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Abstract Decay protons from 2?Mg energy levels popu-
lated through a previously reported 2*Mg(p, t)>’Mg transfer
reaction (Chae et al. in Phys Rev C 79:055804, 2009) have
been analyzed for proton branching ratios as a follow-up
analysis. The measurement was performed at the Holifield
Radioactive Ton Beam Facility of Oak Ridge National Lab-
oratory by utilizing 41-MeV proton beams and >*Mg solid
targets. Decay protons and reaction tritons were simultane-
ously detected with a silicon detector array. By investigating
the 2*Mg(p, t)**Mg*(p)*'Na channels, the proton branch-
ing ratios of five 2>Mg excited states were obtained. The
measured branching ratios provide constraints on the pro-
ton partial widths of the populated 2?Mg levels, which have
implications for X-ray burst nucleosynthesis.

1 Introduction

X-ray bursts (XRB) are some of the most interesting astro-
physical phenomena, and occur in the atmosphere of an
accreting neutron star in close binary star systems. [1] Heavy
elements up to Cd-Sn can be synthesized during the burst
within ~ 10s through thermonuclear reactions on proton-
rich unstable nuclei. Since thermonuclear reactions power
XRBs, many nuclear parameters should be well studied to
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understand XRB properties such as peak temperatures, lumi-
nosity, and isotopic abundances produced via nucleosynthe-
sis. It is believed that the breakout from the hot CNO cycle
can be provided through the '8Ne(«, p)*' Na reaction when
the critical values of density and temperature are reached
[2]. Then the >'Na(p, y)**Mg reaction can initiate the rapid
proton capture process (rp-process) [3,4].

Despite its importance, the 2'Na(p, y)**Mg reaction rate
at typical XRB temperatures is still controversial. The reac-
tion rates reported by Cyburt et al. [5] and that by Iliadis et
al. [6] differ by one order of magnitude. Cyburt et al. cal-
culated the 2! Na(p, y)*’Mg reaction rate theoretically using
the NON-SMOKERYEB code version 5.0w [7]. Iliadis et al.
obtained the 2!Na(p, y)?*Mg reaction rate using a Monte-
Carlo method with empirical resonance parameters mainly
adopted from Refs. [8] and [9]. Therefore, more measure-
ments are needed to better estimate the reaction rate at XRB
temperatures.

Since the 2'Na(p, y)*>Mg reaction rate strongly depends
on the properties of 2>Mg energy levels above the pro-
ton threshold at 5.504 MeV, many resonance parameters
including the excitation energies, spins, parities and partial
widths of the levels are required to estimate the reaction
rate correctly. Although many parameters have been revealed
through previous studies utilizing various nuclear reactions
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[8—17], there are still remaining parameters yet to be deter-
mined.

The >*Mg(p, t)*>Mg transfer reaction was previously stud-
ied to clarify the level structure of **Mg especially above
the a-threshold at 8.14 MeV [15], which enabled the astro-
physical "®Ne(«, p)?!Na reaction rate to be updated accord-
ingly. The angular distributions of the reaction tritons were
extracted for seven 2>Mg energy levels. The empirical angu-
lar distributions were then compared with the Distorted Wave
Born Approximation (DWBA) calculations to deduce the
spins and parities of the energy levels by using computer
code DWUCKS [18]. In the present work, the proton decay
channels of several 22Mg levels populated from the 2*Mg(p,
t)22Mg reaction are investigated as a follow-up analysis.

The experiment was performed at the Holifield Radioac-
tive Jon Beam Facility (HRIBF) at Oak Ridge National Lab-
oratory (ORNL) [19] using 41 MeV proton beams and **Mg
foils. The thickness of isotopically-enriched (> 99.9%) **Mg
target was approximately 500 pg/cm?. The beam current was
continuously monitored with a graphite beam stop located
downstream of the target chamber. The recoiling particles
were detected by the annular silicon detector array, SIDAR
[20]. The SIDAR was composed of three trapezoidal wedges
of 100-pwm-thick AE and 1000-pm-thick E telescopes. Each
detector was segmented into 16 strips. The light recoil parti-
cles were identified by standard energy loss techniques. As
shown in Fig. 2 of Ref. [15], the tritons from the 24Mg(p,
t)>>Mg reaction were clearly identified without significant
contamination from other charged particles. The SIDAR cov-
ered the angular range of 18° < 6;,;, <48°. The energy gain
of each strip was calibrated using 5.8-MeV « particles from
a 2**Cm radioactive source. The triton energies were then
internally calibrated by using the well-known >’Mg levels
at E, = 1.247, 3.308, 4.402, and 6.045 MeV. A schematic
diagram of the experimental setup is shown in Fig. 1.

