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ABSTRACT B

Astronomical observations have shown that He, CNO material and/or heav<
elements are considerably enriched in certain nova ejecta relative to solar mat
ter. The heavy element enrichments can be explained by the dredge-up of mat
tor from an underlying ONeMg white dwarf and subsequent redistribution of
the material by the rp-process. The proton capture reactions on 32S and 3BAr
important for hydrogen burning during nova outbursts have been measured
experimentally. The derived stellar reaction rates have been incorporated into
large-scale network calculations and the astrophysical consequences are dis-
cussed.

1. Introduction

Recently, astronomical observations have shown that He, CNO material and/or
heavy elements (Ne, Na, Mg, Al, Si, S) are considerably enriched in nova ejecta
relative to solar matter. Nova outbursts are a consequence of hydrogen-burning ther-
monuclear runaways that- occur near the surface of white dwarfs which are accret-
ing mass in close binary systems. It has been suggested' that the element enrich-
ments in the envelope matter and ejecta result from outward mixing (dredge-up)
of matter from the underlying white dwarf. Therefore, large He abundances can be
achieved if the accreted hydrogen-rich matter mixes with helium-shell matter on
white dwarfs. Enrichments of CNO material could be understood as mixing which
penetrates through to the underlying carbon-oxygen core. The realization of large
heavy element abundances results consequently if one assumes the presence of an
underlying ONeMg white dwarf (i.e., white dwarfs which result from cores of more
massive stars which experienced core carbon burning). The r(apid) p(roton capture)
process consisting mainly of sequences of (p,f) reactions and /?-decays redistributes
these nuclei and could explain the heavy element enhancements detected in certain
nova ejecta.
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For temperatures and densities typical for explosive burning in nova outbursts
(e.g., T9=0.1-0.3, p = 103 - 10s gem"3) the rp-process path2 runs close to the line of
stable nuclei. Of importance are the (p,y) reactions on even-even T,=0 nuclei (MNe,
MMg, MSi, 32S, ^Ar and 40Ca) with relatively small Q-values (Q«2 MeV). These
reactions could represent a strong impedance for the rp-process flow to heavier mass
regions since the level densities in the corresponding compound nuclei are small. The
experimental investigation of the reactions 3JS(p, 7)MC1 and 36Ar(p,7)37K is described
in the next section. A more detailed description concerning these experiments and
the astrophysical implications involved has been given recently.3"5

2. Experimental Procedures and Results

,- The experiments were performed at the University of Toronto and at Caltech
1 -'using similar experimental set-ups. Proton beams of about 50 /iA intensity from the

accelerator passed through a collirnator and were focused onto the target which was
directly water-cooled. A liquid-nitrogen-cooled copper tube was placed between the
collimator and the target to minimize carbon deposition. The target and chamber
formed a Faraday cup for charge integration and a negative voltage was applied to
the Cu tube in order to suppress secondary electron emission from the target. The
7-rays were detected by using a large-volume Ge detector placed at $-,=55" with
respect to the beam direction in close geometry to the target. The targets used have
been produced by implanting 32S and MAr ions into thick Ta backings.

Two resonances have been observed at EK=321 and 918 keV in the "Ai^p, 7)3TK
reaction. The resonance at UJJ=918 keV was known from earlier work and the nu-
clear reaction probabilities in the stellar medium (i.e., stellar reaction rates) for this
reaction were estimated previously considering this resonance only. The resonance at
ER=321 keV has not been seen earlier and is located in the energy window of effective
stellar burning (i.e., Gamow peak) during nova outbursts. This new resonance deter-
mines the stellar reaction rates for all temperatures of interest for hydrogen burning
in novae and increases the stellar rates by orders of magnitudes compared to the old
results.

For the reaction 3*S(p,7)MCl resonances have been observed at 422, 588,1588,
1748 and 1757 keV. Resonance energies and strengths are in agreement with previous
results. In addition to resonant capture also direct proton capture (DC) could be of
astrophysical importance since the level density in the compound nucleus MC1 is very
low. In order to measure the contributions of the DC, 7-ray spectra were obtained
for proton bombarding energies of J5,=1.3-2.0 MeV outside the regions of the narrow
resonances. In total, primary 7-ray transitions to three final states in MC1 have been
observed for the first time in this reaction. The cross sections have been extrapolated
down to energies of astrophysical interest using DC model calculations.8 The reso-
nances determine the rates of the 31S(p, 7)33C1 reaction for almost all temperatures
of astrophysical interest. The DC process contributes substantially in the narrow
temperature window of T9=0.12-0.16. The stellar rates determined in the present
work are orders of magnitudes smaller compared to the previous results which were
based on statistical-model calculations. This disagreement is not surprising, since the
statistical theory of nuclear reactions7 is not applicable to the low level-density in



the compound nucleus MC1 for excitation energies below EZ=4.Q MeV.

