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This paper reports resonance parameters and spherical optical model potentials obtained from the
analyses of neutron transmission measurements for " "80s over the incident neutron energy range
27—1000 eV and for ' Os over the range 27—140 eV. Multilevel R-matrix analyses of 77 s-wave

resonances yielded sets of resonance parameters ( Eq, I"„)and the associated external (background) R
functions. The statistical properties of the resonance parameters, mean-level spacings, and strength
functions are reported. The external R functions and strength functions were used to determine

spherical optical model potential well depths, which in the case of "70s we find to be strongly
dependent on the spin of the compound nucleus. These optical model well depths can be used to es-

timate the capture cross section of the first excited state in '"Os+ n. Since this state is highly popu-
lated at stellar temperatures, the ratio of excited to ground-state capture cross sections is an impor-
tant parameter in using the s-process model of stellar nucleosynthesis to determine what fraction of
the abundance of "Os should be ascribed to the radiogenic decay of '"Re. That fraction deter-
mines, in part, the estimate of the duration 6 of stellar nucleosynthesis to be derived from '"Re beta
decay. A determination of b for the Re/Os chronometer based on our data leads to an age of the
universe of (17+3)&10 yr.

I. INTRODUCTION

Attempts to estimate the duration and evolution of stel-
lar nucleosynthesis have been among the most exciting ac-
tivities in astrophysics since the idea was first suggested
by Alpher and Herman' and Burbridge et aI. nearly 35
years ago. That the decay of long-lived radioactive nu-
clides produced in the stars should carry the signature of
nucleosynthetic processes was first recognized and ex-
ploited by Fowler and Hoyle to estimate the duration of
nucleosynthesis via U/Th radioactive decay. Subsequent-

ly, other long-lived radioactive progenitors subsequently
have been identified as potential nucleosynthesis chro-
nometers. Of these, the one most prominently featured in
the literature has been ' Re, which beta decays to ' Os
with a half-life of -4X 10' yr, a time comparable to the
Hubble time. This long half-life and the fact that both

Os and ' Os can be produced only by s-process nu-

cleosynthesis make this chronometer potentially the most
reliable available. That a completely satisfactory realiza-
tion of Re/Gs as a reliable chronometer has not yet been
achieved is evident in the literature surrounding the ques-
tion of stellar temperature and pressure effects on ' Re
decay, " the chemical evolution" of galactic material,
and the relative importance of neutron capture by the
low-lying first excited state in Os.

The particularly thorough review of Arnould et al. '

emphasizes that an important contribution to the uncer-
tainty associated with the use of Re/Os as a chronometer
remains the estimation of the modification of the ratio of
average neutron-capture cross sections ( o'r(186) ) /
( crt(187) ) due to population of the 9.75-keV first excited
state in ' Os at stellar temperatures. This stellar
enhancement factor f' was first calculated by Woosley
and Fowler'i using a Hauser-Feshbach model for the
cross sections for both the ground and the excited states.
The transmission factors for the Hauser-Feshbach calcu-
lation were estimated from the few exiting measurements
in the mass region near osmium.

In this paper we present additional neutron transmis-
sion measurements for ' ' Os over the incident neutron
energy range from 27 to 1000 eV and for ' 70s over the
range from 27 to 140 eV, together with the statistical
properties of the neutron-resonance parameters and the
optical model potential well depths obtained from the
data. Preliminary values of our results were used by
Herschberger et al. ' to recalculate f', and their value of
f =0.81+0.02 is in good agreement with the earlier
Woosley-Fowler estimate of 0.75 &f ' ( l.2. These re-
sults, coupled with recent measurements' ' of the

Os(n, n') and ' Os(n, y) cross sections, seem to suggest
that f* can now be calculated with an uncertainty of less
than 5%, i.e., with an uncertainty comparable to those of
the cross-section measurements.
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II. TRANSMISSION MEASUREMENTS

The neutron transmissions of ' ' ' Os (see Fig. 1 for
a representative energy region) were measured using the
time-of-flight technique at the Oak Ridge Electron Linear
Accelerator (ORELA). The accelerator was pulsed at 800
bursts/s with a nominal electron burst width of 33 ns.

The resulting neutron burst has a continuous spectrum
produced by the photoneutron process in tantalum with

subsequent moderation in the 15-cm-diam beryllium-clad
water-filled target housing. The target is 3.2 cm thick in
the direction of the neutron flight path. Neutrons were

detected via the Li(n,a) reaction in a 1.3-cm-thick and
11-cm-diam Li glass scintillator mounted on a 12.7-cm
photomultiplier tube. The flight-path length from target
to detector was 79.46+0.02 m, where the uncertainty esti-

mate includes uncertainties in the moderator and detector
effective thicknesses. The arrival time of each detected
neutron was measured with a digital time analyzer to
within 0.0l%%uo of its flight time relative to the arrival of

the gamma-ray burst originating in the neutron-producing
target. All counts were corrected for the 1104-ns dead
time of the analyzer. This correction was less than 0.1%
below 1000 eV.

