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Doppler broadening in °Mg(Bpy)'°Ne decay
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Background: The O(«, y)!°Ne bottleneck reaction in Type I x-ray bursts is the most important thermonuclear
reaction rate to constrain experimentally, to improve the accuracy of burst light-curve simulations. A proposed
technique to determine the thermonuclear rate of this reaction employs the *Mg(8pa)' O decay sequence. The
key *O(a, y)'"Ne resonance at an excitation of 4.03 MeV is now known to be fed in *Mg(8py )'°Ne; however,
the energies of the protons feeding the 4.03 MeV state are unknown. Knowledge of the proton energies will
facilitate future 2°Mg(8 pa)'>0 measurements.

Purpose: To determine the energy of the proton transition feeding the 4.03 MeV state in '°Ne.

Method: A fast beam of *°Mg was implanted into a plastic scintillator, which was used to detect 8 particles. 16
high purity germanium detectors were used to detect y rays emitted following B p decay. A Monte Carlo method
was used to simulate the Doppler broadening of '°Ne y-ray lines and compare to the experimental data.
Results: The center of mass energy between the proton and '°Ne, feeding the 4.03 MeV state, is measured
to be 1.21f8§§ MeV, corresponding to a °Na excitation energy of 7.44f8§§ MeV. Absolute feeding intensities
and y-decay branching ratios of '°Ne states were determined including the 1615 keV state, which has not been
observed before in this decay. A new y decay branch from the 1536 keV state in '*Ne to the ground state is
reported. The lifetime of the 1507 keV state in '’Ne is measured to be 4.31’}:? ps resolving discrepancies in the
literature. Conflicting 2*Mg(8p) decay schemes in published literature are clarified.

Conclusions: The utility of this Doppler broadening technique to provide information on S-delayed nucleon
emission and excited-state lifetimes has been further demonstrated. In particular, knowledge of the proton
energies feeding the 4.03 MeV !“Ne state in 2°Mg 8 decay will facilitate future measurements of the a-particle

branching ratio.

DOLI: 10.1103/PhysRevC.99.065801

I. INTRODUCTION

A Type I x-ray burst can occur when a binary star system,
consisting of a neutron star and hydrogen-rich star, is close
enough that matter from the hydrogen-rich star is accreted
onto the surface of the neutron star [1]. The increasing heat
from dense accumulated matter on the surface of the neutron
star can lead to thermonuclear runaway and is a likely site
of the rapid proton capture process [2], synthesizing new
elements up to mass number A >~ 100 [3].
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In the study of Type I x-ray bursts there are a few reaction
bottlenecks whose unknown or highly uncertain rates can have
large effects on simulated burst profiles. The most important
reaction rate to determine is the *O(w, y)!”Ne Hot CNO
cycle breakout reaction which heavily affects the onset of
the burst [4]. A single resonance is expected to dominate
the reaction rate and corresponds to an excitation energy of
E.(**Ne) = 4.03 MeV.

It is not possible with current facilities to directly measure
the PO(a, y)lgNe reaction rate because an '>O rare isotope
beam of sufficient intensity is not available. However, the
resonance strength can be indirectly determined from mea-
surements of the spin, lifetime, and branching ratio I, /" of
the 4.03 MeV state. Currently, the spin is known to be 3/2%
[5] and the lifetime has been measured [6-8] to sufficient
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precision, while only sensitive upper limits have been placed
on the a-decay branch [9-12].

A recently proposed technique for measuring I'y,/T" em-
ploys the decay sequence *°Mg (B pa) for which the last step
is a-particle emission to 13O, the inverse of « capture [13]. An
important component to identifying p-« coincidence events of
interest is the unknown energy of the proton(s) emitted from
Egle excited states in “’Na which feed the 4.03 MeV state in

Ne.

In the present work, we employ a Doppler-broadening
technique to measure the proton energy. When a nucleon is
emitted from a nucleus, following B decay, the momentum of
the system must be conserved so the daughter nucleus will
recoil with equal and opposite momentum as the ejected nu-
cleon. If a y ray is emitted before an excited daughter nucleus
has time to stop, then the resulting y ray will be Doppler
shifted. The resulting y ray line shape will be broadened. The
broadened feature preserves information about the energies of
the emitted nucleons, which is modeled using a Monte Carlo
simulation method.

This Doppler broadening method was first used to study
Li(Bny)'°Be where direct measurement of neutrons is very
difficult but the relatively light nuclei provide substantial re-
coil velocities [14—16]. The analysis of the line-shape allowed
for the construction of a partial decay scheme as well as the
ability to measure nuclear lifetimes of the y-decaying states.
This method was recently utilized in 2°P(8py )* Al to extend
the method to higher masses and apply it to proton emission
for the first time [17].

