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In this last lecture we will look at some examples of recent studies of explosive 
nucleosynthesis. 
 
Much of the current activity is in key reactions for novae and X-ray bursters, including 
   the reactions that lead to breakout from the CNO-cycle 
 
Have selected out work on novae to illustrate 
 

 22Na production in novae 
 

 18F production in novae 
 

 16O as a poison for the s-process? (not really explosive, but nice physics) 
 



Classical novae arise in binary systems where H 
accretion onto a CO or ONe White Dwarf occurs 

Information from light curves is limited as the 
spectra only give chemical composition at the 
end of the event 

Gamma spectroscopy offers time resolved 
  isotopic composition 
 
13N  862s  511keV   CO/ONe 
18F  158m  511keV   CO/ONe 
7Be  77d  478keV   CO 
22Na  3.75yr  1275keV  ONe 
26Al  1Myr  1809keV  ONe 



26Al 

22Na 

18F 

Gammas emitted by long lived radioactive nuclei 



New gamma-ray observatories are capable of identifying specific nuclei from 
their characteristic gamma energies (e.g. 18F, 22Na, 26Al, 44Ti) 
 

 This will provide a stringent test on models, especially of Novae 

INTEGRAL 

GLAST (Fermi Telescope) 



COMPTEL measurements of 22Na in Her1991 and Cyg1992 are below expected limits 

Models wrong? 
 
Nuclear physics rates wrong? 

Recent calculations (Jordi et al.) suggest a 1.25 solar mass White Dwarf 
  Nova can eject 6.3 x 10-9 solar mass of 22Na 
 

 T 1/2 = 3.75 yr 
 

 Eγ = 1.275 MeV 
 
 

  With INTEGRAL should be able to detect out to 1 kpc 
   (about two thousand, million, million miles) 

BUT:  uncertainties in reaction rates give an uncertainty 
 in production rate (and so chances of observing) 

An example  22Na production in novae 



Production and destruction of 22Na 

Combined “Hot” and “Cold” 
  Ne-Na cycles 

Key reactions: 
 

 21Na+p > 22Mg+γ	
  (increased production) 
 

 22Na+p > 23Mg+γ  (decreased production) 



Beam 

Target 

Measuring the cross section 

Know number of beam particles 
Know number of target nuclei 
Measure number of nuclei created 
    Probability > Cross section 

21Na(p,γ)22Mg 
 
Beam of 21Na 
Target of Hydrogen 
 
Need to detect either the 
  γ-rays or the recoiling 22Mg 
 

 ..or both 

Production reaction 



Updated calculations (J.Jose) show 22Na production occurs earlier 
while envelope is still hot and dense enough for it to be destroyed 

Production reaction 

So lower final abundance of 22Na 

Cross section is 
larger than thought 

at low energies 



22Na(p,γ)23Mg 
 
This time we calculate the rate rather than measure it. 

Destruction reaction 
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For this need to know all the levels in 23Mg – energy, spin and gamma decay widths 
 
So do detailed spectroscopic  study on 23Mg 



Destruction reaction 

Recalculate the reaction rate with this updated information and get x102 greater rate 

So again, a lower final abundance of 22Na 

“Brute Force” spectroscopy of 23Mg 
using Gammasphere and the 12C(12C,n) 
reaction. 
 
Determined levels and widths for states just 
above threshold 

Very high statistics data set 
 
    - improve resonance energies 
    - fix unknown spins and parities 
    - identify new threshold state 
    - determine lifetimes (widths) 



So chances of observing a 22Na signal from Nova from 
satellite missions may be considerably less that 

anticipated 

Feed through same Nova model gives factor of 3 less 22Na 
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To predict the amount of 18F produced in models we need the rates of the 
reactions which produce it and also those of the reactions that destroy it.	


	
Production: 	
17O(p,γ) 18F and beta decay of 18Ne	

	
Destruction 	
18F(p,α)15O and 18F(p,γ) 19F	
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Both destruction reactions can lead to the 
material being recycled round to 18F again.	

	

However the (p,α) (red arrows) is much slower 
than the (p,γ) (blue arrows) because of the delay 
in the relatively long lived 15O.	

	


18F production in novae 

Sensitivity studies reveal that uncertainties in the (p,α) and (p,γ) 
rates are the limiting factor in our modeling of novae	
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When no measurements of rates exist, the models are run with rates calculated based on 
capture through resonant states in the compound nucleus. 
 

 which needs energies, spins and partial widths of the relevant states 

PROBLEM 
 
The spectroscopy of 19Ne is not well known and those states that have been located don’t 
always have spins or partial decay widths measured. 

Previous calculations assume rate dominated by the following low spin states (the 
centrifugal barrier will limit the contribution from higher spin states) 
 
665 keV  3/2+   (p,α) measured by Bardayan et al.  No Γγ	

330 keV   3/2-   (p,α) measured by Bardayan et al.  No Γγ	

8 and 38 keV 3/2+   Spin and widths guessed from proposed analogues 
 

 and some possible low spin sub threshold states (no spins or widths) 

As the temperature increases during the outburst, the nuclei collide with higher energies. So 
the models require reaction rate (cross section) to be measured over a range of energies 

Because of the lack of an 18F beam, no (p,α) or (p,γ) measurements exist that extend 
into the energy region relevant for novae 
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38 keV associated with 19F 
analogue at 6.528MeV with Γγ 
= 1.1+/-0.6 eV	


330 keV associated with 19F 
analogue at 6.787MeV with Γγ 
= 5+/-3 eV	


665 keV not been associated 
with any 19F analogue.  
Nesaraja assumed Γγ  = 1eV 
based on average of nearby 
states	


Main low spin states thought to dominate capture rate	
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Direct measurement of (p,α) rate using 18F beam at TRIUMF on H target	


TUDA Array	

	

Array of segmented 
annular silicon 
detectors	
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Ebeam = 12.96 MeV	

Kinematic coincidence allows 
rejection of 18O contaminant 
beam	


Eα for four beam energies	
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Caution: 	
It is not possible to calculate the reaction yield even if you know the energies,	

	
spins, parities and partial widths of all the states – there is a phase!	


