bursts (XRBs).
With very little experimental information known on many of the reactions within the ap-process,
stellar rates are calculated using a statistical model, such as Hauser-Feshbach. Questions on the
applicability of a Hauser-Feshbach model for the 34Alr((347p)37K reaction arise due to level density
considerations in the compound nucleus, **Ca. We have performed high energy-resolution forward-
angle “°Ca(p,t)*®*Ca measurements with the K=600 spectrograph at iThemba LABS in order to
identify levels above the a-threshold in *®Ca. States identified in this work were then used to
determine the 34Alr((347p)37K reaction rate based on a narrow-resonance formalism. Comparisons are

made to two standard Hauser-Feshbach model predicted rates at XRB temperatures.

I. INTRODUCTION

Type I X-ray Bursts (XRBs) have been identified
as thermonuclear runaways on the surface of accreting
neutron stars within low mass X-ray binary (LMXB)
systems |IH3]. As H/He rich material accretes onto
the neutron star surface, it undergoes compression and
heating until a thermonuclear runaway is triggered by
a delicate interplay between the triple a-reaction and
a-induced break-out reactions on Hot-CNO material
4, 5]. Upon breaking out of the Hot-CNO cycles,
the thermonuclear runaway proceeds via the ap-process
and the rp-process [6], riding along the proton drip-
line up to its possible endpoint around the Sn region
[7]. Within the sd-shell, the highly temperature de-
pendent ap-process may dominate over the rp-process,
depending on peak burst temperatures [8, [9]. The
main ap-reaction sequence starting from '®Ne can be
written as 8Ne(a,p) 2'Na(p,y) 22Mg(a,p) 2°Al(p,y)
29Si(c,p) *P(p,y) *°S(a,p) **Cl(p,y) **Ar(a,p) *"K(p,y)
3Ca(a,p) *'Sc(p,7)*2Ti. Recent sensitivity studies have
shown that some of these (a,p) reaction rates have a di-
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rect influence on the shape and rise times of luminosity
curves observed during XRBs [10].

Over the past decade, much effort has gone into explor-
ing the lower half of the ap-process through indirect stud-
ies of these («,p) reactions, either using similar (p,t) mea-
surements |11-14] or time-inverse reactions with radioac-
tive beams [15]. Unfortunately very little experimental
information exists on («a,p) reactions at higher masses in
the ap-process, near the closed shell N,Z = 20. In the ab-
sence of experimental information on a particular («,p)
reaction, its rate is predicted using a statistical model,
such as Hauser-Feshbach (HF) [16]. In order to reliably
utilize a HF model prediction for a specific astrophysical
reaction, there must be a sufficiently high level density at
the relevant astrophysical energies within the compound
nucleus. Past studies on the applicability of a HF model
for thermonuclear rates have pointed out that for a HF
predicted rate to be considered reliable (within 20% ac-
curacy), at least 10 non-overlapping narrow-resonances
must lie within the effective astrophysical energy window
[17]. The relatively low a-threshold in 3¥Ca, 6105.12(21)
keV [18], and the fact that only natural parity states
above this threshold will participate as resonances in the
34Ar(a,p) reaction suggest that the statistical approach
used by a HF model might not be valid for this reaction at
XRB temperatures. Instead, this rate may depend crit-
ically on the number and characteristics of resonances
within the relevant astrophysical energies. For tempera-
tures observed in XRB’s, starting from roughly T ~ 0.7
GK and extending up to T ~ 2.0 GK, the relevant en-
ergy range where levels in >®*Ca will be most influential as
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resonances in the 3*Ar(a,p) reaction can be calculated us-
ing the Gamow Window approximation [19], and roughly
corresponds to 7 - 10 MeV in excitation energy.

Currently, there are only a handful of known states
above the a-threshold in 38Ca from previous (p,t) and
(®He,n) experiments [20-22]. With this in mind, we
have performed an indirect study of the 3*Ar(a,p)3"K
reaction by investigating the level structure above the
a-threshold in 38Ca using high energy-resolution zero-
degree 1°Ca(p,t)3®*Ca reaction measurements.

