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"The synthesis of heavy and neutron-rich elements
(with the mass number A > 70) 1s reconsidered in the frame-
work of a dynamical supernova model. The synthesis equations
for the rapid neutrdn~capture (or, the r-)process and the hy
drédynamical eguations for the supernovaAexplosion are solved
simultaneously. Improved systematics of nuclear parameters
{nuclear masses, 8_~decay nalf-lives etc) are used, and the
energy release due to f-decays as well as the energy loss
due to neutrinos (and their feedback on the hydrodynamics)'is
taken into account. It is shown that the observed solar-sys
tem abundance curve can be well renroduced by assuming only

one supernova event on a time-scale of the ocrder of 1 sec.
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1. Introduction

One of the very puzzling questions in nuclear astro
physics is to find a reasonable model to explain the full
abundance curve of nuc]ei beyond ifon—peaks. Three nrocesses
are believed to be responsible for the formation of these
elements: the p-process (or, proton-capture and photo-neutron
processes), and the s-and r-processes (slow and rapid neutron-
capture processes). While the principal mechanisms of these
processes are fairly well understood (see, e.g. Burbidge et
al. 1957), the actual astrophysical sites as well as details
of the nuclear syvstematics involved are still in question.

In this paper ve deal with the r-process.

For matter to undergo rapid neutron-captures, neu

. s e . 0 -
tron number densities in excess of 102 cm 3 and temperatures

; 9 v .
greater than 107 K are needed, and thus a supernova event

seems to be the most promising asthphysica1 candidate. Pre
vious works on this subject suffered from two main difficul-
ties: deither the nuclear data for very neutron~rich‘nuclei
(e.g. nuclear masses, B -decay half-lives, fission éata), nor
detailed supernova models were available. But ¢great progresses
hiave been made in botn fields during the tast few vears, and

therefore it is worthwhile to reiinvestigate the r-process.

Here, we used the nuclear svstematics described in

Q]
bl
[}

detail by Kodama and Takahashi (19723, hercafter reforred

Ref. I) but with an improved nuclear mass-formula bv v.

Groote et al. (1976, hereafter Ref. II). In section 2, u

-~

aive a brief description of the synthesis equations and the

nucl

lusscay



The supernova model 1is discuséed in secticn 2. The
jnitial conditions for the hydrodynamics were dbtained fron
fits to the recent results of ¥ilson (13975) and Arnett (1975).
The initial element distribution for the wmatter undercoing
the r-process is taken from a statistical-eaquilibrium calcu-
lation (E1 Eid, 1975). He then simultaneously solved the hy
drodynamical egquations and the synthesis equations by includ
ing energy feecback due to nuclear reactions (e.qg. p-decay
heating) and encrgy loss due to neutrinos as well as shock
heating.

The results of our calculations are given and dis
cussed in section 4. The most striking result is that the
observed so]ér-system r-process abundance curve can be repro
duced by assuming only one supernova event. In addition, the
calculated abundance curves are fairly insensitive to astro-
physical input parameters (neutron to proton ratio, expansion
velocity, peak temperature) if varied within reasonable limits.
Thus we can ccnclude that supernova explosions of massive
stars (2 10 Mg ) will lead to almost the same relative
abundance curve for the r-process elements. Only the amount
of neaviest nuclei with A > 200 produced in our model s
sensitive to the input parameters and miaht serve as a test
for supernova models. The minor discrenancies (compared to
cbserved abundance curve) still nresent in the results of
this paper may be explained by uncertainties in the nuclear

data used.



2. Syntnesis Eguations and Huclear Input Data

The basic assumption of our nuclear network is
that the matter under consideration will always achieve a

local (n,y)-equilibrium described by

n(Z,A+1) _ w(Z,A+1) _ 3 A
LOQ_HTZTKT" = Log W(Z. R + Log nn 5 Log AT T9

5.04
T

(1)

+ S (Z,A+1) - 34.075

“w

where n(Z,A) is the number density of nucleus with charge Z

. 3
and mass-number A, n, the neutron number-density per cm”, Sn

the neutron separation energy in eV, T9 the temperature in

10°

K, and w is the nuclear partition function.

