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Strength of the E_,,, = 1113 keV resonance in *’Ne(p, y)*'Na
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The ?°Ne(p, y)*'Na reaction is the starting point of the NeNa cycle, which is an important process for
the production of intermediate mass elements. The E., = 1113 keV resonance plays an important role in
the determination of stellar rates for this reaction since it is used to normalize experimental direct capture
yields at lower energies. The commonly accepted strength of this resonance, wy = 1.13 £ 0.07 eV, has been
misinterpreted as the strength in the center-of-mass frame when it is actually the strength in the laboratory frame.
This has motivated a new measurement of the E.,, = 1113 keV resonance strength in 2’Ne(p, y)>'Na using
the DRAGON recoil mass spectrometer. The DRAGON result, 0.972 4+ 0.11 eV, is in good agreement with the
accepted value when both are calculated in the same frame of reference.
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Introduction. The °Ne(p, y)*'Na reaction is the starting
point for the NeNa cycle [1],

Ne(p, y)*'Na(Bv)*'Ne(p, y)**Na(v)
*Ne(p, y)*Na(p, @)*"Ne, (1)

which is a key process for the nucleosynthesis of intermediate
mass elements in ONe classical novae [1,2] and the production
of sodium in yellow supergiants [3].

The cross section of 2’Ne(p, y)?'Na has been measured in
the range of E., = 0.35-2.0 MeV (Ej, = 0.37-2.1 MeV)
by Rolfs et al. [1] and extrapolated to stellar energies. This ex-
periment did not measure absolute yields and instead relied on
normalization to the previously measured E., = 1113 keV
(Ewp = 1169 keV) resonance as well as '°O(p, y)!F direct
capture. The “known” value of the E.,, = 1113 keV reso-
nance was taken from Ref. [4], which was in turn normalized
to the result of Thomas and Tanner [5]. Although not explicitly
stated by Thomas and Tanner, we have determined that their
resonance strength measurement is presented in the laboratory
frame (in which the proton is moving and the 2°Ne is at rest),
whereas subsequent normalizations would have required the
resonance strength in the center-of-mass frame.

The importance of the E., = 1113 keV resonance
strength for direct capture normalization and the questions
surrounding the Thomas and Tanner result motivate a new
measurement of wy,1;3. We have performed this measurement
in inverse kinematics using the DRAGON [6] recoil mass
spectrometer. The new result is in good agreement with the
Thomas and Tanner strength when both are calculated in the
same reference frame.

Thomas and Tanner Result. The Thomas and Tanner
measurement [5] was performed by impinging a proton beam
onto a target filled with natural neon gas. To measure the 2! Na
yield, the authors used a pair of 4 in. x 4 in. Nal detectors to
count y rays resulting from positron annihilation in the target
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walls. The efficiency of the Nal counters was calibrated using
a ?>Na source with activity of ~1 C. For 1169 keV protons,
they quote a yield of (6.5 & 0.3) x 107'° and from this extract
aresonance strength of wy = 1.13 &£ 0.07 eV according to the
following:

“Integrating the Breit-Wigner formula for a
thick target gives the yield per proton as
272320l , I, /Te ~ 2123 %l /e if T, > T,
where X is the de Broglie wavelength, I, I",, and
I" the partial and total widths of the resonance, w
the statistical factor and € the stopping power.”

We are interested in the total resonance strength, wy =
oI',T", /T, so we can ignore the I, 3> I',, approximation and
write wy where Thomas and Tanner would have written wI',, .

Calculation details are rather sparse, and the authors do not
explicitly state the reference frame in which they present wy .
However, close examination of the formulas makes it clear that
it must be the laboratory frame. Using contemporary values
for the de Broglie constants [7], we calculate a de Broglie
wavelength for 1169 keV protons of A%, = 7.0 x 1072* cm?.
For the stopping power, Thomas and Tanner quote a value
of (5.55£0.2) x 1071 eV cm? [8]. Examination of Fig. 4 in
Ref. [8] indicates that this is for natural neon, and presumably
Thomas and Tanner would have corrected for the 2°Ne
abundance (they explicitly state that their target used natural
neon gas). Using a contemporary reference for the neon
abundances [9], we calculate a 2°Ne effective stopping power
of (6.10 & 0.22) x 10~"> eV cm?. Taking these values and the
quoted yield of (6.5 £ 0.3) x 107!°, we arrive at a resonance
strength of wy = 1.13 £ 0.07 eV, in exact numerical agree-
ment with what is quoted in the paper.

