
between S 6 ~ e ,  57Fe. S8Fe, and 59Co in solar 

Reports 

Short-Lived s-Process Gamma-Ray Lines in 
Type I1 Supernovae 

The nuclear abundances in the helium-burning shells of presupernova stellar models 
are calculated. For stars of over 20 solar masses the 22Ne(a,n)25Mg reaction produces 
enough neutrons on a su5ciently short time scale for the s-process to produce 5 9 ~ e  
(half-life = 45 days) and 60Co (half-life = 5.3 years). These isotopes are expected to 
survive the passage of the shock, and gamma rays fiom their decays should be 
detectable fiom most galactic type I1 supernovae with the NASA Gamma Ray 
Observatory. Because of its great distance and low metallicity, these lines are not 
expected to be observable from supernova 1987A. 

J UST AS SPECTRAL LINES FROM ATOMIC 

transitions provide "fingerprints" iden- 
tifying the atoms responsible, so the 

gamma rays from the decays of nuclear 
excited states identify specific isotopes. Nu- 
clear reactions in stars synthesize unstable 
nuclei whose P-decays leave the daughter 
nuclei in excited states. The detection by 
modern gamma-ray telescopes of the result- 
ing deexcitations is expected to provide in- 
formation on the important nuclear reac- 
tions in stellar evolution. 

Interest in the gamma-ray lines from type 
I1 supernovae has focused on the nuclei 
produced during the explosion, especially 
those produced abundantly in the central 
regions such as 56Ni (1). Here, I consider 
the gamma-ray lines from some unstable 
nuclei that survive from the star's presuper- 
nova evolution. They have much lower 
abundances but quite rapid decay rates, 
leading to high gamma-ray fluxes over a 
short ~er iod of time. 

Conditions in the helium-burning shells 
of such stars (with temperatures 0.2 < T9 
< 0.5, where the subscript indicates units of 
lo9 K) favor the 2 2 ~ e ( a , n ) 2 5 ~ g  neutron 
source for neutron captures on 5 6 ~ e  by the s- 
process (slow neutron capture). Since 2 2 ~ e  
and 2 5 ~ g  are both themselves neutron poi- 
sons, neutron captures on 56Fe are not ex- 
pected to produce nuclei with atomic mass 
number A > 70 (2). In this mass range there 
are three nuclei with half-lives long enough 
to survive until the supernova envelope be- 
comes transparent to gamma rays after 
-200 days (3 ,4 ) ,  but short enough to emit 
high fluxes: 59Fe, 60Co, and 6 5 ~ n ,  whose 
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gamma-ray lines are shown in Table 1. 
The small abundance of these s-~rocess 

nuclei in the helium burning zone is also 
partly offset by the fact that above the actual 
burning zone lies an extensive [- 1 to 2 Ma 
(solar masses)] convective region, which 
under the circumstances considered here 
may be assumed to have the same composi- 
tion as that calculated for the burning zone. 

In my calculation, the tempera& and 
density of the helium-burning zone was 
taken from the most recent published mod- 
els of 15 and 25 M a  stars at the start of the - 
collapse before the explosion (5), as was the 
mass of the convective region. The nucleo- 
synthesis is treated in a single-zone approxi- 
mation (6) by which the initial composition 
is burned at a constant temperature and 
density for an effective helium-burning time 
teff (7). The resulting composition is mixed 
into the convective zone, in which no nu- 
deosynthesis (other than p-decays of unsta- 
ble species) occurs. This approximation 
should be valid so long as the convective 
time scale [calculated from mixing-length 
theory (8)] is much shorter than the nuclear 
burning time scale. Under stellar helium- 
burning conditions it becomes invalid for 
T9 2 0.5, corresponding in the Woosley- 
Weaver models to masses above -25 Mo. I 
also performed calculations at intermediate 
masses, with temperatures and densities in- 
terpolated between the 15 and 25 Mo val- 
ues. 

