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We use network calculations @fprocess nucleosynthesis to pin down the origin of the peak in the
solarr-process abundance distribution near nuclear mass nusnbei 60. The peak is due to a subtle
interplay of nuclear deformation angl decay, and forms not in the steady phase ofittgocess, but
only just prior to freeze-out, as the free neutrons rapidly disappear. Its existence should therefore help
constrain the conditions under which thgrocess freezes out. [S0031-9007(97)04032-5]

PACS numbers: 26.30.+k

The r process is responsible for synthesizing roughly Nuclei deform when deformation increases stability.
half the heavy nuclei in the solar system [1]. Itis widely Up to a point, increasingly neutron-rich isotopes of an
believed to occur in type Il supernovae, beginning at alement can thus gain relative stability by increasing their
time when the density of free neutrons is so high thadeformation. At some isotope, however, deformation can
neutron capture by nuclei occurs much more rapidly tharncrease no more; the next isotope is then less stable.
nuclear 8 decay. Under these conditions equilibrium Because of the sudden drop in binding energy with the
between neutron capture and photodisintegration [calledddition of a neutron a deformation maximum can mimic
(n, v)-(y,n) equilibrium] establishes itself so that before a closed neutron shell. In the early scenario of Ref. [2],
long very neutron-rich isotopes of each element are popuhe deformation maximum is encountered ndar 160
lated with their relative abundances set only by their neuduring the steady phase of theprocess, with the drop
tron separation energies and partition functions, and tha binding energy after the maximum leading to a smaller
temperature and density of the environment. Towards theersion of the peaks at = 80, 130, and 195. Although
end of this “steady” phase of theprocess—so called be- this hypothesis was initially plausible, it began to suffer
cause creation and destruction reactions balance and abuwaken nuclear masses far from stability were understood
dances change slowly—the neutrons begin to disappeanell enough to carry out real calculations. The work of
making (n, y)-(v, n) equilibrium more difficult to main- Ref. [5], for example, did produce an abundance hump in
tain and causing nuclear abundances to change rapidithe REE region, but one that was much broader than the
Eventually the neutron capture and photodisintegration resbserved peak. In addition, the conditions required by
actions “freeze out,” and the nuclei simp$y decay back the mechanism of Ref. [2] made otheiprocess features
to the stability line to give the final-process abundances. more difficult to reproduce. A second explanation, first

The dominant features in the solaprocess abundance proposed in Ref. [6] and elaborated on in Ref. [7], is that
distribution are large peaks at nuclear mass numbeithe REE peak is produced by mass-asymmetric fission of
A = 80, 130, and195. These form as the nuclear flow very heavyr-process nuclei. For a number of reasons,
passes through neutron-closed-shell nuclei, which captutgowever, this idea is no longer compelling either [8].
neutrons reluctantly and have long beta-decay lifetimes, Despite the lack of a good explanation, recent
acting as bottlenecks at which abundances build up. Thiprocess simulations [9,10] in the high-entropy neutrino-
mechanism for peak formation has been well understoodriven bubble near the surface of a nascent neutron
for many years [2]. The second most pronounced featurstar produced a realistic REE peak. The simulations
in the abundance distribution is a smaller but still veryused calculated nuclear properties (far from stability) in
distinct peak atA = 160, the region of the rare-earth which the effects of deformation had been included self-
elements (REES). In contrast to the major peaks, itgonsistently. Furthermore, they were among the first to
origin has remained something of a mystery since itfollow the r process all the way through freeze-out and
presence was noted in the first detailed compilations oflid not allow nuclear fission. The success of these full-
solar-system abundances [3,4]. In this paper we showlown supernova simulations in forming an REE peak, not
that the REE peak is due to deformation in nuclei createéxplained in Refs. [9,10], points to the poststeady phase
after the steady phase of theprocess ends Previous of the r process and motivates the simpler calculations
r-process studies have usually limited themselves to thdescribed below that get at the cause of the peak.
steady phase. Thus, although deformation has long beenA crucial concept for our analysis is the-process
suspected to play a role in the formation of the REE peaKpath” through the N-Z plane, which we define as
[2], no compelling connection has been made until now. follows: At any given time, for each element with proton
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numberZ, there is an isotope with maximum abundance;
the collection of all such isotopes defines the path at
that time. As long as3-decay rates are much less than
neutron-capture or disintegration rates and the systemisin <
(n, v)-(y, n) equilibrium, the path’s location follows from
the requirement that the average free energy be stationary
under the transfer of a neutron from a nucleus to the free-
neutron bath. This in turn means roughly that for every
Z the isotope with maximum abundance has a neutron ~8
separation of