In this paper we present the level structure of
a-unbound states within 3®*Ca as populated by the
40Ca(p,t)38Ca reaction using the K=600 magnetic spec-
trograph at iThemba LABS, with the main goal of iden-
tifying possible resonances in the 3*Ar(a,p)®”K reaction
at XRB temperatures. The techniques and experimental
setup for this work are reviewed in Sec. [[Il while the re-
sults of identified levels in ®Ca are discussed in Sec. [II]
along with comparisons to previous works. In Sec. [Vl we
use the level structure information observed in this work
to derive an **Ar(a,p)3"K reaction rate and compare it
to standard HF rates used in XRB models.

II. EXPERIMENTAL TECHNIQUES

The experimental techniques of high energy-resolution
forward-angle (p,t) measurements with magnetic spectro-
graphs to investigate possible («,p) resonances in T, =
(N — Z)/2 = -1 sd-shell nuclei have been well developed
at the Research Center for Nuclear Physics (RCNP) with
the Grand Raiden (GR) spectrograph and at iThemba
LABS with the K=600 spectrograph. These experimen-
tal techniques are discussed in detail in previous works
[11, 113, 14, 23], and therefore only summarized here.

A. Experimental Setup

For this experiment, a 100-MeV proton beam was pro-
duced and delivered by the K=200 Separated Sector Cy-
clotron (SSC) of iThemba LABS, through the X, P1,
P2, and S beam lines, to the target chamber positioned
in front of the K=600 spectrograph, where it was im-
pinged upon a 2.1 mg/cm?, highly enriched (> 99%), self-
supporting °Ca target. The reaction products, along
with the beam, were then momentum analyzed using the
K=600 spectrograph. The beam was collected in the
beam stop located inside dipole D1 of the spectrograph,
while tritons were transported to the focal plane detec-
tor system. The focal plane detector system consisted of
XU-wire drift chambers, yielding horizontal and vertical
position and angle, and two plastic scintillating detectors
for particle identification through AE and time-of-flight
information [23]. Dispersion matching techniques, as de-
scribed in Refs. [24] and [25], were used to achieve high
energy resolution (~35 keV) in the focal plane, which is
dominated by energy loss and straggling through the tar-

get. Background contaminations coming from reactions
such as 12C(p,t) and 90(p,t) were identified using a 2.1
mg/cm? mylar target.

While the main focus of this experiment was to iden-
tify states in the excitation energy range above the a-
threshold relevant for XRBs (~ 7 - 10 MeV), a full range
of excitation energies from the ground state to 13 MeV
was investigated. Due to the K=600 spectrograph’s mo-
mentum acceptance of 10%, an overlapping technique
with two different field settings was used to cover the
full 13 MeV excitation energy region [11], as seen in Fig.
[0l Furthermore, to aid in the identification of states from
38(Ca, measurements at two angles (61, = -1.2° and 8°)
were performed.

B. Reference Data and Focal Plane Calibration

To accurately identify a-unbound levels in 38Ca, the
calibration of the focal plane must be achieved with great
care. The method used to calibrate the focal plane of the
K=600 spectrograph follows the same procedures taken
from previous high energy-resolution (p,t) experiments
performed at RCNP with the Grand Raiden spectrograph
[11, [13]. An absolute calibration of the focal plane was
performed using the 24Mg(p,t)?2Mg reaction, where the
ground state, along with 7 strongly populated natural
parity states up to 6.226 MeV fully covered the focal
plane. With most magnetic spectrographs, the position
in the focal plane has a linear relationship to the par-
ticle’s momentum in first order, while a quadratic term
is introduced to account for higher orders. Along with
an absolute calibration of the focal plane, spectra at both
angles were matched and calibrated using the well known
0" and 2% states below the a-threshold in 38Ca (see Ta-
ble [I)).

All peaks identified in the focal plane spectra were fit-
ted with a symmetric Gaussian distribution and the po-
sition of the peak was then determined by the centroid.
Isolated peaks were fitted with a single Gaussian distri-
bution, while groups of closely spaced peaks were fitted
with multiple Gaussian distribution simultaneously.