The neutron-energy resolution function at energy E is
expected to be a combination in quadrature of the fluctua-
tions in flight-path length and apparent flight time and
has been found' to have an approximately Gaussian
shape with a full width at half maximum bE given by

where a =0.23 and b =50 MeV
Four components of background have been identified:

(a) a time-independent room background, (b) 2.23-MeV
gamma rays which are due to neutron capture by hydro-
gen in the target/moderator and which decay with a 17-ps
half-life, (c) neutrons scattered from the detector and en-

vironment, and (d) delayed pulses within the phototube as-

sociated with the gamma burst. The last background was

reduced by placing a 6 mm lead filter in the neutron beam
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FIG. l. Neutron transmissions for the three samples with major concentrations of (a) ' Qs, (b) "Os, and (c) '"Os over the energy
range l00—p00 ep. The region labeled I includes the 150-eV resonance in ' Os as observed in all three samples. The region labeled

includes three impurity resonances due to '8 Os. The curve is the result of solving Hayes's equations for the optimal set of reso-
nance parameters to describe these data.



%'INTERS, CARLTON, HARVEY, AND HILL

60
7
1

0.07

0.4
0.7
1.5
9.2

2
0.3

-0
-0

2.5
2.5
2.0
2.0

and by gating the detector on only after the gamma burst.
In order to reduce the number of very slow neutrons over-
lapping with the succeeding bursts, a ' B filter was also
placed in the neutron beam. VA'th this arrangement, the
background components are very small (see Table I). A
more complete discussion of the experimental details of
ORELA transmission measurements has been given by
Larson et al. '

The isotopically enriched osmium samples were sin-
tered metal hot-pressed into 1-cm-diam cylinders -2 mm
thick. The thicknesses and isotopic compositions of the
osmium samples are given in Table II. The samples were
cycled into and out of the neutron beam under computer
control with a cycle time of approximately 10 min per
sample. A 10-min run per cycle was also made with no
sample in the beam. In addition, four positions in the
sample holder were loaded with pieces of polyethylene
2.54 cm thick to allow a determination of the 2.23-MeV
gamma-ray background mentioned earlier.

III. DATA ANALYSIS

A. The R-matrix formalism

The total cross section for the case of a neutron with
wave number k incident on a target forming states with
total and orbital angular momentum quantum numbers
J,l can be written

a„T—— gg(J)[1—Re(U„'„)] .
J, l

In the R-matrix formalism, the scattering function U„'„ is
expressible, for the single-channel case, as

1 Ri (Si —Bi i PI—)—
U„'„(E)=e (2)

1 —Ri (Si —81+iPI )

TABLE I. Representative factors applied to observed counts
to correct for (a) time-independent room background, (b) 2.23
MeV gamma rays from H(n, y }, and (c) neutrons scattered from
the detector and environment. [(a)—(c) are in percent. ]

E„(keV)

In this expression, $1, Si, Bi, and Pi are the hard sphere
phase shifts, shift factors, boundary conditions, and neu-
tron penetrabilites, respectively, and are to be evaluated at
the channel radius, chosen in this work as 0, =7.70 fm.
The boundary conditions were chosen as Bl ———I.

The Ri constitutes the R matrix, which for a given
channel ( Jl) is expressed in terms of the levels observed in
the region of analysis and an external R function,

2

(3)
Ei E —iI —zi j2

Here, y„~, I &~, and E~ are the reduced neutron-width
amplitude, the radiation width, and the eigenenergy for
the A, th resonance. The sum is taken over all levels of the
given Jl observed in the energy region [Er,E„] of the
measurement. The y„~'s are related to the neutron widths
I „by the relation

(4)

The functions Rz~"' describe the tails of resonances located
external to the region [EL,E„]. The functional form for
the background functions,

RJI"'(E)=Rqi(E) sJIln—
I.

used in this analysis is thoroughly discussed in Refs.
17—19. The logarithmic term in Eq. (5) represents a con-
tinuous distribution of neutron strength szl below and
above [EL,E„]. In this work sji is taken to be the
strength function observed in [EL,E„],

sj/ ~) nil &~(DJI &

Since RJi(E) is a mild function of energy (see Ref. 17), it
is sufficient to represent RJI with a linear form,

RJI(E) =CrJI +PIXIE

This representation of Rz~"' provides a very accurate
description' of the interference between the observed lev-
els and backgrounds. In turn, an accurate determination
of R'"' provides considerable information about the ag-
gregate effect at a given energy E, EL &E ~ E„,of all res-
onances external to the analysis region, and represents an
important measure of the auerage properties of all levels
of each channel (J/). At low energy the s-wave back-
ground 8 function is related to the potential scattering

TABLE II. Isotopic composition (in at. %) of the osmium samples. Elemental impurities are & 1.8%
for the ' Os sample, &1.2% for the "Os sample, and &0.04% for the ' Os sample.