	

	
HAVE TO GO AND MAKE THE MEASUREMENT	
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DIRECT MEASUREMENT OF THE 18F(p,!) . . . PHYSICAL REVIEW C 83, 042801(R) (2011)

TABLE I. 18F(p,!)15O cross sections and S factors.

Ec.m. (keV) " (mb) S factor (MeV barn)

673 (0.47 ± 0.14) ! 103 (1.3 ± 0.4) ! 104

453 1.1 ± 0.4 (2.0 ± 0.8) ! 102

330 0.6 ± 0.3 (8 ± 4) ! 102

250 (12+14
"8 ) ! 10"3 (110+120

"70 )

(below 2000 keV) had time-of-flight values consistent with
carbon recoils from elastic scattering. The cross section data
point from the present work at 673 keV agrees well with
existing data. The point at 453 keV neither indicates nor
excludes the presence of the possible resonance at 430 keV, and
further measurements with improved statistics are needed. The
330 keV data point agrees with the work of Bardayan et al. [4]
within errors.

Multichannel R-matrix calculations were performed using
the DREAM code [20] to calculate the astrophysical S factor
from the 10 above-threshold resonances given in Table II. The
level information used is taken from Ref. [3] with the addition
of a 3/2+ state at 1347 keV observed by Murphy et al. [7].
The R-matrix channel radius parameter used was 5 fm, and an
energy resolution of 15 keV (full width at half maximum) was
assumed.

Interference between resonances of the same spin-parity
results in significant differences in the S factor in the inter-
resonance regions. For the five 3/2+ resonances included,
16 phases are possible. Within the energy region of interest,
interference between the 8-, 38-, and 665 keV resonances

FIG. 3. The 18F(p,!)15O S factors, calculated using the R matrix,
for eight possible interference terms. The range in possible S factors
arises from the interference between the J # = 3/2+ resonances. The
interference between resonances dominates in the region of interest,
resulting in four groups of S-factor curves. The upper and lower
curves of each group are shown in the figure. The legend gives the
assumed phase, for the 8-, 38-, and 665 keV resonances, respectively,
for each pair of curves. Also plotted are the measured S factors from
this work, those from previously published data [4,10,12,19], and the
proposed contribution from 1/2+ states predicted in Ref. [6].

TABLE II. Resonance parameters used for the R-matrix calcula-
tions of the 18F(p,!)15N S factor. Except where indicated, parameters
are taken from Ref. [3].

Eres (keV) J # $p (keV) $! (keV)

"121 1/2+ 306a 11.6
8 (3/2") 7.19 ! 10"39 0.5
26 1/2" 1.1 ! 10"20 220
38 (3/2+) 4 ! 10"15 1.3
287 (5/2+) 1.2 ! 10"5 1.2
330 3/2" 2.22 ! 10"3 5.2
665 3/2+ 15.2 23.8
827 3/2+ 0.35 6
842 (1/2+) 0.2 23
1089 5/2+ 1.25 0.24
1347b 3/2+ 42 5

aReduced proton width taken from Ref. [9].
bParameter taken from Ref. [7].

causes the greatest variation. This results in four groupings
of S factors, with the width of each group reflecting the effects
of the interference between the remaining two resonances (827
and 1347 keV). The upper and lower S factor curves for each
group are shown in Fig. 3. As can be seen, the lowest-lying
group of S-factor curves is strongly disfavored (>95%) by
the data point at 250 keV, whereas the second-lowest group is
weakly disfavored.

Neither of the two 1/2+ resonances ("0.41 and 1.49 MeV)
predicted by Dufour and Descouvemont [6] are included in the
present R-matrix calculations but their predicted contribution
is shown in Fig. 3 for comparison. The interference between
the two states is negligible [6] and their contribution may be
approximated by the sum of these two isolated states. The
1.49 MeV resonance was observed via inelastic scattering of
19Ne by Dalouzy et al. [8] but was not seen in elastic scattering
by Murphy et al. [7]. The 1.49 MeV state, if it is present,
does not make a significant contribution at nova temperatures,
contrary to the conclusions of Dalouzy et al. [8], but its
observation (or lack thereof) would indicate the existence (or
not) of the "0.41 MeV resonance which, due to the predicted
width of around 230 keV, does make a significant contribution
in the relevant region. Further experiments to clarify the
existence of both states are therefore important. There is a
known state in 19Ne at 6.013 MeV (ER = "0.398 MeV), but
this state is considered to be either 3/2" or 1/2" [21] and is not
broad enough [22] to be the predicted "0.41 MeV resonance.