The initial composition for helium burn- 
ing was that left by CNO-cycle hydrogen 
burning in a population I star, with the 
converted to 22Ne by low-temperature heli- 
um burning: the fractional abundances by 
mass are then x ( ~ H ~ )  = 0.98, x ( ~ ~ N ~ )  = 

0.02, and x ( ' ~F~)  = 1.12 x The iron 
peak nuclei were assumed to be distributed 

system proportions. A charged particle reac- 
tion network was set up for helium burning, 
containing the important reactions involv- 
ing 4 ~ e ,  12C, 1 6 0 ,  22Ne, 2 4 ~ g ,  2 5 ~ g ,  and 
2 6 ~ g ;  the most recent reaction rates (9) 
were used. This network was solved bv a 
finite difference method, and free neutron 
abundances were calculated at each time step 
for the resulting composition. Neutron cap- 
tures on the nuclei between 5 6 ~ e  and 6 5 ~ n  
were then calculated by means of the analyt- 
ic s-process solution of Clayton et al. (lo), 
modified to take account of branches at 
59Fe, 60Co, and 6 3 ~ i .  Neutron capture cross 
sections were taken from the most recent 
sources (11). Enhanced p-decay rates at 
helium-burning temperatures and densities 
were interpolated from those of (12). The 
one free parameter, the effective burning 
time t,~, bas  fixed by burning until the 
preexplosion helium abundances (5) were 
reproduced. I found that the subsequent 

of the supernova shock has negligi- 
ble effects on the s-process abundances (13). 

Results from a calculation in a star of mass 
20 Mo (estimated by interpolation) are 
shown in Table 2. Results for 59Fe and @'Co 
as a function of mass (parametrized by burn- 
ing temperature) are shown in Fig. 1 and 
may be explained with reference to the s- 
process paths in Fig. 2. Production of 6 5 ~ n  
was found to be negligible in all circum- 
stances. 

I note first that the explosion occurs when 
helium burning is at a very early stage, when 
only a few percent of the initial helium has 
been consumed (5). At low temperatures 
(masses close to 15 Mo) the 22Ne(a,n)25~g 
reaction proceeds too slowly to be a neutron 
source, &d s-processing is negligible. How- 
ever, the 22~e (a ,n )  reaction rate increases 
much faster with temperature than the rate 
of the triple-alpha reaction. Therefore, for 
T9 > 0.3 (masses 2 20 Mo) neutrons are 
produced rapidly enough for S6Fe to be s- 
processed to mass numbers 59 and 60 with- 
in the time t e ~ .  

Production of 5 9 ~ e  at higher tempera- 
tures is roughly constant, because s-process- 
ing never pro~eeds to much higher mass 
numbers even if all the 2 2 ~ e  is consumed, 
owing to the presence of neutron poisons 
(2). However, production of 59Co goes 
through a sharp peak around T9 = 0.35 and 
decreases for higher temperatures (Fig. 1). 
This behavior is due to the branch at 5 9 ~ e  
(Fig. 2). As the temperature increases, and 
with it the free neutron abundance from 
more rapid burning of 2 2 ~ e ,  the time scale 
for neutron captures becomes shorter than 
the SgFe 6-decay lifetime. Material no longer 
passes into the branch through 59Co and 
@'Co, but instead undergoes firther neutron 



Table 1. Prospective s-process gamma-ray lines. Fig. 1. Abundances by mass fraction of 59Fe and -2v @'Co produced as a function of helium-burning 
temp&ature. Arrows at top denote the helium- 
burning temperatures of the 15 and 25 Ma 
presupemova models (5). Arrow at the side repre- 
sents the abundances of 59Fe and @'Co that are -4 

- lGRO 6 5 g ~ e  

marginally detectable at a distance of 10 kpc by 
GRO (+,in = 5 x cm-2 sec-') assuming 
that they exist throughout a convective zone of 
mass M = 2 Ma, and that 59Fe has decayed for 
200 days prior to detection. It is coincidental that --6 

this minimum detectable abundance is the same 
for both species. 'j0c0 

Fig. 2. Paths followed 
during s-processin by 
material initially ininBdFe. 
Nuclei with half-lives 
much greater than the 
neutron capture time 
scale are regarded as ef- 
fectively stable. Branches 
in the path are labeled by 
the temperature range 
where they predominate 
for the run of tempera- 
tures and densities in the 
Woosley-Weaver models 
(5). 

