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1 Abstract

In classical novae, the 3°P(p,v)3'S reaction acts as a nucleosynthesis bottleneck in the flow of material
to heavier masses affecting several observables. The dominant source of uncertainty in the current
recommended reaction rate is the theoretical v decay width of the J™ = 3/27, 259.81(29)-keV resonance at
E, = 6390.46(16) keV in 3'S. We propose to measure the lifetime of the key 3!S resonance using the
Doppler Shift Lifetimes 2 (DSL2) facility at TRIUMF. The 3'S excited states will be populated by the
3He(32S, a)®!S reaction. The deexcitation v rays will be detected by a clover-type high-purity germanium
detector in coincidence with the o particles detected by a silicon detector telescope. We will employ the
Doppler-shift attenuation method and Markov chain Monte Carlo-based Bayesian statistical techniques to
perform lineshape analyses of v-ray data. Our primary objective is to establish the first experimental
constraint on the lifetime, with rigorous uncertainty quantification. Combining the well-known energy, spin
and parity, and proton-decay branching ratio of this resonance, we will be able to pin down the
30P(p, v)3LS reaction rate, enabling more accurate simulations of nova observables.

2 Scientific Value

Classical novae are among the most frequent thermonuclear stellar explosions in the Galaxy. They are
powered by thermonuclear runaways occurring in the accreted envelope transferred from a companion star
onto a compact white dwarf in a close binary system [1, 2]. The 3°P(p,~)3!S reaction plays an important
role in understanding the nucleosynthesis of A > 30 nuclides in oxygen-neon novae [3]. The uncertainty in
the 3P (p,v)3'S rate impacts the nova observables, such as the 3°Si/?8Si isotopic abundance ratios useful
for the identification of pre-solar nova grains [4], the O/S, S/Al, O/P, and P/Al abundance ratios that are
good candidates for nova thermometers [5], and the Si/H abundance ratio, which can be used to constrain
the degree of mixing between the white dwarf’s outer layers and the accreted envelope [6]. It is not currently
possible to measure the 3°P(p,~)3!S reaction directly because intense low energy 3°P beams are not available.
Through nuclear structure measurements, the thermonuclear rate of the 3°P(p, 7)3!S reaction over most of
the peak nova temperatures (0.1—0.4 GK) has been found to be dominated by ¢ = 0 proton capture into a
260-keV resonance [7, 8, 9] (Fig. 1). Recent experimental work has unambiguously determined the energy,
the spin and parity, and the decay branching ratios of this resonance [8, 10, 11], leaving the lifetime as
the largest remaining source of uncertainty in the resonance strength, as well as the last missing piece of
experimental information for this state.

Until Feb 2023, only three relatively long-lived 3'S states at 1248 [12, 13, 14, 15], 2234 [12], and
4451 keV [15, 16] had reported lifetime measurements. In our experiment S1582 with the original Doppler
Shift Lifetimes (DSL) facility at TRIUMF, we determined the lifetimes of the two long-lived 3!S states at
1248 and 2234 keV and obtained strong upper limits on the lifetimes of four short-lived states at 3076,
3435, 4971, and 5156 keV for the first time. We applied Markov chain Monte Carlo (MCMC) based
Bayesian inference techniques to analyze ~-ray lineshapes acquired with the Doppler-shift attenuation
method (DSAM) for the first time. We also observed evidence for 7 rays originating from the
astrophysically important 3/2" resonance at 6390 keV, and the probability distribution obtained from
Bayesian analysis suggests a lifetime below 20 fs. Shell model calculations using USD Hamiltonians
predicted its lifetime to be 4.3 fs (USDA), 24 fs (USDB), 3.5 fs (USDC), 1.8 fs (USDE), 2.8 fs (USDI), and
1.3 fs (USDC-shifted) [17, 18, 19]. Based on the aforementioned studies, we can estimate that the lifetime
falls within the femtosecond range, and therefore, the DSAM remains the most applicable approach.
However, in order to establish stronger constraints on the lifetime, it is necessary to conduct a more
sensitive measurement [18].
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Figure 1: Known decay scheme of the 3°P(p,~)3!S resonance at 6390 keV. The excitation energies and the proton
separation energy are in units of keV and adopted from Ref. [9]. The transition energies and decay branching ratios
are adopted from Refs. [8, 10, 11, 17].