3/2
NAY, [ 27h?
Su(Z, Nevand) = —len[”—A< d ) ] (1)

2 mu, kT

where Nnmax iS the neutron number of the isotopE, is
the temperaturey is the mass densityy, is Avagadro’s
number,Y, is the abundance of free neutrons per nucleon,
and m,, is the neutron’s mass. Equation (1) shows that 8 ‘ ' : ' : '

; e : 120 140 160 180 200
for given T, p, andY,, the equilibrium path always lies A

along a contour of constant separation energy. FIG. 1. Calculated (line) and measured (crosses) sofar

The high-entropy--process calculatiqns of Refs. [9,10] process abundances. (a) shows the final calculated abundances
alluded to above were performed within the context of de-and (b) the calculated abundances before freeze-out, while the

tailed supernova simulations. To get a clear picture of process is in the steady phase.
the dynamics of the-process path, here we simply pa-
rametrize the dependence of temperature on time (witlf the abundance of free nucleons to that of nuclei was
p « T3 and assuming a simple constant outflow veloc-57, implying that a seed captured on average 57 neutrons
ity [11]) to roughly match the results of the more compli- over the duration of the process. The trough in the cal-
cated calculations. We then solve the network differentiatulations just above the peak At~ 82 (A = 130) can
equations (described in Ref. [1]) that determine the timebe largely filled in by another component with slightly
development of nucleosynthesis. The inputs, besides thdifferent temperature and neutron density. What is im-
temperature and density, are the initial mass fractions gbortant is the presence of a REE peak at approximately
neutrons and preexisting “seed” nuclei, and calculated neuhe correct location and with the correct width. No sign
tron capture rates [1], neutron separation energies [12], amaf this peak exists during the steady phase of the
B-decay rates [12]. The seed nuclei quickly come intoprocess [Fig. 1(b)]. It forms only afteR falls below
(n,v)-(y,n) equilibrium and then undergo the usygd  about 1, when steady flow is destroyed and the path
decay and neutron-capture sequence. We run the simbegins to move towards stability. The peak appears un-
lations through freeze-out until only stable nuclei remainder a wide range of initial temperatures, densities, and
The treatment is fully dynamical in that neutron captureneutroryseed ratios, as well as changes by factors of 5
and photodisintegration continue to compete wihde- or more in all calculated3-decay rates, provided only
cay throughout the entire process, even when equilibthat freeze-out is prompted by the capture of nearly all
rium no longer obtains. In the more detailed supernovdree neutrons rather than a sudden drop in overall den-
simulations, the high-entropy process occurs over sev- sity and temperature, as is sometimes assumed. The pri-
eral seconds, and mamyprocess components combine mary reason, surprisingly, is that if the temperature and
to give the final abundance distribution (see, e.g., Fig. 18lensity do not change precipitously theprocess stays
of Ref. [10]). The calculations presented here treat jusin approximatgn, y)-(y, n) equilibrium even after steady
the components with the highest initial neutfeaed nu- flow fails. Only whenR has fallen by many orders of
cleus ratios, because they are responsible for the REE peakagnitude doeg decay completely dominate the other
These components are also responsible for the large peagactions and destroy the remnants(efy)-(y, n) equi-
atA = 195 in the more detailed simulations. In fact, no librium. As a result, the path continues for some time
matter what the precise conditions in the supernova, virtuto lie roughly along contours of constant neutron sepa-
ally any high-entropy--process component that producesration energy as it moves towards stability. It is during
theA = 195 peak with sufficient abundance and in the cor-this time that the REE peak forms.
rect location also makes a REE peak [11] if freeze-out is Figure 2 illustrates the persistence of approximate
treated dynamically. (n,y)-(y,n) equilibrium; it shows the path between
A sample set ofr-process abundances resulting fromN = 82 and 126 at three times during a 0.25-sec interval
our calculations appear in Fig. 1(a) alongside the meajust after the steady phase ends. During this period, as
sured solar-system abundances. In this run the initial seéddicated by the inset of Fig. & (or Y,) drops dramati-
nucleus was’’Fe and the initial value oR, the ratio cally (the diamonds mark the three times at which the

1810




VOLUME 79, NUMBER 10 PHYSICAL REVIEW LETTERS 8 BPTEMBER 1997

07 F 70.0

t (sec)

N 601 o X N 60.0

50 50.0

[T
9% 100 110 120 90.0 100.0 110.0 1200

FIG. 2. Ther-process path betweeti = 82 and 126 at three  FIG. 3. Contours of constant neutron separation energy in
times during a 0.25-sec interval early in the decay to stabilityMeV (solid lines) and constang-decay rates in s (dashed
The shaded squares are the actual paths, the lightest correspoliides). The inset is a schematic of two such contours, with the
ing to the latest time, and the diamonds the equilibrium pathsirrows depicting the flow of nuclei into the region containing
defined at the same times by Eq. (1). The lines are contours afie separation-energy kink.