In orcder to evaluate nuclear masses (here to .get
Sn), in this paper we use the drop]et-mode1 mass~-formula
with an empirical shell-correction term (Ref. II but with
a different sét of parameters which gives the best fit to
the experimental masses with an rms of 0.58 HMeV but spoils
thé fits to tine nuclear-radius and quadrunole-moment data).
For w , we use an expression found in Ref. I with slight
cihanges for the magic-number and deformation effects to be
consistent with the here used mass-formula.

ke assume Eq. (1) to be valid until the total

number of free neutrons has become roughly eaual to the to
tal number of nuclei ("freezing condition"). Tt has been
argued by Schramm (1973) that the r-process should bYe a
dynamical one and that it should Le treated in the framo-
vork of a (n,y)-(y,n)-netuorl rather than by using Eq. (1),

many to gel a smooining of the even-odd effecis in the



final abundance curve. However, we found that up to our fre
ezing condition the (n,y)-equilibrium i; a fairly godd
anproximation and after the freezing the contribution of
free neutrons to the total baryon numbef:density is so small
that we can safely neglect effects of additional neutron-
cantures. On the other hand, B-delayed neutron emissions
after freezing do an even better job in smoothing tne even-
-odd effects.

The g8 -decays under (n,y)-equilibrium are considered
by the time-dependent equations for the isotopic abuncances
Nyt o=}, n(Z,A): |

d . . t , ..
rE nz(t)= - Aznz(u)+xz_]n§_%+ (feedback due to fissions), (2)

where AZ is the effective jsotopic B ~decay constant defined

. - i .= - - Z’A V
Mgt o= g (ZaRPo(h), Agi=1 2T, Po(R): = E;;(Lﬂl) )

The B—~dec5y half-Tives TB are'ca1cu1ated in the same way as

in Ref. I by consulting the gross theory calculation (Takahashi
et al. 1973) with the use of the Q-values from the here used
mass-formula.

The Tast term in Eq. (2) reflects the feedback of
fissioning heavy nuclei to the r-process synthesis, for which
vwe use the formula given in Ref. I. Howecver, we emnhasize
that due to the rather short hydronyramical time-scale this
term gives a neglicible contribution to the final abundances:

the v-nrocess terminates by the lack of free neutrons rather



than by neutron-incduced (or, spontaneous) fissions as formerly
thought.

After the freezing, we have inciuded f-delayed
neutron emission, a-decays and fission ﬁrocesses to obtain
the final mass-abundance curve Ny = EZ n(Z,A), using the me-
thod of Ref. I, which is corrected for the new mass-formula

used.,

3. Supernova liodel

a) Initial Conditions

Although there has been a great progress during the
Tast years in constructing theoretical surernova models, no
generally atcepted model is available at the moment. Ve there
fore had to parametrize ohr ignorance and to choose initial
conditions relevant to solving the hydrodynamical eguations,
wnich should not contradict our present day's knowledge.
‘Generally speaking, a "reasonable" model should obey the
following restrictions. It should smoothly fit to advanced
stages of stellar evolution. The peak density in the ejected
material should be sufficiently high enouagh to give rather.
high degree of neutronization (ghe total neutron to proton
ratio {{/P = 4 - 8) in order to allow for the synthesis of
very heavy elewments (up to A = 240). The velocity fio?d of
the ejected matter should be able to exnlain the observed
supernova lignt-curves and to give a totai Tuminosity of

51 52 '

erder of 107" - 10 ergs.

Following these ideas, vwe started from Avnett's



(1975) 22 li; presupernova star (with & lig initially Qﬂe-cg
re), whicn after silicon flash has a ceﬁtra] Hi-core of
roughly 1.4 Mg . e then scaled the density of the interior
parts of this star (l(r) < 1.5 Ng) corfespondinq to a free
fall solution, in the way that at the boundary of the form-
ing neutron-star of R = 106 cm and l(R) = 1 #¥u we have a
density p = 3x1011 g»cmi3 (neutron-drip density in cold ca-
talyzed matter). The resulting densi{y-distribution is shown
in Fig. 1 in comparison with the presupernova distribution
of Arnett (197%). The tempnerature dfstribution vwas then ob-
tained by assuming an adiabatic law with an effective adia-
batic indek of 1.2 - 1.33, the temperature at the boundary
of the neutron star being a free parameter. In the next
step, we superimposed on this denSity—temperature profile of
the star a velocity field which was similar to Yilson's cal
culation (1575), e.g. to his model with the cross-section
for the elastic neutrino-nucleus scattering beina 1.7x10” %8
(where T is the averace atomic weight of the nuclei). Al-
“though from the theoretical point of view this model micht
not be a very realistic one, it has the advantace of leading
to the formation of a neutron star of ~1 Hp as well as to
an explosion of the rest of the star, and deposits of enouah
energy to account for the observed supevrnova-luminosities.
Qur velocity profile in comparison to Wilson's results for
0,03 sec after the start of the explosion is given in Fig. 2.
Hithin all the uncertainties involved in the models the
agreement is fairly good.