The picture is further complicated by recent indications
that the 8 keV resonance may be a 3/2" and that there is
a significant contribution from a subthreshold % = 0 state at
"121 keV [9]. However, recent data obtained by Josephides
et al. [23], using 15O(!,!) scattering, suggests that a state
in this energy region, which may be the same state, is most
consistent with a 5/2+ assignment. The recent compilation by
Iliadis et al. [5] assumed the "121 keV state to be 1/2+ and
the 8 keV state to be 3/2".

The S factor calculated with these assumptions (all other
parameters held as before and not including the 1089- and
1347 keV resonances, as per Ref. [5]) is shown in Fig. 4. The

042801-3

C E Beer et al	

Phys Rev C83 042801(R) 2011	
 RAPID COMMUNICATIONS

C. E. BEER et al. PHYSICAL REVIEW C 83, 042801(R) (2011)

FIG. 4. Calculated 18F(p,!)15O S factors with the 8 keV state
treated as having a spin-parity of 3/2! using the Adekola parameters
[9]. The six curves correspond to the upper and lower S factors,
assuming the !121 keV resonance to be 1/2+, 5/2+, or 3/2+.

upper curves now indicate a slightly lower S factor in the region
relevant to nova temperatures, whereas below 0.05 GK the S
factor is more than an order of magnitude lower. The curves
agree well with previous low-energy data (Refs. [4,12]) as well
as the present work. It can be seen from Fig. 4 that the change
in parity of the 8 keV state and resultant lack of interference
with the 38- and 665 keV states has a significant effect on
the uncertainty in the S factor in the region relevant to novae,
reducing it from over a factor of 10 to around a factor of 2.
However, this still results in up to a factor-of-10 uncertainty
in the reaction rate [5]. An improved measurement at 250 keV
could reduce this uncertainty by distinguishing between the
upper and lower curves.

The preceding analysis is based on the assignments as-
sumed in Ref. [5], and the resulting reaction rates are used
by current nova models. However, the other assignments
for the !121 keV resonance have not been excluded. Thus,
for completeness, also shown in Fig. 4 are four curves
corresponding to upper and lower limits on the S factor,
assuming the !121 keV resonance to be either 5/2+ [23] or

3/2+ [9]. Now the range of possible S factors is significantly
larger, particularly in the 3/2+ case due to interference with
the 38- and 665 keV resonances. In both these cases, the
experimental data favor the higher S-factor curves; however,
confirmation of the spin of this state is required.

In conclusion, the lowest energy measurement to date
of the astrophysically important 18F(p,!)15O reaction was
performed using a 18F beam delivered by the ISAC ra-
dioactive beam facility at the TRIUMF laboratory, Canada.
Measurements of the reaction cross section were made at
four different energies and the calculated cross sections
were used to constrain the R-matrix S-factor calculations at
nova temperatures. It is clear that current knowledge of the
level scheme of 19Ne above the ! threshold is incomplete
and some of the accepted parameters may yet be shown
to be inaccurate. Thus, there is a resultant uncertainty in
R-matrix calculations based on incomplete data. Moreover,
even if the state information on 19Ne were complete, direct
measurements of the cross section would still be needed to
distinguish between the different interference possibilities.
The present work is the first nonresonant measurement in
the Gamow window for this reaction and thus the first to
put significant constraints on the interference in the region
relevant to novae. These data suggest that the cross section in
the region of most importance to novae is either characterized
by constructive interference between 3/2+ resonances at 38
and 665 keV and/or that there is a strong contribution from
1/2+ subthreshold states. This constraint on the cross section
implies that stronger rates of destruction of 18F in novae are
preferred. Consequently, a lower abundance of 18F, and thus
a reduced detectability distance, is predicted. There remains,
however, significant uncertainty in the nuclear physics, and
further measurements, both direct and indirect, are needed.
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operations groups at TRIUMF. UK personnel were supported
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were supported by the Natural Sciences and Engineering
Research Councils of Canada. The authors would also like
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Managed first measurement into nova region, but further progress awaits major 
increase in beam intensity – but while waiting, could we pin down the relative 
phases by more accurate measurements in the region above the 330 keV?	
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Measure	  using	  the	  standard	  DRAGON	  technique	  for	  capture	  reac9on	  
Ø 	  inverse	  kinema9cs:	  	  18F	  beam	  on	  hydrogen	  gas	  target	  	  
Ø 	  detec9on	  of	  prompt	  gammas	  in	  BGO	  array	  
Ø 	  selec9on	  of	  19Ne	  recoils	  through	  separator	  and	  detec9on	  in	  end	  detector	  
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Initial plan was to measure 665 
keV and 330 keV, but after one 
week only 2 counts in 665 keV	


Strength of 665 keV x13 less 
than has been assumed in the 
past (but Γγ had only been a 
guess)	
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Previous assumed width	
 Width from this measurement	
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665 keV won’t play any role so the (p,γ) rate will be dominated by the 330 
keV, for which the Γγ is very uncertain and needs to be constrained	


! !