U Stable 
(7 - - -6%- - - 1 - 6 6  

Essentially stable 

Branch polnt 

captures to 60Fe and 61Fe. This sensitivity to 
the temperature makes 60Co potentially a 
very good indicator of mass close to 20 Ma. 

I next consider the detectability of the 
resulting gamma-ray lines. If a nucleus of 
mass A with lifetime T is found with an 
abundance X in a stellar zone of mass M (in 
units of solar mass), it can easily be shown 
that a gamma-ray line of multiplicity~ can 
be detected after time t if 

where +,in is the minimum detectable flux 
in photons per square centimeter per second 
and y is the distance in kiloparsecs. For the 
best current detectors (14) +,in - 
falling to -5 x when the Gamma Ray 
Observatory (GRO) is launched in 1991 
(15). 

In Fig. 1 I show the j 9 ~ e  and 60Co 
abundances necessary for detection by GRO 
at 10 kpc, assuming +mi, - 5 x and 
M - 2 Mo. The 10 kpc range should in- 

clude most galactic supernovae. If the super- 
novae have the right masses, the lines from 
both species should be visible. In the case of 
j 9 ~ e  the flux decays rapidly because of the 
short half-life; my estimate of the detectable 
abundance assumes that the supernova be- 
comes transparent to gamma rays after 
t = 200 davs. The 5 9 ~ e  lines from a 20 to 25 
Ma supernova should thereafter remain de- 
tectable for a hrther -200 days according 
to Eq. 1. The 60Co lines should remain 
visibl; for some years after the explosion. 
The visibility of the lines may be reduced by 
high levels of the gamma-ray continuum 
caused by scattering of photons from 5 6 ~ i  
and 5 6 ~ o  decay. However a calculation of 
the continuum for a 15 Mo star (4) suggests 
that the 59Fe lines are strong enough to be 
distinguished (given the GRO energy reso- 
lution -50 keV), whereas the weaker 60Co 
lines will survive long enough to become 
visible after decay of the "Co has caused the 
continuum intensity to fall off on a time 
scale -1 year. 

NU- Line Multi- 

deus Half-life energy plicity 
(MeV) (%) 

59Fe 44.6 days 1.099 5 7 
1.292 43 

@'Co 5.3 years 1.173 100 
1.332 100 

65Zn 244 days 1.116 51 

Table 2. Results of s-process calculation in a 20 
Mo star. Notation: A(B) = A  x loB. Abundances 
are expressed as mass fraction. The quantity T is a 
measure of the neutron exposure of the heavy 
elements: 

where Nn is the neutron number density and VT 
the thermal mean velocity. 

Run parameters: 
TQ 
~knsi ty (g cmF3) 
M (Ma) 
tee (secj 
T (cm- ) 

Abundances: 
n 

4He 
I2Ne 
5 6 ~ e  
57Fe 
58Fe 
5 9 ~ e  
5 9 c O  

*Co 
"Zn 

If Eq. 1 is applied to supernova 1987A 
(r = 50 kpc) it would appear that the 5 9 ~ e  
lines might be marginally detectable if the 
supernova mass was 20 to 25 Ma, the flux 
from the 1.099-MeV line at 200 days being 
as high as 1.9 x cm-* sec-'. Howev- 
er, because the Large Magellanic Cloud has 
only 113 of solar metallicity (16) the 56Fe 
abundance would be 113 of that assumed 
here, and all s-process abundances will be 
reduced by this factor. 
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Molecular-Level Control over Surface Order in 
Self-Assembled Monolayer Films of Thiols on Gold 