3 . Astrophysical Implications

The experiments described in the previous section have provided a revision of
the stellar rates for the reactions 32S(p,7)MCl and 36Ar(p,7)37K. These new results
could have important consequences for the hydrogen burning during nova outbursts
involving ONeMg white dwarfs. In .order to investigate this possibility, the new rates
have been incorporated into a large-scale nuclear reaction network. The calculations
were performed for conditions typical for nova outbursts (Ta=0.2 and 0.3; p=103

g-cm~3). The network considered 946 different reaction links between 216 different
isotopes. Details concerning the calculations have been described recently.8 In order
to take the dredge-up of underlying matter from an ONeMg white dwarf into account,
matter consisting of H and He in solar mass fractions, and enriched to equal amounts
in 16O, 20Ne and 24Mg has been assumed for the initial composition. The resulting
time-integrated net-changes in isotopical abundances (i.e., reaction or mass flows),
integrated over a time period of 1000 s are presented in Fig. 1 for different stellar
temperatures. The corresponding abundance evolutions of selected isotopes are shown

in Fig. 2.
For Tg=0.2 the nuclear burning in the CNO mass range is determined by the

hot CNO cycles. Most of the initially present I6O is converted to l sO and MO which
decay to "N and H N after the termination of nuclear burning. It can be seen that
there is no reaction flow between the CNO and NeNa mass regions, since the break-
out of material from the hot CNO-cycle via the sequence 15O(a,7) l9Ne(p,7)20Na is
effective9 only at stellar temperatures higher than T»=0.4 which are not characteristic
for nova outbursts. Therefore, the nucleosynthesis of heavier isotopes depends on
the initial abundances of suNe and 24Mg. The 20Ne(p,7)2lNa reaction10 is very slow
and the initial 2uNe abundance changes little over a long period of time. The w Ne
material is converted to Si and further to S only after burning times of about 200 s.
The survival of 20Ne due to the slow destruction reaction provides an explanation
for the fact that all ONeMg novae show11 strong neon lines. On the other hand,
the initial 24Mg abundance is quickly depleted via the fast 24Mg(p,7)2iAl reaction
and transformed into 28Si. The subsequent 28Si(p,7)wP reaction is very slow and
the isotope 28Si represents the endpoint of the rp-process if the nova outburst lasts
less than about 250 s. For longer burning periods the flow continues up to 32S. The
reaction 32S(p,7)33Cl is extremely slow contrary to previous results (sect. 2) and
the network calculations predict only negligible abundances of heavier nuclei. Thus
the isotope 32S represents the endpoint of the rp-process for the assumed burning
conditions. The time scale of the rp-process flow at the chosen temperature and
density is determined by the slow (p,7) reactions on the even-even T,=Q nuclei 20Ne,
28Si and 32S rather than by the /3-decays.

For T9=0.3 the reaction flow in the CNO mass region is similar to the previously
discussed temperature. As before, no breakout to the NeNa mass region occurs. Al-
though more reaction links are apparent at this temperature, the main reaction flow
beyond the A=20 mass range again passes through the even-even T,=0 nuclei 20Ne,

®

36

U M

Fig. 1. Nuclear reaction flows in the rp-process for stellar temperatures of (a) 7g=0.2 and
(b) TQ=0.3, calculated for a time period of t= 1000 s. For the density a value of/>= 103 g/cm3

has been assumed. The connecting lines indicate time-integrated net-changes of isotopical
abundances. The solid lines represent reaction flows F,j > 0.1 Fm», with F m u denoting
the maximum reaction flow at the particular temperature and density. The dashed lines
indicate flows which are at least an order of magnitude weaker. Stable isotopes are shown
as shaded squares.

24Mg, 28Si and 32S. At this higher temperature the 32S abundance is quickly depleted
and the flow continues up to ^Ar. The isotope ^Ar represents no impedance to the
reaction flow and accordingly no strong ^Ar enrichment is expected. This is contrary
to previous results11-12 which have predicted an MAr enrichment in nova shells. The
reason for this disagreement is probably based on the fact that these authors use
the incorrect previous reaction rate for ^ A ^ p ^ ^ K (sect. 2). The main reaction
flow continues up to 40Ca. This isotope represents the endpoint of the rp-process for
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Fig. 2. Nuclear abundance evolution of selected isotopes for stellar temperatures of (a)
T9=0.2 and (b) T9=0.3.

the chosen temperature due to the very weak13 depletion reaction *°CM.P,f)4tSc. It
should be noted, however, that the element Ca has not been observed in any of the
spectra of ONeMg novae.

