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Lifetime measurement in 176Lu and its astrophysical consequences
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Because of its temperature-dependent half-life,176Lu represents an important thermometer for the slow
neutron capture process (s process! which accounts for the origin of about half of the abundances between Fe
and Bi. This interpretation of the observed176Lu abundance has been improved by a new lifetime measurement
of theJp552 state at 838 keV in176Lu. The present limit oft838>10 ps provides a more stringent constraint
for the thermal equilibration between the long-lived ground state (t1/2541 Gyr) and the short-lived K isomer
at 123 keV (t1/253.7 h), and, hence, for the resulting estimate of the temperature during shell helium burning
in red giant stars.@S0556-2813~98!07210-0#

PACS number~s!: 21.10.Tg, 25.40.Lw, 26.45.1h, 27.70.1q
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I. THE 176Lu THERMOMETER

The main nucleosynthesis mechanisms for the heavy
ments in the mass regionA>56 are neutron capture rea
tions in ther ands processes. For the neighborhood of L
the corresponding reaction paths are illustrated in Fig. 1.
rapid neutron capture process (r process! being associated
with explosive, presumably supernova, scenarios is cha
terized by extremely high neutron densities. Consequen
the reaction path of ther process is shifted to the region o
very neutron rich nuclei close to the drip line. After term
nation of ther process the reaction products decay back
the stability valley as indicated in Fig. 1 by inclined arrow

For A5176, theb-decay chain from ther-process region
is terminated at176Yb. Therefore, ther process does no
contribute to the abundances of176Lu and 176Hf, which can,
hence, be attributed solely to the slow neutron capture p
cess (s process! that takes place in the helium burning laye
of red giant stars. This unambiguous origin in combinat
with the very long half-life of 413109 yr @1# seemed to
make 176Lu a suiteds-process chronometer@2,3#. Since thes
abundances can be described quantitatively either by
classical approach@4# or by stellar models@5#, the compari-
son with its present abundance was expected to yield in
mation on the galactic history of thes process.

However, this interpretation was questioned in 1980@6#
when the role of the short-lived isomer176mLu with a half-
life of t1/253.68 h was considered. This isomer at 123 k
b decays exclusively to176Hf @7# because ground state tra
sitions are forbidden by selection rules (DI 56, DK57).
The critical point with this isomer was that itss-process pro-
duction could not be explained in terms of the partial cro
section 175Lu(n,g)176mLu, which was known from severa
experiments@8–10#. Instead, it was found that an addition
feeding mechanism for the long-lived ground state must
invoked to account for the present176Lu abundance@7#.

This additional feeding was shown to occur in the h
stellar photon bath@11# via thermally induced transition
PRC 590556-2813/99/59~1!/492~8!/$15.00
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from the isomer to a mediating state at higher excitation w
a decay branch to the ground state as indicated in the s
matic sketch of Fig. 2. Experimental evidence for such
state was found in detailed spectroscopic studies that resu
in a complete level scheme up to 1 MeV@12,13#. Based on
these results the reaction path of thes process was discusse
with emphasis on the temperature dependence of the half
of 176Lu @14#, showing that this effect could, indeed, be i
terpreted as ans-process thermometer.

It turned out in this discussion that the coupling betwe
isomer and ground state is not only determined by the p
tion of the mediating state at 838 keV withI p552, but also
by the branching ratio and, in particular, by its half-life, fo
which Klay et al. @12# obtained a lower limit oft>2.5 ps.
In the present work, this limit is improved by a new expe
ment based on the gamma-ray induced Doppler broade

FIG. 1. Thes-process neutron capture chain in the Yb-Lu-H
region ~solid lines!. For 176Lu, the ground state and isomer a
shown separately. Note that176Lu and 176Hf are shielded agains
r-processb decays.
492 ©1999 The American Physical Society
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~GRID! technique, resulting in more stringent limits for th
s-process temperature.

