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Because of its temperature-dependent half-Ifél.u represents an important thermometer for the slow
neutron capture process procesgwhich accounts for the origin of about half of the abundances between Fe
and Bi. This interpretation of the observétfLu abundance has been improved by a new lifetime measurement
of theJ™=5" state at 838 keV in"%.u. The present limit ofrg3¢=10 ps provides a more stringent constraint
for the thermal equilibration between the long-lived ground statg<41 Gyr) and the short-lived K isomer
at 123 keV €,,=3.7 h), and, hence, for the resulting estimate of the temperature during shell helium burning
in red giant stars[S0556-281®8)07210-7

PACS numbsgs): 21.10.Tg, 25.40.Lw, 26.45.h, 27.70+q

I. THE *"%.u THERMOMETER from the isomer to a mediating state at higher excitation with
a decay branch to the ground state as indicated in the sche-
The main nucleosynthesis mechanisms for the heavy elanatic sketch of Fig. 2. Experimental evidence for such a
ments in the mass regioA=56 are neutron capture reac- state was found in detailed spectroscopic studies that resulted
tions in ther ands processes. For the neighborhood of Lu, in a complete level scheme up to 1 Mé¥2,13. Based on
the corresponding reaction paths are illustrated in Fig. 1. Th#hese results the reaction path of #erocess was discussed
rapid neutron capture process proces$ being associated Wwith emphasis on the temperature dependence of the half-life
with explosive, presumably supernova, scenarios is chara®@f *"Lu [14], showing that this effect could, indeed, be in-
terized by extremely high neutron densities. Consequentiyterpreted as as-process thermometer.
the reaction path of the process is shifted to the region of It turned out in this discussion that the coupling between
very neutron rich nuclei close to the drip line. After termi- iSomer and ground state is not only determined by the posi-
nation of ther process the reaction products decay back tdion Of the mediating state at 838 keV wikfi=5", but also
the stability valley as indicated in Fig. 1 by inclined arrows. PY the branching ratio and, in particular, by its half-life, for
For A=176, theB-decay chain from the-process region which Klay et al. [12] o.bta'lned. a'lower limit ofr=2.5 ps. .
is terminated at'’®vb. Therefore, ther process does not In the present work, this limit is improved by a new experi-
contribute to the abundances HfLu and I7%Hf, which can, MeMt based on the gamma-ray induced Doppler broadening

hence, be attributed solely to the slow neutron capture pro-

cess 6 procesgthat takes place in the helium burning layers S_pﬂlC_QSS
of red giant stars. This unambiguous origin in combination TOHE THE TSHE
with the very long half-life of 4x10° yr [1] seemed to A 3 X —>
make "% u a suiteds-process chronometg2,3]. Since thes \ v,
abundances can be described quantitatively either by the isomen \\
classical approacht] or by stellar model$5], the compari- — \
son with its present abundance was expected to yield infor- Ly | ——~1 \ 4 AN
mation on the galactic history of theprocess. N N AN
However, this interpretation was questioned in 196D 3610°yn 6.7d s
when the role of the short-lived isoméf®Lu with a half- N
life of t;,,=3.68 h was considered. This isomer at 123 keV Yb "Yb v, N
B decays exclusively td7®Hf [7] because ground state tran- 4.2d AN
sitions are forbidden by selection ruledl=6, AK=7). N N
The critical point with this isomer was that iésprocess pro- \ AR
duction could not be explained in terms of the partial cross v AN ¥ L Process
section Y"*Lu(n, y)1"®"Lu, which was known from several N N N AR

experiment§8-10]. Instead, it was found that an additional
feeding mechanism for the long-lived ground state must be FiG. 1. Thes-process neutron capture chain in the Yb-Lu-Hf
invoked to account for the presentdLu abundancé_?]. region (solid lines. For "®u, the ground state and isomer are

This additional feeding was shown to occur in the hotshown separately. Note thaf®%.u and *"®Hf are shielded against
stellar photon batf11] via thermally induced transitions r-process3 decays.
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FIG. 2. The thermal coupling scheme of isomer and ground state
in 7%.u via thermally induced transitions to the mediating state at 09 0 00 50 100
838 keV line width [eV]