Further evidence that the resonance strength is in the
laboratory frame can be found in a contemporary paper by
Tanner [10], where he states that 2°Ne( D, )/)21Na direct capture
yield can be normalized to the yield of the Ej,, = 1169 keV
resonance using the formula Ypc/Yr = 0.290 A /wy, where
o is the direct capture cross section in barns. The factor of
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0.29 b~! is reproduced exactly by 2/A%, where A2 =7.0 b
is the square of the laboratory de Broglie wavelength for
an 1169 keV proton [7]. This indicates that the formula for
relative yields should take wy in the laboratory frame. If @y .
were expected, the factor would instead be (2/A2, )[M /(m +
M)], which evaluates to 0.24 b~'. Although it is not possible
to reproduce Tanner’s calculation of direct capture cross
sections since he does not explicitly provide Ypc/ YR, the ratio
of cross sections calculated with an earlier measurement of
wViap =2 eV [11,12] and wy = 1.13 eV is equal to 1.13/2.
Thus the two resonance strengths must both be presented in
the laboratory reference frame.

To convert the resonance strength into the center-of-mass
frame, we multiply by [M/(m + M )]?, where M (m) is the
20Ne (proton) mass, to arrive at a value of wy = 0.975 +
0.060 eV.! It may be advisable to increase this value by
3-4 % to account for more modern calculations of stopping
power. For example, ATIMA [13] and SRIM-2013 [14] give
stopping powers of 5.76 x 10713 and 5.73 x 10715 eV cm?,
respectively.

DRAGON measurement. The strength of the E., =
1113 keV resonance in 2°Ne(p, y)*' Na was recently measured
using the DRAGON recoil mass spectrometer [6], part of the
ISAC facility at TRIUMF [15]. This experiment also served
as commissioning of a new timestamp-based data acquisition
system that will be detailed in an upcoming technical paper.
An isotopically pure beam of 2°Ne®+ was extracted from the
ISAC offline microwave ion source [16] and accelerated to an
energy of 1163 keV /u before being delivered to the DRAGON
experimental station with an average intensity of (9.3 £ 0.1) x
10'% s=!. The 2°Ne beam impinged on the DRAGON window-
less gas target, which was filled with H, gas at an average
pressure of 4.81 +0.01 Torr. The incoming beam intensity
was monitored by counting elastically scattered protons in a
silicon surface barrier detector located inside the gas target
at a 30° angle from the beam axis. To obtain an absolute
measure of the beam current, the number of recorded scatters
was normalized to Faraday cup readings taken every hour.

The 2'Na®* recoils resulting from resonant proton capture
were transmitted to the end of DRAGON where they were
detected in a double-sided silicon strip detector (DSSSD) [17].
As shown in Fig. 1, a strong >'Na peak was clearly present in
the DSSSD energy sum spectrum with virtually no background
from unreacted beam, allowing the resonance strength to be
determined from the singles yield of >'Na. As indicated in the

'The conversion from laboratory to center-of-mass frame proceeds
as follows:

Ye Ye 2mEy,,
w = ———= =
Vb = o2 T am i

Ye 2 (M+m M+ m
= ﬁ;? M 123 M Ecm.
Ye M <M+m)3
27232 M +m M

M+m\?
= WYem. M .
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FIG. 1. Sum of energy deposited in the front and back strips of
the DRAGON DSSSD. The cut used in the final analysis of recoil
yields is shown by the vertical lines in the figure.

figure, >'Na events were selected by placing a cut on the main
peak in the DSSSD energy spectrum.

The resonance strength was calculated using the standard
formula for thick target yield in inverse kinematics [18],

2Ye m @
Wy = —— ,
VSR mtM

where Y is the recoil yield, € the laboratory-frame stopping
power, Acnm. the center-of-mass de Broglie wavelength, and m
(M) the proton (**Ne) mass. The yield was calculated from
the number of detected recoils, n,, integrated beam flux, ny,
and detection efficiency, n, as Y = n,/(nnp). A quantitative
summary of the yield calculation is given in Table I.

For stopping power, ¢, we use the published values of
Ref. [22]. To account for the small difference between the
present beam energy and the closest available energy in
Ref. [22], we fit the published measurements at 760, 854,
and 1156 keV /u with a function inspired by the Bethe-Bloch
equation,’

In(E} /D)
E,

and extrapolate to E, = 1163 keV/u to arrive at a final
stopping power of (63.9 £7.2) x 107" eV cm?. From the
measured yield, stopping power and resonance parameters,
we calculate a resonance strength of wy = 0.972 £ 0.11 eV.