3 Experimental Equipment

Motivated primarily by the unknown or imprecise lifetimes of excited states of astrophysical importance,
we built the DSL facility at TRIUMF. As shown in Fig. 2, a scattering chamber was designed to provide
a clean environment conducive to detecting v ray emission from excited nuclear states populated in heavy
ion-induced transfer reactions in inverse kinematics [20]. Reaction products gain more energy in inverse
kinematics and lead to larger Doppler shifts in v ray peaks, thereby improving the lifetime sensitivity of the
DSAM.

Since its completion in 2005, the DSL setup has been used with (*He, o) reactions to measure the lifetimes
of 19Ne states relevant to the 50O(a, v)!?Ne reaction rate [21, 22], the lifetimes of 150 states relevant to the
YN(p, v)120 reaction rate [23], the lifetimes of 23Mg states relevant to the 22Na(p, v)**Mg reaction rate [24],
and the lifetimes of 3!S states relevant to the 3°P(p, v)3S reaction [18, 25].

There are several factors that limit the sensitivity of the DSL lifetime measurements. We cannot
significantly increase the 32S beam intensity above the 10 pnA achieved in S1582 due to target heating.
Also, we cannot increase the amount of He implanted due to blistering of the Au substrate. As a result,
our focus has been on improving the detection efficiency. In 2021, we upgraded the DSL facility to DSL2
by replacing the two ORTEC B Series silicon surface barrier detectors [26] with a 139 pm thick MICRON
W1 double-sided silicon strip detector (DSSD) [27] and a 1011 pm thick MSX25 single-sided silicon
detector [28] (Fig. 3). The surface area of the two ORTEC detectors was 150 mm?. Limited by the
aperture in front of them, the telescope only covered 1.0% of the 47 solid angle. In contrast, the new
telescope consists of larger detectors with an area of 2500 mm? and is able to cover approximately 34% of
the 47 solid angle.

We have developed a detailed Monte Carlo simulation using GEANT4 [29, 30] to model the v-ray lineshapes
obtained by both DSL and DSL2 (Fig. 4). Based on our simulation results on the key 3!S resonance, the o
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Figure 2: Schematic of the DSL experimental setup. The ejectile aperture has been removed in the DSL2 setup.

detection efficiency is increased by a factor 11 primarily due to the much higher solid angle coverage of the
new Si telescope. The ~-ray detection efficiency is increased by a factor of 1.3. This improvement is attributed
to the elimination of the collimator and detector mount, resulting in less attenuation of « rays between the
target and the Ge detector in DSL2. With the same amount of beam time, the overall statistics of the ~
ray of interest at 4156 keV can be increased by a factor of 14, which will greatly benefit the sensitivity of
lifetime measurements. Furthermore, the overall lineshape observed in DSL2 is subject to more kinematic
broadening, but we can leverage the segmented feature of the DSSD to investigate lineshapes by selectively
gating on a-particles in individual pixels.

The DSL2 setup has been successfully commissioned during the first run of S2193: Lifetime of the key
2Na(p,v)**Mg resonance in novae, in December 2022 [31]. The data analysis is currently in progress, and
a second run will be scheduled once the desired beam intensity of 24Mg is achieved [32].
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Figure 3: Comparison between the DSL and DSL2 setups.
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Figure 4: ~-ray spectra for the 6390 keV — 2234 keV transition in 3'S. The simulation is performed using the DSL1
and DSL2 configuration, respectively, while assuming an equal amount of beam time.

4 Description of the Experiment

The experiment will be conducted using the DSL2 facility [20] at TRIUMF-ISAC-II. A 10 pnA, 128-MeV
3287+ beam will bombard a *He-implanted Au target and the excited states in 3!S will be populated via the
3He(?2S, a)?!S reaction. The target will be kept cool via BeCu fingers in contact with a BN plate attached to
a LNy-cooled Cu shroud. The thermal gradient between the target ladder and the Cu shroud prevents losses
of the implanted >He through heating while mitigating the condensation of contaminants on the surface of
the target [25]. The « particles will be detected by the Si detector telescope placed 18.4 mm downstream of
the target. The beam and the heavy recoils will be fully stopped inside the 25 pm-thick Au foil. Deexcitation
v rays will be detected by a GRIFFIN Ge detector [33, 34] placed at a distance of 78 mm from the target,
centered at 0° with respect to the beam axis. The signals from the preamplifiers of the Si and Ge detectors
will be collected by the 14-bit, 100-MHz, GRIF-16 digitizers. The data will be processed by the GRIFFIN
DAQ [35] and unpacked by the GRSISort program.

