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ABSTRACT 

A generalized screening theory has produced a revised strong 

screening factor which significantly reduces the densities at which car

bon ignition can occur in helium-exhausted carbon-oxygen stellar core 

models. The form of the strong screening factor causes a reversal in the 

temperature dependence of the carbon energy generation rate at i/r, = 7, 

which leads to a double-valued set of carbon ignition lines. Current 

nuclear energy rates and neutrino emission processes indicate carbon ig

nition must occur centrally and at densities of the order of 2 to 3 x 
9 3 

10 gm/cm . A possible mechanism is suggested for non-violent carbon ig
nition in a highly degenerate fuel. At or near the intersection of the 
screening transition and carbon ignition lines, a minimum energy rate 
with very weak temperature dependence will exist and ignition at this 
location may allow at least initially non-disruptive, quasistatic carbon burning. 

*Work performed under the auspices of the U.S. Atomic Energy Commission. 
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I. Screening Theory 
Recent developments in the theory of screening of nuclear 

reactions have led to a general statistical mechanical formalism 
which, when combined with pair distribution functions of the elec
trons and nucleons, lead to a revision of the previous strong 
screening theory (DeWitt, Graboske and Cooper, 1973). This gener
alization of the screening theory of Salpeter (1954) and Salpeter 
and Van Horn (1969, hereafter referred to as SVU) leads to the 
following form for the screening factor f: 

f = e H ( o ) 

H(O) = r o { JL ;i/3 [ ( Z i + v * / 3 . 2s/3 . 2s/3j 

+ C l 2
2 / 3 [ ( 2 l + z / ' 3 - Z ; / 3 - Z^'3)} [1] 

+ d l 2 " 2 / 3 [ ( Z l + z 2 ) 2 / 3 - z 2 / 3 - z 2 ' 3 ] 

T = Z 5 / 3 r = 0.22747 Z 5 / 3(p n/p > 1 / 3/T. z o 9 e 9 

This exp. ^n for the screening function H(o) is valid for 
T » 1, arbitrary charges Z.% Z_, 2 (mean ionic charge), and a 
strongly degenerate electron gas. In the limit Z.,Z„ » z Eq. [l] 
reduces to the result given in Salpeter (1954) for strong screen
ing. 

12 12 
For the specific case of the C, C reaction in a helium-

exhausted core composed primarily of carbon and oxygen, Z~=Z »z, 
and the screening function simplifies to 

H(o) =I\- [1.0573 + 0.1478 (z/Z,) 1 / 3) - 0.1898 (Z«/z) 1 / 3 f2j 
*Work performed under the auspices of the U.S. Atomic Energy Commission. 



The strong screening expression obtained by Salpeter for this case 
is H(o) = 1.0573 I V . The new screening factor produces signifi
cantly enhanced screening, by a factor of exp(0.1U78 Fj» - 0.19) 
for pure carbon, and introduces a plasma charge dependence (z/Z.) 
which increases the screening function as the fraction of oxygen 
in the C-0 mix is increased. 

II. The Screening Transition Locus 
Before investigating the effect of the new screening 

factors on the carbon ignition zone, a brief review of the transi
tion from strong screening to pycnonuclear screening is necessary. 
This latter regime, lying toward higher densities relative to 
strong screening, is the region where strong density dependence re
places the strong temperature dependence of the thermonuclear 
regime. In SVH, an approximate general criterion was chosen to de
note the boundary between these two regions: 

T/r •». 1 
T = [38.3H8 A z V r 9 ] 1 / 3 [3] 

12 12 For the C, C interaction where ths unscreened energy 
generation rate (Arnett and Truran, 1969) and the screening factor 
(Eq. [l]) are well-established, a more precise determination can be 
made. If the strong screening-pycnonuclear boundary is defined as 
the locus where a strong direct dependence on temperature changes 
to an inverse temperature dependence, the transition occurs where 

3e/3T = 0 [it] 
12 12 Solving this equation for the C, C reaction a set of transition 

lines is found for various values of X , the carbon abundance de
pendence, arising from the plasma charge dependence of the screening 
factor. The X dependence is very slight, and for the range 
0.1 < X c < 1. and 0.01 < p g < 10 a single relation, 

T/r 6 = ? [5] 



defines the screening transition. Eq. [5] predicts the transition 
locus with a maximum error of 2.5%, and is accurate to 1% or bet
ter over most of the range. For r/r. > 7, the nuclear reactions 
are thermal, while for T/r. < 7, density effects dominate the rate. 

To illustrate these effects, the screening transition 
locus is plotted in Figure 1, along with the isodensity energy 

12 12 generation rates for the C, C reaction. The region to the 
right of the transition locus is the thermonuclear region where 
most current C-C core models predict carbon ignition will occur. 
The energy rates here have a moderate density dependence and a 

*̂ 17 10 3 strong temperature dependence, ranging from T at 10 gm/cm , 
•V25 9 3 "VttO 8 3 to T at 10 gm/cm and T at 10 gm/cm . Along the transition 

locus, the energy rates reach their minimum and then increase 
rapidly to the left, in the pycnonuclear region. Here they attain 
very strong density dependence and very strong inverse temperature 
dependence. The evolution of a stellar model into this region 
would produce a pycnonuclear ignition which would probably be quite 
violent. 

