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 Humans have been seeing novae ("new 
stars") in the sky for hundreds of thousands 
of years 

 (20-60 per year in Milky Way) 

NOVAE 

From light curve we can estimate the peak 
temperature (3x108K) and duration (hours) 

of the outburt 
 

We can also determine the element 
abundance from spectroscopic 

measurements 



Classical Novae: Motivation 

Nova Cygni 1992/HST 

•  30 per year in our Galaxy 
•  luminosity increase by >104 

•  ejection of 10-4 Msol 

•  prolific dust producers 
•  recurring every 104 years 
•  main sources of 13C, 15N, 17O 

presolar grain 

Key questions: 

1. How can we model Classical Novae? 
2. How much radioactivity is produced? 
3. Does stardust (presolar grains) originate  
    from classical novae? 
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The outburst arises from explosive burning on compact companion of a close binary system	





1.15 Mo ONe 

1.15 Mo CO 

In this hot, dense environment the nuclear reactions occurring are very different from those 
inside a star and involve cycles of reactions up to sulphur	





26Al 

22Na 

18F 

Note that many of these reactions involve unstable nuclei and some of these are relatively 
long lived and so will remain after the nova outburst dies away 

If we could identify gammas emitted from these decays we would have a strong check on models 	
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To detect gammas we need to be above the atmosphere 

511keV gammas following β-decay of 18F is one of the most promising observables 
as the halflife of 158 minutes matches timescale for ejecta to become transparent.	



(Note this is days/weeks before the rise of the optical luminosity)	



Original estimates of 18F production implies satellites could observe out to 2-3 pc	


…… however, no gamma signal has yet been identified	


…… and the models fail to reproduce the amount of material ejected as identified	


        from optical and radio observations	
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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.	


	



The relevant nuclear reaction input to models	



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



We have the three classic problems with nuclear astrophysics measurements:	


	

- need a radioactive beam with resulting low intensities	


	

- reaction rates are small because of the low energies	


	

- large backgrounds from radiation from the beam	



As a consequence no (p,α) or (p,γ) measurements exist that extend into the 
energy region relevant for novae	
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As no measurements of rates exist, the models have been run with rates 
calculated based on capture through resonant states in the compound nucleus.	



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.	
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So we need the energies, spins and 
partial widths of the relevant excited 
states in 19Ne	
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ER (keV) Jπ	


8 3/2+ 

11 11/2+ 

26 1/2- 

38 3/2+ 

93 7/2+ 

131 9/2+ 

287 5/2+ 

330 3/2- 

430 3/2- 

450 7/2- 

528 1/2- 

643 5/2+ 

665 3/2+ 

762 11/2- 

827 3/2+ 

842 1/2+ 

1009 7/2+ 

1089 5/2+ 

1120 5/2- 

1147 5/2- 

1197 3/2+ 

1233 1/2- 

1289 5/2- 

1408 7/2+ 

1415 11/2+ 

1533 5/2+ 

1603 5/2+ 

1658 1/2+ 

First problem… 
 

There are many states and most level 
  data is tentative! 

Nesaraja PRC 75 (2007) 055809 

The capture will preferentially go by 
  low angular momentum transfer 
  (lower centrifugal barrier) 

So key states will be: 
l=0 at 8, 38, 665 keV 
l=1 at 26, 330 
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Both Γα and Γγ from association with 
19F analogue at 6.528MeV	



330 keV	


Γα from (p,α)	


Γγ = 5+/-3 eV from association with 19F 
analogue at 6.787MeV	



665 keV	


Γα from (p,α)	


No Γγ  and no 19F analogue assigned 
so Nesaraja assumed Γγ  = 1eV 
based on average of nearby states	



Main low spin states thought to dominate capture rate	





2nd Problem… 
States of the same spin-parity interfere  
Signs of interference terms are unknown  

 N. de Sereville NPA 758 (2005) 745c 
 

 

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 (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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C E Beer et al. PRC 83 042801(R) 2011	



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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0.05 - 0.35 GK 
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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	



C Ackers et al. submitted to Phys Rev Letts	
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were predicted to appear above channel 174 during the
18F(p,γ)19Ne run.

FIG. 3. Energy loss plot from the IC’s first anode showing the

position of
18
O(p,γ)19F (solid, blue online) and

19
Ne events

(shaded, red online).

There were also events in the lower energy region of the
IC spectrum corresponding to particles scattered inside
the recoil separator, changing charge state and losing mo-
mentum, that were able to reach the IC via an extremely
erratic path. As they appear so far away from the leaky
beam and recoil loci they do not contribute to the region
of interest however.

Neither of the potential 19Ne recoils had a coincident
γ-event detected in the BGO’s which is usually used as
an additional source of background suppression. Lack of
19Ne level structure data also made predicting the BGO
efficiency difficult. A GEANT simulation was used with
gamma cascades assumed from 19F in an excitation re-
gion similar to that populated by the observed 665 keV
resonance. An efficiency of 65±10% resulted. As only
two events in the recoil region were observed, the lack of
γ-heavy ion coincidence events is not inconsistent with
the observed singles yield.