II. DESCRIPTION OF THE EXPERIMENT

The lifetime of the mediating level was determined
investigating the depopulating 838 keVg decay to the
ground state via the GRID technique@15#, using the two-axis
flat crystal spectrometer GAMS4@16#. This technique is
based on the Doppler broadening ofg rays that are emitted
in flight. After thermal neutron capture, the target nucle
finds itself in an excited state. Because of the recoil from
subsequentg-ray emission the atom starts to move in t
bulk and is gradually slowed down by collisions with th
surrounding atoms. After the lifetimet, the level of interest
will be depopulated by a furtherg transition. The profile of
this g-ray line is the subject of GRID investigations, i
shape being broadened by several effects:

~i! the instrumental response function~experimental reso-
lution!;

~ii ! the thermal motion of the nucleus with a mean velo
ity typical for each experiment;

~iii ! the recoil provided by the feedingg-ray transitions;
~iv! the slowing-down mechanism in the target materia
~v! the lifetimet of the level of interest.
The determination of this broadening, which is in the o

der of eV forg-ray energies in the MeV region, requires a
instrument with a resolution of up toDE/E5231026 which
can be reached with the two-axis flat crystal spectrom
GAMS4 @16#. The usually small luminosity of this kind o
instruments is compensated by the high neutron flux of
reactor at the Institut Laue-Langevin~ILL !. In the present
experiment, a 4.6 g sample of natural Lu2O3 was canned in
three carbon containers, and was exposed to a neutron flu
531014 cm22 s21 that is achieved at the in-pile target pos
tion in the through tube of the ILL reactor.

The first two contributions to the broadening of the li
profile could be measured experimentally: the instrume
response was measured using the 838.6 keV transitio
nondispersive geometry@15#, and the thermal broadenin
was determined in dispersive geometry via the 225.4 k
level with a known lifetime of 30 ps@15#. The remaining
contributions, the influence of the feeding mechanism and

FIG. 2. The thermal coupling scheme of isomer and ground s
in 176Lu via thermally induced transitions to the mediating state
838 keV.
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the slowing-down process, have to be modeled as descr
below.

III. DETERMINATION OF THE LIFETIME

A. Slowing-down process

The slowing-down process is described in the mean f
path approximation~MFPA! which is discussed in detai
elsewhere@15#. In that model, the collisions of the excited
recoiling nucleus with the neighboring atoms are follow
by due consideration of realistic interatomic distances wh
are derived from the Born-Mayer potential.

B. Recoil distribution

The recoil distribution is determined by the feeding p
tern of the level of interest, and is, therefore, important
the evaluation of the lifetime. Whereas the feeding is rat
well known for light nuclei, this is often not the case fo
heavy isotopes because of their higher level densities. In
odd-odd nucleus176Lu, 15% of the intensity populating the
838 keV level comes directly from the capture state and p
vides a feeding with an energy of 5.4 MeV. For maximu
recoil, the required slowing-down time for reaching the v
locity that corresponds to a given broadening is compara
long ~long lifetime limit!. In the opposite case of a sma
initial recoil, the nucleus has to emit theg ray rapidly~small
required slowing down time! in order to explain the same
broadening~short lifetime limit!. The present situation with
85% of the intensity originating from unknown feeding v
multistep cascades has been treated by different assump
using extreme feeding scenarios, two-step cascades, and
tistical models.

Figure 3 shows the Doppler-broadened line profile of

te
t

FIG. 3. The line shape of the 838 keV transition measured
third diffraction order. The inner thin line corresponds to the lin
shape predicted by the dynamical diffraction theory. The circ
represent the convolution of dynamical diffraction theory with t
instrumental response. The dotted line~1! shows the fit for an infi-
nite lifetime t838 corresponding to the convolution of dynamic
diffraction theory, instrumental response, and thermal velocity. T
curves 2, 3, and 4 are obtained for lifetimes of 10, 1, and 0.5
respectively.
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FIG. 4. A comparison of the two-step cascades approaches. The left-hand side shows the velocity distribution for a low-lying
diate level with a long lifetime. Because of the long lifetime, the recoil of the primary transition is relaxed, the recoil is provided ma
the transition from the intermediate level to the level of interest, and the velocity distribution exhibits a sharp peak at low energie~which
becomes ad function for an infinite lifetime of the intermediate level!. This scenario was adopted for estimating the lower limit of t
lifetime. The right-hand part shows the recoil distribution for a high-lying intermediate level with a short lifetime. Because of th
lifetime, the effect of the primary transition comes through, resulting in a smooth velocity distribution with a shift to higher velocit
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of
838 keV transition measured in third diffraction order. It
evident that the lifetime of this level has only a very sm
effect on the broadening of the line which means that t
case is already close to the upper limit of the GRID meth
Therefore, the feeding problem is particularly important a
requires to be discussed in detail.