The source of the reversal of the energy rate curves is the 
screening factor: the same behavior occurs if the SVH strong 
screening factor is used, the only difference is that the transi
tion locus lies at T/rc ^ 5 . In the strongly screened thermonu-

b 
clear region, the unscreened rate is generally many orders of mag
nitude larger than f, but for T/r-< 7 the screening factor begins 
to dominate the unscreened rate. At some point the strong screen
ing factor must be replaced by the finite-temperature pycnonuclear 
screening factor, for example where t/r, M a s suggested in SVH. 

The advent of pycnonuclear effects has previously been re
lated to the existence of a rigid lattice for the ions. A brief 
review of the location of the phase transition from the strongly 
coupled coulomb fluid to the classical coulomb lattice is in order 
here, together with its relation to the screening transition. 
Numerous estimates have been made for the value of T„ for crystal-



lization, ranging from 18 to 170. Some have been based on the em
pirical Lindemann melting law, while others rely on Monte Carlo 
methods to calculate numerical models of the fluid-solid transi
tion. A recent study by Hansen (1972) has produced the best value 
for the phase transition of the single species classical ion fluid. 
Using a 128 particle ion system, an accurate method for represent
ing the ionic coulomb potential, with very large Monte Carlo chains 
(2 x 10 to 2 x 10 configurations), Hansen has significantly im
proved on the original Monte Carlo study (Brush, Sahlin and Teller, 
1966), finding the classical ion fluid with uniform electron back
ground crystallizes at T„ = m 3 . The accuracy of Hansen's numeri
cal pair distribution functions has been verified by an independent 
calculation at Livermore, using Hubbard's (1972) Monte Carlo pro-
grant. 

The location of the crystallization loci for pure carbon 
and oxygen systems is shown in Figure 2. An additional phase tran
sition line is shown for a two-component plasma composed of C and 
0 in equal numbers (Loumos and Hubbard, 1973). The mixture transi
tion line lies midway between the pure species transition lines, 
indicating a reasonable approximation for a C-0 mixture crystalli
zation temperature is achieved by scaling with the fractional car
bon abundance. This set of crystallization lines define the C-0 
crystallization zone, which lies well below the region where cur
rent models of C-0 cores evolve. 

Also plotted in Figure 2 is the screening transition line 
12 12 for the C, C reaction, which is seen to be in the region of 

the ion fluid. That density-dominant effects appear in the fluid 
region is not surprising, as the pair distribution functions for 
small separations of the nuclei are quite similar for the strongly-
coupled fluid exhibiting short range order to those for the fully 
ordered lattice. 



III. The Carbon Ignition Zone and Non-central Ignition 
The location of the carbon ignition zone is determined by 

the relation E l 9 1 - + e = 0, where e represents the sum of all 
neutrino emission processes (Beaudet, Petrosian and Salpeter, 1967; 
Festa and Ruderman, 1969). As discussed by Graboske (1973), the 
use of the new screening factor significantly increases e 1 2i« f o r 

large r„, reducing the density for carbon ignition. The low den
sity end of the ignition lines, at the low V end of the strong 
screening region (1 £ T„ < 5), are only slightly affected, but for 
T„ > 10 the ignition densities found by Barkat, Wheeler and Buchler 
(1972, hereafter BWB) and Bruenn (1972) are reduced by factors of 
2 to 3. 

An additional feature of the strong screening factor is 
the production of.doubled-valued carbon ignition lines. This ef
fect is due to the reversal of the temperature dependence of e< 2 l ; )» 
and also occurs if the SVH screening factor is used. In Fig. 2, the 
upper or thermonuclear branch, equivalent to the lines cited by Pac-
zynski (1971), Bruehn and BWB, has a moderate X dependence due 

2 c 

primarily to the X term in the unscreened rate. The lower or 
pycnonuclear branch is the result of the rapid increase of e 1 2 1 2 

with decreasing temperature after the transition line is crossed, 
the extremely strong inverse-T dependence causing the pycnonuclear 
branch to lie much closer to the transition line. The virtual dis
appearance of the X -dependence along the pycnonuclear branch oc
curs because of the dominance of the screening factor with its 
weak dependence on z/Z.. 

The double-valued form of the ignition zone results in a 
clearly defined maximum ignition density for specified X . For 
the plasma plus bremsstrahlung neutrino rates, these density maxi
ma are p_ = 2.7, 2.9 and 3.t for X = 1, 0.5 and 0.1. To achieve 
ignition at higher densities requires an additional strong neutrino 
emission process. The Urea process has been investigated by Bruenn 
(1972) using an averaging of several Urea shell emission rates. 



