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The first solids that form as a cooling white dwarf (WD) starts to crystallize are expected to be
greatly enriched in actinides. This is because the melting points of WD matter scale as Z%/3 and
actinides have the largest charge Z. We estimate that the solids may be so enriched in actinides
that they could support a fission chain reaction. This reaction could ignite carbon burning and lead
to the explosion of an isolated WD in a thermonuclear supernova (SN Ia). Our mechanism could
potentially explain SN Ia with sub-Chandrasekhar ejecta masses and short delay times.

Phase separation and crystallization can play impor-
tant roles during the cooling of white dwarf (WD) stars.
The Gaia space observatory has determined parallax dis-
tances to large numbers of galactic stars [1], which al-
low for unprecedented modeling of WD and their evolu-
tion. Core crystallization, long predicted, is now resolved
[2, 3]. Phase separation or sedimentation of the neutron
rich isotope 22Ne, in a C/O WD, could release significant
gravitational energy and delay cooling [4-9].

Our recent molecular dynamics (MD) simulations find
that Ne has a charge that is too close to the charges of C
and O for large scale phase separation upon crystalliza-
tion [10]. However, impurities with significantly larger
charges Z will likely phase separate. Material at WD
densities is ionized and crystallizes to form a coulomb
solid where the melting temperature scales with Z%/3.
Pure uranium (Z = 92) has a melting temperature 95
times higher than the melting temperature of C, and will
phase separate upon crystallization. When a WD starts
to crystallize, the first solids will be very strongly enriched
in actinides, because they have the highest Z. This should
be true even if the initial actinide abundance is very low.

These first solids could be so enriched that they sup-
port a fission chain reaction. For example, very high
grade uranium ore deposits in Gabon, Africa became nat-
ural fission reactors 2.0 Gy ago [11]. At that time, the ore
had a 23°U enrichment fraction of f5 = 3.7% (compared
to 238U, today f5 = 0.7%). This allowed the naturally
deposited ore to become critical, as first suggested by
Kuroda in 1956 [12].

A fission chain reaction in a crystallizing WD could
possibly ignite carbon burning and produce a thermonu-
clear supernova (SN Ia). These stellar explosions are im-
portant distance indicators in cosmology [13-15] and the
2011 Nobel Prize in Physics was awarded for using SN
Ta to discover the accelerating Universe and dark energy
[16]. The exact SN Ia explosion mechanism is poorly un-
derstood but is thought to involve a WD interacting with
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a binary companion that is itself either a WD or a con-
ventional star [17-19]. Here we propose a completely new
mechanism that involves using a fission chain reaction to
ignite carbon burning in an isolated WD.

A WD first crystallizes in its high density center. Here
the density could be of order p = 10® g/cm?®. If an appro-
priate fuel mixture can crystallize, its critical mass may
be very small. The critical mass scales with M.y oc A3p,
and the neutron mean free path A scales with 1/p so
that Mg o< 1/p2. The critical mass could be as small
as M, ~ 1079 g at WD densities. Matter in a WD is
very degenerate. Therefore a fission reaction, if started,
would likely be unstable. Because of the degeneracy, a
large increase in temperature need not increase the pres-
sure very much or significantly reduce the density. Under
these conditions a fission reaction could increase the tem-
perature enough for carbon ignition.

In this paper we discuss some of the issues necessary to
determine if a chain reaction is possible. We start by cal-
culating phase separation of actinides upon crystalliza-
tion. We also determine the concentration of a number
of impurities that may be present. These could absorb
neutrons and prevent a chain reaction. We make a sim-
ple estimate of the neutron multiplication factor and the
minimum 23U enrichment that is necessary for critical-
ity. Next, we discuss the growth of a uranium rich crystal
to a critical mass and the initiation of a fission chain re-
action by a neutron from spontaneous fission. Finally,
we explore if this fission reaction can ignite carbon burn-
ing and possibly lead to a thermonuclear supernova. We
close with a very preliminary comparison of our fission
mechanism with some SN Ia observations.

Phase separation: Consider a C/O WD made of an ap-
proximately 50/50 mixture of C and O with a very small
amount of U with a mass fraction of order 10710, Al-
though there has been some work on phase separation for
high Z elements in neutron stars, see for example [20], we
are not aware of applications to atomic numbers as high
as 92. As a first approximation, we simplify this three
component C/O/U system by replacing the C/O mixture
with a single component of average charge Z = 7. This
should be a reasonable approximation given the similar
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FIG. 1. Phase diagram for a mixture of N and U. The y axis
is the temperature in units of the melting temperature of pure
N (about 0.5 keV) and the x axis is the number fraction of U.
The liquid phase, with composition given by the solid black
line, is in equilibrium with the solid phase (dashed red line).

charges of the C and O and the very large difference in
charge with U. Note that when a C/O mixture freezes,
the solid is somewhat enriched in O [21]. However this is
a small effect.