The Si detectors will be calibrated using a source containing 23?Pu, 24! Am, and ?**Cm, with strong « lines
at 5.155 MeV, 5.486 MeV, and 5.805 MeV. A linear calibration will be applied and used to extrapolate to
higher energies. The extrapolation will be verified by comparing the energy loss of punch-through particles to
SRIM calculations [36]. The GRIFFIN Ge detector will be calibrated using a *Co source. A line from *7Au
Coulomb excitation at 279.01(5) keV [37] and a line from 3K produced in 32S+12C fusion evaporation at
2814.06(20) keV [38] are usually observed with high statistics. The vast majority of the ~ rays constituting
these lines were emitted after the recoils stopped; hence, they are unshifted and can used as run-by-run
calibration standards. The accuracy of the calibration at high energies will be verified by a 6128.63(4)-keV
7 ray originating from the deexcitation of the second excited state in 0 [39]. The energies deposited in all
four crystals of the Ge detector will be summed together to increase the photo-peak efficiency while reducing
the Compton scattering background [33]. Lifetimes of 3'S states will then be determined from a lineshape
analysis of this addback spectrum.

After the calibration, we will select « particles with specific energies based on relativistic reaction
kinematics, to suppress the competing reaction channels and indirect feedings from higher-lying levels.
This approach ensures a direct level population by the transfer reaction, leading to significantly cleaner -
ray spectra for lineshape analysis. To model the lineshapes in the GEANT4 simulation, the GRIFFIN Ge
detector response has to be accurately characterized. We will employ an empirical technique by fitting an
exponentially modified Gaussian function [40] to unshifted y-ray peaks originating from long-lived states
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populated by Coulomb excitation and fusion-evaporation reactions at 279.01(5) and 547.5(3) keV
(197 Au] [37], 2814.06(20) and 3597.26(25) keV [*9K] [38], 3736.5(3) keV [%°Ca] [41], and 6128.63(4) keV
[°0] [39].

5 Readiness

We possess all the equipment needed for the experiment at TRIUMEF.

6 Beam Time Required

We acquired ~110 hours of data in S1582 using the original DSL setup and observed a total of 51 £+ 11
counts in the 4156-keV dominant decay branch of the key 3'S resonance at 6390 keV, corresponding to
0.46 counts per hour. Based on the GEANT4 simulation and assuming a beam rate similar to that of S1582, we
anticipate 6.6 counts per hour in S2373. This translates to a total of 1020 counts over a period of 152 hours.
To investigate the lifetime sensitivity that can be achieved with a factor of 20 increase in statistics, we
have generated the same amount of synthetic data for the 4156-keV ~-ray line and incorporated a realistic
background level based on our observations in S1582.

The literature energy of the v ray, the background level beneath the peak, and the stopping power of
the target foil have been identified as the most significant factors affecting the lineshapes and,
consequently, the inferred lifetime. In the Bayesian framework, the model parameters are viewed as
random variables. By varying these parameters within a reasonable range, we first run the GEANT4
simulation with ~300 parameter settings (Fig. 5). We have established the analysis framework based on
the SURMISE package [44, 45] developed by the Bayesian Analysis for Nuclear Dynamics (BAND)
Collaboration [46]. Briefly, we standardize the simulation outputs, extract singular value decomposition to
identify principal components, and then project the original simulator outputs onto a lower-dimensional
space spanned by an orthogonal basis. This way, the high-dimensional model outputs are transformed into
a reduced number of uncorrelated latent outputs using principal component analysis (PCA) [42].
Typically, we set the number of principal components to capture 99.99% of the variance of the model. This
means the reduced data set using PCA still retains most of the important information from the original
data set. We fit a Gaussian Process (GP) model for each latent output, use the fitted GP model to predict
the mean, variance, and covariance matrix, and reconstruct them in the original high-dimensional space
through the inverse PCA transformation. When computing the likelihood during MCMC sampling at
another parameter setting, the simulator output is represented by the trained emulator’s predictive mean
and covariance, and the prediction uncertainty from the emulator is integrated within the likelihood. GP is
computationally efficient and accurately accounts for the uncertainty associated with emulation, which is
suited for Bayesian parameter estimation purposes [43].