. o . L FIG. 3. The line shape of the 838 keV transition measured in
(GRID) technique, resulting in more stringent limits for the thjrg diffraction order. The inner thin line corresponds to the line-

s-process temperature. shape predicted by the dynamical diffraction theory. The circles
represent the convolution of dynamical diffraction theory with the
Il. DESCRIPTION OF THE EXPERIMENT instrumental response. The dotted lifi¢ shows the fit for an infi-

nite lifetime 7g35 corresponding to the convolution of dynamical

The lifetime of the mediating level was determined by diffraction theory, instrumental response, and thermal velocity. The
investigating the depopulating 838 key decay to the curves 2, 3, and 4 are obtained for lifetimes of 10, 1, and 0.5 ps,
ground state via the GRID technigli5], using the two-axis respectively.
flat crystal spectrometer GAMSHL6]. This technique is
based on the Doppler broadening pfrays that are emitted the slowing-down process, have to be modeled as described
in flight. After thermal neutron capture, the target nucleusbelow.
finds itself in an excited state. Because of the recoil from the
subsequenty-ray emission the atom starts to move in the
bulk and is gradually slowed down by collisions with the lll. DETERMINATION OF THE LIFETIME
surrounding atoms. After the lifetime the level of interest A. Slowing-down process
will be depopulated by a furthey transition. The profile of
this y-ray line is the subject of GRID investigations, its
shape being broadened by several effects:

(i) the instrumental response functi@experimental reso-
lution);

(ii) the thermal motion of the nucleus with a mean veloc-
ity typical for each experiment;

(iii ) the recoil provided by the feeding-ray transitions;

(iv) the slowing-down mechanism in the target material;

(v) the lifetime 7 of the level of interest. The recoil distribution is determined by the feeding pat-

The determination of this broadening, which is in the or-tern of the level of interest, and is, therefore, important for
der of eV for y-ray energies in the MeV region, requires an the evaluation of the lifetime. Whereas the feeding is rather
instrument with a resolution of up tE/E=2X10 ®which  well known for light nuclei, this is often not the case for
can be reached with the two-axis flat crystal spectrometeheavy isotopes because of their higher level densities. In the
GAMS4 [16]. The usually small luminosity of this kind of odd-odd nucleus’®u, 15% of the intensity populating the
instruments is compensated by the high neutron flux of th8&38 keV level comes directly from the capture state and pro-
reactor at the Institut Laue-LangevifLL ). In the present vides a feeding with an energy of 5.4 MeV. For maximum
experiment, a 4.6 g sample of natural,Q4 was canned in recoil, the required slowing-down time for reaching the ve-
three carbon containers, and was exposed to a neutron flux ffcity that corresponds to a given broadening is comparably
5x 10" cm 2s ! that is achieved at the in-pile target posi- long (long lifetime limit). In the opposite case of a small
tion in the through tube of the ILL reactor. initial recoil, the nucleus has to emit theray rapidly(small

The first two contributions to the broadening of the line required slowing down timein order to explain the same
profile could be measured experimentally: the instrumentabroadening(short lifetime limif. The present situation with
response was measured using the 838.6 keV transition i85% of the intensity originating from unknown feeding via
nondispersive geometr{l5], and the thermal broadening multistep cascades has been treated by different assumptions
was determined in dispersive geometry via the 225.4 keWsing extreme feeding scenarios, two-step cascades, and sta-
level with a known lifetime of 30 p$15]. The remaining tistical models.
contributions, the influence of the feeding mechanism and of Figure 3 shows the Doppler-broadened line profile of the

The slowing-down process is described in the mean free
path approximation(MFPA) which is discussed in detail
elsewherd 15]. In that model, the collisions of the excited,
recoiling nucleus with the neighboring atoms are followed
by due consideration of realistic interatomic distances which
are derived from the Born-Mayer potential.

B. Recoil distribution
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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 interme-
diate level with a long lifetime. Because of the long lifetime, the recoil of the primary transition is relaxed, the recoil is provided mainly by
the transition from the intermediate level to the level of interest, and the velocity distribution exhibits a sharp peak at low @viggdies
becomes & function for an infinite lifetime of the intermediate leyellhis scenario was adopted for estimating the lower limit of the
lifetime. The right-hand part shows the recoil distribution for a high-lying intermediate level with a short lifetime. Because of the short
lifetime, the effect of the primary transition comes through, resulting in a smooth velocity distribution with a shift to higher velocities.