1. Extreme feeding scenarios and two step cascades

Since the Doppler profile depends on the recoil veloc
distribution at the moment when the level in question
populated, it is directly determined by the transitions that
feeding this level. In principle, this problem can be trea
by using feeding transitions with given energies, which ori
nate from levels with given lifetimes. The main difficulty
to vary the lifetimes of these intermediate levels and
energies of the corresponding transitions in a proper w
For estimating limits, the level scheme of Klayet al. @12#
was adopted for the input of the known feeders. In orde
give an impression on how the lifetime depends on the fe
ing scenario we start with the assumption~for the unob-
served population!, that an extreme limit for the lifetime ca
be obtained if our level is populated by a low-ener
transition—say, 500 keV—originating from a level with a
infinite lifetime. Taking the uncertainties of the instrumen
resolution and thermal velocity into account, such an
treme case would yield a value oft838>1.3 ps~see Table
II !.

A more realistic approach is obtained by using a gene
ized two-step cascade description. It was assumed tha
l
is
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capture state is depopulated by ag transition to an interme-
diate level from which the level of interest is fed. The life
time and the energy of this intermediate level was varied
the resulting recoil distributions have been used for deduc
the lifetime.

Figure 4 illustrates the influence of the properties of t
intermediate level for this feeding scenario in more det
Variation of the energy and the lifetime of the intermedia
level result in very different recoil distributions. The le
panel of Fig. 4 demonstrates the effect of a long-lived lo
lying intermediate level. Because of the long lifetime, t
recoil of the primary transition is relaxed and the transiti
from the intermediate level to the level of interest provide
comparably small recoil to the nucleus. Hence, the co
sponding velocity distribution shows a sharp peak at l
energies and ad function fort intermediate→`. By comparison
with the experimentally determined broadening, this sm
initial velocity results in a short lifetime.

On the right panel of Fig. 4 the recoil distribution for
high-lying intermediate level with a short lifetime is show
Because of the short lifetime, the effect of the previous—
for instance primary—transitions comes through, resulting
a broader distribution with a shift to higher velocities. In th
case, the nucleus gets a rather large initial recoil velocity.
the given experimental broadening, this leads to a long l
time. Thex2 distributions for a variation of the intermediat
level energy in the range of 0.5–5 MeV above the level
interest and assumed lifetimes between 0 and` are shown in
Fig. 5. The three isolated curves on the left side
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the figure represent an infinite lifetime of the intermedia
level and the feeding corresponds to one transition o
~where the total missing intensity is represented by ad func-
tion in the velocity distribution! with energies of 0.5, 1.0
and 1.5 MeV, respectively. This situation can be postula
as highly unprobable because here we approach a situ
where the feeding comes from a~so far unobserved! isomeric
state. Also, the probability for a low-lying state decaying
100% to our level, is low. When we exclude these unpr
able scenarios the results obtained~Fig. 5! approach the sta
tistical feeding results~Fig. 6! with a 1s limit of t838
>10 ps.

2. Statistical models

In the statistical simulations, two approaches were e
ployed, cascade feeding simulations using the codeGALENA

@17#, which includes the constant temperature Fermi-gas
malism, and a statistical model developed by Becvaret al.
@18# using the computer codeDICEBOX. This second model is
based on the complete knowledge of all experimental es
lished nuclear levels. ‘‘Missing’’ levels are constructed v
the random discretization of a level density formula. T
lifetimes of the resulting levels are deduced from a Por
Thomas distribution by due consideration of the pho
strength functions. The feeding pattern itself is generated
the Monte Carlo method resulting in initial velocity distribu
tions for the level of interest.