Finaily the initiail cowposition has 1o be defined.



For the matter being outside the Hi—core,vwe adopted the
composition given by Arnett (1975). For the matter of the
central 1.4 Mg -core we calculated the composition at the
onset of the explosion by using a nucleér—statistica]-equi
librium calculation by E1 Eid (1975).

To check the sensitivity of our model to the choice
of the initial conditions, the maximum velocity of the expand

ing matter was also used as a free parameter.

b) Hydrodvnémics

The dynamical evolution of the system under consider
ation is given by the following set of equations (in Lagrangian

coordinates),

. . . :
%% = - % %% - G H{r (momentum conservation), (4)
r
oM _ . 2 .
a7 = AnrTo (mass conservation), . (5)
Bn.

?.g-RL_g L s - ‘

ot ( P ot ; an ~f" - 9y * 9y (6)
(internal-energy conservation),

p = p(p,T,ni)s £= e(p,T,ni) (equation of state) , (7)

where v is the velocity, p the pressure, n, the number density
of eacn species i, e the internal energy densitv, p the mass-
density, M(r) the mass inside a shell of radius r, G the
gravitational constant, a, the enerqgy loss due to neutrinos

and q o the eneraoy relesse of nucloar reactions (which mioht



be positive or negative), the latter two beina per unit time
per volume. Since the time-scale of evolution is very short
(< 1 sec) we have neglected radiative transfer. The equation
of state (7) is given by a sum of contributions from the
radiation field, the electron gas, the neutrons and the nuclei.
Equations (4) to (6) have to be simultaneously sol
ved with a set of nucleosynthesis equations. In order to save
some computation time we used several reasonable simplific-
ations.
For temperatures Tg.z 5 we calculated the composition
of matter qnd the equatfon of state from nuclear statistical
equilibrium at fixed neutron-proton ratio. Then Eq. (6) read

(the index eq indicating equilibrium quantities)

aceq peq+€e ap _ '

—=24 . (2ATEG) 2B - ., (6)
at

where a, is given precominantly by pair-annihilation neutrinos.

The assumption of fixed neutron-proton ratio was very well

justified since on a time-scale less than }O"Z sec the tempe-

rature in all expanding regions of the star T9 dropped bejow 5.
At temperatures T9 < 5 and for sufficiently high
number of free neutrons (n_ > n )
n * “nucl
(6) simultaneously with Eqs. (1) and (2), the equation of

we soilved Eqs. (4) to

state being calculated from the actual nuclear-abundances.
e approximated Iy by the energy release by B ~decays.

~

tgquation (0) then became

3¢ ptey 8 ae 0Ny

e ( ,._fi) .;,.D. . Z ..r;,gii L Q + 0 (‘6 b )
3t n ot an. ot Vv g

Im the cquation of state, the radiation field was trecated as a
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black-body radiation and the contributien of the electrons
was handled by an analytic fit to the Fermi integrals.
Finally, for the matter after the freezing of the
r-process and at the initial densities p < 107 g cm"3, vie
assumed fixed nuclear-abundances and adiabatic expansion

leading to

2 o= 0, (6''")
~with the equation of state being calculated as before.

The hydrodynamical equations as well as the syn-
thesis equgtions were simultaneously solved by finite diffe
rencing. For the hydrodynamics we used a code similar to that
cf Colgate and Yhite (1966) and Arnett (1966). It wes assumed
that up to r = }06 cm we have a static neutron-star of mass
o= H@ which enters into our cé1cu1ations just as an
interior boundary condition and as an external gravitational
field. The part of the star reaching out to r = 3 x 109 cm
was divided into 20 mass-shells of rodgh?y equal mass giving
totally another solar mass. The outer boundary of this region
was almost in hydrostatic equilibrium. On the time;sca1e of
the r-process (~1 sec), the density, temperature and position
of the outermost shell changed only by a few percent. There
fore we did not include more shells into our calculations.
The shock heating was taken care of by adding an artificial

viscosity term o to p in Eqs. (4) and (6)

(ép(Av)z if o(r,trat) > p(r,t) and
o = % V(rtar,t+at) < v(r,t+Aat) (&)
|0

otherwisce.

he r-process was assunmed to occur oenly in the dnner O mass-
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shells containing 0.43 Mg of matter (the mass of the initié]
Ni-core minus the mass of the neutron star), because onlyv
this part of the star can reach during Fhe implosion a high
enough degree of neutronization and disinteagration to allow

for enough free neutrons to start with the r-process.