COLIN D. BAIN AND GEORGE M. WHITESIDES 

Long-chain o-hydroxyalkanethiols [HS(CH2),0H] coordinate to gold surfaces 
through the sulfur atom and produce ordered, hydrophilic monolayers in which the 
hydroxyl groups are exposed at the outer surface, Coadsorption of two o-hydroxyal- 
kanethiols of different chain lengths n resulted in the formation of a monolayer having 
a disordered surface region that was markedly less hydrophilic than the homogeneous, 
hydroxylic surface formed from either pure compound. By controlling the composi- 
tion of the monolayer, it was also possible to control simultaneously the degree of 
order in the surface and its hydrophilicity. In the monolayers containing a mixture of 
alkanethiol components, these components apparently did not phase-segregate into 
macroscopic islands, but were dispersed on a molecular scale. 

L ONG-CHAIN ALKANETHIOLS ADSORB monolayers presenting a more or less well- 
spontaneously from solution onto ordered array of the group X at the mono- 
clean gold surfaces and form mono- layer-air interface. If the polymethylene 

layer films (1, 2 ) .  These films are densely chain of HS(CH2),X is at least ten carbon 
packed and highly ordered both in the plane atoms long, the surface properties depend 
of the monolayer and perpenhcular to it (3, primarily on the tail group X, are indepen- 
4); the thiol coordinates to the gold surface, dent of the chain length, and are diuenced 
and the polymethylene chains pack in an all- only indirectly by the sulfur-gold interface. 
trans conformation tilted slightly from the These terminally fimctionalized films are 
normal to the surface. Although gold inter- versatile and convenient systems with which 
acts strongly with sulfur, phosphorus, and to study the physical-organic chemistry of 
other "soff ligands, it is hert toward most 
"hard" organic fhctionalities containing 
only first-row elements (5) .  This selectivity 
for sulfur allows us to prepare oriented 

A L 

organic monolayer films containing many 
functional groups of chemical and biological 
interest and to- exercise a high degree of 
control over the structure of these films. In 
particular, by using adsorbates having the 
structure HS(CH2),,X, we can prepare 

Department of Chemistry, Harvard University, Cam- 
bridge, MA 02138. 

Fig. 1. Stylized illustrations of monolayer struc- 
tures. Proposed structures of (A) pure monolayer 
of HS(CH2)190H; (B) monolayer composed of 
50% HS(CH2)190H and 50% HS(CH2)110H; 
and (C) pure monolayer of HS(CH2)110H. 
Structures we believe do not occur in the systems 
studied here are: (D) disordered monolayer and 
(E) monolayer containing a mixture of compo- 
nents and showing phase separation into islands. 

interfaces. A central objective of our work 
with these monolayer films is to discover the 
relations between molecular-scale structure 
and macroscopic physical properties of in- 
terfaces-wettability, adhesion strength, co- 
efficient of friction-that depend strongly 
on short-range intermolecular forces (6). 

We have examined the wettability by wa- 
ter of monolayers composed of HS- 
(CH2) llOH (abbreviated as HSC1 lOH), 
HS(CH2) 190H (HSC190H), and mixtures 
of these two compounds. Figure 1 illustrates 
the theory on which this group of experi- 
ments rests. If the pure compounds form 
well-ordered monolayers (Fig. 1, A and C), 
these monolayers should present a dense, 
hydrophilic, wettable, two-dimensional ar- 
ray of hydroxyl groups at the monolayer- 
water interface; if the monolayers are disor- 
dered, a more hydrophobic, less wettable 
mixture of hydroxyl and methylene groups 
will be exposed (Fig. ID). In the event that 
monolayers of the pure compounds are 
highly ordered, there are two plausible 
structures for monolayers containing mix- 
tures of the two components. If the compo- 
nents are dispersed on a molecular scale 
(Fig. lB), an interesting, two-layer structure 
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