838 keV transition measured in third diffraction order. It is capture state is depopulated byydransition to an interme-
evident that the lifetime of this level has only a very small diate level from which the level of interest is fed. The life-
effect on the broadening of the line which means that thigsime and the energy of this intermediate level was varied and
case is already close to the upper limit of the GRID methodthe resulting recoil distributions have been used for deducing
Therefore, the feeding problem is particularly important andhe lifetime.
requires to be discussed in detail. Figure 4 illustrates the influence of the properties of the
intermediate level for this feeding scenario in more detail.
Variation of the energy and the lifetime of the intermediate
Since the Doppler profile depends on the recoil velocitylevel result in very different recoil distributions. The left
distribution at the moment when the level in question ispanel of Fig. 4 demonstrates the effect of a long-lived low-
populated, it is directly determined by the transitions that ardying intermediate level. Because of the long lifetime, the
feeding this level. In principle, this problem can be treatedrecoil of the primary transition is relaxed and the transition
by using feeding transitions with given energies, which origi-from the intermediate level to the level of interest provides a
nate from levels with given lifetimes. The main difficulty is comparably small recoil to the nucleus. Hence, the corre-
to vary the lifetimes of these intermediate levels and thesponding velocity distribution shows a sharp peak at low
energies of the corresponding transitions in a proper wayenergies and & function for 7 ermediats— - BY comparison
For estimating limits, the level scheme of Klay al. [12]  with the experimentally determined broadening, this small
was adopted for the input of the known feeders. In order tanitial velocity results in a short lifetime.
give an impression on how the lifetime depends on the feed- On the right panel of Fig. 4 the recoil distribution for a
ing scenario we start with the assumptitior the unob- high-lying intermediate level with a short lifetime is shown.
served population that an extreme limit for the lifetime can Because of the short lifetime, the effect of the previous—or
be obtained if our level is populated by a low-energyfor instance primary—transitions comes through, resulting in
transition—say, 500 keV—originating from a level with an a broader distribution with a shift to higher velocities. In this
infinite lifetime. Taking the uncertainties of the instrumental case, the nucleus gets a rather large initial recoil velocity. For
resolution and thermal velocity into account, such an exthe given experimental broadening, this leads to a long life-
treme case would yield a value efzs=1.3 ps(see Table time. They? distributions for a variation of the intermediate
. level energy in the range of 0.5-5 MeV above the level of
A more realistic approach is obtained by using a generalinterest and assumed lifetimes between O @arate shown in
ized two-step cascade description. It was assumed that thég. 5. The three isolated curves on the left side of

1. Extreme feeding scenarios and two step cascades
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FIG. 5. The)(2 distribution from the fit of the line shape of the lifetime T [ps]

838 keV transition as a function of the lifetimgsg. On the left-
hand side results from the extreme feeding assumptions with an FIG. 6. Thex? distributions from the fit of the line shape of the
infinite intermediate level lifetime are showfor feeders of 0.5, 838 keV transition as a function of the lifetimgsg. The two sets
1.0, and 1.5 MeY. The distribution for an intermediate level energy Of curves are obtained with the statistical models. To guide the eye
of 0.5 MeV corresponds to @ery unrealisti¢ lower limit 7,,,,. The ~ the 0.5 MeV limit from extreme feeding assumptions is also in-
curves on the right hand side were obtained for intermediate levefluded in the figure.
energies between 2 and 5 MeV and lifetimes ranging from® &s
well as for lifetimes between 0 and 100 fs for feeding transitions ofshapes were fitted by means of the caueppLE [19] with
1 and 1.5 MeV. The left envelope of this bulk corresponds to a limitihe Jifetime Tg3g Of the mediating state as a free parameter.
of 7g36=10 ps for these two step cascades. Altogether we have measured this transition 17 tifuesng
) S _ ~several reflection orderin order to obtain very good statis-