Enriched
isotope

186'
187'
188'

184

& 0.02
& 0.05
& 0.05

79.39(15)

0.93(2)
0.13(3}

1.62{3)
70.38(15)
0.17(3)

5.07(5)
12.79(10)
94.47(20)

4.09(4)
5.28{5}
2.77(5)

190

5.15{5}
5.41(5)
1.42(4}

5.67(6)
5.26(5)
1.04(4)

'Sample thicknesses (in nuclei of osmium/b): n (186}=0.012 75, n (187)=0.008 401, and
n (188}=0.008 221.
Uncertainty estimates in this and all following tables are in parentheses and are to be interpreted as un-

certainty in the last digits as quoted, e.g., 78.39+0.15.
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length RJ~ by

R'=a, [1—R(E)),
where R is evaluated for E~O. In the past R has been
referred to as R, the distant level parameter. The R
obtained from the fitting process is dependent on the
choice for a„but the calculated value for R' is indepen-
dent of a, . In the spin-separated case of ' Os (discussed
below), different R' values are found to be necessary to fit
the J=O and 1 resonances.

The parameters Ei„y„i, and Rq~"' which produced the
best description of the observed transmissions were deter-
mined by solving Hayes's equations ' using the R-matrix
code MULTI. The fitting procedure included Doppler
broadening of the calculated cross sections and resolution
broadening to the resulting transmissions. Throughout
the analysis, the small (-0.08-eV) radiative widths have
been held constant and equal to the average values report-
ed in Table II of Winters and Macklin. 23 All resonances
up to 1SM eV are assumed to be s wave. In many cases
the characteristic asymmetry in the transmission gives
visual confirmation of that assumption. For resonances
so narrow as to be resolution dominated, the assignment
of 1=0 is supported by the small likelihood of a resonance
with l ~0 having a width sufficiently large to be observed
for E~ 1000 eV.

While the significant abundances of isotopic impurities
in each sample presented difficulties, the fact that each
resonance appears in each of the three osmium samples al-
lowed improvement of the precision of our estimates of
the resonance parameters by providing three sample
thicknesses. The three sample thicknesses for each reso-
nance also allowed confirmation of isotopic parentage in
the case of the ' ' ' Os resonances. In order to avoid
spurious isotopic level assignments, we imposed two re-

IV. RESONANCE PARAMETER STATISTICS

The statistical properties of the R-matrix resonance pa-
rameters of most importance are the strength function,
the average level spacings, and the external R functions.
In the electron-volt energy region, the s-wave R-matrix
reduced widths and strength function are proportional to
the more commonly reported s-wave conventional re-
duced widths I „and strength function So,

I „=2ba,y~I (9)

quirements on the fitting procedure: (a) parameters for
large isolated resonances (see, e.g., the region labeled I in

Fig. 1) deduced in the sample of largest isotopic abun-

dance had to also adequately describe that resonance
treated as an impurity in the other two samples, and (b)
other isotopic (3=189,190,192) impurity contributions
(see, e.g., the region labeled II in Fig. 1) had to be reason-

ably well reproduced in all three samples by identical pa-
rameters. Using these criteria we were also able to reduce
the uncertainties for parameters in cases where the impur-

ity resonance overlapped with that of the major isotope.
The resulting sample-consistent, single-parameter set will

therefore reproduce all three observed transmission spec-
tra. Multilevel fits to the transmissions in a typical ener-

gy region are shown as the solid smooth curves in Fig. 1.
The resulting R-matrix level parameters over the range
27—1000 eV for 's OS and ' Os and over the range
27—140 eV for Os are presented in Tables III—V. For
energies greater than these upper limits, only the most
prominent s-wave resonances for each isotope were

analyzed. These level parameters and all R-matrix pa.-

rameters obtained in this work for ' ' ' Os up to 3400,
1000, and 5000 eV, respectively, have been transmitted to
the National Nuclear Data Center in Brookhaven.

TABLE III. Resonance parameters for "Os + n up to 1 keV neutron energy.