Final uncertainties in all identified levels are given by
a combination of systematic and statistical errors, added
quadratically. Systematic uncertainties include that of
the energy calibration, reaction angle determination (+
0.1°), target thickness (4 0.21 mg/cm?), and the reac-
tion Q-value of 4°Ca(p,t)**Ca (0.2 keV from [18]), or in
other words the uncertainty in the masses of the nuclei
involved. The statistical uncertainty is given as the full-
width-at-half-maximum (FWHM) divided by the area of
the Gaussian fit for each identified peak.

III. EXPERIMENTAL RESULTS

In this experiment, a total of 45 states were identified
in 38Ca, 4 states below the proton threshold, 4547.27(22)
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FIG. 1. (Color online) **Ca spectra in the focal plane of the K=600 spectrograph shown at 6., = 8° with two different field
settings (subpanels a and b) to cover a full energy region from the ground state to 13 MeV in excitation energy in **Ca . The
spectra shown here have been background subtracted using two particle ID gates, namely energy loss and time-of-flight. Peaks
with dark dots (blue online) are states that have been observed in previous experiments investigating 38Ca, while peaks with
lighter dots (orange online) represent states observed for the first time in this work.

TABLE I. States identified below the a-threshold, along with previous (p,t) and (*He,n) experiments populating states in 3®Ca.
Proton- and a-thresholds are located at 4547.27(22) keV and 6105.12(21) keV in excitation energy, respectively. All excitation
energies are given in keV.

This Work Paddock et al. [20] Kubono et al. [21] Alford et al. [22]
0 Ca(p,t)*¥Ca 10Ca(p,t)*¥Ca Jr 10Ca(p,t)**Ca Jr 36 Ar(®He,n)**Ca Jr
gs. ? g.s. ot g.s. ot g.s. 0f
2214.8(32)* 2206(5) 2+ 2200(30) 2+ 2250(70) (2)
3060(30) ot 3070(30)
3605.2(44) 3695(5) 3690(30) ot 3670(30) (2)
3720(30)
4191(5) 4180(30) (57)
4387.1(35)* 4381(5) (2% 4370(30) 2+t 4390(30) 2+t
4753.8(63) 4748(5) 4750(30) 3~
4903.5(34)* 4899(5) (2%) 4890(30) ot 4860(40) (3)
5170(8) 5159(7) 5140(60)
5267(4) 5264(5) 5250(30) ot
5438(9) 5427(6)
5608(10) 5598(7) 5600(30) 5560(60) (3)
5705(5) 5698(10)
5832(8) 5810(5) 5810(30) 5790(40) (4)

2 States in ®Ca used to match spectra at each angle to absolute calibration



keV [18], 8 states between the proton and a-threshold,
6105.12(21) keV [18], and 33 states above the a-threshold
up to 12 MeV in excitation energy. Of the 45 states, a
total of 25 were observed for the first time in this work.
States were identified only if they were confirmed at both
angles, with the exception of 9 states that showed strong
signals in the 01, = 8° spectra but were covered by back-
ground in the 6, = -1.2° spectra.

A. States below the a-threshold

Prior to this work, three experiments probed excited
states in 38Ca [20-22]. States identified in this work be-
low the a-threshold from the 4°Ca(p,t)3®Ca reaction are
given in Table[l] along with previous measurements. The
well-known g.s., 2214.8 keV, 4387.1 keV, and 4903.5 keV
states were all used to match the absolute calibration to
the 38Ca spectra at both angles. Of the states below the
a-threshold reported here, most agree well with previous
works with the exception of the 5832(8) keV state that
is slightly higher than the values of 5810(5) keV, and
5790(40) keV previously reported by Paddock et al. [20]
and Alford et al. [22], respectively.

B. States above the a-threshold

These a-unbound states in 33Ca, identified in this work
are expected to contribute as natural parity resonances
to the cross section of 3*Ar(a,p)®"K. Prior to this work
only 8 states were experimentally known above the a-
threshold of 6105.12(21) keV. In total, 33 states above
the a-threshold up to ~ 12 MeV were observed in this
work, of which 25 states are reported for the first time.
All states identified in this work, along with previous
(p,t) and (*He,n) measurements are reported in Table [Il
It should be noted that 9 states were strongly identified
at flap, = 8°, but could not be confidently identified at
B1ap = -1.2° due to high background from secondary scat-
tering of the beam on the beam stop inside dipole D1.
These 9 states (displayed with an asterisk * in Table [II))
were included in the final results because they displayed
the same kinematic shift over the horizontal angle accep-
tance of the K=600 spectrograph at 0., = 8° (£2.5°)
as observed for other 38Ca states, and thus clearly repre-
sents a state in 2¥Ca and can not be considered to be a
contaminant peak.