C. Results

The measured lineshape corresponds to a convolutio
the instrumental response, the broadening due to the the
movement of the target atoms as well as the recoil indu
by feeding of the level of interest and its lifetimet. The line

FIG. 5. Thex2 distribution from the fit of the line shape of th
838 keV transition as a function of the lifetimet838. On the left-
hand side results from the extreme feeding assumptions with
infinite intermediate level lifetime are shown~for feeders of 0.5,
1.0, and 1.5 MeV!. The distribution for an intermediate level energ
of 0.5 MeV corresponds to a~very unrealistic! lower limit tmin . The
curves on the right hand side were obtained for intermediate l
energies between 2 and 5 MeV and lifetimes ranging from 0 to` as
well as for lifetimes between 0 and 100 fs for feeding transitions
1 and 1.5 MeV. The left envelope of this bulk corresponds to a li
of t838>10 ps for these two step cascades.
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shapes were fitted by means of the codeGRIDDLE @19# with
the lifetime t838 of the mediating state as a free paramet
Altogether we have measured this transition 17 times~using
several reflection orders! in order to obtain very good statis
tics. It is obvious from Fig. 3 that in the case considered h
the effect due to the lifetime is small compared to the co
tributions from thermal broadening and instrumental
sponse, resulting in a lower limit of the lifetime.

This is demonstrated in Fig. 3, which compares calcula
Doppler profiles for fixed lifetimes of the level of intere
with the measured lineshape. A best fit~the minimum inx2)
is found for an infinite lifetimet838 of the mediating level. In
Table I the correspondingx2 differences from the fit to a
lifetime t838→` are given. The 10 ps limit is derived from
1s deviation. The 2s limit corresponds to a lifetimet838 of
about>5.5 ps, 3s gives a lifetime limit of about>4 ps,
and this grows rapidly to 58s for a lifetimet838 of 0.5 ps. It
is obvious from Fig. 3 that lifetimes of 0.5 ps or 1 ps corr
spond to profiles which deviate clearly from the measu
lineshape. For this example, the assumption of a two s
cascade was used with an intermediate level lifetime of 1
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f
it

FIG. 6. Thex2 distributions from the fit of the line shape of th
838 keV transition as a function of the lifetimet838. The two sets
of curves are obtained with the statistical models. To guide the
the 0.5 MeV limit from extreme feeding assumptions is also
cluded in the figure.

TABLE I. The deviationsDs from thex2 minimum for differ-
ent fixed lifetimest838. The assumption of a two step cascade w
combined with an intermediate level of 100 fs lifetime located 1
MeV above the level of interest, corresponding to the left rim of t
bulk of x2(t) curves in Fig. 5.

Fixed lifetimet
Deviation fromxmin

2

Ds

0.5 ps 58
1.0 ps 21
4.0 ps 3
5.5 ps 2
10 ps 1
t→` 0
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TABLE II. Lifetime values of the relevant mediating level in176Lu at 838 keV obtained with the
assumptions of an extreme feeding scenario, a two step cascade, and using statistical models. The lo
accounts for the experimental uncertainties of instrumental response and thermal velocity.

Two step cascade Statistical models

~extreme feeding! variations int and E DICEBOX GALENA

Lifetime t ~ps! 1.3 ;10 10 10.5
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fs and an intermediate level energy of 1.5 MeV above
level of interest. This situation is very close to the envelo
of the statistical model description~see Fig. 6! but without
the big demand in computing time.

The various contributions described in Sec. II are a
illustrated in Fig. 3. The thin line shows the line profile pr
dicted by dynamical diffraction theory. This profile is folde
with a Gaussian contribution which accounts for the inst
mental response~open circles!. The dotted line shows the
instrumental response folded with the thermal velocity of
target atoms, corresponding to a profile for a lifetimet
5`, which represents the best fit. A finite lifetime of o
838 keV state would show up as an additional broadenin

The fitting routine used inGRIDDLE is scanning thex2

plane for a minimum in a standard way~Marquart-
Levenberg algorithm@19#!. In the case of the 838 keV tran
sition, the resultingx2(t) function is asymmetric and steep
decreasing in the ps region without providing a ‘‘real’’ min
mum ~Figs. 5 and 6!. Accordingly, a unique solution of the
fit and thus a clear lifetime value is not reached.