!"#$%&!'!()*+,*-./012+,-/*+-/+)13-*+4*5%*6-/76*8

Measurement of 330 keV planned for next year	
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A (3He,t) study of 19Ne spectroscopy at Munich	


As we looked closer at past data and analogue assignments we began to get worried	

2

nance at Ecm = 330 keV, and the unknown interference
of the 3/2+ states, at 8 and 38 keV Ecm, with the broad
3/2+ resonance at 665 keV. A predicted broad 1/2+ sub-
threshold state [5] could also make a substantial contri-
bution in the region of interest.
The 330 keV resonance corresponds to a 3/2! state

([6]-[8]) at Ex = 6.741 MeV in 19Ne. The contribution of
this resonance to the 18F(p,!)15O cross section has been
measured directly by Bardayan et al. [9], and confirmed
in a later study by Beer et al. [3].
The situation regarding the 8 and 38 keV resonances

is less clear. First observed by Utku et al. [7] via the
19F(3He,t)19Ne reaction, they were both tentatively as-
signed to be J! = 3/2+ but no clear explanation for this
is given. A compilation by Nesaraja et al. [4] states this
assignment to be based on similarities in excitation en-
ergy and the small energy shift expected compared to
analogue states in the mirror nucleus, 19F. The partial
widths assumed for these two states have been derived
from those of the analogue states.
Recent results using the 18F(d,n)19Ne reaction [10],

however, suggest that these analogue assignments may
be incorrect. The resonance at 8 keV was observed and
the measured angular distribution indicated that it is
populated through an " = 1, rather than " = 0, trans-
fer resulting in a J! assignment of 1/2!, 3/2! or 5/2!

[10, 11]. However, the 38 keV resonance was not ob-
served. Also of possible relevance to the 18F(p,!)15O re-
action rate was the observation of a sub-threshold state
at -122 keV (Ex = 6.289 MeV), which was assigned as ei-
ther a 1/2+ or 3/2+ state. Although this resonance is not
broad enough to contribute directly to the reaction cross
section, a 3/2+ assignment would lead to interference
with the broad 3/2+ resonance at 665 keV. Crucially, if
the 8 keV resonance is not considered to be 3/2+ then
the argument made in [4] no longer applies, and the spin
and parity of the 38 keV resonance, and therefore its par-
tial widths, must be considered unconstrained. It then
follows that the cross section in the region between the
proton threshold and the 330 keV resonance, and thus
the 18F(p,!)15O reaction rate at nova temperatures, is
poorly constrained.
In this Letter, we report a study of the level struc-

ture of 19Ne near the proton-threshold, through the
19F(3He,t)19Ne reaction. The reaction was studied at the
Maier-Leibnitz-Laboratorium (MLL) in Garching, Ger-
many, using the same method and equipment previously
reported in [12]. A 25 MeV beam of 3He2+ ions (I =
400 - 600 nA) was brought to the target position of
a quadrupole-dipole-dipole-dipole (Q3D) magnetic spec-
trograph [13]. Targets included a 50 ug/cm2 CaF2 de-
posited upon a 7 µg/cm2 foil of enriched 12C, and a
25 µg/cm2 aluminum foil. Measurements were made at
spectrograph angles of 10, 15, 20, 25, 30, 40 and 50 de-
grees. Tritons arising from (3He,t) reactions on contam-
inants, including 12C and 16O, were excluded from the

focal-plane detector [14] by virtue of their Q-values.

FIG. 1. Focal-plane triton spectra from the 19F(3He,t)19Ne
reaction at 25 MeV, d! = 13.9 msr, and (a) !lab = 10 degrees
and (b) !lab = 20 degrees. Excitation energies are labeled in
keV.

Figure 1 shows triton position spectra from the
19F(3He,t) reaction at angles of 10 and 20 degrees. These
spectra were analysed using least-squares fits of multiple
Gaussian or exponentially-modified Gaussian functions
with a constant background. Excitation energies deter-
mined using each of these prescriptions were in good
agreement. Peak widths were fixed to roughly 14 keV
FWHM based on fits of isolated peaks in the spectra.
Figure 2 shows partial focal-plane spectra at 15, 20 and
30 deg, highlighting our observation of three states be-
tween 6.4 and 6.5 MeV.

At each angle the focal-plane was calibrated using
well-resolved, known states in 27Si [15, 16] populated
via the 27Al(3He,t) reaction, with 4.2 < Ex(27Si) < 5.5
MeV. Second-degree polynomial fits of triton radius-of-
curvature, #, to focal-plane position were obtained at
each angle, and these fits were used to determine excita-
tion energies for states populated in 19Ne (e.g., Fig. 1).
Those energies corresponding to clearly resolved, strongly
populated states in each spectrum were later used as part
of an internal calibration to determine the energies of the
three states between Ex(19Ne) = 6.41 - 6.46 MeV.

Excitation energies from this work are listed in Table I,
along with uncertainties due to counting statistics, repro-
ducibility among angles, and uncertainties in the energies
of the calibration states. These energies are all weighted
averages of energies determined from at least four di!er-
ent measurement angles. In addition, we note a system-
atic uncertainty of ± 2 keV due to the uncertainty in the
thicknesses of the Al and CaF2 targets (each is known to
roughly 10%) and the uncertainty in the relative Q-value
of the 19F(3He,t)19Ne and 27Al(3He,t)27Si reactions [17].

So carry out high resolution 
measurement of 19F(3He,t)19Ne 
reaction at Munich using the 
magnetic spectrometer.	

	


	
(a) 10o	


	
(b) 20o	

	


PRELIMINARY DATA	

Just submitted for publication	
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FIG. 2. (Color online) Partial focal-plane triton spectrum
from the 19F(3He,t)19Ne reaction at (a) !lab = 15 deg, (b)
!lab = 20 deg and (c) !lab = 30 deg. Excitation energies are
in keV. At !lab = 15 deg, the overall best fit (red online) and
three constituent Gaussian peaks (blue online) are shown for
the states within Ex = 6.4 - 6.5 MeV.

