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The 180(04,7)22Ne reaction is an essential part of a reaction chain that produces the
22Ne(a,n)?**Mg neutron source for both the weak and main components of the slow neutron-capture
process. At temperatures of stellar helium burning, the astrophysically relevant resonances in the
180(04,7)22Ne reaction that dominate the reaction rate occur at « particle energies Ejqp of 472 and
569 keV. However, previous experiments have shown the strengths of these two resonances to be very
weak, and only upper limits or partial resonance strengths could be obtained. This Letter reports
the first direct measurement of the total resonance strength for the 472- and 569-keV resonances,
0.26 +0.05 peV and 0.63 £0.30 peV, respectively. New resonance strengths for the resonances at «
particle energies of 662.1, 749.9, and 767.6 keV are also provided. These results were achieved in an
experiment optimized for background suppression and detection efficiency. The experiment was per-
formed at the Sanford Underground Research Facility (SURF), in the 4850-foot underground cavity
dedicated to the Compact Accelerator System for Performing Astrophysical Research (CASPAR).
The experimental end station used the y-summing High EffiCiency TOtal absorption spectrometeR
(HECTOR). Compared to previous works, the results decrease the stellar reaction rate by as much

as ~ 4675 % in the relevant temperature range of stellar helium burning.

In the field of nuclear astrophysics, the slow neutron-
capture process, or s process, is the mechanism respon-
sible for the abundance of roughly half of the stable nu-
clides beyond the iron peak that are observed in the solar
system [1]. The two principal contributions to the s pro-
cess are from the weak and main components, which pro-
duce A < 90 and A = 90205 of the s-process abundance
pattern, respectively, and occur in different astrophys-
ical environments. The weak component occurs during
core helium burning of massive stars. At the beginning of
helium burning, '*N remaining from the CNO cycles trig-
gers the reaction chain MN(a,y)8F(3%v)®0(a,y)??Ne.
2Ne is gradually depleted by the 2?Ne(a,v)?**Mg reac-
tion, but towards the end of helium burning the core
contracts and eventually the temperature becomes high
enough to trigger the 22Ne(a,n)?*Mg reaction with its
negative @) value of -478.34 keV [2]. The main com-
ponent occurs in thermally pulsing, low-mass asymp-
totic giant branch stars. Mixing occurs between pro-
tons from the outer envelope of the star and the inter-
shell composed of helium and carbon. This mixing pro-
duces pockets of 13C and '*N within the intershell via
2C(py)BN(BT)BC(p,y)*N. The 3C pocket is then
consumed by the 3C(a,n)'%0 reaction, producing the
majority of the neutron flux. Meanwhile, the N pocket
remains inactive until a thermal pulse occurs, initiating
the sequence “N(a,y)18F(871)180(a,y)??Ne. A second
neutron source is then available via the 22Ne(a,n)**Mg
reaction.

In both the weak and main s-process components,
the 22Ne(a,n)?*Mg reaction plays an important role as

a neutron source. The abundance of ??Ne, and there-
fore the efficiency of 2?Ne(a,n)?°Mg as a neutron source,
during stellar helium burning relies on the preceding
180(a,7y)?2Ne reaction rate. This reaction has been the
subject of several experimental investigations [3—7] and
a sensitivity study [8]. At temperatures of stellar helium
burning (T &~ 0.1-0.3 GK), the astrophysically relevant
resonances in the 180(a,7v)*2Ne reaction occur at o parti-
cle energies of 472 and 569 keV [6]. These two resonances
are extremely weak, and a measurement of the total res-
onance strengths has thus far remained elusive. Refer-
ence [5] was able to place upper limits of < (0.04£0.2) ueV
and < (2.0 £ 0.5) peV for the 472- and 569-keV reso-
nances, respectively. An upper limit of < 1.7 ueV was
obtained for both resonances in Ref. [6]. The last at-
tempt to measure these resonance strengths was reported
in Ref. [7]. In that work, partial resonance strengths of
0.24 £ 0.08 peV and 0.63 £+ 0.09 peV were measured for
the 472- and 569-keV resonances, respectively, by ana-
lyzing the v-ray transition from the first excited state to
the ground state in 22Ne. Assumptions were then made
about v-ray branching ratios to deduce total resonance
strengths of 0.48 + 0.16 peV for the 472-keV resonance
and 0.71 £ 0.17 peV for the 569-keV resonance.

One challenge when measuring the yield from ex-
tremely weak resonances with traditional techniques is
the low signal-to-background ratio. The main sources
of background are beam-induced background from tar-
get impurities, natural radioactivity from the surround-
ing environment, and cosmic-ray induced background. In
addition, these techniques may be hindered by incom-



plete information about -ray angular distributions and
branching ratios. For these reasons, different approaches
are being developed to study («,7y) reactions. In this
work, an environment that eliminates the main back-
ground sources was coupled with a total absorption spec-
trometer (thus removing the need for knowledge about -
ray angular distributions and branching ratios), enabling
the first direct measurement of the 472- and 569-keV to-
tal resonance strengths.

