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P-decay rate of Se and its consequences for the s-process temperature
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The branching ratio between internal electromagnetic transitions and P decays of the isomer
Se was determined experimentally. Extremely clean samples of Se were activated with thermal

neutrons at a high-flux reactor. A mini-orange-Si (Li) detection system was used to measure P par-
ticles and conversion electrons immediately after neutron irradiation. For the P decay we obtain
logft =4.70+000,. Our present result was used to recalculate the temperature dependence of the
effective P half-life of ' Se in the stellar interior. In combination with the half-life deduced from a
quantitative branching analysis, we obtain a possible temperature range between 182 and 29S mil-
lion degrees for the weak component of the s process.

I. INTRODUCTION

If the temperature in the interior of a star is suSciently
high, even excited nuclear states will be populated
thermally. For the P -unstable nucleus Se this results
in a change of the half-life because of the different logft
values for ground state and first excited states. The first
excited state is a 3.9 min isomer at 96 keV which decays
back by internal transitions but can also undergo allowed
P decay. As the ground state decay is unique first for-
bidden, any excitation of the isomer results in an
enhanced P -decay rate for Se. In the case of thermal
excitation the half-life of Se will therefore become a
steep function of temperature.

On the other hand, a quantitative analysis of element
synthesis by slow neutron capture (s process) can provide
for the effective stellar half-life of Se, which is consider-
ably smaller than the terrestrial value. The possible
range for the effective half-life was calculated from the
observed element abundances and the neutron capture
cross sections in the mass region 78 & A & 82. '

The knowledge of the effective half-life offers the possi-
bility to derive the temperature for the stellar site, where
the s-process synthesis of Se occurs. Previous work on
this subject had to use theoretical estimates for the logft
values for excited states in Se (Refs. 3-5) to calculate the
I3 half-life as a function of temperature, ' but the
respective uncertainties were too large for a reliable
analysis.

We have measured the logft value for Se experi-
mentally. The results of this measurement described in
this paper enable the precise determination of the
effective Se half-life as a function of temperature. Con-
sequently, we will give a rather narrow range of allowed
temperatures for the site of the s process.

Se is first produced via neutron capture on Se and
the beta decay is measured immediately afterwards.

The branching ratio A.&/A, r, however, is expected to be
only —10 . Therefore the detection of the weak beta
branch requires a high neutron flux to achieve suScient
activity, an extremely clean sample to avoid P back-
grounds from activation of impurities, and a P spec-
trometer for suppression of the strong conversion lines
from the competing internal transitions. These experi-
mental conditions are discussed in the following para-
graphs.

A. Sample preparation

Carbon was chosen as the most suitable backing ma-
terial because it is conductive and will not be activated
due to its low neutron capture cross section. Any impuri-
ties with high cross sections leading to products with
half-lives comparable to Se had to be avoided. Some
of the most critical impurities would be V, Cu, Al, and
80Se

Carbon of different origin has been tested for impuri-
ties via proton induced x-ray emission (PIXE). The only
material of suScient purity was found to be carbon for
optical spectroscopy from Ringsdorff Werke GmbH,
Bonn, Federal Republic of Germany (FRG). From a bar
of their "RW-0" carbon thin disks of 0.1 mm thickness
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II. EXPERIMENTAL SETUP

The isomer Se decays with a 3.9 min half-life
predominantly by internal transitions (Fig. I), but also
through a minor f3 -branch. The life time of Se is
long enough to allow for an activation experiment where
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FIG. 1. Decay scheme of Se.
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and 7 mm diameter were produced on a turning lathe.
These disks were packed into small graphite cylinders
and sent back to the supplier for a special recleaning pro-
cedure.