Instead, a lower limittmin can be deduced from the min
mal x2 value: x2(tmin)5xmin

2 11. Fig. 5 shows thex2(t)
curves for the extreme feeding assumption and for the m
realistic two-step cascades. With the statistical models~Fig.
6!, a lower limit of tmin510 ps andtmin510.5 ps, respec
tively, is obtained, in good agreement with the value ba
on the assumptions for the two-step cascades.

All results are listed in Table II. If the values obtaine
with the very extreme feeding assumptions—which are
from being realistic but provide absolute limits based on
knowledge of the level scheme—are excluded, the pre
GRID measurement and the simulations using the two-s
cascade picture and the statistical models yield a final lo
limit

t838>10 ps ,

which represents a considerable improvement over the
vious best estimate of 2.5 ps@14#. Together with the uppe
limit determined via the generalized centroid-shift meth
@12#, the present experimental limits for the lifetime of th
mediating level in176Lu are

10 ps<t838<300 ps.

IV. THEORETICAL LIFETIME ESTIMATES

The level at 838.6 keV is theJp552 member@14# of the
Kp542 band based on the proton-neutron configurat
p1/21@411#1n7/22@514#. It decays to several lower-lying
levels with a total intensity ofI tot54.42 per 100 captured
neutrons including to theJp542 band head at 722.9 keV b
e
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a transition of 115.7 keV of~predominantly! M1 multipolar-
ity. This transition is weak (I g50.09,I tot50.315) and in the
conversion-electron measurements@14# an E2 component
could not be quantitatively established. However, such
component must be present in anyDJ51 rotational transi-
tion in a well-deformed nucleus~provided the relevant
Clebsch-Gordan coefficients do not vanish like in aK50
band!. The corresponding reduced transition probabil
reads

B~E2!5
5

16p
^JiK20uJfK&2Q0

2e2. ~1!

With Q057.1 b, B(E2)51.64 e2 b2, resulting in a partial
g-ray lifetime tg(E2)52.4 ns for the 115.7 keV transition
Assuming 100%E2 decay@i.e., tg(M1)5`] and taking
into account the relativeg-ray intensities@14# as well as the
conversion-electron coefficients@20# ~see Ref.@21# for the
corresponding expressions!, an extreme upper limitof t838
'50 ps is estimated for the lifetime of this level. Hereb
the relation between the total partialg-ray lifetime of a tran-
sition t tr

g and those of its components~hereM1 andE2) is

1

t tr
g

5
1

tg~M1!
1

1

tg~E2!
. ~2!

It is clear from this relation that anyM1 component@i.e., a
finite tg(M1)] would enhance the transition, thus reduci
the estimated lifetimet838 to 25 ps~for 50%E2), 5 ps~10%
E2), and 2.5 ps~5% E2), respectively. The measure
K-conversion coefficient for the 115.7 keV transition is ev
somewhat larger than the theoretical value for multipolar
M1 which is in turn larger than the theoretic
E2 K-conversion coefficient. This implies that theE2 com-
ponent of this transition is certainly small. Unfortunate
L-conversion lines could not be analyzed to establish
E2/M1 mixing ratio d2 @d25tg(M1)/tg(E2)#. Neverthe-
less, it appears sufficiently safe toassumea composition of
50%M1150% E2(d251), yielding arealistic upper limit
of t838'25 ps.

It is to be noted that this is based only on the we
established collective-model relation concerning rotatio
E2 transitions. Predictions for the unknown mixing ratiod2

can be obtained by additional model calculations of theM1
transition probability. Within a rotational band of a doub
odd deformed nucleus, the reducedM1 transition probability
is determined@22# by the expression

B~M1!5
3

4p
^JiK10uJfK&2~GKK!2mN

2 , ~3!
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where

GKK5@Vp~gVp
2gR!1Vn~gVn

2gR!#. ~4!

In the present case,Vp51/2 andVn57/2. The correspond
ing odd-particle gyromagnetic ratiosgp(1/21@411#)53.03
andgn(7/22@514#)50.28 were calculated in the frame of th
Nilsson model@23# with a deformation parametere250.27
and the usual quenchinggs

eff50.7gs
free assuming axial sym-

metry and neglecting higher-order deformations. If the c
lective gyromagnetic ratiogR was varied in the reasonab
interval between 0.3 and 0.45@22#, the E2 component is
predicted to range between 19% and 44%, producing le
lifetimes between 9 and 23 ps. Hence, the model calculat
reasonably confirm the experimental expectations.