In previous measurements, excited state energies, life-
times, and y-branching ratios of '°Ne levels have been mea-
sured for nearly all states known to be fed by 2°Mg(Bpy)
[5-7,18]. Previous experiments have measured protons from
the 2°Mg(Bp)'*Ne decay sequence directly [19-21]; however,
some aspects of the various decay schemes constructed are
inconsistent. Additionally there are excited states in '’Ne with
no proton feeding information available. In the present work,
we use the Doppler broadening line shape analysis method
to resolve some of these inconsistencies and provide new
information about states with unknown proton feedings or
lifetimes.

II. EXPERIMENTAL SETUP

The Mg B-decay experiment was performed at the Na-
tional Superconducting Cyclotron Laboratory (NSCL) and
has been described in Refs. [13,22,23]. Briefly, a >*Mg pri-
mary beam was accelerated by the K500 and K1200 coupled
cyclotrons to 170 MeV /u and impinged on a 961 mg/cm”°Be
transmission target. The fast secondary beam contained the
desired Mg as well as other fragments. Fragments whose
momentum to charge ratio differed from 2’Mg were removed
from the beam using the A1900 magnetic fragment separator,
and similarly a bulk of the fragments with Z # 12 were
removed using a 594 mg/cm? Al wedge [24]. A 300-um-thick
Si transmission detector was lowered periodically into the
beamline to determine the beam composition, ~1 m upstream
of the experimental setup, using the AE-TOF method. The
time-of-flight was measured over a path of 25 m using the
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FIG. 1. Particle identification plot obtained with an attenuated
beam in between production runs. The time of flight was determined
over a 25-m path between the scintillator placed at the focal plane of
the A1900 and the Si PIN detector. The energy loss dE was gathered
from the energy deposited in the PIN detector.

Si detector and a scintillator at the focal plane of the A1900
(Fig. 1). The final beam consisted of 34% Mg (Qgc =
10.7MeV), 24% '8Ne (Qpc = 4.4MeV), 12%'"F (Qpc =
2.8 MeV), 22% '°0 (stable) and 8% N (stable).

Up to 4000 2°Mg ions s~! were delivered to the experimen-
tal setup and were implanted ina5cm x 5cm x 2.5 cm thick
plastic scintillator, which detected ion implantations and -
decays. The scintillator was surrounded by two rings of eight
segmented HPGe (high-purity germanium detectors) each, the
segmented germanium array (SeGA), which detected y rays.
Data from these B-decay events were collected by the NSCL
digital data acquisition system [25].

II1. DATA AND ANALYSIS

We produce a total B-particle gated y-ray spectrum to
compare to Doppler broadening simulations. Three of the
SeGA detectors had resolutions that were 25-110% worse
than average and would increase systematic errors in the
Doppler broadening analysis, and since we did not suffer
significantly by losing these statistics, only 13 of the 16
detectors were used to analyze most peaks. The resulting
spectra from these 13 SeGA detectors were added to produce
a total B-gated y-ray spectrum [13,22].

A. y-ray energy and efficiency calibration

To create the total spectrum, the y-ray energy spectrum
of each SeGA detector was linearly gain-matched run by run
using room background lines at 2614.511 + 0.010 keV and
1460.820 + 0.005 keV from the B-decays 2°Tl and “°K,
respectively. An exponentially modified Gaussian function of
the form

PN ) No ne 1 /0o 2+x—u
X3 N, , O, = —eX P
a » V2P 2\ % y

o 1 fo x—pn !
X”[ﬁ<i+ - )} M

065801-2



DOPPLER BROADENING IN *Mg(8py)!°Ne DECAY

PHYSICAL REVIEW C 99, 065801 (2019)

o 154 —4— "™*Eu Calibration Run

°>, E —4— Geant4 Simulated

§ 10 —}— Experimental data

g .

w E

P L)
=y 56
25 0%,}%%:’%::%::% """""""""""""""""""""""""""
s _gE v
o E E ‘

W10 , beoeseooeeaanes neneemoenes .

1000 2000 3000 4000 5000 6000
Energy(keV)

FIG. 2. Upper Panel: Absolute y-ray photopeak efficiency curve
(solid red line) for all 16 SeGA detectors generated by scaling
GEANT4 simulated efficiencies over a range of energies by a constant
factor of 0.975 to match the radioactive source calibration efficiency.
Lower panel: Residuals between the calibration source efficiency and
the scaled fit of the GEANT4 simulated efficiencies. The dotted lines
represent a one standard deviation uncertainty envelope.

was used to model the response function for each SeGA
detector and the maximum value from the fit of these y
ray lines was used for linear gain-matching. The exponen-
tially modified Gaussian is characterized by an exponential
parameter A, width o, peak position u, energy x, and normal-
ization N.

y-ray energies were calibrated using well known room
background y-ray lines from decays of “’K and 2%TI in
addition to strong y-ray lines from 20Na(ﬁ y) and 2ONa(,Bozy)
at energies 1633.602 £+ 0.015, 3332.54 + 0.20, 6128.63 +
0.04, 8237 4+ 4, and 8638 £ 3 keV. y-ray energies are reported
in the laboratory frame and excitation energies are reported
with recoil corrections applied.