As a next step, Se was implanted into the recleaned
disks by a high resolution mass separator of the Kern-
forschungszentrum Karlsruhe GmbH cyclotron laborato-
ry starting from 97.27% enriched Se as source material.
The final mass amounted to —15 pg Se on 6.7 rng

graphite. In spite of this relatively large graphite mass,
no metallic impurities have been detected either by PIXE
measurements or by neutron activations with subsequent

y spectroscopy using a Ge (Li) detector. The latter test
irradiations were carried out at the TRIGA reactor of
the Krebsforschungszentrum, Heidelberg, FRG.

B. Spectrometer design

A spectrometer for detection of the Se P particles
should have a high sensitivity but must also suppress the
conversion electrons at 83 and 94 keV. A very high
transmission over a wide energy range can be obtained by
a mini-orange spectrometer consisting of a Si(Li) detector
and a filter of permanent magnets. We selected a
geometry (Fig. 2} where the focusing property of the

magnets led to an absolute transmission of 5.5% in the

energy range from 100 keV up to the P endpoint of 256
keV. However, the standard design of this spectrometer
was not optimized for a sharp cutoff at lower energies
which is needed for suppression of the conversion lines.
The reason for the rather poor low energy cutoff was

found to be due to field inhomogeneities near the magnet
surfaces. These were located carefully by means of a Hall

probe and were shielded with a lead mask of 1 mm thick-
ness (Fig. 2}. With this improved arrangement direct
transmission was almost eliminated below 100 keV (no
electron lines below 100 keV), the remaining background
being due to electron backscattering within the spectro-
meter. The intensity in the backscattering socket in-

tegrated between 45 keV and 94 keV corresponds to an

absolute "transmission" of 0.09%, which is smaller by a
factor of 60 compared with the mean transmission for P
particles above 100 keV.

III. MEASUREMENTS

The neutron irradiations have been carried out at the
high-flux reactor of the Institut Max von Laue-Paul
Langevin, Grenoble. The Se samples were irradiated
for 2 and 4 min with a thermal neutron flux of 1.6X 10'
cm s '. A fast rabbit system connects the reactor with
the Laboratoire a Moyen Activite of the adjacent Centre
d'Etudes Nucleaires de Grenoble, where our spectrome-
ter was installed. Including transport and unloading
from the irradiation capsule, the sample was available
-2 min after the irradiation. Another 2 min were re-
quired for mounting the sample in the spectrometer and
for pumping that part of the vacuum system which con-
tains the sample holder. The valve which separates the
Si(Li) detector was then opened to start the activity mea-
surements at typically one half-life (3.9 min) after the ac-
tivations. These were carried out in four steps: (1) The
sequence was started with the P spectrum, which was
recorded by a computer program in 1 min intervals for
-4 half-lives. In this way it was possible to follow the

Se decay in time, an important consistency check for
later analysis. (2) About 20 min after the end of irradia-
tion the sample was removed from the spectrometer and
placed 1 mm in front of a Ge(Li) detector in order to
record the y spectrum for investigation of backgrounds
from activated impurities. (3) Meanwhile, the magnetic
filter was removed from the P spectrometer and in a
third step the conversion electrons were directly mea-
sured with the Si(Li) detector in order to determine the
total Se activity. (4) Finally, the integrated longer-
lived P background from the sample was measured with
the mini-orange filter inserted again.

The resulting sum spectra for conversion electrons and

P particles from one activation are shown in Fig. 3.
The fact that the conversion lines do not show up in the

P spectra taken with the mini-orange filter demonstrates
that all low energy background is due to electron scatter-
ing at the walls. In total, we carried out 5 activations
with 3 different samples whose results were combined in
the final data analysis. In addition, background problems
and systematic uncertainties were studied in a number of
test activations.
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FIG. 2. Mini-orange spectrometer setup for suppression of
conversion electrons below 96 keV. Idealized trajectories for
electron energies of —140 keV are indicated in the right part of
the figure.
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FIG. 3. Experimental spectra: Electrons from the beta decay
of Se (left, counts beyond channel 400) and conversion elec-
trons from the ground state transition (right).
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An investigation of possible backgrounds from short
lived P emitters was performed in two ways. First, the
y-ray spectrum of one of the samples was measured im-
mediately after activation in the reactor instead of the P
spectrum. The same Se sample was then activated
again, and the P spectrum was recorded with the Si(Li)
detector but without the mini-orange filter. This mea-
surement was started 3.1 min after the end of irradiation
and covered the energy range up to 460 keV. The high
energy part of the spectrum above the Se endpoint en-
ergy was used as a half-life test for the P background,
while the low energy part with the intense conversion
lines was used to determine the pileup rejection property
of the electronics.