E„{eV)'

44.7
66.3
89.7

137.7
169.7
201.9
249.5
272.9
281.0
313.4
342.4
370.0
380.0
416.8
423.1

452. 1

I „(mev)'

85.0(4)'
28.9(3)'
11.5(3)

429(6)
5.7(2)

61.9(6)
17.0(3)
1.9(1)

142(2)
41.2(6)

668{6}
156(3)
138(4)
42.2(5}

123{6)
17.0(5)

0
0
0
0
0
0
0
(0 )d

0
0
0
0
0
0

0

E„(eV)'

521.0
567.8
604.6
634.7
643.5
655.3
679.7
735.8
763.0
796.8
837.1

845.8
868.5
891.3
962.6
980.0

r„(mev)'

149{2)
243(3)
51(2)

198(6)
509(7}
462(6)
342(6)

11(1)
123(2)
57(2)

362(6)
42(2)

724(8 }
103(4)

1610(150)
819(50)

0
0
0
0
0
0
0
(0)'
0
0
0
0
0

0

'Energy uncertainties may be taken as one resolution width as discussed in text.
Radiation widths have been assumed constant at 80 meV based on averages obtained in Ref. 23.

'The notation 28.9(4) means 28.9+0.4. The quoted uncertainties are those due to counting statistics and
the fitting procedure and do not include an overall systematic uncertainty of -2%%uo.

"Parentheses indicate uncertainty in the I assignment.
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TABLE IV. Resonance parameters for ' 'Os + n from 26 to 140 eV neutron energy.

gI „(meV)

29.33
39.51
40.S4
43.48
47.80
50.06
50.59
62.16
63.76
65.01
71.43
83.36
89.90

0.51(4}'
2.28(7)

12.4(5}
10.9(6)
15.9{S)
52.7(8)
7.0(9)

18.2(11)
70.9(3}

1.65(7)
1.09(S)
0.71(5)

19.1(9)

1

1

1

1

1

0
1

0e

0
1

1

1

1

92.84
99.24

104.96
108.79
110.96
114.59
117.11
122.94
124.33
126.89
132.13
138.13

10.4(2)
60.1(3)
13.9(3)

123.4{12)
0.54(3)
1.43(8)
0.53(3)
6.21(3)

498.2{12)
47.1(12)
0.68(10)

109.3(22)

1

0
1

1

{0)"
(1)
(0)'

1

0
1

1f

'Energy uncertainties may be taken as one resolution width as discussed in the text.
Radiation widths have been assumed constant at 78 meV based on averages obtained in Ref. 23.

'In this notation 0.51(4}=0.51+0.04. See footnote c in Table III.
Stolvy et al. (Ref. 25) reports a J=O resonance at 78 eV and a J= 1 resonance at 79.5 eV.

'The assignment J= 1 is made in Ref. 25.
No J assignment given in Ref. 25.

~Parentheses indicate that the J assignment is uncertain.

S,=(I'„)/(D) =2ba, s,
where D is the level spacing for a given J and

b—=(0.21968x10 i)A(2+1.0089)

(10)

The relationship between the P„and y„and between So
and s are discussed in Refs. 17 and 18.

In estimating (y„) and (D ) from the sets of resonance
parameters for each isotope and spin, corrections were
made for missed levels and their associated strength.
These corrections are based on the probability of drawing
a width smaller than the smallest observed reduced width
from a Porter-Thomas (PT) distribution with mean re-
duced width equal to that observed. As an additional aid
in detecting both missed and spuriously assigned levels,
the Dyson-Mehta 5& statistic was calculated for each pa-
rameter set, including singly and in all combinations of all
levels with doubtful assignments. An additional concern
is the identification of p-wave resonances as small s

waves. Assuming a p-wave strength function and level
spacing typical of the mass region near osmium, we esti-
mate the probability that a p-wave resonance will have an
observed width as large as the smallest s-wave below 1000
eV to be less than 0.10%. Hence, we expect to see no p-
wave resonances below 1000 eV. In the following we
present, by isotope, special problems encountered in fit-
ting the transmissions and the results of the analyses.

A 186Os

Over the energy range 27—1000 eV we observed 32 res-
onances in ' Os+ n. A previous study reported 31
resonances below 1000 eV. The present work confirms all
but one previous isotopic assignment (at 721 eV), which
we attribute to ' Os. Furthermore, our sample-consistent
impurity analysis allows the isotopic identification as

Os for two additional levels, at 272 and 342 eV. Final-
ly, one additional resonance, at 345 eV, was considered for
assignment to ' Os but was rejected by the 63 test.

TABLE V. Resonance parameters for ' Os + n up to 1 keV neutron energy.