the figure represent an infinite lifetime of the intermediatetjcs. |t is obvious from Fig. 3 that in the case considered here
level and the feeding corresponds to one transition onlyhe effect due to the lifetime is small compared to the con-
(where the total missing intensity is represented @y/fanc-  triputions from thermal broadening and instrumental re-
tion in the velocity distribution with energies of 0.5, 1.0, sponse, resulting in a lower limit of the lifetime.
and 1.5 MeV, respectively. This situation can be postulated  Thjs js demonstrated in Fig. 3, which compares calculated
as highly unprobable because here we approach a situatigfipppler profiles for fixed lifetimes of the level of interest
where the feeding comes fron(so far unobserveédsomeric  \ith the measured lineshape. A best(fite minimum iny?)
state. Also, the probability for a low-lying state decaying byis found for an infinite lifetimergsg of the mediating level. In
100% to our level, is low. When we exclude these unprob-raple | the corresponding? differences from the fit to a
able scenarios the results obtain@dy. 5) approach the sta- |ifatime 7454 are given. The 10 ps limit is derived from a
tistical feeding resultsFig. 6 with a 1o limit of 7g5 14 deviation. The 2 limit corresponds to a lifetimegag of
=10 ps. about=5.5 ps, ¥ gives a lifetime limit of about=4 ps,
and this grows rapidly to 58 for a lifetime 7g35 0f 0.5 ps. It
is obvious from Fig. 3 that lifetimes of 0.5 ps or 1 ps corre-

In the statistical simulations, two approaches were emspond to profiles which deviate clearly from the measured
ployed, cascade feeding simulations using the casleENA  lineshape. For this example, the assumption of a two step
[17], which includes the constant temperature Fermi-gas foreascade was used with an intermediate level lifetime of 100
malism, and a statistical model developed by Beaaal.
[18] using the computer codeCEBOX. This second modelis  TABLE I. The deviationsA o from the y? minimum for differ-
based on the complete knowledge of all experimental estakamt fixed lifetimesrgzg. The assumption of a two step cascade was
lished nuclear levels. “Missing” levels are constructed via combined with an intermediate level of 100 fs lifetime located 1.5
the random discretization of a level density formula. ThemeV above the level of interest, corresponding to the left rim of the
lifetimes of the resulting levels are deduced from a Porterbulk of y?(7) curves in Fig. 5.
Thomas distribution by due consideration of the photon

0

2. Statistical models

strength functions. The feeding pattern itself is generated by Deviation fromy2,,
the Monte Carlo method resulting in initial velocity distribu- Fixed lifetime 7 Ao
tions for the level of interest. 05 ps 58
1.0 ps 21
C. Results 4.0 ps 3
The measured lineshape corresponds to a convolution of 5.5 ps 2
the instrumental response, the broadening due to the thermal 10 ps 1
movement of the target atoms as well as the recoil induced T 0

by feeding of the level of interest and its lifetime The line
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TABLE II. Lifetime values of the relevant mediating level itf%u at 838 keV obtained with the
assumptions of an extreme feeding scenario, a two step cascade, and using statistical models. The lower limit
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 7 (p9 1.3 ~10 10 10.5

fs and an intermediate level energy of 1.5 MeV above thea transition of 115.7 keV ofpredominantly M1 multipolar-

level of interest. This situation is very close to the envelopety. This transition is weak|(,=0.09) = 0.315) and in the

of the statistical model descriptioisee Fig. 6 but without  conversion-electron measuremefifst| an E2 component

the big demand in computing time. could not be quantitatively established. However, such a
The various contributions described in Sec. Il are alsccomponent must be present in aay=1 rotational transi-

illustrated in Fig. 3. The thin line shows the line profile pre-tion in a well-deformed nucleugprovided the relevant

dicted by dynamical diffraction theory. This profile is folded Clebsch-Gordan coefficients do not vanish like ifKa 0

with a Gaussian contribution which accounts for the instruband. The corresponding reduced transition probability

mental responséopen circles The dotted line shows the reads

instrumental response folded with the thermal velocity of the

target atoms, corresponding to a profile for a lifetime 5

=0, which represents the best fit. A finite lifetime of our B(E2)= E(JiKZquK>2Qge2- (1)

838 keV state would show up as an additional broadening.
The fitting routine used IrGRIDDLE is scanning they?

