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Summary:

Recently, Lee et a. provided the first experimental measurement of the 18F(O(, p)21Ne
reaction rate. Thisreaction plays an important role in the nucleosynthesis of ¢ and of

2INein low mass stars, in atemperature regime where the experimental measurement
still presents large uncertainties. The goal of the present experiment is to measure the

18F(O( ,p)21Ne rate with an independent method with respect to Lee et al., and to reduce

2010-06-29

the present uncertainty, redefining the present upper limit.



This shall be achieved through cross section measurement of both the direct reaction,

18F(O(,p)21Ne, and thetime-reversed reaction, 21Ne(p,0()18F. Both measurements shall

be made using the TUDA scattering chamber, using an extended gastarget and an array
of Si detectors, facilitating coincident measurement of heavy ions and light particles.

Phase one (the direct reaction) shall cover the energy range of Epggm = 6.6 - 11 MeV,
equivalent to Ec y, = 1.2 - 2.0 MeV. This will alow comparison to previous indirect

measurements, as well was later normalisation if the time-reversed measurements, in

order to account from reactions leading to excited statesin 2INe.

Phase two (the time-reversed reaction) will cover the energy range Epegm = 50.6 - 68.2
MeV, corresponding to Ec m. = 0.6 - 1.4 MeV inthe 18+ d pha system. Cross sections

measured for the >IN e(p,a)18F reaction shall be converting into thedirect reaction cross
sections using the principle of detailed balance, taking into account reactionsto excited

states in 2INe. In all this will provide a continuous cross section measurement from
Ecm. = 0.6 - 2.0 MeV, via methods independent to that used by Lee et a., not only

providing a comparison, but also placing tighter constrains on the reaction rates.

Once the new rate with the new uncertainty has been measured, stellar models and the
nucleosynthesis codes shall be utilised to evaluate their impact on theoretical stellar

yields, specifically 19 and ZNe production in AGB stars.

Plain Text Summary:  The F18(apha,p)Ne21 reaction plays an important role in the
nucleosynthesis of F19 and Ne21 in low mass stars. This experiment will measure this reaction
rate, both directly and using the time-reversed reaction, Ne21(p,a pha)F18. Hydrogen and
helium gastarget will be used within the TUDA scattering chamber, with and array of silicon
detectors for detecting light particles and heavy ions.
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Direct and indirect measurements of the '®F(a, p)?'Ne reaction with TUDA
Scientific value of the experiment:

The nucleosynthesis of °F in the galaxy still remains an open puzzle in stellar astrophysics. Sev-
eral astrophysical sources have been proposed so far, among them neutrino spallation on 2°Ne
during supernova explosions of massive stars (SNII, e.g. [1, 2]), in low mass Asymptotic Giant
Branch (AGB) stars during the convective thermal pulse (TP) (e.g. [3, 4, 5]), and in the winds
of Wolf-Rayet stars [6, 7|. In particular, in AGB stars the main reaction flow producing fluorine is
UN(a,7) BF(87)180(p,a)N(a,y)F at ~ 20-30 keV, where protons in the He rich He inter-shell
during the TP are provided by the 1*N(n,p)!C reaction, neutrons by the *C(a,n)*O reaction, whilst
1N and 3C are present in the ashes of the H shell [3]. For other secondary processes producing flu-
orine in AGB stars see for example [8, 9, 4]. Although massive stars could theoretically reproduce
all the solar ’F abundances within the uncertainties of the neutrino rates (e.g. [2]), AGB stars are
the only astrophysical objects where a strong production of 'F has been observed, both in AGB
stars (see [3, 5] for AGB stars at solar metallicity, [10] and [11] for AGB stars at low metallicity),
in post-AGB stars (e.g. [12]) and in planetary nebulae (e.g. [13]), whereas no clear observational
evidence have been found for a strong *F production in SNII [14].