An absolutely calibrated source of '*Eu was used to
determine the y-ray efficiency (Fig. 2). This provided us
with efficiency data points ranging from 247.7 to 1596.4 keV.
The geometry of our experimental setup was used as input
for a GEANT4 Monte Carlo simulation to determine a y-ray
photopeak efficiency curve for all 16 SeGA detectors, which
matched with our calibration source efficiency when scaled
by a constant factor of 0.975. Using this simulated efficiency
curve we extrapolated the efficiency to higher energies. This
procedure of scaling GEANT4 simulated efficiencies to cal-
ibrated efficiencies was shown to be accurate in a previous
experiments with very similar geometry and with calibration
peaks that spanned a wider range of energies [26]. Below
1600 keV, we interpolated the efficiency, so a flat statistical
uncertainty of 0.8% is used. An additional 2% systematic
uncertainty is applied to account for summing of y rays from
the calibration source. Previous experiments used a 5% uncer-
tainty for efficiencies determined by extrapolating to higher
energies [26,27], however, these experiments had measured
efficiencies up to 5 and 2.8 MeV. Since we must extrapolate
as high as 4.03 MeV from measured efficiencies only up to
1.6 MeV, a more conservative systematic uncertainty of 10%
is adopted for the extrapolated y-ray efficiency at 4.03 MeV.
This value is somewhat arbitrary but certainly conservative.
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FIG. 3. Ratio of counts in photopeaks of scintillator-gated y-ray
spectrum to counts in ungated spectrum. The mean of the measure-
ments at 87.4% is denoted by the central dashed line with a 1 standard
deviation envelope of 0.2%. Ratios are measured for ’Mg(8y )*°Na,
Na(By)*Ne, and ’Mg(Bpy )*°Ne peaks.

B. B-decay detection efficiency

To reduce background in the B-particle gated y-ray spec-
trum, a gate on the scintillator energy was applied, which
differentiated SB-decay events and the much higher-energy
ion implantation events. A 1-us timegate was also applied
to reduce the contribution from random coincidences. The
well known 984 keV y ray from 2*Mg(B8y )*°Na decay, with
branching ratio 0.697 £ 0.012 [19], is used to normalize the
number of Mg B decays occuring in our experiment. A
branching ratio of 0.725 + 0.025 was also measured in a
recent experiment [20], in agreement with the more precise
value. Therefore, it is important to characterize our scintilla-
tor’s B-decay detection efficiency as a function of S-endpoint
energy and proton energy.

The scintillator efficiency is measured by comparing the
number of counts in the ungated y-ray spectrum to the
number of counts in the scintillator gated y-ray spectrum
for 2*Mg(By), *°Na(By), and *°Mg(Bpy) peaks. Each peak
represents a different sample of B-endpoint energies and pro-
ton energies. A constant 87.4 £ 0.2% scintillator efficiency
was consistent over a large sample of y-ray peaks (Fig. 3)
and therefore the scintillator efficiency to detect 8 decays
was assumed to be constant. A constant S-particle detection
efficiency was also observed in Refs. [26,27].

C. Doppler broadening analysis

A Monte Carlo simulation was developed to model the
Doppler broadening. Inputs of the simulation include the
center of mass (CoM) energy between the emitted proton and
Ne* state (denoting the '°Ne in an excited state), the lifetime
and excitation energy of the !°Ne* state, the stopping power of
the implantation material (Polyvinyltoluene), and the response
function of each SeGA detector.

The recoiling '’Ne* is given an initial kinetic energy based
on the CoM energy of the proton emission from an excited
20Na state which is, to a good approximation, at rest in the
plastic scintillator. The Monte Carlo simulation works by first

065801-3



B. E. GLASSMAN et al.

PHYSICAL REVIEW C 99, 065801 (2019)

assuming a lifetime for a '"Ne* state and randomly sampling
the exponential decay curve distribution.

We require an understanding of the stopping power to
determine how much kinetic energy the recoiling 'Ne* atom
will lose before it emits a y ray. The stopping power is
determined as a function of recoil energy using SRIM [28].
Depending on the sampled lifetime, the *Ne* atom will slow
down a certain amount or stop completely before emitting
a y ray. Therefore, the energy lost in the plastic scintillator
by the recoiling '°Ne* is calculated recursively to model a
continuous energy loss.