In Ref. @22#, semiempiricalg factors of several orbitals in
strongly deformed odd-odd nuclei are derived from expe
mental branching ratios and magnetic moments. The va
of interest for the present estimate are given there
gp(1/21@411#)51.65 and gn(7/22@514#)50.155. With
these values and withgR again in the range of 0.3–0.45
considerably smaller reduced transition probabilitiesB(M1)
are obtained than in the Nilsson model~i.e., unrealisticd2

>2), giving rise to lifetimes closer to the extreme upp
limit of 50 ps.

There are some nuclear structure problems arising f
this estimate, e.g., the unusually large strength (;1 W.u. at
t lev5;20 ps) of theK-forbidden E2 transition of 838.6
keV linking this level with theJpK5772 ground state
p7/21@404#1n7/22@514#. It appears rather striking tha
with I g53.4 this out-of-band transition by far dominates t
depopulation of the rotational level under investigation. T
consideration of these problems is, however, beyond
scope of the present work.

In conclusion, the estimates made on the basis of the l
scheme@14# within the rotational model point at a lifetime o
the 838.6 keV level which is certainly below 50 ps, probab
close to the lower experimental limit of 10 ps.

V. THE s-PROCESS TEMPERATURE

The s process at mass numberA5176 is determined by
the competition betweenb decay of the short-lived isome
and neutron capture in the long-lived ground state, resul
in a branching in the reaction flow as shown in Fig. 1. F
lowing the notation of Klayet al. @14#, the feeding of the
long-lived 176Lu ground state can be described by t
branching factorf n :

~sN!176Lu5 f n@~sN!176Lu1~sN!176Hf#,

where sN denotes the product of stellar neutron captu
cross sections and the respective abundance produced
the s process.

For 176Lu, this branching factor is determined by the pa
tial cross sections feeding the isomer and the ground sta
well as by the thermal coupling of these two states via
mediating level at 838 keV. According to this complex sit
ation, f n depends on neutron densitynn and temperatureT
@14#
l-

el
ns

i-
es
s

r

m

e
e

el

g
-

e
y

-
as
e

f n
21~nn ,T!511

lb
~m!

ln

pm

p0
,

where lb
(m) denotes the decay rate of the isomer,ln

5svTnn the neutron capture rate of the ground state, a
pm , p0 the respective population probabilities. These pro
abilities are

pm5
V~12V!

t i

gi

g0
exp@2Ei /kT#1~12B!svTnn

and

p05
V~12V!

t i

gi

gm
exp@2~Ei2Em!/kT#1Blb

~m! ,

vT being the mean thermal velocity.
Apart from the properties of the mediating state~branch-

ing ratio V, lifetime t i , statistical factorgi , and excitation
energyEi), these expressions are mostly determined by
Boltzmann factors for excitation of the mediating levelEi
from the ground state or from the isomer. The quantity

B5
s~g!

s total
50.1160.04

corresponds to the partial capture cross section of175Lu to
the ground state in176Lu @10#.

With the present best estimate of thes-process neutron
density nn5(4.160.6)3108 cm23 @24# the above expres
sions yield the branching factor as a function of stellar te
perature as shown by the shaded band in Fig. 7~which pro-
vides an update of Fig. 5 in Ref.@14#!. The upper and lower
limits of the shaded band correspond to the present valu
the lifetimet838510 ps and to the upper and lower boun
for the neutron densitynn and for the feeding ratioB. For
comparison, the dashed line illustrates the effect of the up
limit of 300 ps for t838. Since the difference to the 10 p
limit is similar to the width of the shaded band, which resu

FIG. 7. The branching factorf n as a function of temperature
~shaded band! compared with the effective branching facto
~hatched band!, which was obtained by means of the classicals-
process model. The transition between the low-temperature reg
characterized by the initial neutron capture production of176Lu, and
the high-temperature regime with complete thermal equilibrium
curs between 250 and 350 million K~for details see text!.



o

er

th
an

in
ti
en
th
n

m
nd
in

l

he
-

s-

m

he
v

n

n
rn
c

f
by

h

the
r

neu-

s
rel-
be-
er.
by

om
so-
er
s

-

the

en

llar
hell
-
ces,
t

e
the
the

the
ders
he
en

n-
e-

on-
o.
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from the uncertainties innn andB, further improvements of
t838 should also be complemented by an improvement
those parameters.