IV. DATA ANALYSIS AND BACKGROUND
SUBTRACTION

The determination of the P countrate from Se has
to be based on a detailed analysis of all background corn-
ponents. These originate from (a) activated impurities,
(b) constant room background, and (c) pileup. The dom-
inant contribution arises from activated impurities. In
the Ge(Li) spectra y rays from 'Ar and Cl could be
detected, and it turned out that these two nuclides ac-
count for practically all of the longer-lived background.
No other y rays from the sample were detected besides a
negligible contribution from Na. The P -activity ratio
between 'Ar and Cl was determined from the y intensi-
ties and the shapes of both P spectra were calculated
theoretically. The ratio of partial P activities in the
measured energy interval was then obtained by numerical
integration. The experimentally measured integrated
long-lived background could then be divided into its com-
ponents. With the half-lives of 'Ar (1.83 h) and Cl

(37.2 min), the background from activated impurities was
determined as a function of time. It was found to be typi-
cally —100 min ' at the time when the activity measure-
ment was started. The additional room background of
(5+1) min ' was comparably small. Background due to
pileup results from the remaining socket due to scattered
conversion electrons. From the countrate between 50
and 96 keV the expected pileup rate above 100 keV was
calculated using the known pair pulse resolution of the
electronic system. For all activations, an upper limit of
15 min ' additional pileup events can be quoted for the
first 1 min spectrum. This contribution falls quadratical-
ly with time.

The sum over a11 background components has been
subtracted from the measured total P countrate in the
energy interval of interest between 100 and 230 keV. The
remaining countrate is typically -300 min at the be-
ginning of the measurement. Its decrease with time
reproduces the 3.9 min total half-life of Se (Fig. 4),
well within the uncertainties due to background subtrac-
tion. Hence it can be concluded that the subtraction of
the long-lived background was correct.

However, the above procedure cannot exclude a contri-
bution of another P emitter with a half-life of about 4
min. An example for such a contaminant is V with a
half-life of 3.75 min. Because of the high cross section of
'V, our measurement is extremely sensitive to very small

vanadium impurities. The average vanadium content of
the high purity carbon used for sample preparation was
specified to 0.01 ppm. For one sample backing that had
not been recleaned after manufacturing in our workshop,
we found a vanadium content of 0.08 ppm from the
analysis of the gamma-ray spectrum, corresponding to a
background rate of 130 min ' in the first beta spectrum.
Therefore this sample was rejected from further analysis.
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FIG 4. Integral n. umber of P counts (log scale) measured per 1 min step between 100 and 230 keV after subtraction of all back-
ground components as a function of time (linear scale). Note that the error bars give only the statistical error resulting from the total
count rate. The straight line represents a least squares fit to the data for a fixed total half-life of 3.91 min.
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For a recleaned sample backing we can place an upper
limit of 0.4 ppb from the detection sensitivity in the
Ge(Li) spectrum measured 5.4 min after neutron irradia-
tion. The resulting upper limit for P background from

V is 0.7 min
A more general exclusion of other short-lived back-

ground emitters can be obtained from the measured beta
spectrum above the endpoint energy of Se. A Z &82
nuclide which undergoes allowed beta decay with t ]gp =4
min must have an endpoint energy greater than 1 MeV,
otherwise the statistical factor would be too low. There-
fore any short-lived beta emitter contributes significantly
to the measured beta spectrum above the endpoint energy
of Se. The time dependence of the countrate measured
in the energy interval from 260 to 460 keV is shown in
Fig. 5 (symbols with error bars). There is no evidence for
a component with a 4 min half-life, whereas the decay of