Angular correlations between protons and y rays can have
an effect on the overall line-shape [29]. The direction of the
proton, produces a y-ray angular distribution described by a
linear combination of even Legendre polynomials [30] in the
center of mass frame [Eq. (2)]:

W (Oem) = D AcPelc0s(Bem)] )
2k

The highest order Legendre polynomial for each y-ray tran-
sition is determined by the spin of the proton-emitting 2’Na
state, multipolarity of the y -ray transition, angular momentum
of emitted proton, and spin of 19Ne* [31,32] such that

2Kmax < min[(ijoNa), (2L)max (Zl)maXa (2j19Ne* — Dmax]-

The spin of 2°Na states is constrained to be 0t and 1% in
allowed Mg B decay, restricting the angular correlation
function to the Py[cos(0cm)] and P>[cos(fem)] terms. A first-
order assumption is made that the isotropic term (Py) dom-
inates and a P, term will be added if a good fit can not be
achieved with this assumption.

An angle, dependent on the angular distribution function 2,
is randomly chosen between the recoiling '°Ne atom and
emitted y ray, to calculate the Doppler shift at the observation
point. This y ray enters a random detector and the known
response function of that detector is treated as a probability
density function which outputs a final observed energy. An
ensemble of such events can be used to construct a simulated
peak shape for comparison to the actual data.

A response function for each of the SeGA detectors was de-
termined by fitting unbroadened B-delayed y-ray peaks with
an exponentially modified Gaussian function at energies 238
(*Ne), 984 (**Mg), 1634 (**Ne), 2312 (**N), 3332 (*’Ne),
and 6129 ('°0) keV [Eq. (1)]. The exponential parameter (1)
was fixed to 0.7 to parametrize o as a function of energy and
all other parameters were left free. The value of o was plotted
as a function of energy and fit using a linear function (Fig. 4).
This parametrization was implemented in the Doppler broad-
ening simulations to mimic the SeGA detectors’ response.
Each detector has a slightly different contribution to the total
number of counts in the peak depending on efficiency and the
simulation reflects this.

D. Doppler broadening systematic uncertainties

To extract accurate information from the Doppler broaden-
ing of each peak it is important to first quantify how well we
know the inputs and how sensitive the simulation will be to
slight changes in each quantity.
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FIG. 4. An example of the o parameter energy dependence for
input to the exponentially-modified-Gaussian response function for
a single SeGA detector. Each data point corresponds to the value of
the o parameter for a particular calibration peak. The o parameter
is fit using a line and the confidence band [red] shows 1 standard
deviation uncertainty.

The stopping power, which is determined by SRIM, is
expected to be accurate to within 10% [28]. The uncertainty
in the stopping power is directly related to the uncertainty in
the lifetime and will have a greater systematic effect when the
lifetime of the excited state is not well known or unknown.

The exponentially modified Gaussian response function is
well known for all '’Ne y ray energies. The o parameter in
the response function has <0.7% uncertainty for each detector
below 1600 keV, however, this uncertainty is larger in the case
of the 4.03 MeV y ray which lies far away from many of the
B-delayed y rays used to model o.

The final two inputs of the Doppler broadening simula-
tion, °Ne excited state lifetimes and the feeding intensities
and energies from *’Na excited states, have large literature
uncertainties, and in some cases, are unknown. The absolute
Mg(Bp)'°Ne* feeding intensities are obtained from the
direct proton measurements of Piechaczek et al. and Lund
et al. [19,20] and used when available. The uncertainty in
the better known quantity between the lifetime and proton
feeding energy is used to determine a systematic uncertainty
in measurements of the lesser known quantity, or will be
considered a free parameter for x> minimization if there
are no prior measurements. In Sec. IV this is delineated for
each case.

The systematic uncertainties determined from these quan-
tities are combined in quadrature with statistical uncertainties.

In all fits described below, we are able to achieve a min-
imum in the x2 distribution close to 1, using an isotropic
distribution of y rays with respect to proton distribution.

E. Background Modeling

To model the background of high-statistics peaks we take
a linear fit A on the left side of the peak and linear fit B on the
right side of the peak to represent the unique background level
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FIG. 5. An example background component of a fit function
(dot-dashed green line) applied to a high statistics y-ray peak
(984.25 keV) in the total B-gated y-ray spectrum (solid black line).

on each side and connect them using a continuous step. This
was done by weighting function A more heavily to the left of
the peak, weighting function B more heavily to the right of the
peak, weighting them equally at the maximum of the peak,
and summing these functions together to make a tanh-like
function. An example of the background model can be seen
in Fig. 5 where the background of the 984 keV peak on the
left is significantly higher than on the right due to incomplete
charge collection. For very low-statistics peaks a simple linear
function is sufficient to model the local background because
the step is negligible.