Driven by the new 'F(a,p)?'Ne experimental measurement by Lee et al. [15], Karakas et al.
[16] analyzed the impact of this reaction on F production in AGB stars. At the stellar energies of
interest (20-30 keV), the upper limit of the '8F(a,p)?!Ne rate is 2 orders of magnitude or more higher
than the recommended rate. Using the upper limit rate, the ®F(a,p)?'Ne competes more efficiently
with the ¥F(37)'®0 process, reducing the amount of 80, but providing more protons to be captured
by 180. According to Karakas et al. [16], therefore, the upper limit of ¥F(a,p)?'Ne causes a more
significant production of F via ¥O(p,a)®N(a,7)YF, with respect to using the recommended rate
of 8F(a,p)*'Ne (see Fig. 1).

For this reason, the main goal of the present proposal is to reduce the present uncertainty of the
18F(a,p)?*Ne rate at temperature of ~0.3 GK, in particular improving the reliability of the present
upper limit of this rate (see Fig. 2).

The upper limit rate of the F(a,p)?'Ne reaction rate would also imply an increased ?'Ne pro-
duction in the He inter-shell in AGB stars, affecting the Ne isotopic ratios [16]. Ne abundances are
measured in mainstream SiC presolar grains, that have been condensed in the envelope of low mass
AGB stars and that carry the signature of the parent stars (e.g. [17]). In particular, the ?'Ne/?*Ne
ratio that is measured over a large sample of grains (e.g. [18]) and single SiC grains (e.g. [19]), is
significantly larger than what is predicted by theoretical stellar models (e.g. [20, 18, 16]). As a pos-
sible source of the extra ?'Ne, Lewis et al.[18] proposed spallation due to interaction with cosmic
rays when the grain is exposed in the interstellar medium. Ott and Begemann|21] argued against
this possibility, pointing to a stellar nucleosynthesis origin of 2!Ne. Indeed, Karakas[16] showed that
using the upper limit of the ®F(a,p)*'Ne rate, the ?Ne/??Ne ratio observed in presolar SiC grains
may be reproduced in stellar AGB models (see Fig. 3). Therefore, in order to confirm the cosmogenic
or stellar nucleosynthetic origin of ?’Ne in presolar SiC grains, a more precise measurement of the
8F(a,p)?'Ne rate is required.

The previous measurements by Lee et al. [15, 22| used the time-reversed reaction, in conjunction
with the activation method, to determine cross sections for the 8F(«, p)*'Ne reaction. *'Ne was
implanted into Cu/Au targets, which were subsequently bombarded with protons at a series of
different energies, for two half-lives of ®F. The 511 keV annihilation radiation produced following
the B3 decay of ®F, was then counted off-line using two HPGe detectors in coincidence mode.
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Figure 1: Reproduced from Figure 3 of [16]: “Comparison of fluorine abundances observed by Jorissen
et al. (1992) and model predictions for selected stellar models: 3 My, with Z = 0.02, 0.012, and 0.008;
and 1.9 M, with Z = 0.008. All models include a PMZ [partial mixing zone] of 0.002 My, . Predictions
are normalized in such way that the initial °F abundance corresponds to the average F abundance
observed in K and M stars (see Jorissen et al. 1992). Crossed MS and S symbols denote stars with
large N excesses. Each symbol on the prediction lines represents a TDU [third dredge-up| episode.
Solid lines: Calculations performed using no F(a, p)*'Ne reaction, which are equivalent to using
the current lower limit, recommended value and Brussels library rate. Dotted lines: Calculations
performed using the current upper limit of the rate.”