4. Results and Discussions

The supernova model outlined in the preceding sec-

‘tion left us with some parameters which however are not really
arbitrary. One parameter was the initial temperature at the
surface of the nesutron star. Assuming adiabatic compression

of the presupernova star ve would expect this temperature

10

Tmax to be of order 10 K. In most of the calculations, we

used 1.2 x IO]O K in agreement with Wilson's model (1975).

To check the sensitivity of our results with respect to this

9 . 10

parameter, we have varied it from 8 x 107 K to 4 x 10

K
but the changes in the abundance curves were not significant.
The second parameter i1s the maximum velocity in

. O
He varied V from 4 x 107 c¢cm

the outooing shock-wave, V .
€ -2 g * “max max

~1 9 - - . .
sec to 6 x 107 c¢m sec 1 (giving an excess of kinetic enerqy

over potential energy of order 105.f 52

to 10 ergs). But again

the resulting abundance curves were rather insensitive. On

the average the abundances wére only changed by less than

a Tactor of 3 but the main characteristics remained the same.
The third parameter is the onsei temperature for

the r-process, Tc“'ct’ i.e. the temperature at which the com

(VR ERS)

nosttion of matter starts to depart frow nuclear statistical
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equilibrium. Calculations using a nuclear network have shown
(Thielemann and Hillebrandt, 1976) that this critical tem-
perature for the density region of intrest in the present
calculation is roughly 5 x 109 K. Therefore we used this va
Tue in most of our calculations. As it will be shown Tater
the most significant difference between our calculated
abundance curve and the observed one is a slight shift of
the abundance psaks around A = 130 and A = 195 to smalier
mass—numberée e had the suspicion that this effect could be
eliminated by choosing a higher onset-temperature to shift
the {n,y) equilibrium to lower mass-number in every isotopic
chain {thus bringing the r-process path closer to R-stability
line). But agair due to self~adjustments in the solution of
the nonlinear set of differential equations, this effect was
not sufficient enough to get the abundance peaks in the right
positions.

The last set of parameters in the present model 1is
‘the ratio of neutrons to protons (N/P) in each shell which is
assumed to undergo the r-process. In a consistent supernova
model, this parameter should be calculated from the dearee of
neutronization during the implosion phase. But since we had
no detailed information about th}s process we assumed N/P to
be highest in the innermost shell and to fit smoothly to the
value ~1 in the shells containing mostly Si and lighter ele-
ments. As expected our results were rather sensitive to the
choice of the maxinum (M/P), especially the amount of nuclei
with A > 200 produced by the r-process was strongly dependent

b g

on iis ratio. The best fits to the observed abundance curve

s
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was obtained by assuming (H/P)

=~ 7 and we had to assume
max

at least (M/P) ~ 5 to get any nuclei with A > 200.

nax

To summarize the preceding discussion, we give a

set of parameters which led up to nov to the best abundance

curve:
T =1.2 x10'°%
ma X
9 -1
V =5 x 107 cm sec s
ma X
i, 9 ()
Tonset = 5 x 107 K,

N/P =7
(H/P) hax ,
which are not in contradiction to our knowledge of supernova
explosions.
The results obtained by using the set of parame-

ters (9) are civen in Figs. 3 to 6: Figures 3 and &4 show the

time evolution of the velocity and the densityvy of the exploding

star. After the freezing of the r-process (t = 0.74 sec), the
outer parts (r > 3 x 109cm) are still almost in hydrostatic
equilibrium and therefore it is well justified that we did
not add more shk21ls. Figure 5 gives the path of some shells
of matter in a (T - p) diagram. It may be seen that up to the
onset of the r-process the path of fhe matter is almost an
acijabat of index 4/3. After the r-nrocess starts, the nath
becomes non-adiabatic due to changes of nuclear abundances
(e.g. by neutron captures) and due to B ~-decay heating, but
in the mean it is again nearly adisbatic with an effective
adiabatic index ~1.2. The sudden increase of density and
temperature in the outer snells reflects the effect of the
shock-frent (see also Figs. 3 and 4). For comparison we have

atso dincleded the nath ueed by Schyaum (1873). It may be <een
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that his assumed path is in rather good agreement with our
hydrodynamical calculations for p > 106.9 cm™3. But to the
lower density the temperature is considerably hicher in our.
model. As a consequence the time-scale for the freezing