IV. RESULTS AND DISCUSSION

The decay scheme presented in Fig. 6 is deduced from
the y-ray spectrum obtained in this experiment. Only the
Ne levels which are populated by *°Mg(Bp) are displayed.
The measured 2°Mg(Bp) intensities and y-ray energies are
reported in Table I. The y-ray intensities per *°Mg B decay
(Igpy) are determined from the integral of each fit. These
values are corrected for the SeGA efficiency and normalized
to the number of 2°Mg g decays.

We proceed to discuss the individual '*Ne states.

A. PNe 1507 keV 5/2 state

There are two y rays which are emitted from this state
at 1232.5 and 1269.3 keV, and they are expected to have
branching ratios of 88(3)% and 12(3)%, respectively [18]. The
1507 keV excited state lifetime has been previously measured
to be 1.4702 ps [33], 1.7(3) ps [7], and 4.173 ps [18].
Since there is significant tension between the various lifetime
measurements, the lifetime was treated as a free paramater for
%2 minimization.

It is important to note that there is very little broadening
in the 1232-keV peak due to a long lifetime and therefore
any 2°Na states assumed to feed this '°Ne level yield almost
exactly the same peak shape. Therefore, even though the
feedings in Lund and Piechaczek differ substantially, they will
both fit the data equally well. The lack of sensitivity to the
proton branches adopted makes it relatively simple to measure
the lifetime of the state. The x 2 is minimized by taking a value
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FIG. 6. ""Ne level scheme from *Mg(8py )'°Ne decay deduced
from the present work. The y-ray transition intensities are denoted
by the thicknesses of the arrows, which are proportional to their
intensities. The °Mg(Bp) feeding intensities are denoted by the
arrows on the right.

of the lifetime long enough that nearly all the recoiling '°Ne
ions in this state are stopped before emitting a y ray (Fig. 7).
By minimizing the x? as a function of the lifetime, a value
of 4.3’:1:? ps is measured for the lifetime of the 1507 keV
state (Fig. 8). The uncertainty is determined from the x>
minimization as well as a systematic uncertainty associated
with the o parameter and stopping power. This measurement
is in agreement with Ref. [18] and more precise, but it does
not agree within 1 standard deviation with the measurements
in Refs. [7,33].

The peak at 1269.3 keV is fit using the lifetime of 4.3 ps,
determined by the 1232.5 keV peak, since the former peak
had much higher statistics. This peak sits next to a Doppler
broadened peak from the 1536 keV state '’Ne that will be
addressed in the next section.

The y-ray intensities per 2°Mg B decay of the 1232 keV
and 1269 keV y rays are shown in Table I. We can use these
intensities to determine a y-decay branching ratio from the
1507 keV state. The uncertainties in efficiency cancel out
and we are only concerned with the statistical uncertainty
for calculating the branching ratio, which is measured to be
84.9(4)% decay to the 275 keV state and 15.1(4)% decay to
the 238 keV state, in agreement with previous measurement
[18].

The total B-delayed proton feeding of the 1507 keV state
Igp_1507 = 2.78(7) x 1073 is consistent with the value from
Piechaczek et al. of Ig,_1507 = 2.5(3) x 10~? and more pre-
cise but is a factor of 2.7 lower than the value measured
by Lund et al. I, 1507 = 7.4(21) x 1073, which has a large
uncertainty.
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TABLE 1. Column one reports the °Ne excited-state energies populated by *°Mg(B8p), and were determined by applying recoil corrections
to the measured y-ray energies in the laboratory frame (column four). Column two reports the measured lifetimes of '*Ne excited states.
Column three reports the intensity of 2’Mg(Bp) feedings to each excited state, where each feeding is determined by adding all y-ray decays
originating from each state and subtracting feeding from higher lying states. Column four reports the measured laboratory frame energies of
each y-ray branch. Column five reports the total intensity of each y-ray transition per ’Mg decay. Column six reports the y-ray branching

ratios for each '?Ne excited state. Column seven reports the measured CoM proton energies feeding '°Ne excited states.

E.(*Ne) (keV) 7 (ps) Dowig(sp) E, (keV) Igyy Branch (%) Ecom (MeV)
238.04(10) 0.0221(14) 238.04(10) (3.80 £ 0.075 £ 0.084y5) x 102 100
274.96(10) 0.0313(15) 274.96(10) (3.59 £ 0.0641 = 0.08y5) x 102 100
1507.52(25) 4.3J_r{:? 0.00278(7) 1232.49(22) (2.36 4= 0.0415e = 0.054y5) x 1073 84.9(4)
1269.47(24) (4.18 £ 0.124, £ 0.094y,) x 10~ 15.1(4)
1535.95(24) 0.01663(45) 1260.87(24) (6.75 £ 0.1545 £ 0.154y5) x 10~ 4.05(16)
1297.94(22) (1.539 £ 0.027 o £ 0.033,y5) x 1072 92.53(35)
1535.90(24) (5.68 £0.44, £ 0.17y) x 10~ 3.42(29)
1615.24(30) 0.00212(7) 1340.27(25) (1.57 £ 0.03, % 0.03,,,) x 1073 74.0(17) 2.70(23)
1377.1(3)° (1.82 % 0414 £ 0.04,,,) x 107 8.6(18)
1615.16(30)° (3.68 £ 018, = 0.08y5) x 1074 17.4(9)
4034.7(16) 0.00014935)  4034.2(16) (1.19 4 0.124 % 0.12,,,) x 10~ 80(15)° 121703