TRIUMF EEC New Research Proposal Detailed Statement of Proposed Research for Experiment #: 1287

!I LI I LI L LI FrTT |||||| FrTT LI
0.01F -
E 2
0.0001 — —
— E E
Z 1e-06 - 3
=]
E r E
= le-08 —
1]
o E E
E le-10 - —
g F g
S le-12 - —
S
- E Iy = Recommended Rate | 3
le-14 — . = « Upper Limit —
E ; « +  Lower Limit g
le-16 |- - — Brussels Rate =
E - 2
le-18 FH
100 !/ ‘.\\. =
I M — - Upper Limit / Brussels |3
Ly o |** Lower Limit/ Brussels | ]
= -
Z 10/ RN =
= E I Lo, ™~ 3
o .t L ~ .
o K IR ]
IEl N T~ 3
& : B -
_Ill 11 I | J..I 1 | L1l | 1111 | L1 1| | L1 | - | 1111 | L1l Id

01 02 03 04 05 06 07 08 09
Temperature [GK]

Figure 2: Reproduced from Figure 1 of [16]: “Reaction rate of '8F(a, p)*'Ne including the upper and
lower limits. Also shown is the Brussels theoretical estimate of this rate. In the bottom panel, the
ratios of the current upper and lower limits with respect to the Brussels rate are shown.”
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Oxygen contamination on the backing material produced a background rate due to the *O(p,n)®F
and "O(p, v)'8F reactions, despite considerable efforts to minimise this contamination. Although Lee
et al. made attempts to account for this background in their analysis, the introduced of a systematic
error is inevitable, thus making the case for confirmation of the cross sections via an indepenent
technique.

Furthermore, the ®F(a, p)?'Ne reaction is known to produce ?'Ne in several excited states, as
well as its ground state (see Fig. 4 for a level scheme of low-lying states in 2!Ne). The time-reversed
reaction is not sensitive to this part of the cross section, therefore a measurement of the direct reac-
tion process is required.
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Figure 3: Reproduced from Figure 2 of [16]: “Ne isotopic ratios observed in meteoritic SiC grains
and predicted in the inter-shell of our 3 My, Z = 0.02 and 1.9 M., Z = 0.008 models. The plot is
similar to Fig. 8 of Lewis et al. (1994), where we have taken their measurements and added the model
predictions. For each model we plot the Ne isotopic ratios in the He inter-shell at the end of each TP
occurring when C/O > 1 is satisfied in the envelope of the star. The crossed filled symbols represent
models computed without the '®F(«, p)*!Ne reaction rate, which give a constant result. The filled
symbols represent models run using the upper limit of the ®F(a, p)?!Ne reaction rate. Dotted lines
connect the normal Ne component of solar composition to the He-shell Ne component corresponding
to the final compositions of the inter-shell for the 3 My, Z = 0.02 model.”

Description of the experiment:

We propose to measure the 8F(a, p)*'Ne reaction rate via two complementary methods, i.e. through
the direct reaction, and using the time-reversed reaction, 2!Ne(p, )'8F.

Measurements of the direct reaction have previously proved difficult [15], indeed, no results from
previous attempts have ever been formally published. This is, in part, due to the lack of intense

4
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I8F beams, and the difficulty in producing a suitably thick *He target. We propose to measure the
direct reaction only at relatively high energies, utilising the intense ®F beams now available at
TRIUMEF and an extended gas target. The energy range covered shall be chosen such that it overlaps
with previous indirect measurements, allowing an independent comparison with different systematic
errors. A radioactive ®F beam shall be utilised with this experimental set-up to measure the direct
reaction rate for centre-of-mass energies from FE,,, = 1.2 to 2.0 MeV in 200 keV steps, corresponding
to beam energies of 6.6 to 11 MeV. Using a gas pressure of 50 Torr produces energy loss through the
target of 200 keV in the centre-of-mass, thus giving a continuous measurement across this energy
range.