(-~ 0.7 sec) is more than a factor 2 longer than in his cal-
culations. Ye want to.emphasize that this is the main reason
why ve could produce also very-heavy nuclei (A > 220) in
reasonable amounts, in spite of the fact that the B -decay
half-lives used in our work are much longer than those of
Schramm,

The fTinal abundance curve obtained from cur model
is shown in Fig. 6 in comparison with the observed solar-
system r-process abundances. The overall agreement is fairly
good, especially the relative heights and shapes of the peaks
corresponding to the neutron magic-nunmbers 50,82 and 126 are
reproduced. It 1s interesting to note that in our model the
r-process synthesis terminated after ~1 sec by an exhaustion
of free neutrons rather than by neutron-induced (or sponta
neous) fissions as formerly thoucght: at the freezing, the
maximum charge Z synthesized did not go beyond 100. The con
sistent inclusion of B-delayed neutron emissions sufficently
smoothed cut the even-odd effects in the frozen abundance
curve and led to the final mass abundance curve comnarable
with the observed one. However, there are still some diffe-
rences which we could not eliminate by changing the astro-

1R

physical parameters of the model and which therefore will
most probably have their origin in uncertainties in the

nuclear syvstematics veed in our work., For evarnle, our vr-
5 irowork, For axamnle, ou

3
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cess path turned out to be too far away from the 2-stability
line to the neutron-rich side, resu]ting in the abundance
peaks shifted to smaller mass-numbers. This seems to be partly
due to the fact that the mass formula uéed tends to over-
-estimate the neutron-separation energies of very neutron-rich
nuclei with neutron magic numbers. More detailed studies of
these nuclear effects as well as of the age of the Galaxy

and of the superheavy-element production rates are under way

and will be given elsewhere.
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FIGURE CAPTIOHNS

Fig.. 1 - Density profile of the model star at the onset of

the explosion. p is the density, m(r) the mass in

33

side a shell of radius r in 107 g. The dashed 1i-

ne corresponds to Arnett's (1975) 22 Mg pre-

supernova star.

Figq. 2 - Velocity distribution in the model star after the
onset of the explosion. V is the velocity, r is
‘the distance from the center of the star. The da-

‘shed curve is taken from Wilson (1975). The upper

9 1

solid curve corresponds to V = 5x10° cm sec

max
at 0.033 sec after the explosion starts, the lower

9

one to V .. = 4x107 cm sec~] at t = 0.078 sec.

X

Fig. 3 - Velocity profile in the exploding shells ad diffe

rent times. The time t is given in seconds.
v {t=0) = 5 x 10° cm sec™ !,

o Other notations as
max

in Fig. 2.

Fig. &4 - Density porofile in the exploding shells ad diffe-

rent times. Notations as in Fig. 1 and Fig. 3.

Fig. 5 - The path of r-process material in a temnerature-
density diagram. T is the temperature in K,p the
mass density in g cm“B, The path is given for
throo difforent mass

: B3 A B ) .17 va b "~ [ TN
nass-shells (shell rnumber 1,2 and

5 in our model). Circles mark the onset of the



Fig.

-18-

r-process, crosses the termination point. In shell
1 the freezing is at T = 5.5 x 109 and p = 2.3 X

3

x 107 ¢ cm” 3. For comparison the adiabatic path of

Schramm (1973) is given as a dashed line.

r-process mass-abundance. Dotts are the observed

solar-system r-process abundances (Allen et al.1971).

The solid curve is the theoretical result for the
set of astrophysical input parameters (Eq. (9)),

shortly after the termination. Alpha decays from

nuclei beyond A = 210 lead to the accumulated abun

206-208 209

Pb and Bi, which together with
235 238

dances of

thosz of éjoh,. U and U are calculated at a

time of 5 x 109 years after the event and shown
by crosses. For comparison, the present day's ob-
served data of the latter three isotopes {Cameron,

1973) are added.
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