All these checks give high confidence that the two
events observed are 19Ne recoils in a region of negligi-
ble background.

The reduction of a factor of 14 in the reaction yield
below that used in previous models is rather dramatic. It
should however be remembered that this previous value
had been based not on any knowledge or measurement
of the Γγ of the state, but purely on an assumption that
the width might be similar to that of other states in that
excitation region where the widths were known.

Using this new resonance strength the reaction rate
due to the 665 keV resonance was recalculated (Fig. 4).
It can be clearly seen that compared to the 330 keV res-
onance, this resonance now makes no significant contri-
bution to the reaction rate at any temperature relevant
to novae. However, only the Γp of the Ex=6.741 MeV
state has been experimentally determined and the model
calculations are based on Γγ and Γα from an assumed
analogue assignment. Another state with the same Jπ

(but different width) does lie nearby so this assignment

FIG. 4. Resonant contributions to the
18
F(p,γ)19Ne reaction

rate at nova temperatures. The dash-dotted line (blue online)

shows the rate with the previous assumption of Γγ=1 eV and

the solid line (red online) show the new value with a dashed

confidence level of 90%. The shaded line (green online) is a

previous experimental upper limit taken from [14].

is by no means definitive.

It is worth noting that a very recent study of 19Ne
levels [22] suggests new energies and spin assignments
for states. However, due to their proximity to the proton
threshold there is no impact on the 18F(p,γ)19Ne rate at
energies relevant to ONe novae.

In summary the 18F(p,γ)19Ne resonance strength has
been measured at the 665 keV resonance in inverse kine-
matics using the recoil mass separator DRAGON. Two
19Ne recoil events were detected and identified with a
high confidence, resulting in a ωγ that is a factor of 14
smaller than the previous assignment. As a consequence
this resonance plays no major role in the destruction of
18F at temperatures associated with ONe novae and thus
does not influence the 18F abundance after the result-
ing outburst. It is therefore crucial that either a direct
measurement of the 330 keV resonance, or an indirect
determination of the Γγ and Γ of the associated state,
are made if future 18F abundance observations are to be
fully exploited.

The authors would like to thank the beam delivery
and ISAC operations groups at TRIUMF and the Natu-
ral Sciences & Engineering Research Council of Canada.
The UK authors would like to acknowledge the support of
the Science and Technology Funding Council. A.Spyrou
was supported by the National Science Foundation under
Grant No. PHY 11-02511 and PHY 08-22648 (Joint In-
stitute for Nuclear Astrophysics). We are also extremely
grateful for the invaluable assistance in beam production
from Marik Dombsky and Pierre Bricault. Anuj Parikh
and Jordi José also provided the authors with valuable



20 

A (3He,t) study of 19Ne spectroscopy at Munich	



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



Concerns worsened when we saw 
recent results from Adekola et al. 
PRC(R) 83052801 (2012) 	



18F(d,n)19Ne*>15O+α	


	



§  38 keV not observed	


§  8 keV populated	



§  8 keV consistent with l = 1	


	

i.e. not l=0 (so not 3/2+!)	



	


=> no constraint on 38 keV Jπ	
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Aim - repeat Utku et al. measurement (Princeton Q3D) to check 8 and 38 keV 
states using Q3D at MLL in Munich	

 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,α)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 Jπ = 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 Jπ 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,α)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,α)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, dΩ = 13.9 msr, and (a) θlab = 10 degrees
and (b) θlab = 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, ρ, 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 differ-
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].

Excitation energy spectrum reproduced 
with slightly better resolution.	


	


Angular distributions measured.	
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FIG. 2. (Color online) Partial focal-plane triton spectrum
from the 19F(3He,t)19Ne reaction at (a) θlab = 15 deg, (b)
θlab = 20 deg and (c) θlab = 30 deg. Excitation energies are
in keV. At θlab = 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 Jπ 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 different Jπ 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 Jπ 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 sufficient 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 Jπ 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 Jπ 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 but three, at 5, 
29 and 48 keV	



A M Laird et al.  Accepted for Phys Rev Lett	



The second results is that the angular 
distributions are all different and the 29 
keV appears to have a high spin	



So states cannot be the 3/2+ pair as 
assumed from the mirror – physics 
interpretation now wide open	
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So where are the 3/2+ states?  Could be below threshold?	


	


Crucial as interference of these with the broad 665 keV 
state can dominate the yield	



Reaction model calculation for charge exchange not ideal, 
so follow up measurement planned to get firm spin 
assignments with 20Ne(d,t)19F	
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Rate calculations show that the 5 keV will 
have little effect in the rate.	


	


The 48 keV could be important if low spin	
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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	