For the lowest energies of interest, the ¥F(«, p)*!Ne reaction rate becomes too low to be measured
via the direct reaction within a reasonable time frame. The time-reversed reaction shall therefore be
employed. The kinematics of the time-reversed reaction result in highly forward focused reaction
products. This effect is so severe that use of a conventional CHy target prohibits the use of the beam
intensities required to measure the energy region of interest due to the high rate from Rutherford
scattering at similar angles to the reaction products. For this reason, a similar approach to that
described above for the direct reaction shall be employed, i.e. the TUDA scattering chamber will be
filled with hydrogen gas, and a similar arrangement of detectors utilised. This system has the added
advantage that the beam energy loss though the target is no longer dominated by the presence of the
carbon, thus an effectively thicker target may be utilised for the same energy “bite”. Furthermore,
any background resulting from reactions with the carbon is eliminated. A stable beam of 2!Ne with
energies ranging from 50.6 to 68.2 MeV shall be utilised, corresponding to energies of 0.6 to 1.4 MeV
in the '8F + o system, in steps of 200 keV. Once again, by choosing a target pressure of 250 Torr, an
energy loss of ~200 keV across the target is achieved, allowing complete measurement of the cross
section across the energy range.

As stated previously, the time-reversed reaction is not sensitive to reactions proceeding through
anything but the ground state of !Ne. Furthermore, it is thought that the ratio of transitions to
different final states in 2! Ne will vary as a function of energy. It is therefore crucial that we determine
this for a variety of energies in the direct reaction, such that we can understand the effects this will
play at lower energies and normalise the cross sections to account for these additional states. Again,
the energy range of the time-reversed reaction measurement shall be chosen such that it overlaps with
that measured directly, but shall extend to considerably lower energies within the Gamow window
(420 - 700 keV) for the astrophysical environment of interest.

The extracted cross section from this measurement can be readily converted into the correspond-
ing direct reaction cross section using the principle of detailed balanced, and taking into account
the ratios of reactions going to the ground state versus excited states, determined using the direct
reaction approach.

Experimental equipment:

Measurement shall be achieved using silicon strip detector arrays and a gas target within the TUDA
scattering chamber. A significant hurdle in experiments such as this is the detection of the heavy
ions. These ions are typically stopped in the exit window of the gas target. In order to overcome this,
rather than using a gas cell, the TUDA chamber will be filled with gas, contained by a thin entrance
window (e.g 2 pm Ni) placed on a re-entrant flange (see Fig. 5). This arrangement will allow for
coincident detection of both heavy ions and light reaction products, hence the reactions of interest
can be extracted with minimal contribution from background events. Scattering from the entrance
window will be monitored with photodiodes to provide beam normalisation.




TRIUMF EEC New Research Proposal Detailed Statement of Proposed Research for Experiment #: 1287

2867.2 (4) os2"
2795.8(7) 1s2t
~ .
2788.87.(10) /] S V-
382}
62(2)
>a7
1747.2(3) 7/2°
501)
95(1)
350.72(6) a s5s2"
100
o] 1 3/2"
2 Ne

Figure 4: Energy level scheme of low-lying states in 2'Ne.
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For the direct reaction measurement, the *O(q, p)?'F reaction channel (resulting from any '*O
contamination in the beam) is not open in this energy range (although oxygen contamination within
the beam can be minimised by flushing the source with xenon). The largest potential source of
background is therefore thought to be protons scattered from water vapour deposited on the entrance
window of the chamber. This can be minimised by use of an anti-scatter shield between the window
and the upstream CD detectors. A similar shield will be placed downstream of the second set of
CD detects to shield them from reactions taking place between this and the third CD detector
arrangement.

The requirement for coincident detection of particles and heavy ions should virtually eliminate
any remaining background events. Additionally, coincidence events will be confirmed by requiring
co-planarity and ToF' difference conditions. Furthermore, at the energies suggested, contributions
from possible fusion reactions with the entrance window are expected to be minimal. Nevertheless,
such effects shall be determined using background runs taken without gas in the chamber.

The silicon array will consist of a box of W-type DSSSDs, with an upstream CD detector and
downstream CD AFE — E telescope, for the detection protons and « particles. A additional CD
AFE — FE telescope placed further downstream will allow the detection of the heavy ions. A schematic
diagram of the proposed set-up is shown in Fig. 5.