The experiment was performed at the Sanford Under-
ground Research Facility (SURF) [9], in the 4850-foot
underground cavity dedicated to the Compact Accelera-
tor System for Performing Astrophysical Research (CAS-
PAR) [10]. CASPAR consists of a 1 MV model JN elec-
trostatic Van de Graaff accelerator, with a voltage range
of approximately 150 kV — 1.1 MV. The radio frequency
(RF) ion source is capable of producing approximately
250 puA of protons and 220 pA of « particles. Ions are
selected with a 25° analyzing magnet and sent to the
experimental end station.

The experimental end station consisted of a target sys-
tem surrounded by the High EffiCiency TOtal absorption
spectrometeR, (HECTOR) [11]. HECTOR is divided into
16 segments and has a 60 mm diameter borehole along
the beam axis and provides a nearly 47 angular coverage
for ~-ray detection. Each segment contains a Nal(Tl)
crystal that is 4 in. by 8 in. by 8 in. and surrounded
by 1 mm of aluminium casing. Each segment is read out
with two photomultiplier tubes (PMTs) and signals are
recorded with the NSCL Digital Data Acquisition System
(DDAS) [12].

The target system consisted of a tantalum pentoxide
(TagOs) target mounted in a target holder, which was
oriented 90° with respect to the beam direction. Mul-
tiple tantalum pentoxide targets were prepared by the
anodic oxidation of 0.5 mm thick tantalum backings in
water enriched to 97% in '®0. This technique is proven
to produce stable, uniform targets with a known stoi-
chiometry and consistent thickness [13, 14]. Due to the
relatively high beam intensity for an extended period of
time to maximize statistics, water cooling was applied to
the backside of each target, and the stability and pos-
sible degradation of each target was monitored with the
334-keV resonance in 80(p,y)1°F [15, 16]. A scan of this
resonance was performed for each target before and after
usage. For all targets, the observed thickness obtained
with the resonance scan before usage was within 10% of
the expected value based on the anodizing voltage [13].
Though TayO5 targets are known to be very stable, an
effort was made to not exceed 3 C of accumulated charge
for each target to avoid any target degradation. Through
the experiment the yields were monitored as a function
of the total beam charge on target to ensure target sta-
bility. No significant degradation was observed for any
target after beam irradiation.

The targets were anodized with 66 V (corresponding

to a nominal thickness of 1056 A of TasO5 and an energy
loss of 56 keV at E, = 677 keV) and 200 V (correspond-
ing to a nominal thickness of 3200 A of Tas 05 and an
energy loss of 154 keV at E, = 495 keV).

A copper tube extended from the upstream direction to
approximately 1 mm from the front of the target holder.
The copper tube was cooled with liquid nitrogen to form
a cold trap, which prevented the deposition of contami-
nants, such as hydrocarbons from the vacuum system, on
the surface of the target. To suppress secondary electron
emission from the target and obtain an accurate reading
of the beam current on target, a bias voltage of -320 V
was applied to the copper tube. The target system and
beam pipe were electrically isolated from the rest of the
beam line, and formed a Faraday cup to determine the
integrated beam current on target.

The target system was installed at the end of the beam
pipe, centered inside the borehole of HECTOR. In this
configuration, the high geometric and intrinsic detection
efficiency of HECTOR allows for resonance strengths to
be measured with the y-summing technique [11, 17]. The
22Ne nuclei produced from the #O(a,y)??Ne reaction are
formed in an excited state at an energy E. . + @, where
F¢ 1. is the center-of-mass energy of the projectile-target
system and @ is the reaction @ value (9666.82 keV [2]).
Such excited states may de-excite through many differ-
ent possible y-ray cascades, but, with the ~-summing
technique, the «y rays originating from the same cascade
are summed together to create a sum peak at an energy
Es, = FE.n. + @ in the summed spectrum. Therefore,
instead of analyzing individual v rays from 2?Ne, only a
single sum peak needs to be analyzed, and the number
of sum-peak events is directly related to the number of
(a, ) reactions that took place, after taking into account
the summing efficiency of HECTOR. The advantage of
using the v-summing technique with HECTOR at CAS-
PAR is that the ¥0(a,7)*2Ne sum peaks are located in
a region of the summed spectrum devoid of environmen-
tal and cosmic-ray background. In particular, the sum
peaks for the weak 472- and 569-keV resonances could be
identified with a relatively small amount of accumulated
charge, which would be impossible for a similar setup in
an above-ground environment.