Using best current estimates for the abundances of Urea-active nu
clei in post-helium-burning cores he finds insignificant changes in 
the neutrino rate. With large enhancements, a higher density ig
nition zone is found; however the increased screening factors when 

it combined with Bruenns most extreme case (X = 0.1, 10 -fold enhance-
c 9 3 ment) yield a maximum ignition density of 5 x 10 gm/cm (see 

Figure 2). It seems very unlikely, barring a major revision (down-
12 12 ward) of the C, C reaction rate or (upward) of the neutrino 

rates, that degenerate carbon burning can be initiated at densities 
higher than the p = 2-3 range. 

One suggestion for a non-disruptive quasistatic ignition 
process is the possibility of non-central ignition (Iben, 1972). 
A comparison of current quasistatic core models with the ignition 
lines is given in Figure 3. The original C-0 core models of 
Paczynski are plotted in the form of the evolving center (p , T 
curve) and the structure line (p(r), T(r)) for the radial depen
dence of the core at ignition. The structure line demonstrates 
the difficulty of achieving non-central ignition with such models; 
the center of the core clearly is the point of ignition, and with 
stronger neutrino losses, an even stronger decrease of T away from 
the center will decrease the probability of off-center ignition. 

Also plotted in Figure 3 are the p , T values for the 
c c 

models of BWB and Bruenn. The varying core mass growth models of 
BWB remain essentially similar to Paczynski's results. Bruenn's 
10 -fold enhanced Urea model does ignite at a higher density (the 
corresponding ignition line for this model is that shown in Figure 
2), and has the interesting feature that it achieves pycnonuclear 
ignition. For all these models a large restructuring of the core 
is required for non-central ignition to occur. For the Paczynski 
and BWB models, a strong increase in T away from the center must 
exist, while for Bruenns model a marked drop in T away from T is 
required. Such significant structural alterations imply a differ
ent set of physical assumptions, such as the onset of convection. 



The combination of Urea shell emission driven by convection in a 
post-ignition core (Paczynski, 1972; Couch and Arnett, 1973) seems 
to satisfy the constraints of the screening effects. Ignition oc-

9 3 curs in the 2-3x10 gm/cm range and is central. The onset of 
convection steepens the temperature gradient but the center of the 
model remains the highest energy generating region. 

Another possible mechanism for initiating non-violent 
quasistatic carbon burning in the highly degenerate C-0 core is 
implicit in the behavior of the energy rate itself. The screen
ing transition locus, corresponding to 3e/3T = 0, is a p,T region 
where the screened energy rate is not only a minimum for any T at 
the chosen p, but is also essentially temperature independent. 
An examination of Figure 1 shows there is a finite region about 
T/r6=7 where e varies quite slowly with T. This region corresponds 
to a corridor of non-violent carbon ignition through the otherwise 
very strongly T dependent carbon ignition zone. In Figure 3 this 
corridor surrounds the T/I^ = 7 screening transition line, so that 
if a given stellar core model evolved in such a manner as tc cross 
the carbon ignition line at or near the transition line it would 
be quite possible that the carbon burning would, at least ini
tially, be quite gentle. In this way quasistatic carbon burning, 
centrally ignited, could be achieved and if the model track were 
to continue evolving along the transition line, this weak tempera
ture dependence would continue to obtain. The major drawback to 
this mechanism is that all previously calculated normal C-0 core 
models lie in a well localized position, close to Paczynski*s 
original model, which is well above the position of the transition 
line. It would still be interesting to do a parametric quasi-
static model study to investigate the consequences of this type 
of high density ignition. 
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A j . T(°K) 
Figure 1. The screening transition locus (T/T6=7) defines the 

minima of £1212? The thermonuclear region (t/r6>7, 
toward higher T) has moderate p-dependence and very 
strong T dependence. The pycnonuclear region 
(x/r6<7, toward lower T) has extremely strong den
sity and inverse temperature dependence. For re
gions above the crystallization line pycnonuclear 
screening and reaction rates will have a very dif
ferent form from the strong screening-fluid regime 
below r6=li»3. 



, , , — r 

.Oil I I I I L 
0.1 1 5 

e 9 (gm/cm3) 
Figure 2. The C-0 crystallization zone is the region lying be

tween r6=l«t3 and r8=143. The C-0 mixture crystalli
zation line (— — — ) lies between the two pure 
species limits. The carbon ignition zone (0.1<XC<1.) 
has a thermonuclear branch and a pycnonuclear branch, 
the latter lying close to the screening transition 
locus. The addition of lO^-fold enhanced Urea shell 
neutrino losses to the plasma and bremsstrahlung rates 
shifts the ignition line for Xc=0.1 ( + — ) to 
higher densities. 
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Figure 3. A comparison of C-0 core models with the revised 
carbon ignition zone. Paczynski's models are re
presented by a time-dependent central point 
(p c,T c) and a structure line p(r), T(r). The BWB 
models (+ + +) are labelled 0.1, 1, 10 to indicate 
the scaled rate of core mass growth. Bruenn's 
10 -fold enhanced model (-—' • •) undergoes 
pycnonuclear ignition. 