Cl and 'Ar is reproduced very well (solid line). If an
additional component with t, &z

——4 min and an intensity
of 20'%//of the initial countrate is assumed artificially, the
fit to the measured background would be already bad.
The inhuence of such a component on the spectrum re-
gion of interest between 100 and 230 keV is maximal for
a nuclide of low endpoint energy and high Z. An upper
limit for the respective correction can therefore be de-
rived from the spectral shape of Tl with ED=1.53
MeV and Z =81. This shape has been compared with
that of 'Ar (Eo ——1.2 MeV), the most dominant back-
ground component. It is found that for equal intensity in
the high energy window both nuclides contribute about
equally. A 20% admixture of a short lived component in
the high energy window will therefore transform in a
contribution of 20% of the P background in the Se
spectra. Such an undetected short lived P background
would result in a Se countrate overestimated by
(7+1)%. Although there is no evidence for such a com-
ponent in the high energy data, a 7% uncertainty is as-
sumed as an upper limit.

In conclusion, we have demonstrated that the events

shown in Fig. 3 indeed result from the beta-decay of
Se. The various steps of data analysis are listed for

one of the samples in Table I. A summary of all mea-
sured P counts and backgrounds for the five activations
is given in Table II.

The net beta count rates have to be normalized to the
electromagnetic transition rates that were obtained via
the conversion lines measured without mini orange filter.
This has the advantage that various efficiency factors
cancel out by combining the two electron count rates in-
stead of using the gamma-ray transitions directly. The
peak contents of K +L +M lines, which were not com-
pletely resolved, was calculated by subtracting a constant
backscattering component as determined from the left of
the average peak center.

All measured count rates were normalized for t =3.91
min = r t &z ( Se) after neutron irradiation. The results
as well as the ratios of conversion electrons and P parti-
cles N, /N& are given in Table III. The mean ratio aver-

aged over all activations is N, /N =856+40 excluding

the upper limit for a short lived background. Taking this
into account one finally obtains

N /N =856+4o

V. EFFICIENCY CALIBRATION

For the calculation of the branching ratio A, /A,
&

from
the P and conversion electron count rates, one has to
determine the ratio between the efficiency of the mini-
orange detector system for P particles from the Se
decay and the Si(Li)-detector efficiency for conversion
electrons. In the investigated energy interval from 100 to
230 keV the P spectrum of Se can be well approxi-
mated by the spectrum of a Ca source, which has an
endpoint energy comparable with that of Se. A
difference of the spectral shapes appears mainly at low
energies due to the different Fermi functions, whereas the

250
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FIG. 5. Integral number of P counts measured in 2 min steps between 260 and 460 keV as a function of time for the test activa-
tion without the mini-orange filter. The start of this measurement (t =0) was 3.1 min after the activation. The data are fitted for
t ) 10 min and two cases are indicated: (i) the solid line refers to an admixture of 'Ar and Cl as determined from the Ge(Li) spectra
and (ii) the dashed line assumes an additional short lived background component.
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TABLE II. Results of the P spectra.

Number of counts in the first P spectrum
over 1 min

Activation
No.

9
10
11
12

Sample
No.

Irradiation
time (min) Total

247
414
413
460
366

4'Ar

49
78
73
75
65

38cl

14
32
21
28
26

Pileup

12
9

10
6

79m S
(fit of all spectra)

164+16
264+20
311+30
322+20
257+20

measured energy interval is not affected.
Therefore the efficiency of the mini-orange detector

system for Se can be determined by means of a cali-
brated Ca source with a correction for the different
spectral shapes,

e&(Se)=E&(Ca)
P(Se)
P Ca

(5.1)

where e& is the absolute efficiency for P decays from Se
and Ca, respectively, and P denotes the spectrum fraction
in the measured energy window,

f N(E)dE
P 100 kev (5.2)

f 'N(E)dE

The beta spectrum N (E) is given by

in
2

N(E)dE =e(e —I)'i F(Z, E)dE,
moC

with

E(o)
C(0) — + 1

moc

(5.3)

(5.4)

P(Se) =0.273+0.005,

P(Ca) =0.316+0.002 .