IV. THE *Ar(a,p)*” K REACTION RATE

The 3*Ar nucleus is believed to play an important
role in the ap-process. Due to a relatively long S-decay
half-life of 843.8(4) ms [26], and a low Q-value for the
#Ar(p,y) reaction, Q) = 140.96 keV, **Ar is con-
sidered a possible waiting point within the rp-process.
The 3*Ar(a,p)3"K reaction within the ap-process may

TABLE II. Observed a-unbound states in this work, along
with previous (p,t) [20,[21] and (*He,n) [22] experiments iden-
tifying c-unbound states in **Ca. All excitation energies are
given in keV. Peaks followed by asterisks * were only identified
in the 01,1, = 8° spectrum.

Ref.[20]
"Ca(p,t)
6280(8)

Ref.[21]
"Ca(p,t)
6270(30)

Ref.[22]
36 Ar(®He,n)

Present
"Ca(p,t)
6277(3)
6485(6)
6601(3)
6704(3)
6772(13)

6598(7)
6702(10)
6801(12)

6600(30)
6760(50)

7200(50)

7470(50)

7800(12) 7800(30)

8595(10)

9230(9)*
9296(8)"
9735(8
9809(6
10104

act as a bypass for this waiting point depending on
its reaction strength. Currently this reaction rate is
based on HF model predictions with no experimental con-
straints. In this work we have identified 33 states above
the a-threshold that could act as resonances within the
34 Ar(a,p)® K reaction. For this calculation, we assume
all observed states in this work are of natural parity, and
therefore will participate in the 3*Ar(a,p)3"K reaction.
This natural parity assumption stems from the mecha-
nism through which these states are populated. At high
incoming proton energies (100 MeV in this work), the



(p,t) reaction is thought to be dominated by a one-step
two-particle spin-zero transfer process [27]. This direct
process offers a selectivity of predominately populating
natural parity states in the recoil nucleus of 38Ca, when
observed at very forward scattering angles. With this as-
sumption, the stellar **Ar(a,p)3"K reaction rate can be
explored based on the results of this work.

A. Narrow-Resonance Reaction Rate Formalism

For the majority of resonances within the relevant en-
ergy range, the total resonance width, which is the sum
of all open channel partial widths (I'yos = I'a + IT', +
I';), will be dominated by the proton-partial width, I',.
Within this energy region, a-partial widths (T',) will be
considerably smaller than the proton-partial widths due
to a lower Coulomb penetrability for low energy o’s. Ad-
ditionally, y-strengths (I'y) for even the most probably
transitions within this energy region can be considered
at most on the order of eV’s, and therefore much smaller
than the corresponding proton-partial width. With these
considerations, the total resonances width can be approx-
imated as just the proton-partial width, I'yoy ~ I'p. Us-
ing these widths, it can be shown that conditions within
this energy region are such that a narrow-resonance for-
malism can be adopted to determine the total reaction
rate. Here, the condition for a narrow resonance is taken
quantitatively as Tiot/Fres < 10% [28], where, E,..s is
the center-of-mass energy of the resonance.
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FIG. 2. (Color online) Calculated proton particle-widths as

a function of center-of-mass energy given a range of orbital
angular momenta, £ = 0 - 4. A proton center-of-mass en-
ergy range of 1.5 - 5.5 MeV approximately corresponds to an
excitation energy range of 6 - 10 MeV in **Ca.