The 80(a,7)??Ne resonance strengths wy were calcu-
lated from:

2 (Nx/ex)
wy = )T%ETT7 (1)

where A2 is the de Broglie wavelength in the center-of-
mass frame, €, is the effective stopping power of the
TasOs5 target in the center-of-mass frame, Ny; is the num-
ber of counts in the sum peak, ey, is the summing effi-
ciency of HECTOR, and N, is the number of projectiles
measured with the Faraday cup. SRIM-2013 [18, 19] and
the supplier-quoted number densities of the oxygen iso-
topes in the water were used to calculate &,..
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FIG. 1. Summed spectrum for an « beam impinging on a
TazOs target (anodized with 200 V) at E, = 495.4 keV after
accumulating 3.96 C. Also plotted is the summed spectrum
for normalized room background. The sum peak forms at an
energy Fs; = Fcm. + @, in a region of the summed spectrum
devoid of background.

The Ny, and ey, were determined using the same anal-
ysis procedure as discussed in Ref. [11]. After obtain-
ing the ®O0(a,y)??Ne yield curve, statistics were col-
lected at a beam energy on the resonance plateau for
the thick-target yield (“on resonance”) and at a beam en-
ergy slightly less than the resonance low-energy edge ( “off
resonance”). Figure 1 shows the on-resonance summed
spectrum for the 472-keV resonance. After correcting
for accumulated charge, the off-resonance spectrum was
subtracted from the on-resonance spectrum. The result-
ing sum peak was then fitted with a Gaussian and linear
background, following the procedure described in Ref.
[11]. The linear background was subtracted and the re-
sulting distribution was integrated in the region of three
standard deviations below and above the sum-peak cen-
troid to obtain Ns.

There are two methods for calculating the summing
efficiency ex. In the statistical approach, 5 depends on
both the energy of the sum peak and the average v-ray
cascade multiplicity. The procedure to calculate ey, as
described in Ref. [11] relies on the segmentation of HEC-
TOR and works on the principle that the average seg-
ment multiplicity is directly related to the average vy-ray
cascade multiplicity. The average segment multiplicity is
obtained from the “hit pattern,” which is a distribution of
the number of segments that detect energy in a sum-peak
event. With GEANT4 [20] simulations, the relationship
between average v-ray cascade multiplicity, average seg-
ment multiplicity, and ey is known. The GEANT4 model
of HECTOR at CASPAR has been verified by comparing
experimental and simulated spectra for standard calibra-
tion sources such as %°Co and '¥7Cs, resonances from
the 27Al(p,y)?8Si reaction [21], and resonances from the
B0 (a,7y)?2Ne reaction.

The other method to calculate the summing efficiency
uses the decay scheme of the resonance with GEANT4.
In this approach, the summing efficiency is the ratio of
the counts in the sum peak to the number of simulated
events, provided the decay scheme is complete. The de-
cay schemes of the 662.1-, 749.9-, and 767.6-keV reso-
nances were verified based on a detailed analysis of the
HECTOR spectra. Using the segmentation of HECTOR,
the individual spectra of the 16 segments of HECTOR
were created for only 662.1-, 749.9-, and 767.6-keV sum-
peak events. These spectra are sensitive to the individual
v rays that participate in a 7y-ray cascade. The corre-
sponding hit patterns were also created. These experi-
mental spectra were compared to simulated spectra us-
ing the primary 7-ray branching ratios in Table 3.2 of
Ref. [22] and branching ratios for lower-lying levels from
Ref. [23]. Excellent agreement was obtained in the com-
parison, indicating the decay schemes of these resonances
are well known. While the decay schemes of the 662.1-,
749.9-, and 767.6-keV resonances are well known, no pri-
mary branching ratio information exists for the 472- and
569-keV resonances and therefore the statistical approach
is the only available method for calculating ey, for these
two resonances.

Three sources of uncertainty contribute to the total
uncertainty in the resonance strengths from the present
work. There is the statistical uncertainty associated with
the sum-peak integral, which was less than 4% for the
662.1-, 749.9-, and 767.6-keV resonances, but ~ 17% for
the 472-keV resonance and ~ 47% for the 569-keV res-
onance. The uncertainty in the summing efficiency was
determined using the approach descibed in Refs. [11, 21]
and was less than 5% for the 662.1-, 749.9-, and 767.6-
keV resonances, but increased to ~ 7% for the 472-keV
resonance and ~ 13% for the 569-keV resonance. Finally,
a standard 5% uncertainty in the effective stopping power
of the target was included for all resonances.

The resulting *O0(a,v)*2Ne resonance strengths are
listed in Table I. The resonance strengths calculated with
summing efficiencies using the statistical approach and
decay schemes are in agreement. The resonance strengths
reported in this work are in a good agreement with those
from previous measurements [4-6], and those used by
Ref. [7] to calculate the previous stellar reaction rate ex-
cept for the 472-keV resonance. The 472-keV resonance
strength from the present work is less than the value from
Ref. [7] and greater than the upper limit set by Ref. [5].
However, for the 472-keV resonance, there is good agree-
ment between the partial resonance strength from Ref. [7]
and the total resonance strength from the present work.
In this case, the partial resonance strength obtained in
Ref. [7] is most likely a total resonance strength, and
the branching ratio to the ground state is smaller than
originally assumed in that work.