The quoted uncertainties correspond to the respective un-

where moc denotes the electron mass in energy units
and F(Z, E) is the Fermi function. The results of a nu-
merical integration using tabulated values for F(Z, E)
(Ref. 7) are

certainties in the P -endpoint energies Eo. For Se the
most recent value of the nuclear mass tables' for the
ground state decay and the well known excitation energy
result in Eo=(246.6+2.2) keV. For Ca the adopted
value is Eo=(256.5+1.0) keV.

A suitable source for determining the conversion elec-
tron efficiency is ' Cd, which emits L,M, N lines with a
mean energy of 84 keV. We used the sum peak from
these unresolved lines for calibration of our Si(Li) detec-
tor. The peak content was determined in a similar way as
for the Se lines. The efficiency cg, for the ground state
transition of Se is calculated from

E,(Se)=e,0.905(4), (5.5)

N, (cd)
A (Cd)0. 538(2)

(5.6)

Here c., denotes the detector efficiency for 84 keV elec-
trons. A(Cd) is the source activity of ' Cd and N, (Cd) is
the measured count rate from L,M, ¹onversion elec-
trons. The factor 0.538(2) refers to the fraction of emit-
ted L,M, N electrons per decay of ' Cd, whereas the fac-
tor 0.905(4) in Eq. (5.5) is the conversion coefficient for
the transition of Se to the ground state.

Both the efficiency for conversion electrons and for P
particles were not constant during the Se measure-
ment. This is due to a dead layer which is trapped on the
surface of the cooled Si(Li) detector. The dead layer re-
sults from the short evacuation times after mounting the
samples and increased with each activation. This effect
could be quantified via the energy loss of the conversion
electrons.

For the later calibration measurements the detector

TABLE III. Results for the conversion electron spectra and a summary of count rates normalized to 3.91 min after neutron irradi-
ation.

Activation
No.

5
9

10
11
12

Start of first

P spectrum
(min)

4.850
4.312
4.625
4.134
4.383

Normalized ' Se
P count rate

(min ')

214+21
309+23
385+35
367+35
305+24

Start of
conversion

electron
measurement

(min)

32.900
31.504
30.678
29.813
27.360

Peak content
in the first

1 min spectrum

1065+15
1726+45
2554+65
2892+65
3862+70

Normalized
count rate of

conversion
electrons

N, (sec ')

3300+50
4180+110
5340+140
5190+120
4490+80

N, /X

926+104
812+82
833+88
849+100
883+85
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surface was recleaned by heating it to room temperature
and by pumping it for several days. Then the measure-
ments with the Ca and ' Cd sources were performed
alternatively with short evacuation times in between. For
every pair of P - and subsequent conversion electron
measurement, the efficiencies e&(Ca) and s, were deter-
mined as a function of the conversion electron peak posi-
tion. Within the range of energy losses observed during
the selenium activations both efficiencies decreased by
-20%. However, the efficiency ratio e&(Ca)/e, =2.25
was found to be independent of the energy loss within
+2%.

Other contributions to the systematic uncertainty of
e&/e, arise from the source activities and from the size of
the P source. The latter uncertainty is due to the nar-
row geometry of the mini-orange spectrometer. As the
diameter of the Se layer was 3 mm, the diameters of the

Ca sources were chosen between 2 and 4 mrn, resulting
in a variation in transmission by +6.4%. A summary of
all uncertainties is given in Table IV, the total uncertain-
ties in e&/e, being 17% for the described calibration pro-
cedure.