In the astrophysically important region, between Ex

= 6.41 - 6.46 MeV, the position spectra at each angle
can only be accurately fitted by assuming three narrow
states contribute to this feature, rather than the previ-
ously assumed two levels at 8 and 38 keV. These states
are best reproduced with energies of 5, 29 and 48 keV.
In addition, we see no evidence for the broad state at
26 keV. Inclusion of a state at this energy with the pre-
viously assumed parameters does not improve the fit in
this region.
Measured angular distributions are plotted in Figure 3,

with fits from the finite-range coupled-channels reaction
code FRESCO [7]. The (3He,t) charge exchange reac-
tion has been treated as a two-step (3He,d)(d,t) reaction.
This method allows the extraction of the angular momen-
tum transfer of the reaction, since the shapes of the an-
gular distributions are very similar to those from the one
step (3He,t) reaction [12, 19, 20]. The optical model pa-
rameters have been taken from [21] for the 3He+19F en-
trance channel, [22] for the intermediate 2H+20Ne chan-
nel and [23] for the exit channel 3H+19Ne.
Of the eleven states populated in the present work,

only four have J! assignments based on previous exper-
imental data, as referenced in Table I, rather than from
analogue assignments.
By comparing the shapes of the angular distribution

given in Figure 3, it is clear that the three narrow states
between Ex = 6.41 - 6.46 MeV all have di!erent J! val-

FIG. 3. Triton angular distributions measured with the
19F(3He,t)19Ne reaction. Curves calculated with FRESCO
have been fit to the data. Each panel (a - j) is labeled with
the excitation energy (in keV) of the associated state in 19Ne
and the J! values of the curves that best fit the data.

ues. This provides clear evidence that the previously
assumed 8 and 38 keV resonances cannot both be 3/2+.
The states at 6.014, 6.146 and 6.741 MeV exhibit simi-
lar, forward-peaked, angular distributions, indicative of
low spin states. The angular distributions of the states at
6.072, 6.459 and 6.132 MeV also show similarities and are
suggestive of low spin assignments. The states at 6.097
and 6.862 MeV have similar features in their angular dis-
tributions which, as with that of the 6.289 MeV state,
indicate that these states are not low spin. The 6.440
MeV state does not have a forward peaked distribution
suggesting that it is high spin. Finally, the statistics
for the 6.700 MeV state are not su"cient to draw any
conclusions and so it has been omitted from Figure 3.
These statements were determined purely from visual in-
spection of the experimental angular distributions. The
FRESCO angular distributions provide quantitative con-
straints on the J! assignments. These are summarised in
Table I and particular cases discussed below.

The most important conclusion is that, of the three
states just above the proton-threshold, none are found to
be consistent with a 3/2+ assignment. Figure 4 shows
the angular distributions for these three states together
with the FRESCO calculation for 3/2+ and other previ-
ously assumed J! assignments. Also shown in this fig-
ure is the sub-threshold state at 6.289 MeV. The 6.416
MeV (5 keV) state is found to be either 3/2! or 5/2+.
The 6.440 MeV (29 keV) state is clearly not reproduced
by a 3/2+ assignment and best fit with an 11/2+. In
the case of the 6.459 MeV (48 keV) state, the 3/2+ cal-
culation cannot reproduce the low and high angle data

(a)  15o  (b) 20o  (c) 30o	


The first result is that there are 
not two states just above 
threshold at 8 and 38 keV	

	

	

	

Rather, we find three states 
corresponding to resonances at 
energies of 5, 29 and 48 keV	


PRELIMINARY DATA	
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FIG. 2. (Color online) Partial focal-plane triton spectrum
from the 19F(3He,t)19Ne reaction at (a) !lab = 15 deg, (b)
!lab = 20 deg and (c) !lab = 30 deg. Excitation energies are
in keV. At !lab = 15 deg, the overall best fit (red online) and
three constituent Gaussian peaks (blue online) are shown for
the states within Ex = 6.4 - 6.5 MeV.

In the astrophysically important region, between Ex

= 6.41 - 6.46 MeV, the position spectra at each angle
can only be accurately fitted by assuming three narrow
states contribute to this feature, rather than the previ-
ously assumed two levels at 8 and 38 keV. These states
are best reproduced with energies of 5, 29 and 48 keV.
In addition, we see no evidence for the broad state at
26 keV. Inclusion of a state at this energy with the pre-
viously assumed parameters does not improve the fit in
this region.
Measured angular distributions are plotted in Figure 3,

with fits from the finite-range coupled-channels reaction
code FRESCO [7]. The (3He,t) charge exchange reac-
tion has been treated as a two-step (3He,d)(d,t) reaction.
This method allows the extraction of the angular momen-
tum transfer of the reaction, since the shapes of the an-
gular distributions are very similar to those from the one
step (3He,t) reaction [12, 19, 20]. The optical model pa-
rameters have been taken from [21] for the 3He+19F en-
trance channel, [22] for the intermediate 2H+20Ne chan-
nel and [23] for the exit channel 3H+19Ne.
Of the eleven states populated in the present work,

only four have J! assignments based on previous exper-
imental data, as referenced in Table I, rather than from
analogue assignments.
By comparing the shapes of the angular distribution

given in Figure 3, it is clear that the three narrow states
between Ex = 6.41 - 6.46 MeV all have di!erent J! val-

FIG. 3. Triton angular distributions measured with the
19F(3He,t)19Ne reaction. Curves calculated with FRESCO
have been fit to the data. Each panel (a - j) is labeled with
the excitation energy (in keV) of the associated state in 19Ne
and the J! values of the curves that best fit the data.