4. Conclusions

The present discussion concerning reaction flows and abundance evolutions dur-
ing nova outbursts assuming constant temperatures and densities can be regarded
as qualitative studies only and realistic temperature-density profiles have to be em-
ployed in the calculations. Furthermore, in realistic stellar models the nuclear network
calculations have to be coupled to appropriate hydrodynamic evolutionary studies. It
has been shown in the present work, however, that large heavy element enhancements
in the mass .4=20-40 range are possible, depending on the burning conditions and
the macroscopic time scale of the nova outburst.

The most rcccnt12tH investigations of nova explosions involving ONeMg white
dwarfs have employed temperature and density profiles which were obtained from
hydrodynamic simulations of the outburst on CO white dwarfs. It has been assumed
that the hot CNO cycle provides the main source of energy generation, whereas
the energy release originating from the rp-process is usually neglected. However,
e.g. for a burning temperature of T9=0.2 most of the initially present I6O (MMg)
nuclei are transformed into 15O (MSi) after about 100 8 (Fig. 2) and the nuclear
transformation of each seed nucleus releases an energy of about 12 MeV (37 MeV).

Such a large increase in nuclear energy generation due to the rp-process may have
important effects on the evolution of nova outbursts depending on the abundance
ratios of the initial 16O, MNe and MMg material and therefore has to be included in
hydrodynamical calculations.

Recently15"17 several more ONeMg novae have been observed and their emission
spectra are being analysed currently. When the actual abundances become available
a complete hydrodynamical treatment might be able to reproduce the observed abun-
dances. In this case the observation of heavy element enhancements in future nova
outbursts could provide constraints both on the temperature-density history of the
ejected matter and on the initial envelope composition.

5. Acknowledgements

This work was supported by the U.S. National Science Foundation and by the
Natural Sciences and Engineering Research Council of Canada.

References

1. J. W. Truran, in The Physics of Classical Novae, ed. A. Cassatella and R. Viotti
(Springer-Verlag, Berlin, 1990) p. 373.

2. A. E. Champagne and M. Wiescher, Annu. Rev. Part Set. 42 (1992) 39.
3. C. Iliadis, U. Giesen, J. Gorres, M. Wiescher, S. M. Graff, R. E. Azuma and C.

A. Barnes, Nucl. Phys. A539 (1992) 97.
4. C. Iliadis, J. G. Ross, J. Gorres, M. Wiescher, S. M. Graff and R. E. Azuma,

Phys. Rev. C45 (1992) 2989.
5. C. Iliadis, PhD. thesis (unpublished, University of Notre Dame, 1993).
6. C. Rolfs, Nucl. Phys. A217 (1973) 29.
7. E. Vogt, in Advances in Nuclear Physics, ed. M. Baranger and E. Vogt, vol. 1

(Plenum Press, New York, 1968).
8. L. Van Wormer, J. Gorres, C. Iliadis, M. Wiescher and F.-K. Thielemann, sub-

mitted to Ap. J. (1993).
9. P. V. Magnus, M. S. Smith, A. J: Howard, P. D. Parker and A. E. Champagne,

Nucl. Phys. A506 (1990) 332.
10. G. R. Caughlan and W. A. Fowler, At. Data Nucl. Data Tables 40 (1988) 283.
11. S. Starrfield, J. W. Truran, M. Politano, W. M. Sparks, I. Nofar and G. Shaviv,

Phys. Rep. 227 (1993) 227.
12. A. Weiss and J. W. Truran, Astron. Astrophys. 238 (1990) 178.
13. M. Wiescher and J. Gorres, Ap. J. 346 (1989) 1041.
14. I. Nofar, G. Shaviv and S. Starrfield, Ap. J. 369 (1991) 440.
15. P. Saizar, S. Starrfield, G. J. Ferland, R. M. Wagner, J. W. Truran, S. J. Kenyon,

W. M. Sparks, R. E. Williams and L. L. Stryker, Ap. J. 398 (1992) 651.
16. T. Matheson, A. V. Filippenko and L. C. Ho, Ap. J. 418 (1993) L29.
17. A. J. Barger, J. S. Gallagher, K. S. Bjorkman, K. A. Johansen and K. H. Nord-

sieck, Ap. J. 419 (1993) L85.