*Value derived from 238, 275, and 1340 keV y-ray peak energies

Value derived from addition of 275 and 1340 keV y-ray peak energies

“Value adopted from Ref. [5].

B. ®Ne 1536 keV state

There are two y rays which have been measured from
this state at 1261 and 1298 keV and are expected to have
branching ratios of 5(3)% and 95(3)%, respectively [18]. In
this work we measure an additional branch decaying to the
ground state at 1536 keV for the first time. The lifetime of
the state has a recently measured value of 16(4) fs [7] and
is in agreement with the previous evaluation of 28(11) fs
[5] so a value of 16 fs is adopted for the simulation. Clear
broadening is apparent for all three of the y rays emitted and
the different proton energies and intensities that feed the 1536

> C

> 15000F

X

14000

o

D

£ 13000

=}

8 12000 b b o e
> .

TL 200% ... et s Ll e

3= OF# T LWL v

€ g —200L - L

_49%10 1215 1220 1225 1230 1235 1240 1245 1250 1255
Energy (keV)

FIG. 7. Upper panel: The fit of the 1232 keV y-ray peak is
produced by using 4.3-ps lifetime as well as proton feeding inten-
sities from Piechaczek et al. [19]. The solid gray line represents the
data, the dot-dashed green line denotes the background, the dotted
lines denote the different contributions of each proton feeding, and
the dashed red line denotes the total fit. The fit has a x2 = 1.07.
Lower panel: The residual plot shows the data subtracted from the
fit function.

keV state become much more important. For the simulation of
each recoil energy, the relatively precise values of E,(*°Na)
from Lund et al. were adopted. The relative branches from
both Piechaczek and Lund were used to separately fit the data
and the total number of counts in the peak was left as a free
parameter.

It is easy to see that the relative branches from Lund do not
fit the 1298 keV peak accurately with a x2 = 30.8 (Fig. 10).
An additional lower-energy proton feeding is required to
fit the data. The relative branches from Piechaczek fit the
data much better and return a x2 = 1.14. From the fit of
the 1298 keV peak a value of Ig,, 1298 = (1.54 £ 0.034, £
0.03y5) x 1072 is measured.

A fit of the 1261 keV peak is shown in Fig. 9. The
simulation for this peak used the relative proton feedings from
Piechaczek as well as the 16 fs lifetime of the state, which fit

520
515
510
505

~ 500

= 495
490
485
480
475’\\\\\\\\H\\HH\HH\HH\HHM

2000 3000 4000 5000 6000 7000 8000

Lifetime (fs)

FIG. 8. x? values determined by simulating the lifetime of the
1507 keV '“Ne state for many values and comparing the simulation
to the data over 447 degrees of freedom. The minimum is found at
4.3 ps.
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FIG. 9. Upper panel: The y-ray spectrum above contains two
'Mg(Bpy) peaks from different excited states in '°Ne. The data are
represented by the solid black line and, the dot-dashed green line
denotes the background, the dotted pink lines denote the different
contributions of proton feedings to the 1507 keV state, the dotted
black lines denote the different contributions of proton feedings to
the 1536 keV state, and the dashed red line denotes the total fit
which has a x2 = 1.11. Lower panel: The residual plot shows the
data subtracted from the fit function.

the 1298 keV peak well. The feeding of the 1261 keV peak
is r&easured to be Igpy_1261 = (6.75 £ 0.154 £ 0.154) x
107,

The 1536 keV state has three y decay paths to the ground
state of '’Ne. The two cascades that do not directly decay to
the ground state will yield a small portion of counts in the
1536 keV peak due to summing in a single y-ray detector. The
number of counts in the 1536 keV peak due to the summing
effect is calculated from the number of counts in the 1298 keV
peak and SeGA efficiency for a 238 keV y ray as well as the
number of counts in the 1261 keV peak and SeGA efficiency
for a 275 keV y ray. After subtracting the summing counts
from the 1536 keV peak integral we measure an intensity of
Iﬁpy_1536 = (5.68 & 0.44 ., + 0~17sys) x 1074

From Ig,, 1261, Igpy—1298, and the newly measured
Ig,y 1536 We measure the y-ray branching ratio from the '*Ne
1536 keV state to be a 4.05(16)% branch to the 275 keV state,
a 92.53(35)% branch to the 238 keV state, and a 3.42(29)%
branch to the ground state.