ues. This provides clear evidence that the previously
assumed 8 and 38 keV resonances cannot both be 3/2+.
The states at 6.014, 6.146 and 6.741 MeV exhibit simi-
lar, forward-peaked, angular distributions, indicative of
low spin states. The angular distributions of the states at
6.072, 6.459 and 6.132 MeV also show similarities and are
suggestive of low spin assignments. The states at 6.097
and 6.862 MeV have similar features in their angular dis-
tributions which, as with that of the 6.289 MeV state,
indicate that these states are not low spin. The 6.440
MeV state does not have a forward peaked distribution
suggesting that it is high spin. Finally, the statistics
for the 6.700 MeV state are not su"cient to draw any
conclusions and so it has been omitted from Figure 3.
These statements were determined purely from visual in-
spection of the experimental angular distributions. The
FRESCO angular distributions provide quantitative con-
straints on the J! assignments. These are summarised in
Table I and particular cases discussed below.

The most important conclusion is that, of the three
states just above the proton-threshold, none are found to
be consistent with a 3/2+ assignment. Figure 4 shows
the angular distributions for these three states together
with the FRESCO calculation for 3/2+ and other previ-
ously assumed J! assignments. Also shown in this fig-
ure is the sub-threshold state at 6.289 MeV. The 6.416
MeV (5 keV) state is found to be either 3/2! or 5/2+.
The 6.440 MeV (29 keV) state is clearly not reproduced
by a 3/2+ assignment and best fit with an 11/2+. In
the case of the 6.459 MeV (48 keV) state, the 3/2+ cal-
culation cannot reproduce the low and high angle data

The second result is that the 
angular distributions don’t seem 
to be consistent with 3/2+ as 
was assumed (although looking 
back the analogue assignment 
was rather vague)	

	

	

Also, there are other possible 
low spin states around the 
threshold	


Reaction model calculation for charge exchange not ideal, so follow up 
planned to get firm assignments with 20Ne(d,t)19F	
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CONCLUSIONS	


Satellite missions are searching for gamma emission from novae and the 
prime candidate is the 511 keV from 18F decay which occurs immediately 
after the outburst	


Sensitivity studies show the limitations on understanding the amount of 18F 
(and hence the distance at which we can detect the emission) are the 
uncertainties on the 18F(p,α) and 19F(p,γ) reaction rates.	


We are close to getting direct measurements in the relevant energy range, 
but need further increases in beam intensity.	


In the absence of direct measurements calculated rates have been used, but 
(a) there is a problem as the interference phases aren’t known and (b) some 
of the main states included may have been miss assigned	


Is this why no gamma emission has been observed to date?	
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l s-process abundances 
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Physics interest	

	

Weak s-process can run in massive stars at low metallicity, providing	

   rotation provides mixing.	


No experimental measurement 
but two conflicting predictions 
for this ratio which differ by a 
factor of 104 – causes big 
differences in yields in the Sr to 
Ba region	


Phys. Rev. C, 48, 2746 (1993	


But in these stars there is a lot of helium, and alpha capture on the 17O can lead	

   to two outcomes depending on ratio of the 17O(α,γ) and 17O(α,n) reaction rates	


	
17O(α,γ)	
 	
neutron lost	

	
17O(α,n)	
 	
neutron returned	


However 16O in the star can act as a neutron poison – n capture on the 16O  	

   to form 17O removes the neutrons before they can participate in s-process	




l  Calculations of the “weak” component of the s-process in massive stars at 
low metallicity with the different rates for 17O(α,γ)21Ne, produce vastly 
different abundances from Sr to Ba 

Hirschi et al, NIC-X 083 (2008) 

17O(α,n) measured, but still have 104 variation for (α,γ)	


Perform a direct measurement of the 17O(α,γ) reaction using DRAGON spectrometer	
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17O(a,γ) measurement – recoil selection in DRAGON 
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first scanning the energy range between 0.8 and 1.6 MeV
ECM , focussing on regions of high expected yield as in-
dicated by the Denker et al. [7] data. Subsequently a
second data run was performed, to push as low in energy
as possible, at energies between 0.6 and 0.8 MeV. These
experiments were performed, in inverse kinematics, us-
ing the DRAGON recoil separator in the ISAC facility,
at the TRIUMF Laboratory, Canada.
The DRAGON facility is designed to study radiative

capture reactions relevant to nuclear astrophysics. It con-
sists of a windowless recirculating gas target, surrounded
by an array of 30 bismuth germanate (BGO) gamma-ray
detectors, and a two-stage electromagnetic recoil sepa-
rator. A full description of the DRAGON separator is
given in Hutcheon et al. [11] and Engel et al. [12].
The 17O beam of typical intensity 600 enA impinged on

the windowless gas target filled with helium. DRAGON
was configured to transmit 4+ 21Ne recoils from the
17O(!, ")21Ne reaction. These recoils were detected at
the focal plane by an ionization chamber (IC). The IC
consists of 4 anodes, providing !E-E information, and
was filled with isobutane at a typical pressure of 8 Torr.
Two micro channel plate (MCP) detectors upstream of
the IC measured the local time-of-flight (tof) of the re-
coils over a distance of 60 cm [13]. Recoils were then
identified, and distinguished from ’leaky’ beam trans-
mitted through the separator, by their position on an
energy-tof graph, an example of which is shown in Fig.
3. Further discrimination, when necessary, was provided
by prompt gamma-rays detected in the BGO array in co-
incidence with events in the IC. The beam intensity was
measured every hour in three Faraday cups (FC) located
upstream of DRAGON, after the gas target and after
the first magnet. Continuous monitoring of the beam
intensity throughout data taking was via recoil protons,
from elastic scattering of the beam in the hydrogen in the
target, detected in two surface barrier detectors located
within the gas target assembly. These elastic scattering
data were normalised to the measured beam intensity at
the start and end of every run [14].