We construct an approximate phase diagram for the
two component N/U system. We employ the formalism
of Medin and Cumming that assumes the free energy of
the system follows from linear mixing rules plus small
corrections [22]. We caution that the Medin and Cum-
ming free energy fits may have larger errors for the very
large ratio of charges 92/7 that we consider. Thus our
phase diagram may be somewhat preliminary.

Figure 1 shows our phase diagram. The system starts
in the liquid phase with a very small U number fraction
of order x5 ~ 1071, The melting temperature of pure U
is 73T1. However, the very large entropy of mixing keeps
the tiny U fraction dissolved in the liquid until much
lower temperatures. Finally, at T' ~ 1.87; the large lat-
tice energy overcomes the entropy of mixing and the U
precipitates out to form a solid that is greatly enriched
in U. The original U number fraction x5 is somewhat un-
certain. Actinide boost stars, that are relatively enriched
in actinides, have now been observed [23]. However, this
may not be so important. We emphasize that the solid
in Fig. 1 is greatly enriched in U even if the initial xo is
very small.

We now consider a range of additional impurities that
might absorb n. The solar abundance of Pb is /=100 times
that of the actinides. The charge of Pb is close enough
to that of U so that some Pb will likely be present in the
actinide rich solid.

To explore impurity concentrations, we construct a
multicomponent phase diagram. We assume a linear mix-

ing rule for the free energies of multicomponent systems.
This corresponds to the formalism of Medin and Cum-
ming with the further approximation that the term de-
scribing corrections to linear mixing A f, is set to zero.
This approximation has minimal effect on the two com-
ponent phase diagram in Fig. 1.

The abundance, by number, of species i in the liquid
a; is related to the abundance in the solid b; by [22],

aiZi Zl

_ g Zi
(Z)a

(Z)a (Z)y  (Z)y

SFOCP(Iy) + In (1)

Here Z; is the atomic number of species i, (Z), = >, a;Z;
and (Z), = Y, b;Z;. The difference in free energy of the
liquid and solid phases of a one component plasma is
§fOCP(T;). We use the expression in Eq. 9 of Medin and
Cumming for §fOCF [22]. However, we caution that this
involves poorly known free energies for very super cooled
liquids and super heated solids. The free energy differ-
ence 0 fOCF is for a coulomb parameter T'; that describes
the ratio of coulomb to thermal energies. The coulomb
parameter for species i is related to I'; of species one by
I'; = (Z;/Z,)°/°T; and each T; is proportional to one
over the temperature. We adjust the temperature until
S =1.

We start with the solar abundances (at early times)
from ref. [24] and assume that all of the original C, N, and
O has been converted into 22Ne. We also assume all of the
elements with Z=1-5 are converted into equal numbers
of 12C and '60. This gives the liquid phase abundances
shown in Fig. 2 along with solid abundances from Eq.
1. These abundances are tabulated in the supplemental
material [25].
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FIG. 2. Composition of the equilibrium solid phase (shown
by the full red line) and liquid phase (dashed black line) for
all chemical elements Z. This assumes a linear mixing ap-
proximation for the free energies, see text. Numerical values
are listed in the supplemental information [25].



TABLE I. Composition of solid (abundance by number).

C O Pb Th U
0.20 0.20 0.32 0.12 0.16

TABLE II. Minimum ?**U enrichment f5 necessary for criti-
cality assuming mono-energetic neutrons of energy E.
E(MeV) 1.0 0.5 0.25 0.125 0.1 0.05
fs 0.12 0.14 0.14 0.16 0.18 0.26

To refine these compositions and check the linear mix-
ing approximation, we have performed molecular dynam-
ics (MD) simulations as shown in the supplemental ma-
terials [25]. These find that the abundance of C+O in
the solid could be less than or of order 40%. As a result
we assume the solid has the composition given in Tab. I
which is 40% C+0 and 60% Pb+Th+U where the rela-
tive concentrations of Pb, Th, and U are taken from the
results of Eq. 1.

Criticality: For the composition in Tab. I, we calculate
the multiplication factor which is equal to the number of
fissions in one generation over the fissions in the proceed-
ing generation,

_ vfso4(**°0)

= F0a0) + (1 = J5)0a(U) + Nuoa(*?Th)

(2)
Here 0;(?3°U) is the fission cross section for U and
04(?°U) is the sum of o¢(**U) and o, for the n,~y
reaction. Likewise 0,(?38U) and 0,(?*2Th) are the n,~y
cross sections for 238U and ?*2Th. Finally v is the number
of n emitted per fission and Ny, is the number density of
Th over the number density of U. We assume Ntp, = 0.75
from Tab. L.