constant separation energy in MeV. The inset shows the neu-
tron abundance per nucleon over this interval, with the three

times at which the path is depicted indicated by diamonds. Once steady flow ceases, falls rapidly compared

to the rate of decline in temperature and density. By
Eqg. (1) then, the path moves quickly towards stability at a
path is plotted), whilel' and p change slowly, with the rate governed by the averagedecay lifetime for nuclei
net result according to Eq. (1) that the path moves backying on the path. During the interval when the path runs
towards more stable nuclei with higher neutron separatiothrough the kink, this average rate is typically the rate of a
energies. The dark squares in the large figure are theucleus in the kink itself. Below the kink, as illustrated in
paths as defined above, with the upper set correspondirige center of Fig. 3, the nuclei along the path are farther
to the later time. The open diamonds indicate thefrom stability and therefore decay faster than average,
“equilibrium paths,” i.e., those that would obtain if the i.e., before the average separation energy has changed
system were in truén, v)-(y, n) equilibrium according to  enough to move the equilibrium path in their vicinity. In
Eq. (1). Contours of constant neutron separation energgn attempt to return to the path and stay in equilibrium,
for the evenN nuclei are overlaid. The actual and these nuclei then capture neutrons, increasing their value
equilibrium paths indeed differ very little well after the of A. The nuclei above the kink, by contrast, decay more
end of the steady phase. Eventually (and importantly), aslowly than average, and in general will not do so before
the figure shows, a “kink” in the separation energies athe equilibrium path at their location has moved. When it
N = 104 is intercepted and imposes itself on the path. does move, these nuclei, whose thermodynamic impetus
Large kinks in the path are the underlying causes also to remain in equilibrium at the average separation
of the abundance peaks at the neutron closed shelenergy, photodisintegrate so that their mass numbir
mentioned above. Because the neutrons in all these nucleiwered. In fact, it is these disintegrating nuclei above
are strongly bound the path turns sharply up towardshe kink that supply in part the neutrons for capture by
stability when a closed shell is reached, producing g3-decaying nuclei below the kink. The net result, shown
concentration of populated isotopes close togethed in with arrows in the inset in Fig. 3, is a funneling of nuclei
with relatively longB-decay lifetimes. The early steady- into the kink region as the path moves toward stability.
phase explanation of the REE peak in Ref.[2] is a To show that this mechanism is both simple and robust,
variation on the same theme. In our simulations, howevenve ran a simulation with our own simplified and easily
the REE peak does not form in exactly this way, evervaried nuclear properties. We obtained binding energies
though it is clearly associated with thé = 104 kink,  from a simple semiempirical mass formula ([13]) agd
which in turn is clearly due [12] to the deformation decay lifetimes by fitting those of Ref. [12] with a func-
maximum postulated in Ref. [2]. The nuclei at thetion of the formT,,, = aQ“, where(Q is the difference
top of the kink, and thus closer to stability, do havein binding energies between the parent and daughter and
moderately slowerB-decay rates than those along thethe best fit was obtained with = 250 and a = —3.80.
path immediately below, but neither this fact nor theWe assumed neutron capture rates, the details of which
proximity of the kink nuclei to one another along the pathare irrelevant, to have an exponential dependence on sepa-
account entirely for the pronounced REE peak. Anotheration energy, reflecting their dependence on the level
mechanism, relying on the motion of the path towardsdensity in the compound nucleus formed by capture. We
stability after the failure of steady flow, is also at work. started the simulation at the end of the steady phase of
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2.0 If our argument is correct, the existence of the peak
15 L S (a) has important consequences both for the supernova nu-
x x cleosynthesis and for the nuclear physics of neutron-rich

nuclei. First, it means that the-process path must be
moving back towards stability when freeze-out occurs.
This can happen only if freeze-out is prompted by the
exhaustion of free neutrons. If the freeze-out of a high-
entropy p o« T?) r process is instead prompted by a rapid
drop in the temperature, the path will always move away
from stability towards nuclei with very low neutron sepa-
ration energy, and no REE peak will form. This fact
argues against models in which the expansion of the
process region is so fast that freeze-out occurs before the
neutrons have all been captured. Second, regarding nu-
clear structure, the peak confirms the predicted deforma-
tion of neutron-rich rare-earth nuclei. We expect future
50 1é5 1(';0 1(‘55 1$o s work on formation of the REE peak to yield other impor-
A tant insights.
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