plane for a minimum in a standard wayMarquart-

Levenberg algorithnj19]). In the case of the 838 keV tran-

sition, the resulting¢?(7) function is asymmetric and steeply

decreasing in the ps region without providing a “real” mini-

mum (Figs. 5 and & Accordingly, a unique solution of the

fit and thus a clear lifetime value is not reached. . . . )
L .. ~50 ps is estimated for the lifetime of this level. Hereby,
Instead, a lower limitr,, can be deduced from the mini- : . -
the relation between the total partigiray lifetime of a tran-

2 U2 V=2 ; 2
mal x* value: x*(7yn) = Xmin 1. Fig. 5 shows thex*(r) sition 77, and those of its componentsereM 1 andE2) is
curves for the extreme feeding assumption and for the more '

realistic two-step cascades. With the statistical modeig.

6), a lower limit of 7,,;,=10 ps andr,,;;=10.5 ps, respec- i
tively, is obtained, in good agreement with the value based 7
on the assumptions for the two-step cascades.

All results are listed in Table Il. If the values obtained It is clear from this relation that any11 componenfi.e., a
with the very extreme feeding assumptions—which are falfinite 77(M1)] would enhance the transition, thus reducing

from being realistic but provide absolute limits based on the[he estimated lifetimegagto 25 ps(for 50%E2), 5 ps(10%

knowledge of the level schem_e—arg excluc_ied, the preserEz), and 2.5 ps(5% E2), respectively. The measured

cGazcha drgea.i;”femaenn; g}r;dsgisi.'gﬁjIg:godneslsus.'gl?j g‘?nt;\ﬁ(;StZR-conversion coefficient for the 115.7 keV transition is even
pictu ISt Y : Welomewhat larger than the theoretical value for multipolarity

limit M1 which is in turn larger than the theoretical
Ta3=10 ps, E2 K-conversion coefficient. This implies that tB2 com-
ponent of this transition is certainly small. Unfortunately,
which represents a considerable improvement over the pré--Conversion lines could not be analyzed to establish the
vious best estimate of 2.5 p&4]. Together with the upper E2/M1 mixing ratio 6° [6°=7"(M1)/77(E2)]. Neverthe-
limit determined via the generalized centroid-shift methodl€SS, it appears sufficiently safe &ssumea composition of
[12], the present experimental limits for the lifetime of the 50%M1+50% E2(8°=1), yielding arealistic upper limit

With Qu=7.1 b, B(E2)=1.64 €?b?, resulting in a partial
v-ray lifetime 77(E2)=2.4 ns for the 115.7 keV transition.
Assuming 100%E2 decayl[i.e., 7*(M1)=<] and taking
into account the relative-ray intensitieg 14| as well as the
conversion-electron coefficienf20] (see Ref.[21] for the
corresponding expressionan extreme upper limiof 7g3g

1 1
+ .
(M1) /(E2)

2

mediating level in*"®%u are of 7g3g~25 ps. o
It is to be noted that this is based only on the well-
10 ps<Tg3=<300 ps. established collective-model relation concerning rotational

E2 transitions. Predictions for the unknown mixing rafi®
can be obtained by additional model calculations of th&
IV. THEORETICAL LIFETIME ESTIMATES transition probability. Within a rotational band of a doubly
The level at 838.6 keV is tha” =5~ member14] of the _odd deformed nucleus, the redudjdd transition probability
K™=4" band based on the proton-neutron configurationS determined22] by the expression
p1/27[411]+n7/2 [514]. It decays to several lower-lying
levels with a total intensity of,,=4.42 per 100 captured

3
— (1. 2 KKy2,,2
neutrons including to thd"=4" band head at 722.9 keV by B(M1)= 4w<J'K10|JfK> (G i ®
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where 1 . x . . .
G “=[Qp(g0,~9r)+ (g0, ~9R)]- (4)

In the present casé),=1/2 and(),=7/2. The correspond-
ing odd-particle gyromagnetic ratiog»p(1/2*[411])=3.03
andg,(7/2°[514])=0.28 were calculated in the frame of the
Nilsson model[23] with a deformation parametes,=0.27
and the usual quenchingf™=0.79"® assuming axial sym-
metry and neglecting higher-order deformations. If the col-
lective gyromagnetic ratiggg was varied in the reasonable 0 . 5 3 y ; 3
interval between 0.3 and 0.422], the E2 component is TEMPERATURE (108 deg K)

predicted to range between 19% and 44%, producing level . .