We start by evaluating all cross sections at a single
energy E. We use the ENDF data set from Dec. 2011
that is available from the National Nuclear Data Center
[26]. In Tab. II we present the minimum 2*>U enrichment
f5 so that ko, > 1. In general this enrichment increases
slightly as E decreases.

Neutrons will lose energy scattering from C and O.
After n) collisions the initial energy Fq will be reduced

to B = Ege &"eot, Here £ = 1 — % In (%) ~ 0.139
for a nucleus of mass number A and we have taken the
average of C and O [27]. The number of collisions before
a n is absorbed depends on scattering and absorption
cross sections and the ratio of the number densities of
C+O0 to U. We estimate n., ~ 15, although this number
will be smaller if the crystal contains less C and O than
assumed in Tab. I. If Ey ~ 1 MeV (the average energy
of the initial fission spectrum is 2 MeV) than E =~ 0.12
MeV and Tab. II suggests the system will be critical for
fs > 0.16. We emphasize that this is a first estimate,
that also depends on uncertain compositions, and should
be verified in future work. Note that we have neglected
n absorption on Pb. There are some resonances in Pb
isotopes with energies below 0.5 MeV that will absorb a

k

TABLE III. Enrichment fraction of 23U f5(t) versus delay
time .

tGy) 0 02 04 06 08 1.0

f5(t) 0.250 0.220 0.193 0.168 0.146 0.126

few n. This should also be studied further.

Delay time: Before the actinides can crystallize, there
will be a total delay time consisting of the main sequence
lifetime of the original star plus the cooling time of the
WD. During this time 23U and 23*U will decay with
half lives of 0.7 and 4.5 Gy respectively. For low mass
WD this delay time can be very long and the remain-
ing 23°U fraction will be low. Therefore, we focus on
WD with masses above =~ M. These stars have much
shorter delay times. For example a 1.1Ms WD will start
to crystalize after cooling for about 1 Gy [9]. Accord-
ing to Fig. 1, the U precipitates out at a temperature of
about 1.8 times the melting temperature 7T of the back-
ground, thus requiring much less than 1 Gy of cooling
time. From the initial-final mass function, a 1.1M5 WD
formed from main sequence star of perhaps 5—6Mg with
a main sequence lifetime of less than 0.2 Gy [28]. There-
fore, the total delay time can be significantly less than 1
Gy for a massive WD.

We don’t know the original enrichment (isotopic frac-
tion) of 23°U, f5(t = 0). This could depend on the time
between nucleosynthesis events and star formation. As
an example, we assume f5(0) = 0.25. This is the early
solar system value, i.e. f5(0) = 0.25 when the solar sys-
tem formed so that radioactive decay leads to the present
day value f5(4.6 Gy)=0.007 [24]. Given f5(0) = 0.25,
f5(t = 0.7 Gy) = 0.16. Therefore, if f5 > 0.16 is needed
for the system to be critical, the delay time will need
to be less than 0.7 Gy. We show f5(¢) in Tab. III and
this can be compared to the necessary critical values in
Tab. II to determine the maximum allowed delay time.

Critical mass assembly and fission ignition: It is nat-
ural to think that as the crystal approaches the critical
mass there will be a steady increase in fission heating,
which could burn off the U fuel or melt the crystal. We
show below that this is not the case, and that diffusion-
driven growth of the crystal proceeds very rapidly and
grows well in excess of a critical mass before a n initiates
a chain reaction.

The solid can grow as U diffuses to a small seed crystal.
Consider a spherical volume of liquid that contains (in
very diluted form) one critical mass M, ~ 107° g of U.
This will have a total mass Mo, = M./zy ~ 10* g,
given that the mass fraction of U is zpy ~ 10719, At
a density p = 10® g/cm3, the sphere has a radius r =
[3Miot/(47p)] /3 = 0.029 cm. For the crystal to grow to
M., U will need to diffuse over this distance r which takes
a time tp ~ r?/D. Here D is the diffusion constant for
trace amounts of U in a C/O liquid. At a temperature
kT =~ 3 keV we evaluate D from Eqs. 8 and 11 of ref. [9]
to be D ~ 3.6 x 1075 cm? /s giving tp ~ 23 s.

Cooper and Bildsten explore nucleation of seed crystals



in the one component plasma [29]. Nucleation in our low
heavy element concentration system should be studied
further. In addition to diffuse growth of a single crystal,
multiple small crystals could assemble. This may some-
what change our estimate for tp. However as we discuss
below, tp is fully six orders of magnitude shorter than
the time for a neutron from spontaneous fission to ini-
tiate a chain reaction. Therefore, we do not expect the
assembly of multiple crystals to change our main results.