C. Ne 1615 keV state

There are three y rays which are emitted from this state
with energies of 1340, 1377, and 1615 keV and they are
expected to have branching ratios of 70(4)%, 10(3)%, and
20(3)%, respectively [18]. This state has never been observed
in Mg B decay before the present work, so there is no
available proton feeding data. It is possible that multiple
20Na states contribute to the feeding; however, the simplest
procedure is to begin by assuming one proton energy to fit the
peak and this CoM energy will be considered a free parameter.
A lifetime of 143(31) fs was determined in a data evaluation
[5] by combining measurements from [18,34], however a

O
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FIG. 10. Fits of the 1298 keV y-ray peak above are produced
using a 16 fs lifetime. (a) The fit is produced using the relative
proton feeding intensities, measured by Lund [20], from Table II.
The data are represented by the solid gray line, the dot-dashed green
line denotes the background, the dotted lines denote the different
contributions of each proton feeding, and the dashed red line denotes
the best total fit. (b) The residual plot shows the data subtracted from
the fit function in (a). (c) The fit is produced using the relative proton
feeding intensities, measured by Piechaczek [19], from Table II.
Similar to panel (a) the data are represented by the solid line, the
dot-dashed line denotes the background, the dotted lines denote
the different contributions of each proton feeding, and the dashed
line denotes the best total fit. (d) The residual plot shows the data
subtracted from the fit function in (c).

more recent value of 80(15) fs was reported [7] so we have
reevaluated the lifetime to be 93(20) fs by taking a weighted
average with inflated uncertainty.

TABLE II. Piechaczek [19] and Lund [20] absolute % proton
feeding intensities to 1536 keV state per 2°Mg S decay. The quoted

relative uncertainty for all intensities measured by Piechaczek is
12%.

Piechaczek Lund
E.(**Na)MeV I E.(**Na)MeV I
47-5.2 0.7

5.604(5) 0.03(4)
6.266(30) 0.1 6.273(7) 0.33(9)
6.521(30) 0.51 6.496(3) 0.47(7)
~6.92 0.02
~7.44 0.01
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FIG. 11. Upper panel: The fit of the 1340 keV y-ray peak is
produced by using a 93 fs lifetime and a CoM energy of 2.7 MeV
between the proton and recoiling '°Ne. The solid gray line represents
the data, the dot-dashed green line denotes the background and the
dashed red line denotes the background+simulated peak. The fit
has a x2 = 1.00. Lower panel: The residual plot shows the data
subtracted from the fit function.

Using the adopted lifetime of 93(20) fs and interpolated
o parameter to simulate the broadening of the 1340 keV
peak, a CoM energy of 2.7 MeV minimizes the x? (Fig. 11).
From the x? distribution we get an uncertainty in the CoM
energy of 100 keV. An additional systematic uncertainty in
the CoM energy of 200 keV from the uncertainty in the
lifetime as well as an uncertainty of 50 keV for the uncertainty
in the o parameter yields a value of 2.70(23) MeV for the
CoM energy. From this we determine an excitation energy
E,(**Na) = 6.51(23) MeV for the proton-emitting state. This
is consistent with proton emission from the °Na isobaric
analog state at 6498.4(5) keV [23].

The 1377 and 1615 keV lines both have low statistics
and do not provide significant information about the ener-
gies of protons feeding the state. We apply the peak shape
corresponding to the proton energies that best fit the higher
statistics 1340 keV peak to these two peaks to determine the
total intensity of protons feeding the 1615 keV state.

For a fit of the 1377 keV peak a simple linear background
was used for this relatively low statistics case and a broad peak
was fit on top of it. In the case of the 1615 keV peak a linear
plus exponential function was used to model the background
since the peak sits on the tail of a very high statistics 1634 keV
peak from 2°Na(By) decay.

Since the 1615 keV state also has two cascades that do not
directly decay to the ground state, a small portion of counts
in the 1615 keV peak are due to summing in a single y-ray
detector and must be subtracted. The number of counts in the
1615 keV peak due to this effect is calculated from the number
of counts in the 1340 keV peak and SeGA efficiency for a
275 keV y ray as well as the number of counts in the 1377
keV peak and SeGA efficiency for a 238 keV y ray.
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FIG. 12. Upper panel: The fit of the 4.03 MeV peak is produced
by simulating the broadened peak with a 7 fs lifetime and CoM
energy of 1.21 MeV and has a x2 = 0.94. All 16 SeGA detectors
are used to produce this spectrum. The solid gray line represents the
data, the dot-dashed green line denotes a fit of the background and the
dashed red line denotes the total fit using the optimal 1.21 MeV CoM
energy. A simplified linear background model was applied for this
relatively low statistics case. Lower panel: The residual plot shows
the data subtracted from the fit function.