Because the largest uncertainty of the preceding cali-
bration arises from the absolute source activities, an addi-
tional relative calibration was performed. Analogous to
the selenium activations, a Ca source was measured
with mini-orange filter and afterwards with the filter re-
moved just as the Se samples. The experimental value
for the count rate ratio in the energy interval of interest
was

count rate with miniorange
5 45+0 35

count rate without miniorange

This result is the average obtained with samples of 3+1
mm diameter. It determines directly the focusing effect
of the magnetic filter. With this value, the final efficiency
factor can be obtained by

mainly due to backscattering at the walls of the vacuum
chamber. Backscattered P particles result in a distorted
spectral shape and enhance the detected count rate. The
number of additionally detected particles per energy unit
can be expressed by

T

R(E)dE= gf, dE' dE .
E

(5.8)

=0.386 .
e

Note that the only experimental quantity included here is
the backscattering ratio g. The error in g only results in a
1% error in e$/e, because the measured high energy part
of the spectrum is not too strongly affected by back-
scattering.

A comparison of the theoretically deduced spectral
shape with a measured spectrum of Ca (Fig. 6) shows
good agreement for the P energies used in the evalua-
tion. Because of the uncertainty in the endpoint energy
of k2 keV and a possible energy 1oss of 2 keV in the mea-
sured spectrum, an additional uncertainty of 5% in e&/e,
must be considered.

The result for this part of the calibration is obtained by
including the factor T„,

In the calculation of e&/e, the factors for solid angle
and count rate losses due to backscattering at the Si(Li)
surface cancel out. Therefore, only the fraction of detect-
ed P particles corrected for backscattering appears in
this ratio,

NE+R E E
1AA kev

f 'N(E)dE

The result of a numerical integration, again using Eq.
(5.3) for N(E), is

ep(Ca)
=T.

E,e E,e
(5.7) ep(Ca} =2.10+12.4% .

where e& denotes the efficiency for P particles from the
Ca decay as determined without the mini-orange filter.

This efficiency can be calculated if the response function
of the detector is well known. For the following calcula-
tion, a response function given by a narrow full energy
peak and an energy independent back scattering socket
will be used. The count-rate ratio g between backscatter-
ing socket and full energy peak has been determined with
line sources. It remains constant in the energy region of
interest at the rather high value g =0.80+0.04, which is

TABLE IV. Contributions to the total uncertainty in the
efficiency factor c., /c& for the calibration with sources of known
activity.

It should be mentioned that this value was derived
without corrections for energy loss. This is justified be-
cause it was already shown that the energy loss during
the selenium activations did not affect the ratio e&/c,

Therefore a direct comparison with the calibration re-
sult via sources of known activity can be made. Both re-
sults are independent except for the common uncertainty
in the transmission of the mini-orange filter. Excluding
this 6.4% error, the two values 2.25+0.23 and
2. 10 0. 13 are consistent within the uncertainties. The
unweighted average including all uncertainties will be
used in the further analysis,

ep(Ca }
=2. 18+0.25 .

Transmission of the mini-orange filter
Energy loss
'Ca source activity

Cd source activity

6.4%
-2%
5.4%
3%

The efficiency factor for Se is obtained via Eqs. (5.6)
and (5.1),

ep(Se)
(2.41+0.28) =2.08+0.30 .

P(Ca}
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FIG. 6. Theoretically deduced spectral shape (solid line) as given by Eqs. (5.3) and (5.8) in comparison with the measured p count
rate per energy interval (circlesj normalized at 140 keV.