2 Analysis
2.1 Coincidence between reaction tritons and decay protons

As demonstrated previously [21,22,24], proton branching
ratios can be extracted serendipitously from existing reac-
tion data by comparing the number of times a resonance was
formed, via the reaction products, with the number of times it
decayed, via coincident decay particles. In this analysis, the
number of the tritons from the 2*Mg(p, t)**Mg reaction and
that of the decay protons were needed. A typical PID plot
obtained at ;.5 = 37° is shown in Fig.2. The events falling
in the red gate are identified as tritons. Only the low-energy
protons (0.8 MeV < E, < 3.2 MeV) stopped in the AE
detectors were analyzed for the present work, because the
experimental setup such as the proton beam energy, detec-
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12
9»
5 100
c
§ 67
<
S
w
<
3,
10
0

0 6 12 18 24
AE + E [channel]

Fig. 2 Particle identification plot obtained at 6;,, = 37°. The red solid
line is a gate for identifying the reaction tritons

tor thickness and detector threshold was optimized for the
24Mg(p, t)*>Mg transfer reaction study.

By requiring a coincidence between the reaction tritons
and the decay protons in the time window of 40 s, the events
from the proton decay of 2>Mg energy levels could be iden-
tified as shown in Fig.3, which shows the two dimensional
spectrum of proton energy (E,) versus triton energy (E;).
Two diagonal bands in the figure represent the events associ-
ated with 2*Mg(p, t)>’Mg* (p)*' Na channels. The upper gate,
labeled as p0, shows the decay events from the excited states
of Mg to the ground state of 2! Na. Similarly, the events in
the p1 gate are correlated to the decays to the first excited state
of 2'Na (E, = 0.332 MeV). The events appearing at right-
bottom side, E; > 12.3 MeV, seem to have clear structure
in Figs. 3 and 5. However, they were not analyzed, since the
discriminator threshold of several silicon strip detectors were
rather high and therefore the protons at the energies relevant
for the group were not recorded. The clusters at left-bottom
side in the figure were identified as the decay events to the
second excited state of 2!Na (E, = 1.716 MeV) by construct-
ing the 2'Na excitation energy spectrum (Fig.4). However,
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Fig. 3 Two-dimensional energy spectrum of the coincident proton
energy (E,) versus triton energy (E,). Diagonal gates labeled as p0
and pl are drawn to analyze the corresponding decay channel. The p2
gate is also drawn but not analyzed because of insufficient statistics.
The green gate is for constructing the 2! Na excitation energy spectrum
(see text)

they were also excluded in the present analysis because of
insufficient statistics.

To see if the coincident events do originate from the pro-
ton decay of 2>Mg levels, the high energy protons (E p>32
MeV) that can be clearly identified from the particle iden-
tification plot were considered. Using the protons, the coin-
cident events were plotted in similar way. The result shows
that the diagonal bands in Fig. 3 are well extrapolated from
those obtained using the high energy protons. Kinematics
calculations show that other decay channels such as 2*Mg(p,
£)22Mg*(d)*°Na are not possible.

Due to the rather small excitation energy of the first excited
state, two groups in the figure are not well separated. To
estimate the uncertainty caused from this issue, the 2INa
excitation energy spectrum was constructed. A large gate
that includes the p0O and pl gates was drawn as shown in
Fig.3 (green dashed line). Based on the relativistic 4-vector
kinematics considerations of the particles participating in the
reaction such as protons, tritons, 24Mg, 22Mg, and 2! Naions,
the coincident events were projected into the 2! Na excitation
energy. For each event in the gate, the excitation energy of
22Mg, Ezomg, can be obtained using

(E22mg + mZng)2 = mp2 + m24mg2 + mt2
- Z(mp + Tp)(mt +T;)
+ Z(mp + Tp)m24mg —2(m; + Tt)m24mg

+\L0np + Tp) = m2l0m; + T)* —m 2] coso, (1)

where T and m are the kinetic energy measured in the lab-
oratory frame (in MeV) and the mass (in MeV/c?) of the
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Fig. 4 The reconstructed 2! Na excitation energy spectrum from the
decay events in the green gate shown in the Fig.3. The values of the
centroids 1 and standard deviations o are presented on the figure. The
standard error means are 3.4 and 3.7 keV for the centroids of p0 and
pl channels, respectively. The peak near E, = 1.716 MeV is from the
decay events in the p2 gate of Fig.3

corresponding particle, respectively. The excitation energy
of 2!Na, Ep g, is then expressed as