The resonance energies of the low-energy resonances
at E, = 472 and 569 keV could not be accurately de-



termined from direct («,y) measurements, neither in the
present work nor in previous experiments. However, the
uncertainty in these resonance energies has a significant
effect on the uncertainty in the stellar reaction rate.
The « particle energies of 470 and 566 keV, given in,
for example, Refs. [6, 7], have been recalculated in the
present work to be 472 and 569 keV, respectively, us-
ing the updated @ value of 9666.82 keV [2]. The orig-
inal « particle energies of 470 and 566 keV were calcu-
lated using a @ value of 9669.32 keV [24]. Along with
the updated @ value, the « particle energies were recal-
culated using only the excitation energies of 22Ne from
the 180(Li,d)??Ne reaction [6]. The calculated « parti-
cle energies from this experiment are in good agreement
with direct («,y) measurements at higher energies [4, 5].
However, the « particle energies calculated from the ex-
citation energies of 22Ne from the 2°Ne(t,p)??Ne reaction
[25], which are used in some compilations [26-28], are
not in good agreement, and therefore not used to recal-
culate the a particle energies in the present work. In any
case, further experimental investigations are required to
reduce the uncertainty in these resonance energies and
hence the uncertainty in the stellar reaction rate.

Using the ¥0(a,7)??Ne resonance strengths obtained
in this work, we can calculate the stellar reaction rate
solely using direct measurements of total resonance
strengths. The result is shown in Fig. 2a. The stellar re-
action rate was calculated with the 472- and 569-keV res-
onance strengths obtained with the statistical summing
efficiency, the 662.1-, 749.9-, and 767.6-keV resonance
strengths obtained with the decay-scheme summing ef-
ficiency, and other resonance parameters from NACRE
[29] (resonance energies from NACRE have been recal-
culated using the updated @ value, as explained earlier
in the text for the 472- and 569-keV resonances). At tem-
peratures of stellar helium burning (7' =~ 0.1-0.3 GK), the
472-keV resonance dominates the reaction rate, while at
higher temperatures (7' > 0.3 GK), the rate is dominated
by the 662.1-keV and higher-energy resonances. Com-
pared to Ref. [7], shown in Fig. 2b, the rate decreases by
as much as ~ 467% % at T ~ 0.13 GK. In Ref. [7], one
should note that the line labeled “Ey > 700 keV” in the
top panel of Fig. 11 is not reproduced by the rate as given
by Eq. 6 of that paper. As shown in Fig. 2a, the com-
peting O (a,n)?'Ne rate [30] is insignificant compared
to the ¥0(a,v)*2Ne rate.

In summary, we have performed the first direct mea-
surement of the total resonance strength for the 472- and
569-keV resonances, and remeasured the 662.1-, 749.9-,
and 767.6-keV resonance strengths in the 80(a,v)*?Ne
reaction. The resonance strengths from this work de-
crease the stellar reaction rate by as much as ~ 467%,%
in the relevant temperature range. Future work will in-
vestigate the impact this new rate has on the production
of 22Ne during stellar helium burning and hence the effi-
ciency of 22Ne as a neutron source for the weak and main
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FIG. 2.  The '®0(a,7)**Ne stellar reaction rate from this

work (a) compared to the previous attempt [7] (b). The com-
peting ¥*O(a,n)*' Ne rate [30] is insignificant.

s-process components.
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TABLE 1. Resonance parameters from Ref. [7] and this work for calculating the ®O(c,v)**Ne stellar reaction rate. The
columns labeled “Statistical” and “Decay scheme” contain resonance strengths calculated with summing efficiencies using the
statistical approach and decay schemes, respectively. See text for details.

Energy [keV] wypartiar [ueV] wy [peV]
Ref. [7] Ref. [7] This work
Statistical Decay scheme
472 £ 18 # 0.24+0.08 © 0.48 £0.16 “0.26 £ 0.05
569 £ 15 * 0.63+£0.09 © 0.71 £0.17 ©0.63 £ 0.30

662.1 & 1.0 ° 229+19°¢ 221412 225 +12
74994+ 1.0° 490 £40 © 564 +£35 553 + 34
767.6 + 1.0 ° 12004120 ® 1438 + 86 1306 + 77

# Calculated using the excitation energy in Table 3 of Ref. [6] and
updated @ value of 9666.82 keV [2]. Ref. [6] used a Q value of
9669.32 keV [24].

> Table II of Ref. [5]

¢ Table V of Ref. [7]
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