38.73
78.5

150.0
191.9
254. 1

282.3
316.7
388.2
478.6
528.5

I „(meV)

42(5)'
378(3)
144{1)
109{2)
73(1)
13(1)

957(26)
800{26)
486(21)

73(1)

E„(eV)'

536.5
620.1

649.2
705.S
745.2
781.0
819.5
844.2
862.6
979.5

I „(meV)

85(2)
108(3)
70(3}

113{S)
300{8)

1150(30)
40(1)

1992(60}
406(15)
133(10)

'Energy uncertainties may be taken as one resolution width, as discussed in the text.
Radiation widths have been assumed constant at 69 meV based on averages obtained in Ref. 23.

'In this notation 42(5) =—42+5. See footnote c in Table III.
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A cumulative histogram plot of the number of levels is
presented in Fig. 2. The linear nature of the plot suggests
few missed levels. Adopting a mean reduced s-wave neu-
tron width equal to that observed, we estimate a less than
3% probability that a reduced width drawn from a PT
distribution will be smaller than the smallest s wave ob-
served below 1000 eV; i.e., we estimate one missed level.
In Fig. 3 is shown a plot of the number of levels exceeding
a given reduced width versus the square root of the re-
ducal width. Also shown in the figure are curves calcu-
lated from a PT distribution assuming zero and two
missed levels. This analysis suggests less than two missed
levels. Accordingly, the ' Os mean-level spacing present-
ed in Table VI includes a correction for one missed level.
The number of levels, N, in Table VI is the number actu-
ally observed.

The external R function for ' Os is shown in Fig. 4
and the parameters for R are given in Table VI. The
value of the s-wave scattering length R'=11.2+0.5 fm is
in good agreement with other measurements in this mass
region. The strength function (Table VI) So ——(3.5
+0.9)X IO is consistent with data shown in Fig. 3 of
Ref. 20 and helps define the peak in the s-wave strength
function due to the 4s»i size resonance.

Q 187Os

We observed a total of 25 resonances in ' Os+ n over
the energy range 27—140 eV. The two spin states which
can be formed as a result of s-wave neutrons incident on a
spin- —,

'
target make the analysis of the data more difficult

than for the case of even targets. For that reason we have
restricted the following discussion to below 140 eV where
J assignments are reported by Stolovy et al. i The de-
duced spin values for 27 resonances between 9 and 130 eV
on the basis of ratios of gamma-ray intensities associated
with neutron capture in the resonances. These assign-
ments and additional ones made in the present work on
the basis of level-level interference considerations in the
process of fitting have made possible the determination of
spin-separated R-matrix resonance parameters for the 25
resonances with neutron energies in the range 27—140 eV
shown in Table IV. The mean level spacings

0 i t 7 I e i t 'f I 1 [ v v I 1
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I T I I
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FIG. 3. The number of levels in '860s+n with (I „)' 2

greater than the abscissa. The dashed and solid curves are the
expected results if the widths are drawn from Porter-Thomas
distributions with mean widths corresponding to zero and two
missed levels, respectively.

R '=9.8+1.2 fm .

This result agrees favorably with that based on coupled
channel calculations and with values obtained for the
other isotopes. The resonance parameter average proper-
ties and spin-separated R-matrix parameters for this iso-
tope are presented in Table VI.

(D(0 )) =10.8+2.1 eV and (D(1 )) =6.4+0.8 eV are
not consistent with a 2J+1 dependence. This is not
surprising since the expected transition in nuclear shape
and stability in this mass should modify the dependence
on J. Tests (PT and hi} used to estimate the number of
missed resonances (Sec. IVA) indicate one missed reso-
nance for the 0 states and no missed levels for the 1

states. The b3 statistic is consistent with one missed 0
level missing below 55 eV where the first 0 level is ob-
served. The s-wave mean level spacing (corrected for one
missed resonance) is 4.0+0.6 eV.

The external R functions for J=O and 1 derived from
the multilevel fits below 140 eV differ significantly (see
the parameters for R in Table VI). This will be discussed
in the next section on the optical model analysis. The
scattering lengths, R', are 12.2+1.2 fm for the 0 levels
and 8.9+0.5 fm for the 1 levels, and are therefore signi-
ficantly different. A similar result has been reported by
Firk et a/. for 'V. Since, in an optical model, R' is pri-
marily determined by the real well depth, we expect the
well depth to be J dependent for ' Os. The calculation of
the potential scattering length without regard to the J
value rixluires a spin weighting of the effective cross sec-
tions due to each spin group such that

R ' =0.25R' (J =0)+0.75R' (J =1)

0
0 200 a00 600

ENERGY (OV)

800 &000

FIG. 2. The cumulative number of levels observed in"Os+ n vs neutron energy. The linear nature of' the plot sug-
gests few missed levels.