Ejipna = E22mg + mamg — Tp —Mp — M2lna- ()

Using the equations above, the 2!Na excitation energy
spectrum could be constructed as shown in the Fig.4. The
events were well fitted by Gaussian distributions. The differ-
ence between the values of the centroids was 0.333 £ 0.007
MeV, which agreed well with the energy difference between
the ground state and the first excited state of >'Na. Addi-
tionally, the decay events appearing at the left bottom side
on the Fig.3 are also plotted in the figure. The result shows
that the reconstructed energies of the events appear near E,
= 1.716 MeV, which is the excitation energy of the second
excited state of 2! Na. Therefore, it can be concluded that the
events originated from the p2 channel. The uncertainties of
the branching ratios caused by overlapping events were esti-
mated to be about 5.0% for the p0 channel and 7.6% for the
pl channel.

The triton energy spectra were reconstructed next as
shown in Fig.5. The red dashed line and blue dotted line
represent the spectrum obtained from the p0-gated and pl-
gated events, respectively. The black solid line is the triton
single energy spectrum adopted from the *Mg(p, t)*>Mg
study [15]. A total of 8 excited states in 22Mg were identified
above the proton-threshold with enough statistics.

The extracted values of excitation energies were inter-
nally calibrated using three well-known reference points: the
energy levelsat E, =6.043 MeV, 7.218 MeV, and 7.967 MeV.
Not all identified levels were analyzed in the present work.
For instance, the 7.967 and 7.356 MeV states are not con-
sidered, as they are suspected doublets [14,17]. Five excited
states studied in the present work (E, = 6.766, 6.876, 7.218,
7.599 and 7.810 MeV) and three reference points are labeled
with their excitation energies in the figure.
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Each spectrum in Fig. 5 was fitted assuming Gaussian dis-
tributions for populated levels with a constant background
term. The peaks in the triton single spectrum were fitted first.
Then, the corresponding peaks in the proton gated spectrum
were fitted, using the same values of centroids and widths.
The width of the peaks were fixed to be 40 keV for all con-
sidered peaks. From the fitting result, the background was
estimated to be about 75 counts per 5 keV for triton single
spectrum and 2 counts per 5 keV for proton gated spectra.
One example for the E, =7.599 MeV level is shown in Fig. 6.
Figure 6a—c show the results of the fittings for the triton sin-
gle, p0 gated and p1 gated triton energy spectra, respectively.

By integrating each Gaussian function using fine tuned
fitting parameters from (centroid)-(30') to (centroid)+(30),
about 99.7% of the tritons and coincident protons could be
reliably counted. From the ratio of the number of protons and
that of tritons, the proton branching ratio of the 2>Mg excited
state could be calculated. Because the solid angle covered
by SIDAR was only about 6% of 47 and therefore not all
protons from the decay of 2>Mg levels were detected, the total
number of decay protons had to be corrected for the geometric
detection efficiency. The solid angle covered by each strip of
the SIDAR was obtained using a calibrated alpha emitting
source, 2**Cm. The measured solid angle values agreed with
geometric calculations within 3%. The result is summarized
in Table 1.

2.2 Isotropic assumption

The branching ratio calculation in the previous section pro-
cedure described above is valid when the decay of protons
is isotropic. To verify the validity of this assumption, a sim-
ple test was implemented. For each identified decay proton,
the angle between a triton and the coincident proton pair
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measured in the laboratory frame, 6,5, was calculated by
considering the geometry of SIDAR described in Sect. 1.
The histograms of relative angles for the decay events from
the 7.218 MeV state of 22Mg to the ground and first excited
state of 2! Na are shown as the black solid lines in Fig. 7. The
statistical uncertainties are indicated as the error bars.

The experimental distribution was then compared with
theoretical calculations. Calculated relative angle histograms
obtained from the isotropic decay of protons in the center
of mass frame are shown as blue-dashed lines. As shown
in the figure, the isotropic decay lines well reproduce the
experimental data regardless of the value of transferred angu-
lar momentum. Relative angle histograms for anisotropic
decay are also shown in the figure as red-dotted lines. Unlike
the previous proton branching ratio studies which used ran-
domly biased cosine variations for anisotropic decay calcula-
tions [26—28], the calculated proton distributions were biased
using the Legendre polynomials with proper angular transfer
values in the present work. For instance, for the transition
from the 7.218 MeV state (J© = 07) to the ground state (J© =
3/2%), the Legendre Polynomial with [ = 2 Pj—;(cosf) was
assumed.