Figure 2 displays the present result along with that of
Thomas and Tanner [5] (in the center of mass); the DRAGON
commissioning experiment [19]; and the solid target mea-
surement of Keinonen, Riihonen, and Anttila [23]. For the
DRAGON commissioning experiment, we have recalculated
the resonance strength using the presently employed stopping
power, which has a larger error than the stopping power used
originally. This was motivated by an analysis of a large set of
20Ne + H; energy loss data taken subsequent to the publication
of Ref. [19]. These data indicate that the error on stopping
power measurements is consistent with the value quoted by
Greife et al. [22], implying that the error in Ref. [19] is
underestimated.

Discussion. The Thomas and Tanner result was used by
Bloch et al. [4] to normalize their measurements of individual

€(Ep) =a (©)

2The best fit values of the free parameters are a = 20565.8 eV cm?
and b = 31.3062 keV /u.
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TABLE I. Summary of the DRAGON yield calculation. The total
efficiency 7 is the product of the individual efficiencies listed in the
table, and the yield is calculated as Y = n, /(nny).

Quantity Value

DSSSD detection efficiency
Neon 9+ charge state fraction

97.0+0.7% [17]
59+ 1% [19]

DRAGON transmission 99.9+0-1% [20]
Microchannel plate transmission 76.9 + 0.6% [21]
Gas target transmission 94%

Live time 95.6%
Total efficiency (1) 39.5+0.8%

(1.11 £0.01) x 10°
(2.30 £ 0.03) x 10'5
(1.22 £0.03) x 10~°

Number of detected recoils (n,)
Integrated beam current (n)
Yield (Y)

transition strengths from excited states in >'Na. For the state
corresponding to the E., = 1113 keV resonance in 2°Ne +
p (E* =3.544 MeV, J* =5/2%, w = 3), their measured
partial widths sum to I') = 0.376 eV, or wl'y, = 1.13 V.
Thus the Thomas and Tanner resonance strength must have
been mistakenly taken as the center-of-mass value. Bloch
et al. compare their results to a prior measurement [24] that
also appears to have been normalized to Thomas and Tanner
without making a center-of-mass correction.

The Bloch et al. results, along with an evaluation [25],
were used by Rolfs ef al. [1] to normalize direct capture yields
according to the formula

“

L. om+ M oyms ( Yoc
2 M A )

opc = 5 ~
Yr

From this, they calculate a cross sectionof o = 0.63 &+ 0.08 ub
for the DC — 2425 keV transition at Ej,, = 1.05 MeV. They
also perform a separate normalization to '°O (p, y)!" F direct
capture, resultingino = 0.64 &= 0.1ub. They use the weighted
mean value of o = 0.63 £ 0.07ub to normalize the yields of
other direct capture transitions and to calculate the astrophys-
ical S factor for the reaction.

Similar normalizations of 2°Ne(p, y)*' Na have been
carried out in recent evaluations. For example, the authors
of Ref. [26] use wyj;3 = 1.125+0.018 eV, along with
10 (p, )" F direct capture cross sections from Ref. [27],
to renormalize 2°Ne (p, y)*! Na direct capture cross sections.
From this analysis, they recommend increasing the Rolfs et al.
S factors by 2.9%.
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FIG. 2. (Color online) Summary of strength measurements of the
E.m = 1113 keV resonance in 2Ne (p, y)*! Na. The references are
Tan60 [5], Eng05 [19], and Kei77 [23]. For comparison, the laboratory
frame Thomas and Tanner result, wy = 1.13 £ 0.07 eV [5], is also
displayed by the band across the top of the figure. The black
dashed line denotes the central value and the grey shaded region
the uncertainty.

To examine the effect of a change in wy;;13 on the astro-
physical S factor, we renormalize the DC — 2425 keV cross
section using Eq. (4), taking wy;13 as 0.931 £ 0.045 eV, the
weighted average of the strengths shown in Fig. 2. The result is
opc = 0.52 £ 0.06 ub, which implies a 17% decrease in the
S factor of Rolfs et al. This represents the maximum potential
change since inclusion of the '°O(p, ¥)!” F normalization
would tend to increase the the DC — 2425 keV cross section.

In conclusion, we have performed a new measurement
of the strength of the E., = 1113 keV resonance in
20Ne (p, y)*' Na using the DRAGON recoil mass spectrome-
ter. This was motivated by the discovery that the prior accepted
value, wy = 1.13 £ 0.07 eV [5], is the strength in the labora-
tory frame instead of the center-of-mass frame. Subsequent ex-
periments [1,4,24] have used the result of Ref. [5] for absolute
normalization without making the necessary conversion into
the center of mass. This has resulted in an overestimation of the
20Ne (p, y)21 Na S factor by as much as 17%. In the future,
it would be beneficial to perform stellar model calculations
to investigate the impact of such a change on isotopic
abundances.
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