At each energy, the raw yields were corrected for the
separator e"ciency, the charge state fraction for 4+ re-
coils exiting the gas target, the e"ciency of the ion cham-
ber and MCP detectors, and the data acquisition dead-
time. When coincidences were required for particle iden-
tification, the BGO array e"ciency was also taken into
account. The separator e"ciency was determined from
Monte Carlo simulations of DRAGON using GEANT3.
For energies below ! 1MeV, the maximum cone angle
of the reaction exceeds the DRAGON acceptance of 21
mrad. If a resonance is located upstream of the target
centre, this limit is reached at higher energies. Simi-
larly, the e"ciency of the BGO array [15] depends on
the location of the reaction in the target. Since for most
energies studied in this work neither the width of the res-
onance, nor the angular distribution or level scheme of
the subsequent decay of 21Ne are known, and the mea-
sured statistics were too low to determine these values

FIG. 3. Summed ion chamber energy versus local time of
flight from the MCPs. Recoil events are indicated and overlaid
on attenuated beam data to indicate the expected locus of
’leaky’ beam.

from the observed " ray energies and distributions, sim-
ulations were conducted assuming several possible sce-
narios. For each simulated scenario (reaction location
in gas target, assumed decay scheme, etc.) the corre-
sponding separator transmission and BGO detection ef-
ficiencies were extracted, and the di#erences between the
various scenarios used to determine the systematic errors
on both values.

Charge state distributions for 21Ne were measured at
four energies and the 4+ charge state fraction was fitted
using the empirical formula from [16]. This fit was used
to interpolate the 4+ charge state fraction for each of the
reaction recoil energies. The IC e"ciency was taken from
the GEANT simulations and the MCP detector e"ciency
determined from a comparison of MCP event rate and IC
event rate for attenuated beam data.

FIG. 4. Cross section as a function of center of mass energy
for the present work. The horizontal bars show the energy
bites of the DRAGON windowless gas target. Also shown are
the cross sections for the 17O(!,n)20Ne reaction from [7] and
[8].

The cross sections were then calculated from the cor-
rected yields, the gas target pressure and the integrated

(α,γ) cross section is well below the previously measured (α,n) 

Preliminary data – submitted for publication 
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beam intensity. Figure 4 shows the cross section for the
present work, with the energy ’bites’ of the gas target in-
dicated as the horizontal lines on the data points. From
this, the S-factors were calculated. Figure 5 shows the
calculated S-factor at each center of mass energy for the
present work in comparison with the 17O(!,n)20Ne reac-
tion S-factor from [7] and [8], and the calculated S-factor
from [5].
The most prominent feature at around 0.81 MeV ECM

is also seen by Best et al. (E! = 1002 keV) and is thought
to correspond to a known J"=9/2 state in 21Ne at 8.154
MeV Ex [17]. As found by Best et al. [10], this res-
onance appears to be of comparable strength in both
gamma and neutron channels. However, the calculated
resonance strength 4.7 ± 0.2 meV is a factor of 1.6 lower
than that of [10]. The sharp edges of the resonant feature
indicate that the total width of the state is significantly
less than the energy bite of the gas target (!E < 1 keV).
Although strong, this state is narrow and corresponds to
at least a d-wave resonance. Consquently, while it may
play an important role in carbon shell burning, it is not
expected to contribute significantly during helium core
burning.

FIG. 5. Astrophysical S-factor from the present work, to-
gether with that of the 17O(!,n)20Ne reaction from [7]. For
comparison, the calculated S-factor for the 17O(!, ")21Ne re-
action from [5] is shown. The calculation clearly underpre-
dicts the present data. The shaded region indicates the upper
portion of the Gamow window for helium core burning.

Just below this energy, there is a known J" = 3/2+

resonance at 0.71 (8.062) MeV ECM (Eex) of total width
8 keV [17]. The present work places an upper limit of 2
µeV for the resonance strength which suggests that this
state (also d-wave) does not make a significant contribu-
tion in this scenario. This upper limit is around a factor
of 20 lower than the corresponding limit given in [10].
Between the data points around 0.7 MeV and the low-
est data point, there is a gap in the measured energy
range, from 0.648 to 0.667 MeV, and so no constraint
can be placed on the contribution of the 1/2! resonance
at 0.66 MeV which falls within the gap. However as this
state lies between the Gamow window for the two burn-
ing regimes and corresponds to an f-wave resonance, it is

FIG. 6. Reaction rate, between 0.2 and 0.3 GK, for the
17O(!, ")21Ne reaction calculated from the present data. For
comparison, the rates of CF88 [4] and Descouvemont [5], to-
gether with that of Best [10].

also unlikely that this state will play a dominant role.
The lowest data point measured lies just inside the

Gamow window for core helium burning and three known
states are covered by the energy bite of the gas target.
Given the low yield, it is not possible to determine which
state dominates and so a combined resonance strength
of 2 ± 1.65 µeV is reported. As in the above case, this
value is a factor of around 20 lower than the upper limit
given in [10].