VI. DETERMINATION OF THE LOGft VALUE

From the results of the activations and the efficiency
calibration the branching ratio between internal elec-
tromagnetic transitions and p decays can be deter-
mined,

N, e&(Se)

Np cg,

The branching ratio for Se is therefore

(6.1)

' =1780+'"—310 '

P

All uncertainties discussed above are considered and
are conservatively combined by a linear summation. As
A, r is well known, the partial half-life of Se against p
decay can be derived without additional uncertainties.
This partial p half-life is the key for a quantitative treat-
ment of the temperature dependence of the effective half-
life of Se. Nevertheless, it is more usual to quote the
logft value for the p decay. The transformation into
this quantity is very sensitive to the p endpoint energy
Eo. For our calculation of the statistical factor, the value

Eo =246.6 keV (Ref. 10) was used. The final result is

logf t =4.70+o'o9

VII. ASTROPHYSICAL CONSEQUENCES

With our present result for the logft value the temper-
ature dependence of the effective stellar half-life of Se
can be calculated. Yokoi and Takahashi elaborated a
formalism which also accounts for the enhancement of
the decay rate by p decay into ionized states. This so-

G
p(r) =—exp( risc)—

To
(7.1)

that is characterized by a mean neutron exposure vo. For

called bound state decay contributes -25%%uo to the
enhancement of the decay rate. Inserting the experimen-
tally possible range of logft values, we obtain the error
band for the effective half-life given in Fig. 7. A possible
uncertainty of the assumed electron density of 10 cm
has a minor influence on the result.

In Fig. 7 a remaining ambiguity in the ground state
half-life is also indicated. For this quantity only an upper
limit of 65000 y is known experimentally. For estimat-
ing a lower limit, logft =8.5 was assumed as it is usually
expected for unique first forbidden transitions. This
value corresponds to a ground state half-life of 1700 y,
considerably lower than the experimental upper limit.
Nevertheless, the effective stellar half-life at temperatures
above 200 million degrees is not changed by the assumed
lower limit for the ground state half-life. This leads to
the rather strange consequence that, at present, we know
the stellar life time of Se at a fixed temperature much
better than its terrestrial one.

The real stellar P half-life of Se can be derived in a
completely independent way from the systematics of ele-
ment synthesis by slow neutron capture (s process). This
process, which contributes significantly to the synthesis
of elements heavier than Fe, is characterized by the
product of neutron capture cross section cr and solar
abundance N of each involved nuclide. This product is
found to be a smooth function of mass number A.

The function o N( A) is reproduced very well by the
classical model, which assumes that a fraction G of the
natural iron abundance was irradiated by an exponential
distribution of neutron exposures
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a reproduction of the s-only isotopes along the s-process
path, two different components need to be considered.
The main component, with ~o=0.30 mb ', allows for the
production of the s abundances in the mass range
3 ~ 100, while the weak component with ~o ——0.06 mb
is required to reproduce the steep slope of the cr N ( A )

curve towards the iron group nuclides. " The smooth
cr N ( A ) curve shows strong deviations for those nuclides,
where the P half-life is of the same order as the mean
neutron capture time. At these so called branching
points, competition between P decay and neutron cap-
ture causes the oN( A) curve to split. If the P half-life
is independent of temperature the neutron capture rate
can be derived from such a branching point. However,
some branchings like that at Se depend on temperature
as well and can therefore be used as thermometers for the
s process.

In the considered mass region both main and weak
component contribute to nucleosynthesis. The main
component can be adjusted in the mass region A & 100."
Then the parameters for the weak component are deter-
mined by the remaining contribution in the mass region
56& A &100. By an analysis similar to that of Walter
et al. ' we have first investigated the Kr branching to
derive the neutron density and then evaluated the
effective f3 half-life of Se in the next step.

The current analysis was performed with the recom-
mended neutron capture cross sections from the compila-
tion of Bao and Kappeler' with some renormalizations
based on a recent, precise measurement of the ' Au cross
section, ' which was often used as a standard. Only for

Rb the recommended value was not adopted because of
inconsistencies with recent results. ' Consequently, Rb
was not used for normalization of the s-process flow and
hence does not influence the possible range of neutron
densities derived from the Kr branching.