lifetimes between 9 and 23 ps. Hence, the model calculations FIG- 7. The branching factof, as a function of temperature
reasonably confirm the experimental expectations. (shaded band compared with the effective branching factor

In Ref.[22], semiempirical factors of several orbitals in (Natched band which was obtained by means of the classal
strongly deformed odd-odd nuclei are derived from experi-p;]ocestS mOddeL Ttl:]e t_ra}pslutuon tbetweerl the IovxgteTpl%eiuure rggume,
mental branching ratios and magnetic moments. The Valuefﬁ:ﬁilche-?ezri er);\tu(raelrr]:?rr?:l\jvirt?wnc((:)arlr? lIjtgtaeptrr?erllfr(;alloe uilljii;ilgm oc-
of interest for the present estimate are given there ag,rs bgetweer? 550 and 3?50 million (H’orpdetails see te;i
0p(1/2°[411])=1.65 and g,(7/27[514])=0.155. With

these values and witlygz again in the range of 0.3-0.45, N
considerably smaller reduced transition probabilits€$/11) f-Yn,, T)=1+ Ag Pm
are obtained than in the Nilsson modek., unrealistics? non Ao Po’

=2), giving rise to lifetimes closer to the extreme upper

limit of 50 ps. where \4" denotes the decay rate of the isomev,

There are some nuclear structure problems arising fron¥ ovn, the neutron capture rate of the ground state, and
this estimate, e.g., the unusually large strengtti(W.u. at  pm,, Po the respective population probabilities. These prob-
Tiev=—~20 ps) of theK-forbidden E2 transition of 838.6 abilities are
keV linking this level with theJ"K=77" ground state
p7/2t[404]+n7/2 [514]. It appears rather striking that _Va-V) g
with 1,,= 3.4 this out-of-band transition by far dominates the Pm= i Oo
depopulation of the rotational level under investigation. The
consideration of these problems is, however, beyond thand
scope of the present work.

In conclusion, the estimates made on the basis of the level V(1-V) g; (m)
schemd 14] within the rotational model point at a lifetime of Po= " X~ (B~ En)/KT]+BA, 7,
the 838.6 keV level which is certainly below 50 ps, probably
close to the lower experimental limit of 10 ps. vt being the mean thermal velocity.

Apart from the properties of the mediating stébeanch-
V. THE sPROCESS TEMPERATURE ing ratio V, lifetime 7;, statistical factom;, and excitation
energyE;), these expressions are mostly determined by the
The s process at mass numbAr=176 is determined by Boltzmann factors for excitation of the mediating leg|
the competition betweep decay of the short-lived isomer from the ground state or from the isomer. The quantity
and neutron capture in the long-lived ground state, resulting
in a branching in the reaction flow as shown in Fig. 1. Fol- o9
lowing the notation of Klayet al. [14], the feeding of the B=_——=0.11+0.04
long-lived 8.u ground state can be described by the total
branching factoff ,:

o
N
T

(=]

exd —E;/kT]+(1-B)ov+n,

corresponds to the partial capture cross sectiof’@fu to
the ground state it”%Lu [10].
(oN) 176y = Fo[ (oN) 1764+ (N) 176], With the present best estimate of thgrocess neutron
density n,=(4.1+0.6)x 10° cm 3 [24] the above expres-
where oN denotes the product of stellar neutron capturesions yield the branching factor as a function of stellar tem-
cross sectiorr and the respective abundance produced byerature as shown by the shaded band in Figvitich pro-
the s process. vides an update of Fig. 5 in Rdfl4]). The upper and lower
For 17%Lu, this branching factor is determined by the par-limits of the shaded band correspond to the present value of
tial cross sections feeding the isomer and the ground state #se lifetime 7g35=10 ps and to the upper and lower bounds
well as by the thermal coupling of these two states via thdor the neutron density,, and for the feeding rati®. For
mediating level at 838 keV. According to this complex situ- comparison, the dashed line illustrates the effect of the upper
ation, f,, depends on neutron density, and temperaturd  limit of 300 ps for rg35. Since the difference to the 10 ps
[14] limit is similar to the width of the shaded band, which results
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from the uncertainties in, andB, further improvements of deficiency must, therefore, be compensated during the
Tgag should also be complemented by an improvement ohelium-burning phase where tiseorocess operates at higher

those parameters. temperatures. In this respect, the obseré&tlu abundance
The temperature behavior of the branching factor differscan be used to constrain the temperature as well as the neu-
significantly in the following three regions: tron exposure of this later episode.