In the range 27—1000 eV, we observed 20 resonances in
Os + n. Previous work " reported 24 resonances below

1000 eV. We attribute two (at 110 and 218 eV) to ' Os
and did not observe the resonances reported at 847 and
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TABLE VI. Summary of average neutron resonance parameters for osmium isotopes.

186
187
187
188

32
7

18
20

(»'
(eV)

29.3(27)
10.8(21)
6.4(8)

47.1(55)

(1'.&

(meV)

10.2(33)
8.7(73)
2.1(10)

16.9{74)

(y')
(meV)

3.0(10)
2.6(22)
0.23(31)
5.0(20)

So (X10')

3.5(9)
8.0(45)
3.2(11)
3.6(12)

0.10(3)
0.24(14)
0.096(34)
0.11(4)

—0.46{6)
—0.58(15)
—0.16{7)
—0.11(6)

P (keV ')

0.54(4)
—0.81(40)

1.01(50)
—0.03(2)

R''
(fm)

11.2(5)
12.2(12)
8.9{5)
8.5(5)

'Actual number of levels observed.
Average parameters for 3=186, 187 {J=O), 187 ( J=1),and 188 are based on corrections for 1, 1, 0, and missing levels, respectively.

'The conventional reduced width I „and strength So are discussed in Sec. IV.
R derived from multilevel fits using a, =7.7 fm for the energy interval 0—140 eV for the odd isotope and 0—1000 eV for the even

isotopes.
'Calculated from Eq. (8) in the text for a, =7.7 fm.
In our notation, 29.3(27)—:29.3+2.7, etc.

896 eV. The b, 3 statistic (0.33) calculated for the 20
remaining resonances is consistent with the value expected
(0.33+0.10} for no spurious or missing levels. Possible
spurious levels at 110 and 218 eV (reported earlier) were
considered and found to give rise to values of the hi
statistic consistent with that expected. Nonetheless, these
resonances appear to be due to 's90s on the basis of the
excellent fit obtained for resonances at these energies in all
three samples with a single parameter set and assuming
them to be due to an impurity. We estimate a 4% proba-
bility of observing a resonance smaller than our estimated
experimental detection limit for a PT distribution with the
observed average reduced width. We have therefore
corrected the s-wave mean-level spacing presented in
Table VI for one missing level. The strength function
So =(3.6+1.2) &(10 and R'=8.5+0.5 fm are siinilar to
the results obtained for ' Os. Individual resonance pa-
rameters are presented in Table V.

V. THE SPHERICAL OPTICAL MODEL
POTENTIALS

An important application of the phenomenological op-
tical model potential (OMP) has been to describe nuclear
scattering for low-energy (&1000-eV) s-wave neutrons.
Over the past two decades the systematics of the OMP
well depths over a broad mass region has evolved. This

0.6

0.4

0.2

LLj

-0.2
K

information has proven especially important in developing
an understanding of stellar nucleosynthesis since many of
the cross sections required in the calculation of chemical
abundances either cannot be or have not yet been mea-
sured. In the case of the Re/Os chronometer, the capture
cross section for the first excited state in ' Os is an exam-
ple of a cross section unlikely to be measured. The
present measurements of the total cross sections of the
three osmium isotopes are intended to better define the
OMP applicable to the mass region near A —190 where
relatively little is known about the effects of deformation
on the OMP.

For an OMP the average scattering matrix (a function
in this case) can be written in terms of a smooth complex
R function Rzi,

GAMP 2ig, 1+I,PIRJI
U,I ——e

1 —iPIRJ)
(12)

The complex R function, RJi, has real and imaginary
parts which can be identified' *' ' with R and ~s. The
OMP well depths can be varied until the real and imagi-
nary parts of Rzi are equal to the corresponding experi-
mentally determined quantities; i.e.,

Re[RJ, (E)]=RJ,«),
1m[Re(E)]=rrsji,

where the fitting is done at the midpoint E of the range
[EL,E„]. This approach has been extensively pursued at
low energies and the results are summarized in Figs. 2 and
3 of Ref. 20. In that work, however, the comparison is
with Rzi rather than with RJi [see Eq. (8)].

The OMP used in this work consists of a real %'oods-
Saxon potential plus an imaginary surface term,

-0.4
—0.6

-0.8
—I.O I

200 400
E (eV}

I

800 Iooo

FIG. 4. The external R function {S-shaped curve) and R
(linear curve) for ' Os+ n.