We compare tp to the time for n emission that might
start (or perhaps prematurely start) a chain reaction.
The n background is very likely dominated by local
sources because the system is self shielding. The den-
sity is so high that n can’t diffuse in from the outside.
The local n background is probably from spontaneous
fission of 238U with a partial half-life of 8.4 x 1015 y. Al-
pha decay followed by 3C(a,n) or 2Ne(a,n) is not a
problem because the « will quickly thermalize in the ion-
ized plasma and then the thermal (a,n) rate is very low.
Spontanious fission of transuranic elements could possi-
bly contribute. However, a relatively long half-life and
high initial abundance might be needed to survive the
delay time. The total spontaneous fission rate of 223U in
M, = 1079 g is only ~ 0.3 per year. Thus the time iy
for a single emitted n is of order a year. We emphasize
that this time ¢y ~ 1 y is dramatically longer than the
time tp = 23 s for the crystal to grow to a critical mass.
We conclude that the crystal will very likely grow much
larger than a critical mass before any fissions occur.

We assume that the crystal will continue to grow until
the diffusion time is equal to the time for one spontaneous
fission to occur in the crystal. This yields a crystal mass
of M* ~ 5 mg after a time of ~ 1.8 h. This mass is
highly supercritical, M* = 5000M,.

When a chain reaction is finally initiated, the reaction
will progress extremely rapidly and release a total energy,

Fiot ~ 200 MeVnge =~ 4 x 10%¢ ergs. (3)

Here ny is the number of U ions in M* and e is the frac-
tion of the ions that fission. We expect € to be high be-
cause the system is highly supercritical (and thus will re-
main critical even if partially disassembled by the explo-
sion). Furthermore the system is degenerate so the tem-
perature can rise significantly before the pressure greatly
increases. This will delay the disassembly of the system.

The large energy release will greatly increase the tem-
perature. As long as the electrons are degenerate, the
heat capacity will be dominated by the ions C ~ %(1 +
Ny, + Npy, + Noio)ny. Here Npy is the number den-
sity of Pb over the number density of U etc. Using the
composition from Tab. I yields C = 15ny and a final
temperature kT ~ FEio/C =~ 13¢ MeV. In reality the
electron Fermi energy is only Er = 1.9 MeV. We con-

clude the final temperature will be larger than, or of or-
der, the electron Fermi energy T > 2.2 x 10'° k. Note
that some heat will be lost via conduction because the
thermal conductivity of the degenerate electrons is large,
see for example [30]. However the fission chain reaction
will proceed very rapidly with an exponentially rising en-
ergy production rate. This large rate could limit the time
for heat conduction.

Carbon ignition: Timmes and Woosley have explored
the conditions necessary to ignite C burning via a defla-
gration [31]. According to their Fig. 6, a trigger mass
of M* = 5 mg needs to be heated above 5 x 109 K for
carbon ignition. Our temperature T > 2 X 1019 K meets
this condition. After carbon ignition, the deflagration
could possibly turn into a detonation [32]. We conclude,
it is plausible that a fission chain reaction could ignite a
thermonuclear supernova (SN).

We emphasize that this conclusion needs to be verified
with detailed astrophysical simulations. These simula-
tions can explore many open issues including the impor-
tant role of heat conduction losses. In addition, future
molecular dynamics simulations can improve our knowl-
edge of the phase diagram and the amount of C and O
in the crystal (which is presently uncertain). This is im-
portant for the neutron spectrum which also impacts the
fission reaction time scale and the time for heat conduc-
tion losses.

SN Ia: A fission chain reaction initiating a SN provides
a new mechanism that could explain a subset of the ob-
served SN Ia. Our mechanism could work for a single
isolated WD and does not require either a main sequence
or a degenerate companion. Mannucci et al. argue for a
bimodal delay time distribution for observed SN Ia with
about 50% ‘prompt’ SNe Ia with short delay times of or-
der 10® y and the remaining 50% ‘tardy’ SNe Ia with a
much broader delay time distribution [33, 34], however
see Section 3.5 of [35]. Our mechanism could explain a
fraction of SN with relatively short delay times. We as-
sume SN with delay times longer than the half-life of 235U
come from a more conventional mechanism involving one
or two WDs in a binary system ([17-19]).

Conclusions: The first solids that form as a white
dwarf (WD) starts to crystallize are greatly enriched in
actinides because of their large charges. We estimate that
these first solids could be so enriched in actinides that
they may support a fission chain reaction. This reaction
could ignite carbon burning and lead to the explosion of
an isolated WD in a thermonuclear supernova.
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