It is obvious from the figure that the isotropic decay
assumption better reproduces the experimental result. There-
fore, it is concluded that the proton decays are largely
isotropic even when transferred angular momentum / is not
0. This conclusion is consistent with those from Refs. [26—
28]. In order to account for any discrepancies between the
anisotropic and isotropic decay, the systematic uncertainty
is introduced, as previously done in Refs. [24-28]. In Ref.
[24], for instance, the angular correlations between the heavy
recoils and decay particles were calculated for proton decays
with / =0 to 3. The result shows that the uncertainties caused
by the anisotropic decay assumption are from 5 to 30%
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Table 1 The results of the branching ratio calculations. The excitation
energies are taken from Ref. [23]. The value of B ;| is not computed for
the states at E, = 6.766 and 6.876 MeV because of the poor statistics
in the p1-gated spectrum. The branching ratios are calculated assuming
the isotropic decay of protons (See text). The total uncertainty includes
the isotropic uncertainty and statistical uncertainty

Spy; =5.831 E, [MeV][23] Bo B
6.766 £+ 0.012 0.54 £0.18
6.876 = 0.012 0.81 £ 0.30

Spz =7.220 7.218 £ 0.001 0.38 £0.12 0.24 £ 0.08
7.599 £ 0.003 0.33 £0.12 0.23 £0.10
7.810 £ 0.040 0.45 £ 0.16 0.13 £ 0.08

11.2 114 11.6
Triton energy [MeV]

11.8 12.0

depending on the value of [ = 1 to 3 [24,25]. Therefore, a
conservative systematic uncertainty of 30% is introduced in
the present analysis.

3 Discussion

The 2'Na(p, y)**Mg reaction rate can be expressed using the
narrow-isolated resonance formalism [29]:

@ Springer
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Fig. 7 The results of isotropic and anisotropic proton decay consid-
erations for two transitions; from J* = 0% (E, = 7.218 MeV of 22Mg)
to a J = 3/2% (ground state of 2!Na) and b J* = 5/2% (first excited
state of 2! Na). The black solid lines represent the experimental distri-
butions. The blue dashed lines and the red dotted lines are the results of
the isotropic and anisotropic decay calculations, respectively. The error
bars represent the statistical uncertainty of experimental distributions

1.5399 - 101!
(1Ty)*/?
X Z(a)y)ie_l1‘605E"/T9 cm3/s/mol,

1

Ny <ov> =

3

where i is the resonance index, E; and (wy); are the reso-
nance energy and strength in units of MeV, respectively, ©
is the reduced mass of projectile and target nucleus in amu,
and Ty is the temperature in units of GK.

For a given resonance, the resonance strength wy is
defined as

3 2J +1 r,r,
QL+ DQRAING+D T

wy ; “

@ Springer

where J, J),, and J21 v are the spins of the resonance, proton,
and 2!Na, respectively. I", T p and I'y, are the total width and
partial widths of the compound nucleus, >*Mg.

Since the proton decay branching ratio can be described

r
as ?p [13,24], the measured branching ratio values, B g

[y

. . I'po
and B, give constraints on 7 and =2~ However, to

obtain precise values for the branching ratios, more infor-
mation related to other open channels is still needed. For
instance, the 22Mg states at E, = 6.766 and 6.876 MeV are
open for the pO and pl decay channels. Only the pO decay
channel was observed in the present work.

The *'Na(p, y)?**Mg reaction rate was calculated using
the branching ratio values deduced from the present work.
The resonance strength of

2J +1 F[,()Fy
wYyo =
QJp+DQ2haiNa+1) T
2J +1

— B, 5
QI+ DQhiya+ 1) 707 ®)

was used for the calculation. Considering the Gamow win-
dow for X-ray bursts, two 2*Mg levels studied in the present
work (E, = 6.766 and 6.876 MeV) were considered. The
reaction Q-value of 5504.18 &+ 0.34 keV was adopted from
Ref. [30].

The gamma width value of the 6.876 MeV level was
deduced from the mirror state (E, = 7.051 MeV in 22Ne
[14,17]), since no experimental data exists. Assuming that
the reduced transition probability values B(wL) are same
for both states, the gamma width value of 4 £+ 2 meV was
obtained.