The possibility of narrow resonance conditions in 3®Ca
is illustrated in Fig. [Bl where proton single-particle
widths, I';P, for the 3TK + p system are plotted as a
function of proton center-of-mass energy given a range of
orbital angular momenta, £ = 0 - 4. Current shell model
calculations, using modern available interaction hamilto-
nians of [29-31], demonstrate that proton spectroscopic
factors (C2S,) for levels within the relevant energy re-
gion in 38Ca (E, ~ 7 - 10 MeV) fall with a range of
C?S, = 0.1 - 0.01. Taking this range of proton spectro-
scopic factors, and calculating proton partial widths as

= (%9, - I‘Sp, it can be seen from Fig. 2] that within
the relevant region, proton partial widths, and therefore
total widths, are small enough for the resonances to be
considered narrow (T'or < 10% Epes).

Given the above interpretation that the resonance
within this energy region meet the conditions of narrow
resonances, a narrow-resonance formalism (as outlined in
[19]) is adopted to calculate the total 3*Ar(a,p)3"K re-
action rate. Within this formalism, the total reaction
rate can be expressed as a sum of the reaction rate over
individual resonances i:

Na (ov) =1.54 x 101 (uTy)~3/?
11.605E; (1)
)iE
DY Xp( = )

with p being the reduced mass (amu), Ty the temperature
(10° K), (wy) the resonance strength (MeV), and E; the
resonance energy in the center-of-mass system (MeV).
The resonance strength is defined as

2J; +1 '
(271 +1)(2j2 + 1) Tip

(Wy)i = (2)

Ji, j1, and jo are the spins of the level, projectile, and tar-
get, respectively. Here, I', and I', are the partial widths
for the formation and decay of the compound nucleus, re-
spectively, and I';,; is the total width of the state. In the
case of the 3*Ar(a,p)®>"K reaction, J;, j1 = jo= 0, and
J2 = j1ary = 0 are the total angular momenta of the
level, the « particle, and 3*Ar, respectively. For the par-
tial widths, I'y = I' and I'y = I'p,, with the total width
being I'yos = I'a + I'y, + I'y. As discussed previously,
the total widths will be dominated by the proton-partial

widths (I', > T’y and I'y, therefore I'to; ~ I'})). With
this approximation, Eq. (@) simplifies to
(Wy)i = (2J; +1) - Ta. 3)
The a-partial width can be given as:
Iy =C?S, - (4)

where C2S,, is the a-spectroscopic factor and I'$P is the
a-single particle width.

Currently, no experimental information exists on spins,
or a-spectroscopic factors, for states above the -
threshold in *¥Ca. In order to extract a 3*Ar(a,p)’"K



reaction rate using Eq. (), given that only resonance
energies are known from this work, additional informa-
tion on spins and a-spectroscopic factors must be derived
using various models.

B. Treatment of Unknown Spins and
a-Spectroscopic Factors

Given the lack of experimental information on spins for
a-unbound states in 3¥Ca, a random sampling procedure
from spin distributions derived using the Back-Shifted
Fermi Gas (BSFG) model [32] was implemented for spin
assignments. Within this model, spin distributions, as a
function of excitation energy, can be written as

R(Eg, J) = ()

2J+1 (J +1/2)?
202 " {_ 202 ] '
Here, E, is the excitation energy in 38Ca, J is the level
spin, and o is the spin cut-off parameter, which is a func-
tion of excitation energy, o(E,). For this calculation, the
spin cut-off parameter function was taken directly from
the parameters given in TALYS 1.8 [33]. For further re-
view of this spin distribution function and the parameters
used, see Sec. 4.7 in the TALYS 1.8 User Manual [34]).
Within the excitation energy range of interest, these spin
distributions (as illustrated in Fig. B]) favor lower spins
and peak roughly around J = 1.
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FIG. 3. (Color online) Spin distributions for selected excita-
tion energies in **Ca based on Eq. (B used in the framework
of the BSFG model.

In addition to unknown spins, no experimental infor-
mation exists concerning a-spectroscopic factors (a-SF’s)
for a-unbound states in 33Ca. Given that these a-SF
values will directly impact the reaction rate through the
resonance strengths of each state, the assumptions made

in determining this missing information becomes critical
in the resultant *Ar(a,p)3"K reaction rate calculation.
With this in mind, two sets of a-SF values are determined
with the intent to represent two distinct possibilities; the
existence, or non-existence, of a-cluster states.