The y-ray intensities per 2°Mg B decay of the 1340, 1377,
and 1615 keV y rays are shown in Table I. A measurement
of the branching ratios from the 1615 keV state using the
intensities yields a 74.0(17)% branch to the 275 keV state, a
8.6(18)% branch to the 238 keV state, and a 17.4(9)% branch
to the ground state of '°Ne, in agreement with and more
precise than previous measurement [18].

D. “Ne 4.03 MeV state

There are three y rays which are emitted from this state
at 2497, 3758, and 4034 keV and they are expected to have
branching ratios of 15(5)%, 5(5)%, and 80(15)%, respectively
[5]. In the present experiment, only the 4.03 MeV y ray is
detected above background. For this case all 16 detectors are
used to determine the feeding of the 4.03 MeV state and
the shape of the Doppler broadened feature to reduce the
statistical uncertainty.

The lifetime of the 4.03 MeV state has been measured to
be 13730 fs [7], 1175 fs [6], and 6.9 + 1.7 fs [8]. The more
precise lifetime of 6.9 fs was adopted and the uncertainty is
used to determine a systematic uncertainty in the CoM energy
which was left as a free parameter. In this case, where the
statistics are relatively low, a simple linear model was used
for the background. Additionally, an assumption is made that
only one *°Na excited state feeds the 4.03 MeV level (Fig. 12).

Minimizing the x? as a function of CoM energy (Fig. 13)
yields a CoM energy of 1.21f8:§§ MeV. An additional 0.025
MeV is incorporated into this uncertainty from the shift in
minimum x? introduced by moving the lifetime to the limits
of uncertainty. This corresponds to a feeding from an excited
state in 2’Na at 7.44 *0-33 MeV, consistent with the 7.44(10)

MeV state observed to be populated in 2°Mg B decay by its
proton emission to lower lying '°Ne states [19].
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FIG. 13. Each x?2 value is determined by simulating a different
CoM proton energy feeding the 4.03 MeV excited state in '°Ne and
comparing each simulation to the peak at 4034 keV. 2 values are
determined from fits with 157 degrees of freedom. The minimum
determines the most likely CoM energy.

From this fit the intensity is measured to be Igpy, 4034 =
(1.19 £ 0.1245 & 0.125y5) x 107*. The y branch from the
4.03 MeV state is expected to be 80(15)% [5]. Therefore,
Igp-a03a = (1.49 £ 0.154, £+ 0.325) x 107*. This value is
consistent with the one reported in Ref. [13] but slightly
different because the fitting procedure is different and a dif-
ferent literature intensity was adopted for the 984 keV 2’Na
line for normalization.

E. Ne 238 and 275 keV states

Both of these lower lying '°Ne states have long lifetimes,
and the corresponding '°Ne atoms are completely stopped
in the scintillator before emitting y rays. Therefore, we do
not gain any information from Doppler broadening analysis.
However, the direct feeding of the 238 and 275 keV states
from **Mg(B8p) decay can be determined by measuring
the intensity of the y decays and subtracting the feeding
contribution to each of these states from y decays of higher
lying states in '’Ne. Both of these states are fed by the 1507,
1536, 1615, and 4034 keV states and these contributions are

subtracted to obtain the intensities reported in Table I. These
values are consistent with the previously measured values of
Igp—23s = (2.29 £0.27) x 1072 and Ig,—275 = (3.12 £ 0.37)
x 1072 [19] and Igp 233 = (2.23+0.34) x 1072 and
Igp_275 = (3.69 £ 0.52) x 1072 [20] and more precise.

V. CONCLUSION

We have measured the 2°Mg(Bp)'°Ne feedings and y-ray
branches of six excited states in '”Ne. We have developed a
Monte Carlo simulation to analyze nine Doppler broadened
Ne peaks. We have measured the energy of the proton tran-
sition which feeds the astrophysically important 4.03 MeV
state, facilitating future measurements of the «-branch from
this state. Additionally we have measured the energy of the
proton transition which feeds the 1615 keV state as well as
the lifetime of the 1507 keV state and found a new y decay
branch from the 1536 keV state.

This is the first time Doppler broadening analysis has
been applied to such high statistics B-delayed proton-y peaks,
enabling a substantial improvement in sensitivity over [17].
We have shown this method can be a useful tool to measure
excited state lifetimes, proton branches, and proton energies
and can distinguish between conflicting decay schemes. The
method is therefore complementary to direct measurements
of B-delayed protons and should prove to be even more useful
when applied to 8-delayed neutron emission.
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