V (r) = —Vof(r)+i 4ap IVD
J dg (r)

where

f (r) = [1+exp[(r —Ro)/ao] j

g(r) = I 1+exp[(r —RD)/aD] I

Ro =l'03 and RD =p'g)A

(15}
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TABLE VII. Optical model potential geometry (all values in
fm).

rp

Qp

ra
QD

1.21
0.66
1.21
0.48

Since the model consists of six parameters (for each J)
and only two experimental quantities are available for fit-
ting, we fixed all geometric parameters at the values given
in Table VII. The experimentally observed pairs (RJi,ski)
were then reproduced by varying Vpl and 8'D~. The re-
sults of this analysis for ' Os + n are shown in Fig. 5 and
the results for all three isotopes in Table VIII. A single
OMP describes the R and s for the two even isotopes.
The odd mass isotope, however, has a spin-dependent
imaginary well depth. The OMP for 's Os with
Vp ——48—49 MeV does not bind the 4s single particle
state; in fact, this state is located in or just above our ex-
perimental region so that the imaginary well must be shal-
low to produce the observed 0 strength (SO=8.0X10 )

but very deep to produce sufficient spreading of the 4s
state to reduce the j. strength to the rather small ob-
served value Sp ——3,2X 10

Since in most applications, the OMP is required to
describe a given partial wave cross section without regard
to spin, we have combined the two (0 and 1 ) shape
elastic and the compound nuclear cross sections for ' Os
to form s-wave shape elastic and compound nuclear cross
sections. The OMP well depths which result from fitting
the OMP to these cross sections (rather than to R and s)
are Vo ——48+2 MeV and WD ——9+1 MeV. These results
are shown in Fig. 6. These effective well depths are essen-
tially the same as for ' Os and ' Os (Table VIII).

The OMP in Table VIII also agrees well with three
studies of the global mass systematics of the OMP.
The deep imaginary well spreads the barely bound 4s~&2
single-particle state sufficiently to account for the ob-
served distribution of s-wave strength over many levels.
This is consistent with the results from (d,p) measure-
ments which find that the single-particle s-wave strength
is distributed over a large number of states up to -1
MeV. This spreading of the single-particle strength can
be interpreted as being due to particle-core collective
states. Cao et al. 3 used a coupled-channel calculation to
include such deformation effects on the ' Os cross sec-
tions and found a somewhat shallower real well ( Vo-46
MeV for ro ——1.22 fm) and an appreciably shallower imag-
inary well (-4.5 MeV for rD ——1.26 fm), thus supporting
the idea that the deep imaginary well found in this work
and by Hershberger et al. ' is due to deformation effects.
Assuming that the product Vpf p is invariant, Cao's value
for Vo is equivalent to ours.

A final consideration which makes clear that the spher-
ical OMP found in this work is local to the osmiuin mass
region is the fact that a real well depth of 50 MeV binds
the 4s&~2 state by only ~0.5 MeV. This agrees well with
the position of the upper component of the peak in the s-
wave strength function near mass 190. However, this
GMP cannot account for the lower component near mass
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0.6
0.4
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0
-02
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-0.8
-$.0

'860s+ n
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FIG. 5. (a) The real and {b}imaginary (divided by m) parts of
the R function calculated using the OMP parameters in Table
VIII vs Vp for a neutron energy of 500 eV. The horizontal solid
lines give the observed values of R and s with associated uncer-
tainty estimates as dashed lines. The arrow indicates the value
of Vp (50 MeV) which best describes both R and s.

160. A deformed OMP calculation with Vo ——43.5
MeV, WD ——5.4 MeV, and ra=1.27 fm accounts for both
peaks (see Fig. 2 in Ref. 20).

TABLE VIII. Best-fit optical model well depths. The OMP
and experimental results are compared at incident neutron ener-

gy E =500eV for ' Os and ' Os and at?OeV for ' Os.

A

186
187'
187'
188

1 +
2

1
+

2

Vo

(MeV)

50(2)

48{1)
49{3)
48(1}

8'D
{MeV)

10(2)

4(1)
15(2)
11(2)

'The s-wave cross sections for "Os are well described by an
OMP with Vp ——48%2 MeV and W'~ ——9+1 MeV.
In this notation 50(2}—=50+2.

VI. THE Re/Os CHRONOMETER

The ' Re~' Os+P decay with its long half-life
(4.2X10' yr) has long been recognized as a potential
chronometer for r process ste-llar nucleosynthesis. Since

Os is shielded from production by the r process, the ob-
served abundance of ' Os is presumed to be the sum of
that due to the s process and that due to the decay of

Re. The s-process abundance N, (' Os) can be calcu-
lated using the near constancy of the s-process current
(abundanceXMaxwellian averaged capture cross section)
in the osmium mass region,

X, (or' )(187)=N, (oy)(186) . (16)

Since ' Os is presumably made only by the s process,
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FIG. 6. (a) The shape elastic and (b) compound nucleus cross
sections calculated for s-wave neutrons on ' Os vs Vo for
8'D ——9 MeV. The solid curves give the measured values (ob-
tained by averaging the measured scattering matrix for each
spin and then combining the resulting cross sections) and the
dashed curves the uncertainty estimates. The arrows indicate
the value of Vo (48 MeV) which best describes the I=O shape
elastic and compound nucleus cross section.