Previous a-transfer and knock-out studies within the
sd-shell have shown that ground state a-spectroscopic
strengths increase around the shell closer N, Z = 8 and
N,Z =20 ﬂ@@] Additionally, an extensive study of
clustering in 4°Ca by Yamaya et. al. @], unveiled sig-
nificant a-clustering structure in various excited states
ranging up to 15 MeV in excitation energy.

To represent the possibility of cluster states above
the a-threshold in ®Ca, a-SF’s are calculated using a
cluster-nucleon configuration interaction mode @] that
extends the traditional shell model approach. In this cal-
culation, shell model Hamiltonians from [30] are utilized
while states with up to two particle-hole excitations are
taken into account. For further review see [39] and refer-
ences therein.
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FIG. 4. (Color online) Panel (a): a-spectroscopic factors for
states in *®Ca calculated using the shell model as described in
@] (shown in gray), along with the mapped values to states
observed in this work (overlaid). Panel (b): Level density of
observed states in >*Ca from this work along with previous
works.

The resultant a-SF’s from this shell model calculation
are illustrated in Fig. @ (shown in gray). Examining Fig.
[, it can be seen that this type of shell model calculation
predicts a hierarchy of states based on their a-SF values,
where a few strong a-cluster states above the a-threshold
will dominate the total 3*Ar(a,p)3"K reaction rate.

Given that the excitation energies of states from the
shell model calculations do not exactly match up with
the observed states, a-SF values are mapped onto the
observed states in this work using Gaussian smoothing
functions.

For this procedure, each observed state is smeared us-
ing a Gaussian function with some energy width, o, which



can be written as
1

oV 2T

G(E) = e~ 2(E/o)* (6)

For this calculation, a smearing width of ¢ = 150 keV
is taken for all states. Summing over all observed states
in this work, an observed level density function can be
taken as

pObs (Eez) — Z G(Eex - Ezbs), (7)

where, Eﬁbs are the excitation energies of individual levels
observed in this work. Using the observed level density
function of Eq. (@), a-SF’s for observed states can be

derived based on the predicted set of a-SF values,

Sam
S,st = ; pObS(E,/) G(E,st - Eﬁm)v (8)
where, S;™ and EJ™ are the shell model predicted a-SFE’s
and excitation energies of individual levels, respectively.
Here, the normalization of shell model predicted states
by local density of observed states assures preservation
of the sum rule over the shell model predicted a-SF’s,

SV o0Ss sm
ngbs=27obs(]35m) S GEL — B
v H

M v P
:Zng
v

The results of this Gaussian smearing procedure in
assigning a-SF values to experimental states, given a
smearing width of ¢ = 150 keV, is illustrated in Fig. [
(shown in red). The mapped a-SF values based on these
shell model calculations are then used to determine the
34Ar(a,p)®"K reaction rate, given the possibly of strong
a-clustering above the a-threshold.

In the case on non a-cluster states, a global a-
spectroscopic factor of S, = 0.01 is adopted, meaning
that all a-partial widths (T',) are about 1% of the to-
tal single particle widths (I's?). This approach of us-
ing a relatively small a-SF value globally follows previ-
ous works performing similar (a,p) reaction calculations
within the sd-shell [13,[14]. This global SF value was cho-
sen not only for comparison with other previous («,p)
rate studies, but also to illustrate the the influence a-
cluster states, vs. non-a-cluster states, in 3®Ca would
have on the **Ar(a,p)?>"K rate. Given these two sets
of a-SF values, two total reaction rate calculations were
performed using Eq. ().

9)

C. Calculating the Total Rate

With the information from levels observed in this ex-
periment, along with the assumptions of spins and «-
spectroscopic factors described in Sec. [[VBl a Monte-
Carlo-like calculation was performed based on Eq. ()

for a given range of stellar temperatures observed in XRB
environments. To begin, each state is assigned a spin by
randomly sampling from spin distributions generated by
Eq. (B) using the rejection-acceptance method [40)].