The temperature behavior of the branching factor diff
significantly in the following three regions:

~i! At low temperatures,f n is completely defined by the
ratio B, i.e., by the partial capture cross section feeding
ground state. Induced internal transitions are too weak
have negligible effect on the branching.

~ii ! Between 240 and 300 million degrees, thermally
duced transitions cause drastic changes in the popula
probabilities of ground state and isomer, resulting in an
hanced feeding of the ground state. It is due to this effect
more 176Lu is observed in nature than would be created i
‘‘cool’’ environment. In this regime, internal transitions,b
decays, and neutron captures are equally important.

~iii ! For temperatures above 300 million degrees, ther
equilibrium in the relative population of ground state a
isomer is eventually established, internal transitions be
now much faster than the time scales forb decay and neu-
tron capture. Accordingly,f n is decoupled from the initia
branching ratioB.

The hatched band in Fig. 7 indicates the limits for t
effective value off n that results independently from an em
pirical analysis of thes-process flow via the so-called cla
sical approach. The combined information of thesN value
for A5176 as obtained from the overall systematics in co
bination with the respectivesN values for 176Lu and 176Hf
yields @14#

f n50.5760.10.

The overlap between this effective value and t
temperature-dependent branching factor provides an e
higher limit for thes-process temperature

2.53108<T<3.53108 K,

compared to the previous study of Ref.@14#.
This result is particularly important with respect to curre

stellar models. In these models, themain s-process compo-
nent, which accounts for thes abundances in the mass regio
90<A<209, is assumed to operate during helium shell bu
ing in thermally pulsing stars on the asymptotic giant bran
~AGB stars! of the Hertzsprung-Russell diagram@5#. In this
scenario, neutron production and concordants processing oc-
cur in two steps, by the13C(a,n)16O reaction during the
hydrogen-burning stage at relatively low temperatures oT
'13108 K and during the subsequent helium burning
the 22Ne(a,n)25Mg reaction atT'33108 K.

From the present result it is obvious that176Lu is under-
produced at the low temperatures of the first phase. T
f

s

e
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-
on
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-

en

t

-
h

is

deficiency must, therefore, be compensated during
helium-burning phase where thes process operates at highe
temperatures. In this respect, the observed176Lu abundance
can be used to constrain the temperature as well as the
tron exposure of this later episode.

VI. SUMMARY

The interpretation of176Lu as a stellar thermometer ha
been improved by a measurement of the lifetime for the
evant mediating state that provides the thermal coupling
tween the long-lived ground state and the short-lived isom
The experiment was carried out via the GRID technique
measuring the line profile of the ground state transition fr
the mediating state at 838 keV excitation energy with a re
lution of 3.2 eV. From the measurement of this line a low
limit of 10 ps could be inferred for the lifetime, 4 time
longer than the previous limit@14#.

The analysis in terms of ans-process thermometer fol
lowed the approach described by Klayet al. @14# but made
use of the present result and of an improved estimate for
s-process neutron density@24#. The resulting temperature
limits confirm that176Lu provides, indeed, a firmlower limit
for the effectives-process temperature, which has now be
determined to 2.5 GK.

This value represents an important condition for ste
s-process models, which are currently related to helium s
burning in low mass AGB stars@5#. This scenario is charac
terized by the subsequent activation of two neutron sour
the 13C(a,n) and the22Ne(a,n) reactions, which operate a
very different temperatures of 13108 K and 33108 K, re-
spectively. While not enough176Lu can be produced at th
lower temperature, the relative neutron exposure during
high-temperature episode can, hence, be constrained by
observed abundance value.

It has to be noted, however, that this interpretation of
thermal coupling between ground state and isomer consi
only allowed transitions to and from the mediating level. T
role of K-forbidden transitions from lower states has be
discussed by Klayet al. @14# who found this effect to be of
minor importance.
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