CD W box CD dE-E

\ | / shield

beam I ‘ I ‘ I

hield
reentrant flange sme CD dE-E

7 cm 13 cm

Figure 5: Schematic diagram of the proposed detector arrangement for the direct beam measurement
(not to scale). The TUDA chamber is filled with He gas, contained by a thin entrance window
mounted on a re-entrant flange. Detectors positions are indicated, though these may be varied in
order to optimise angular coverage. The anti-scattering shields and re-entrant flange are indicated,
photodiodes for beam normalisation are not shown. See text for details.

Readiness:

The TUDA scattering chamber and all detectors and electronics are available for both measurements
proposed. Fabrication of the necessary structural components is expected to be completed well in
advance of any likely running date. Safety aspects related to operating TUDA with Hy gas will need
to be addressed.

All beams requested for the experiment are currently available at the required intensities, we
therefore request stage two approval.

Beam time required:
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The experiment shall be split into two phases: phase 1 shall measure the direct reaction at high
energies, phase 2 shall measure the time-reversed reaction at low energies. These phases do not need
to be run consecutively, and can take place in either order. We request a total of 19 shifts for phase
1, including 4.5 shifts for beam energy changes and 3.5 shifts for background runs without gas in
the chamber. For phase 2, we require 20 shifts, including 4.5 shifts for beam tuning and 3.5 for
background runs without the target. See Table 1 for detailed breakdown.

Table 1: Breakdown of shifts requested and expected yields.

Eiy | Eern | Ee(direct) o Yield Shifts | Total

MeV | MeV MeV mb counts/hr | 12 hrs | Counts

Phase 1 | 11 2.0 2.0 10 1750 0.5 10500
99 | 1.8 1.8 1.0 214 0.5 1284
88 | 1.6 1.6 2.0x107! 38 1 456

77| 1.4 14 3.3x1072 6.7 2 160.8

6.6 | 1.2 1.2 6.0x1073 1.2 7 100.8

Phase 2 | 68.2 | 3.1 1.4 7.7x1072 1500 0.5 18000
63.8 | 2.9 1.2 1.3x1072 260 0.5 3120

59.4 | 2.7 1.0 2.1x1073 43 1 1030
55.0 | 2.5 0.8 3.5x107* 7.1 2 170
50.6 | 2.3 0.6 5.8x107° 1.2 8 113

This request is based on yields calculated as Y = o N, Nyn, with the following assumptions:

N, =1 x 107 pps ®F and 1 x 10® pps ?'Ne, for the direct and reverse reaction respectively,

e N;(direct)~ 1 x 10" “He/cm?, based on a pressure of 50 Torr and an active target region of
~7 cm,

e Ni(reverse)~ 1 x 10?° p/cm?, based on a pressure of 250 Torr and an active target region of
~'7 cm,

e conservative estimate of detection efficiency, n ~ 50%,

e cross sections for the ?'Ne(p, a)'®F reaction have been extracted from Fig. 4 of [22] (see Fig.
6), and extrapolated to lower energies,

e cross sections for the F(q,p)*'Ne reaction have been calculated from the above using the

principle of detailed balance.

Data analysis:

To be done with existing TUDA analysis packages, no Triumf support will be required.

Once the new rate with the new uncertainty has been measured, Falk Herwig and Marco Pignatari
(members of the team submitting this proposal) will provide the stellar models and the nucleosynthe-
sis codes to evaluate their impact on theoretical stellar yields, specifically *F and ?!Ne production
in AGB stars.
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Figure 6: Reproduced from Figure 4 of [22]: “Panel (a) shows comparison between the present ex-
perimental yields and the yield prediction from Hauser-Feshbach calculations (dashed line) and the
calculations based on an R-matrix fit to the data (solid line). Panel (b) shows the R-matrix cross
section, which is obtained by fitting to the previous spectroscopy data [14] as described in the text.”
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