In the case of the 6.766 MeV state, the I", value was mea-
sured twice in Refs. [9] and [16]. In Ref. [9], the reported
values are I' )0 =93.9 = 32.0keV, I' 1 = 11.1 £ 0.8 keV and
Lpo+Tp1 & Tiorar =105.0 & 32.8 ke V. In Ref. [16], only the
I'p = I'po+1I"p1 value was reported as 64 &= 20 ke V. Since the
"), values from the references are discrepant, the I' o value,
and subsequently the I';p;01 = % , could not be constrained

pO
reliably. Furthermore, the corresponding mirror state is not

well defined. For instance, Matic et al. suggested that the E,
=6.900 MeV level (J7 = 07) in 22Ne is the mirror state [14].
However, the spin value of the level from other studies show
discrepancies with this suggestion: J* = (1, 2%) [16], 3~
[11,12], and 27 [9,17]. The mirror assignment of the 6.766
MeV level was not given in Ref. [17] Therefore, the gamma
width of the level was assumed to be 1+1 eV in the present
work as previously done in Ref. [31] for the !°Ne level param-
eter estimations. The spin value is presumed to be 2~ [9,17].
The resonance parameters used in the reaction rate calcula-
tion are summarized in Table 2. Except for the 6.766 and
6.876 MeV levels, the parameters were taken from Ref. [6].
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Table 2 The resonance parameters used in the reaction rate calculation.
The Q-value was taken from [30]. Parameters for the levels between E,
=5.711 and 6.608 MeV are taken from Ref. [6]

E. [MeV] E, [keV] 5 oy [meV]
5.711 205.7 £ 0.5 2t 1.03 £ 0.21
5.954 454 £5 ot 0.86 +0.29
6.043 538 +13 ot 11.5+1.36
6.246 7384+ 1.0 219 +£25
6.326 821.3 £ 0.9 1+ 556 £ 77
6.608 1101.1 £2.5 2+ 368 + 62
6.766 1262 + 12¢ 2-b 338 4 343¢
6.876 1372 +£ 12 1~ 1.22 £+ 0.89¢

4Calculated with the corresponding excitation energies and the Q-value
®Taken from Refs. [9,17]

€Calculated with the gamma width and the branching ratio values
deduced in the present work

The result of the reaction rate calculation is shown in the
Fig. 8 as a red dashed line. The pink band in the figure repre-
sents the upper and lower limits of the reaction rate. The reac-
tion rate reported in Ref. [6] is also shown as a black solid line
for comparison. The upper and lower limits of the previous
rate is represented by a gray shaded area. At the astrophysi-
cal temperatures (1 < Ty < 2), the new reaction rate is up to
2% higher than that of Ref. [6]. Notice that the present reac-
tion rate calculated using the resonance strength expressed
in Eq. 3 could be regarded as a lower limit, since only the p0
channel was considered. The most dominant uncertainty in
the present rate originates from the uncertain gamma width
for the 6.766 MeV level. Therefore, more precise measure-
ments aiming to obtain the resonance parameters, especially
the decay widths such as I'y,, and B, are required in the future
to obtain a better estimate of the >'Na(p, y)?*Mg reaction
rate.

4 Conclusion

By investigating the decay protons from 2>Mg states pop-
ulated through the previously reported **Mg(p, t)**Mg
transfer reaction study [15], the proton decay branching
ratios of several 22Mg levels (Ey = 6.766, 6.876, 7.218,
7.599, and 7.810 MeV) were obtained. By requiring coin-
cidences between the reaction tritons and decay protons,
the two-dimensional energy spectrum of E, versus E;
was obtained in this follow up analysis. The events from
the 2*Mg(p, t)zzMg*(p)ZINagAS channel and the **Mg(p,
t)22Mg*(p)21Na* (Ex =0.331 MeV) channel were identified.
The triton energy spectra were constructed accordingly. From
the triton energy spectrum, the energy levels of 2>Mg were
identified. The yields of tritons and protons were obtained
at each identified excited states. The yields of protons were

104

(a)

103f

Na<ov> [cm3/mol/s]

102
(b)

1.1r

Ratio

1.0

2 g 6 8 10
Temperature [GK]

Fig. 8 The 2!Na(p, y)**Mg reaction rate calculation result. The
present result is compared with that of Ref. [6] in a. The pink and
gray shading area represent the upper and lower limits of present rate
and the reaction rate from Ref. [6], respectively. The ratio Ny <
0V > present/NA < 0V >jiqqis is shownin b

corrected by considering the detection efficiency. The proton
yields were then compared with that of the reaction tritons
to obtain the proton branching ratios. The isotropic proton
decay assumption was verified for the calculations. Using the
branching ratio values for the 6.766 and 6.876 MeV levels
obtained from the present work, the 2! Na(p, y)>’Mg reaction
rate at XRB temperatures was calculated. The result shows
that the new rate is slightly higher than the previous values
reported in Ref. [6].
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