Given a particular spin assignment set, a-single parti-
cle widths are calculated for each state using the BIND
sub-routine in the DWUCK4 code [41], which calculates
single particle radial wave functions based on the solu-
tion to the Schrodiger equation with a real potential and
a given set of quantum numbers (for further review see
the Appendix of [42]). Tt should be noted that each set of
quantum numbers needed for a particular a-single par-
ticle radial wave function (based on the orbital angu-
lar momentum of the a-particle) was determined using
the the Wildermuth condition (see [43] and references
therein). Once single particle widths are calculated, a-
partial widths are determined using Eq. (), along with
the corresponding a-SF values. With this given set of
spins and a-partial widths, resonances strengths are de-
termined using Eq. (@) for all states, and Eq. () is then
used to calculate the total reaction rate as a function of
temperature.

This total rate calculation was repeated N = 107 times
with different spin-set combinations, producing a distri-
bution of rates at a given temperature for a range of
temperatures relevant to XRBs. At each temperature, a
median rate is determined by calculating the 0.50 quan-
tile of the rate distribution. Finally, this median rate is
taken as the 3*Ar(a,p)®"K total reaction rate, and plot-
ted as a function of temperature (shown in Fig. ().

As mentioned in Sec [V B] this total rate calculation
is performed twice for the two different sets of a-SFs,
once with the mapped shell model a-SF values, meant
to represent the possibility of a-cluster states in 3¥Ca
(labeled as Median Rate 2), and another with global a-
SF values of S, = 0.01, meant to represent the possibility
of no a-clustering in 3¥Ca (labeled as Median Rate 1).

For comparison with HF predictions, the two median
rates are plotted alongside two HF model predicted rates
from NON-SMOKERY#8 v5.0w [44] and TALYS 1.8
[33]. Additionally, both median rates from this work,
along with the two HF model predictions, are listed in
Table. [IIlfor further comparison at, and slightly beyond,
typical XRB temperatures. The temperature range rel-
evant to XRB light curves starts at T ~ 0.7 GK and
extends up to peak burst temperatures of T ~ 2.0 GK.
As seen in Fig. [l throughout this temperature range,
both median rates from this work are lower than the HF
predictions of NON-SMOKERW## v5.0w and TALYS
1.8, though Median Rate 1 is significantly lower. The
lower values of the Median 1 rate suggest that level den-
sity in 38Ca, based on the number of levels observed
in this work, is not high enough to meet the criterion
needed to reliably apply the statistical model to predict
the 3*Ar(a,p)37K cross section, and subsequent reaction
rate, at the relevant astrophysical energies observed in
XRBs. Instead, this suggests that this reaction is most
likely governed by a handful of resonances corresponding



TABLE III. The total reaction rate N (ov), in units of cm® mole™ sec™, as a function of temperature from the narrow-
resonance calculation based on this work. Listed are the resultant median rates from this work, meant to account for the
possibilities of a-clustering and non-a-clustering, along with two standard HF model predictions from NON-SMOKER" £8

v5.0w and TALYS 1.8 for comparison.

Temperature [GK] NON-SMOKERWY B TALYS 1.8 Median Rate 1 Median Rate 2
0.10 2.99x10~%3 6.21x10~*3 1.71x10~4 5.69x 10~
0.15 5.39x1073%° 2.48x10734 3.81x1073¢ 3.89x107%°
0.20 8.59x 10730 3.62x107%° 4.40x10~3 6.30x1073°
0.30 2.79x10~2 9.83x10°% 1.11x10%4 2.52x1072
0.40 3.48x1071° 1.07x10718 1.03x10720 2.04x1071°
0.50 2.79%x10716 7.64%x1071¢ 6.31x10718 8.04x10717
0.60 4.49%x10~ 1.12x10713 9.59% 10716 8.64x1071°
0.70 2.56x10712 5.91x10 12 5.84x10~ 5.45x107 13
0.80 7.11x10~ 1.53%x1071° 1.93x10712 2.14x107 11
0.90 1.17x107% 2.38x107%° 3.77x107 1! 4.93x1071°
1.00 1.29%x107% 2.51x107%8 4.87x1071° 7.01x107%°
1.50 5.60x107%° 9.40x107%° 3.09x 1079 3.52x107%°
2.00 9.80x107%% 1.51%x107°2 5.04x107% 3.64x107%®
2.50 3.54x107%! 5.17%x1079 1.56x107°2 8.64x10792
3.00 5.10x107°° 7.10x107°° 2.00x107%! 1.04x 10+