From Figure 5 it can be seen that the S-factor calcu-
lation from the GCM of Descouvemont [5] significantly
under-predicts the data in the region covered in the
present work. However, this is not necessarily in dis-
agreement if the GCM prediction is considered to repre-
sent the non-resonant contribution to the cross section,
as stated in [5]. This prediction can then be considered
a lower limit with the contributions from narrow reso-
nances added on top.

The data in Figure 5 also shows three clear resonances,
at 0.62, 0.81 and 1.15 MeV ECM . Using the resonance
strengths determined for these data, the contribution to
the reaction rate from each of these assumed resonances
was calculated and the sum is shown in Figure 6. Above
0.3 GK, the strong resonance at 0.81 MeV clearly domi-
nates, while below this the 0.62 MeV point has the largest
contribution. The 3/2+ state at 0.717 (8.065) MeV con-
tributes less than 1% to the total reaction rate, when
assuming the upper limit of resonance strength, and so
is considered to make no significant contribution. The
other (not clearly resonant) S-factor data points were fit-
ted with an linear term to allow extrapolation across the
full Gamow window range. As can be seen from Figure
6, this non-resonant contribution dominates the reaction
rate across the Gamow window for core helium burning,
with the 0.62 MeV resonance becoming significant at the
upper edge, around 0.3 GK. The total (sum of resonant
and non-resonant contributions) reaction rate as a func-
tion of temperature is given in Table I.

In agreement with the findings of Best et al., [10]

This cross section gives an S-factor that excludes the prediction of Descouvement 

Preliminary data – submitted for publication 
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beam intensity. Figure 4 shows the cross section for the
present work, with the energy ’bites’ of the gas target in-
dicated as the horizontal lines on the data points. From
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gamma and neutron channels. However, the calculated
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Although strong, this state is narrow and corresponds to
at least a d-wave resonance. Consquently, while it may
play an important role in carbon shell burning, it is not
expected to contribute significantly during helium core
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comparison, the calculated S-factor for the 17O(!, ")21Ne re-
action from [5] is shown. The calculation clearly underpre-
dicts the present data. The shaded region indicates the upper
portion of the Gamow window for helium core burning.

Just below this energy, there is a known J" = 3/2+

resonance at 0.71 (8.062) MeV ECM (Eex) of total width
8 keV [17]. The present work places an upper limit of 2
µeV for the resonance strength which suggests that this
state (also d-wave) does not make a significant contribu-
tion in this scenario. This upper limit is around a factor
of 20 lower than the corresponding limit given in [10].
Between the data points around 0.7 MeV and the low-
est data point, there is a gap in the measured energy
range, from 0.648 to 0.667 MeV, and so no constraint
can be placed on the contribution of the 1/2! resonance
at 0.66 MeV which falls within the gap. However as this
state lies between the Gamow window for the two burn-
ing regimes and corresponds to an f-wave resonance, it is

FIG. 6. Reaction rate, between 0.2 and 0.3 GK, for the
17O(!, ")21Ne reaction calculated from the present data. For
comparison, the rates of CF88 [4] and Descouvemont [5], to-
gether with that of Best [10].

also unlikely that this state will play a dominant role.
The lowest data point measured lies just inside the

Gamow window for core helium burning and three known
states are covered by the energy bite of the gas target.
Given the low yield, it is not possible to determine which
state dominates and so a combined resonance strength
of 2 ± 1.65 µeV is reported. As in the above case, this
value is a factor of around 20 lower than the upper limit
given in [10].

From Figure 5 it can be seen that the S-factor calcu-
lation from the GCM of Descouvemont [5] significantly
under-predicts the data in the region covered in the
present work. However, this is not necessarily in dis-
agreement if the GCM prediction is considered to repre-
sent the non-resonant contribution to the cross section,
as stated in [5]. This prediction can then be considered
a lower limit with the contributions from narrow reso-
nances added on top.

The data in Figure 5 also shows three clear resonances,
at 0.62, 0.81 and 1.15 MeV ECM . Using the resonance
strengths determined for these data, the contribution to
the reaction rate from each of these assumed resonances
was calculated and the sum is shown in Figure 6. Above
0.3 GK, the strong resonance at 0.81 MeV clearly domi-
nates, while below this the 0.62 MeV point has the largest
contribution. The 3/2+ state at 0.717 (8.065) MeV con-
tributes less than 1% to the total reaction rate, when
assuming the upper limit of resonance strength, and so
is considered to make no significant contribution. The
other (not clearly resonant) S-factor data points were fit-
ted with an linear term to allow extrapolation across the
full Gamow window range. As can be seen from Figure
6, this non-resonant contribution dominates the reaction
rate across the Gamow window for core helium burning,
with the 0.62 MeV resonance becoming significant at the
upper edge, around 0.3 GK. The total (sum of resonant
and non-resonant contributions) reaction rate as a func-
tion of temperature is given in Table I.

In agreement with the findings of Best et al., [10]

Reaction rate from this measurement excludes the prediction of Descouvement but is still 
100 times lower than CF (however this is an upper limit as have extrapolated) 

However stellar model calculations show that the s-process abundances are not sensitive 
to the 17O(α,γ)21Ne reaction rate if it is a factor of 100 lower, so there is still a significant 
production of s-process elements 

So it appears Oxygen is not a poison in these stars 

Preliminary data – submitted for publication 
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