The final results obtained from the MCMC sampling are demonstrated in Fig. 6. The lifetime value and
its 1o uncertainties are typically determined by extracting the 16th, 50th, and 84th percentile values from
the posterior distribution. In situations where the lifetime falls beyond our sensitivity and is compatible
with zero, we can establish its upper limit at a 90% confidence level by using the 90th percentile value from
the posterior distribution. One important merit of Bayesian methods is that a posterior distribution offers
more detailed information than a point estimate or an interval from frequentist methods so that uncertainty
propagation can work with richer information than that conveyed by a point estimate [47, 48]. The 2D
correlations between parameters allow us to easily capture features, patterns, or anomalies. The lineshapes
based on the prior and posterior distributions of parameters are shown in Fig. 5. The close resemblance
between the prediction bands and the measured lineshapes indicates the constraining power provided by
the experimental data. With the higher statistics offered by DSL2, it may also be possible to extend the
lineshape analysis to other weaker transitions from the resonance to achieve even higher sensitivity on the
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Figure 5: Lineshape analysis of the 4156-keV ~-ray line from the 6390 keV — 2234 keV transition in 3!S. The
lineshapes assuming 7 = 3 fs (top two panels) and 0 fs (bottom two panels) are shown as data points with
statistical error bars in both panels. Prior lineshape (red, upper panel): hundreds of lineshapes generated by varying
each parameter within its prior range in the GEANT4 simulation. Posterior predictive lineshape (blue, lower panel):
95% credible interval constructed with the number of counts in each bin corresponding to the parameter posterior

distributions.
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lifetime, thus facilitating a clearer distinction between the shell-model predictions and contributing to the
understanding of the nuclear structure of 3'S.

Fig. 7 demonstrates how well we can constrain the resonance strength and the reaction rate with the
inferred lifetime. Combining 7 = 3.1fi:g fs and 7 < 2.5 fs (90% CI), respectively, with our experimentally
determined proton branching ratio B, = 2.5f8:§‘ x 107* [11] yields resonance strengths wy = 35:“%2 neV
and wy > 43 peV (90% CI), respectively. Combining with the well-measured resonance energy
E, = 259.81(29) keV [9], the reaction rate and its uncertainties can be determined without relying on any
theoretical assumptions for the first time. Combining with the known properties of other resonances
making small contributions within the Gamow window [49, 50, 51, 52, 53, 54, 55|, the total thermonuclear
30P(p, v)3S rate can be determined.

A

A =305 1

A
e

200+ . |
175 -~ T
20 R —
150 ——
0 -1
‘ 4
5 | e 10
(0] ‘ E
= 100 \ v
- i
; +26 \ : -
50 wy =353 peV \ %
| ‘ 4”/‘ E 1077_/’ --------- 3OP(p’y)MS e
| / = 30P(ﬂ+)308i
-9
0 2 4 6 & 10 12 19010 015 020 025 030 035 040

7 (fs) Temperature (GK)

Figure 7: Left: the strength of the 260-keV 3/27" resonance derived from the inferred lifetime of 3 fs and the known
proton branching ratio [11]. The resonance strength and its corresponding uncertainties are determined by using the
16th, 50th, and 84th percentile values, which are indicated by dashed lines. Right: the corresponding thermonuclear
30P(p,v)3!S reaction rate from the dominant 3/2% resonance contribution.

To investigate the astrophysical impact, we will perform hydrodynamic simulations of oxygen-neon
novae with the spherically symmetric, implicit, Lagrangian, hydrodynamic code SHIVA coupled to a full
nuclear reaction network [1, 56]. Briefly, the 3°P(p,~)3!S reaction rate and the 3°P(57)3°Si decay are the
two main destruction mechanisms for 3°P in ONe novae [1]. Fig. 7 shows the proton capture becomes more
likely than the competing S decay beyond a temperature within the peak nova temperature range of
Theax = 0.1—0.4 GK. The location of the crossing point influences the predicted Si isotopic ratio for ONe
nova ejecta. With the experimentally determined 3°P(p,~)3!'S rate, we can reach a concrete prediction
regarding the presence of 30Si excesses in nova ejecta. This will provide valuable insights into the origin of
several presolar grains with significant enhancements in the 39Si:?®Si ratio. The elemental abundance ratios
of O:S, S:Al, O:P, and P:Al exhibit a strong dependence on both nova temperature and the 3°P(p,~)3!S
rate. The new rate from this work will allow us to eliminate the dominant nuclear uncertainty and make
these ratios more robust nova thermometers.
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To summarize, our analysis has demonstrated that with 19 shifts, we can either obtain a finite value as
low as 3 fs or set a strong upper limit of 2.5 fs on the lifetime of the astrophysically important J™ = 3/2%,
260-keV 3°P(p, v)3'S resonance. This level of precision will put the reaction rate on a fully experimental
footing for the first time, and will potentially eliminate the largest nuclear uncertainty associated with the
aforementioned nova observables. Taking into account an additional 2 shifts of downtime, we request a total
of 21 shifts (7 days) to run the experiment.

7 Data analysis

The data analysis will be conducted on the FRIB Lab server, located at Michigan State University, USA.
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