X,(' Os) can be taken as the observed abundance of
Os. The Maxwellian capture cross sections &ao) are

those appropriate for the stellar site of the s process
( kT= 30 keV) and can be written in terms of the laborato-
ry cross sections as

sociated with calculating the gamma-ray transmission fac-
tors as well as those associated with the optical model pa-
rameters. Thus, the stellar-enhanced cross-section ratio
&oz(' Os))/&az(' Os)) is f'=0.81 times that mea-
sured in the laboratory. This result is in good agreement
with earlier estiinates, 0.8 &f' & 1.2, by Holmes ei al.
and %oosley and Fowler' based on global Hauser-
Feshbach calculations. Detailed discussions of the
analysis of the Re/Os chronometer are given in Refs. 4,
36, and 37. Briefly, assuming that the rate of r-process
nucleosynthesis decreases exponentially, adopting the
measured cross-section ratio & 0'z(' Os) ) /& az(' Os) )
=0.4787+0.022 from Ref. 23, and taking the isotopic and
elemental abundances from Ref. 38 results in an Re/Os
chronometer yield of b, =(11+2.5))&10 yr for the dura-
tion of r-process nucleosynthesis. The uncertainty of
+0.03 in the value of f' accounts for about +0.5 X 10 yr
in the uncertainty estimate for h. The value
(11+2.5) )& 10 yr is in excellent agreement with the result,
6=(13+4)&(10 yr, from a similar analysis based on
the U/Th chronometers. Our results for b, lead to an esti-
mate of the age of the universe, A„= 17&& 10 yr, with an
uncertainty of about +3X10 yr. This value for A„ is
comparable to the Hubble time of Ho ——(19.5+3)X10
yr determined by Sandage and Tammann and almost
twice as large as the value Ho '=(10.3+0.4)X10 yr
determined by DeVaucouleurs. ' If some of the other
problems" associated with the Re/Os chronometer, such
as temperature and pressure effects on the beta decay rate,
can be solved, this chronometer may help choose between
the two contending estimates of A„derived from observa-
tions of distant galaxies.

VII. CONCLUSIONS

where f is a stellar enhancement factor. Since the first ex-
cited state of ' 60s is located at 137 keV, well above stel-
lar thermal excitation energies ( kT= 30 keV), the
enhancement factor for ' Os is essentially unity. The
first excited state of ' Os, however, is only 10 keV above
the ground state and is heavily populated at stellar tem-
peratures. Hence, &oz)(' Os) includes the effect of cap-
ture by the first excited state as well as the ground state.

Using preliminary results from the present work,
Hershberger er al. ' found that a spherical OMP with
essentially the same geometry as in Table VII and with
Vo ——47.4 MeV and 8'D ——9.6 MeV gave a good descrip-
tion of the neutron total cross section of the ' Os, as well
as the capture and 60-keV inelastic scattering cross sec-
tions of ' Os. Thus, the spherical OMP with Vo-48
MeV and WD ——9 MeV seems adequate for calculations of
the Os ground-state capture cross section. %'hen this
OMP is used, the capture cross section of the first excited
state of ' Os is larger than that of the ground state and
the stellar enhancement factor for ' Os is
f(187)=1.23+0.01, where the uncertainty includes only
the uncertainty estimates given for Vo and 8'D in Table
VII. Hershberger et ah. ' reported an uncertainty esti-
mate of +0.03 for f(187) which includes uncertainties as-

The analysis presented in the preceding section makes
clear the need to use a locally defined spherical OMP or a
deformed OMP for calculations of cross sections in this
mass region. Of special concern is the need in astrophy-
sics to calculate the capture cross section for the first ex-
cited state of ' Os. This state is similar to the ground
state in that both are built on vibrational states which dis-
tribute the s-wave strength over many states. Hence, nu-

clear deformation effects are probably important and a
coupled-channel calculation may be needed for reliable es-
timates of the excited state capture cross section. Based
on our spherical OMP, the effect of capture from the first
excited state in ' Os at stellar temperatures is to decrease
the cross-section ratio &oz(' Os))/&o'z(' Os)) by 20%.
With this result, the age of the universe derived from the
Re/Os chronometer is (17+3)X 10 yr.
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