(i) At low temperaturesf,, is completely defined by the
ratio B, i.e., by the partial capture cross section feeding the
ground state. Induced internal transitions are too weak and
have negligible effect on the branching. The interpretation of’%Lu as a stellar thermometer has

(i) Between 240 and 300 million degrees, thermally in-been improved by a measurement of the lifetime for the rel-
duced transitions cause drastic changes in the populatiogvant mediating state that provides the thermal coupling be-
probabilities of ground state and isomer, resulting in an entween the long-lived ground state and the short-lived isomer.
hanced feeding of the ground state. It is due to this effect thaThe experiment was carried out via the GRID technique by
more "8 u is observed in nature than would be created in aneasuring the line profile of the ground state transition from
“cool” environment. In this regime, internal transition®,  the mediating state at 838 keV excitation energy with a reso-
decays, and neutron captures are equally important. lution of 3.2 eV. From the measurement of this line a lower

(iii ) For temperatures above 300 million degrees, thermaimit of 10 ps could be inferred for the lifetime, 4 times
equilibrium in the relative population of ground state andlonger than the previous limjtl4].
isomer is eventually established, internal transitions being The analysis in terms of asprocess thermometer fol-
now much faster than the time scales f®rdecay and neu- lowed the approach described by Klayal. [14] but made
tron capture. Accordinglyf, is decoupled from the initial use of the present result and of an improved estimate for the
branching raticB. s-process neutron densify24]. The resulting temperature

The hatched band in Fig. 7 indicates the limits for thelimits confirm that'’®Lu provides, indeed, a firdower limit
effective value off , that results independently from an em- for the effectives-process temperature, which has now been
pirical analysis of thes-process flow via the so-called clas- determined to 2.5 GK.
sical approach. The combined information of il value This value represents an important condition for stellar
for A=176 as obtained from the overall systematics in com-s-process models, which are currently related to helium shell
bination with the respective’N values for’®.u and 1"®Hf  burning in low mass AGB staf$]. This scenario is charac-
yields[14] terized by the subsequent activation of two neutron sources,

the *C(a,n) and the?Ne(a,n) reactions, which operate at
f,=0.57£0.10. very different temperatures of410° K and 3x10% K, re-
spectively. While not enough’®Lu can be produced at the
lower temperature, the relative neutron exposure during the
erﬂgh—temperature episode can, hence, be constrained by the
observed abundance value.

VI. SUMMARY

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

2.5x10P<T=<3.5x1CF K, It has to be noted, however, that this interpretation of the
thermal coupling between ground state and isomer considers
compared to the previous study of REE4]. only allowed transitions to and from the mediating level. The

This result is particularly important with respect to currentrole of K-forbidden transitions from lower states has been
stellar models. In these models, thein sprocess compo- discussed by Klat al. [14] who found this effect to be of
nent, which accounts for treabundances in the mass region minor importance.
90<A=<209, is assumed to operate during helium shell burn-
ing in thermally pulsing stars on the asymptotic giant branch
(AGB stars of the Hertzsprung-Russell diagrdrs]. In this
scenario, neutron production and concordamtocessing oc- We wish to thank F. Bagr for his statistical model cal-
cur in two steps, by the®C(a,n)®0 reaction during the culations and P. Petkov for his calculation of the Nilsson-
hydrogen-burning stage at relatively low temperature¥ of model g factors and for very useful discussions. This re-
~1x10® K and during the subsequent helium burning bysearch was supported by the BundesministeriunBfidung,
the 22Ne(«,n)?>Mg reaction afT~3x 10° K. Wissenschaft, Forschung und Technologie, Bonn under Con-

From the present result it is obvious thdfLu is under-  tract No. 06TM880 and the BNRF under Contract No.
produced at the low temperatures of the first phase. Thi®PH511.
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