NON-SMOKERWE8
—— Talys 1.8
—— Median Rate 1
Median Rate 2

Na <ov> (cm3 mol~1 s71)

&
-
8 § 10°
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© =
g AR
=
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FIG. 5. (Color online) Panel (a): **Ar(a,p)*"K reaction rates
as a function of stellar temperature for statistical model pre-
dictions, NON-SMOKER" ¥ v5.0w and TALYS 1.8, along
with the two median rates calculated in this work, Median
Rate 1 (without a-clustering) and Median Rate 2 (with a-
clustering). Panel (b): All rates are normalized to the NON-
SMOKER rate.

to levels located within the relevant excitation energy

range in 38Ca. Furthermore, the shape of Median Rate
2, along with its large discrepancy with Median Rate 1
within certain temperatures ranges, illustrates the influ-
ence of possible a-cluster states on the total reaction rate.
Here, Median Rate 2 (taken using the shell model a-SF
value) is much closer to HF predictions within certain
temperature ranges not because there are many, many
states contributing in a statistical manor, but because
there are one or two a-cluster-like states within the rel-
evant energy range dominating the total reaction rate
at these particular temperatures. The discrepancies be-
tween the two Median Rates, along with the overall shape
of Median Rate 2, emphasis the need to further study the
a-strength structure of a-unbound states in **Ca. De-
pending on which states exhibit a-clustering, the total
34Ar(a,p)® K reaction rate will be enhanced within the
corresponding temperature ranges, as seen with Median
Rate 2 in Fig.

V. CONCLUSIONS

We have presented experimental measurements of
states above the a-threshold in 38Ca up to E, ~ 12
MeV. With precise energy information on possible res-
onances taken from this work, combined with model as-
sumptions to fill in the missing information on spins
and a-spectroscopic factors, distributions of the total
34Ar(a,p)®> K reaction rate across XRB temperatures
were generated using a Monte Carlo-like approach (vary-
ing only spin values) within a narrow-resonance reaction
rate formalism. A median rate, taken as the 50% quan-
tile from each distribution, is then quoted as the total



34 Ar(a,p)®K rate as a function of temperature. Ad-
ditionally, possible effects of a-clustering within the a-
unbound states in 38Ca on the total rate are initially
explored using two different sets of a-spectroscopic fac-
tor values within a narrow-resonance reaction rate cal-
culation. Both median rates are compared to predicted
rates determined using statistical HF models, specifically
NON-SMOKERY#5 v5.0w and TALYS 1.8. Compar-
ing the non-a-cluster rate to HF predictions suggests
that a statistical HF approach may not be suitable for
the 3*Ar(a,p)3"K reaction rate at XRB temperatures as
there may be an insufficient number of levels in 38Ca at
the appropriate bombarding energies. Instead, this reac-
tion is most likely governed by a handful of resonances
located within the relevant energy window for most tem-
peratures observed in XRBs. Furthermore, comparing
Median Rate 1 to Median Rate 2, highlights the impact
possible a-clustering in 3¥Ca would have on the total
34Ar(a,p)®"K rate.

It should be noted that the two total 3*Ar(a,p)?"K re-
action rates quoted in this work (Table. [[TI)) are strongly
dependent on the assumptions made in determining the
missing information to obtain the rate. Specifically, we
assume that all states in this work contribute to the to-
tal reaction, that the states are isolated enough to use
of a narrow-resonance formalism, and we use specific
models to obtain spin and a-SF values. In this sense,
the derived **Ar(a,p)3"K reaction rates from this work,

given the above described assumptions, should solely be
taken as exploratory. First in comparisons with statis-
tical models, and second in investigating the effects of
possible a-clusters states above the a-threshold. This
work is just the first step in experimentally determining
the 3*Ar(a,p)®>"K reaction rate at XRB temperatures.
With 33 states in 33Ca now identified as possible reso-
nances in the 3*Ar(a,p)37K reaction, future experiments
should focus on either searching for additional states in
38Ca missed in this work that may act as resonances, or
determining much-needed spin and a-spectroscopic infor-
mation on a-unbound states observed in this work.
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