The contribution of the main component was calculat-
ed for the physical conditions kT =23 keV and n„=1.3
10 cm . The parameters 6 and ~0 for the neutron ex-
posure distribution were determined by a least square fit
to empirical data for A ) 100 using the code SPEED
CLAS. ' All these parameters were kept fixed for further
analysis. The corresponding parameters for the weak
component were fitted as to reproduce the experimental
O.N values of the s-only or s-dominated nuclides from

Fe to Sr. The resulting range for the neutron density
1s

0.8&n„/10 cm &1.9 .

The upper and lower limits were chosen as to avoid over-
production of the corresponding nuclide from the isobar-
ic pair Kr and Sr.

For the Se branching, the empirical ON values of the
two s-only isotopes Kr and Kr must be reproduced by
the aN( A) curve. After this function is normalized to

Kr, the limits for the stellar be& decay rate of Se have
to avoid over- or underproduction of Kr for a given
neutron capture rate (i.e., neutron density).

The resulting limits for the beta half-life which consid-
er the whole range of possible neutron densities are

2. 3y & T, ~, (13) &16y .
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FIG. 7. Stellar half-life of ' Se as a function of temperature.
The error band reAects the uncertainty of our measurement.
The dashed line refers to logft =8.5 for the ground state decay.
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FIG. 8. Physical conditions for the two components of the s
process.
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TABLE V. Numerical values for the half-life of ' Se as a function of temperature. The values are
calculated with logfr =4.70, corresponding to the center of the error band of Fig. 7. The unit of T is
10' K.

Electron
density
(cm ')

0.3X10
1.0X 10
3.0X 10"

T =1.0
2823
3066
3176

1.5

69.7
73.1

74.5

Half-life (yr)

2.0

10.8
11.1
11.9

2.5

3.53
3.61
3.85

3.0

1.69
1.72
1.81

4.0

0.689
0.700
0.720

In spite of this large uncertainty we can transform these
limits into a rather narrow temperature range because of
the steep function in Fig. 7. This essentially requires that
the temperature dependence of the Se half-life is pre-
cisely known, thus underlining the necessity of the
present experimental determination. Hence one reads
from Fig. 7 the temperature for the stellar site of the
weak s-process component to range between 182 and 295
million degrees.

The related uncertainty is mainly due to the uncertain-
ty for the effective stellar half-life deduced from the o.N
systematics which can only be reduced by improved cross
section measurements. The present experimental uncer-
tainty for the logft value of Se contributes only to a
small extent to the width of the temperature range: For
logft —=4.70 we obtain a temperature range between 188
and 278 million degrees.

In order to compare the physical conditions for the
weak s-process component with those derived previously
for the main component, " the correlation between neu-
tron density and temperature is given more explicitly in
Fig. 8. The area inside the solid lines corresponds to the
possible values for neutron density n„and temperature T
of the weak component. For the four corner points,
which mark the extreme combinations of T and n„,the
corresponding oN( 3) curves are plotted in Fig. 9 togeth-
er with the empirical o.N values of the s-dominated nu-
clides in the region of interest.

The present limits on temperature and neutron density
for the weak component are compatible with those of the
main component (dashed lines in Fig. 8). This is also
demonstrated by a o N ( A ) fit over the whole mass range
56 & A &210, which uses identical temperatures and neu-
tron densities for both weak and main component (Fig.

l0). lt may therefore be concluded that both s processes
occured at similar stellar sites.

The present result supports the idea that the classical
approach can be a useful tool for deriving constraints on
the physical conditions during the real s process in stars.
It is to be noted that these constraints are independent of
the various stellar s-process models, ' ' but only based
on observed abundances and nuclear physics parameters.
In this context, an important uncertainty has been re-
moved, leading to an even more consistent picture within
the purely phenomenological classical s process. Howev-
er, the persisting uncertainties —in the classical approach
as well as in the stellar models —are still too large to
draw final conclusions on the true nature of s-process nu-
cleosynthesis.

Note added in proof. We have decided to present, in
Table V, some decisive quantities more explicitly than
those given in Fig. 7.
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