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On the basis of the improved level scheme of '7°Lu it is demonstrated that the stellar s-process produc-
tion as well as the stellar beta decay rate of that nucleus depend strongly on temperature. This behavior
results from the completely different half-lives of the ground state and the isomer; since these states are
coupled by induced transitions in the hot stellar photon bath, the effective half-life of !"°Lu is drastically
reduced. The 5~ state at 838.64 keV was identified as the most efficient mediating level. Consequently,
176Lu can no longer be considered as a chronometer for the age of the s process; instead, it can be inter-
preted as an s-process thermometer yielding a temperature range between 2.4 X 108 to 3.6 X 10® K.

I. INTRODUCTION

The long half-life of 41X 10° yr [1] seemed to make
1761 u a particularly promising chronometer with respect
to galactic history [2,3]. The fact that this isotope can be
attributed unambiguously to the slow neutron capture
process (s process) offers the possibility for a rather pre-
cise determination of the original ’*Lu abundance, which
could then be compared with the present abundance in
the solar system for deriving an age of the s-process ele-
ments.

The s-process flow in the Yb-Lu-Hf region is sketched
in Fig. 1; it follows the solid line due to neutron captures
and subsequent beta decays when a short-lived nucleus is
encountered. Abundance contributions from the r pro-
cess are indicated by arrows according to the respective
beta decay chains. Obviously, the r-process chain at mass

176 ends at stable 7°YDb, leaving the s process as the only
production mechanism for the isobars "®Lu and !"Hf
(apart from minor p-process contributions). The classical
approach for the s process could be used as an excellent
tool for determining the original "°Lu abundance [4].
The only complication in interpreting "Lu as an s-
process chronometer seemed to be the existence of an
isomeric state, which causes part of the s-process flow to
bypass the long-lived ground state. This effect is con-
sidered in Fig. 1 by showing ground state and isomer
separately. As indicated by the strength of the lines, neu-
tron capture on !’Lu leads more frequently to the iso-
mer, leaving only a small probability for the long-lived
ground state.

This isomer decays exclusively to "°Hf with a half-life
of only 3.68 h; this means that neutron captures feeding
the isomeric state determine the original s-process abun-
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FIG. 1. The s-process neutron capture chain between Yb and Hf. For '7Lu, ground state and isomer are shown separately. Note

that '°Lu and '"°Hf are shielded against r-process beta decays.
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dance of '®Hf. Such a picture, where the ground state
and the isomer in "°Lu are treated as two different nuclei
appeared plausible since direct electromagnetic E6 tran-
sitions between the I"=1", K =0 isomer and the

7=77, K=7 ground state are expected to be inhibited
by selection rules. However, this straightforward inter-
pretation was questioned by a number of problems. First,
the partial capture cross section for populating the iso-
mer in "°Lu was found to be much larger [5—8] than in a
previous measurement [9], leading to a strongly reduced
production of 7°Lu that was even not sufficient to ac-
count for the observed abundance [10]. Secondly, Beer
et al. [11] found in an extended analysis of the branching
at A =176 that the effective s-process flow through 7°Lu
was considerably larger than expected from the partial
neutron capture cross sections leading to the isomer and
ground state, respectively.

Therefore, additional feeding mechanisms for the
long-lived ground state had to be identified. The most
important one was discussed as being due to the hot pho-
ton bath at the stellar s-process site [12,13]. Thermal
photons may excite higher lying nuclear states which
then decay back either to the isomer or to the ground
state. In this way, the initial populations of these two
states can be changed, and in the extreme case even
thermal equilibrium can be achieved. Then, the s-process
abundances of ®Lu and '"°Hf no longer depend on par-
tial neutron capture cross sections but on the competition
between the stellar beta decay and neutron capture, re-
sulting in an abundance ratio that is sensitive to tempera-
ture and neutron density during the s process.

Experimental evidence for electromagnetic transforma-
tions between ground state and isomer was obtained by
photoactivation of Lu samples in intense gamma-ray
fields [14—-16]. In these measurements, the isomer could
be produced only with ®Co and 2*Na sources but not
with !3Cs, a hint that the mediating levels are at excita-
tion energies above the 662 keV gamma-ray energy of
137Cs. However, quantitative information on the stellar
transition rates could not be inferred from these measure-
ments as the relevant properties of the mediating levels,
i.e., their excitation energies and quantum numbers
remained unknown.

An improved theoretical approach was presented by
Gardner et al.'” who complemented the experimentally
determined levels in 7°Lu by postulated states inferred
from systematic trends in neighboring nuclei. With this
“complete” level scheme it was possible to demonstrate
that the temperature dependence of the !"Lu half-life
could be obtained without violating the K-selection rule.
This result underlines the importance of an experimental
extension of the level scheme, which ultimately resolves
the remaining uncertainties.

Another possible mechanism for exciting !®Lu is by
positron annihilation with a K-shell electron [16,18];
however, the effect of this mechanism has probably been
overestimated in the stellar plasma and may be important
only at higher temperatures [19].

In paper I of this work (the preceding paper) the com-
plete level scheme of !7®Lu was established with the best
experimental resolution and sensitivity up to excitation
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energies of ~1 MeV, in order to identify the mediating
levels for isomer and ground state. On this basis, the
temperature effects on the s-process flow through the
A =176 branching can now be treated quantitatively.
The resulting astrophysical implications are discussed in
the following.

II. THE s-PROCESS BRANCHING AT !"*Lu

A. Definition of the branching factor

The calculation of the ®Lu abundance produced in
the slow neutron capture process (s process) must consid-
er the branching in the neutron capture chain due to the
comparably fast beta decay from the isomeric state. The
s-process flow through 7®Lu can be expressed by means
of a branching factor f,:

(UN)176Lu=fn[(UN)176LU+(O'N)176}H~] . (1)

Here, o N denotes the product of stellar neutron capture
cross section o and the respective abundance produced
by the s process. As long as only the ground state decay
of an unstable isotope is involved, the branching factor
for this one-level system can be expressed by the ratio of
the rates for neutron capture A, and for beta decay Ag:

}\"l

=, )

If, in addition, excited states are involved, e.g., the isomer
at 123 keV in 7Ly, Eq. (2) must be extended:

_ Zn;A, (i)
Sl (D HALD]

Sn 3)

where n; denotes the population of level i.

In case of "°Lu it is sufficient to consider beta decays
and neutron captures from the ground state and the iso-
mer. The many higher lying states may act as mediators
for redistributing the initial populations of ground state
and isomer, but they themselves are so weakly populated
that their contributions to A, and Ag can be neglected.
Then, Eq. (3) simplifies to

B ngA,(g)+n,A,(m)
ng[A,(g)+Agg)]+n,,[A,(m)+Agm)] ’

Sn @)

where the indices g and m refer to the ground state and
to the isomer, respectively.

According to Eq. (4), the populations of ground state
and isomer are decisive parameters for the determination
of the branching factor f,, which depend on the thermal
coupling between ground state and isomer. A general
time-dependent solution of this problem [20] was applied
to '7Lu by Beer et al.'® using Weisskopf estimates with
constant retardation factors for the transition rates.
Since the level scheme was incomplete at that time, only
qualitative results could be obtained in this study.

With the complete level scheme derived in the present
work, the calculation can now be restricted to the
relevant energy levels. In this way, the branching factor
can be given by an analytic approximation, thus avoiding
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the numerical integration of the complex system of
differential equations, which could be described only by
global assumptions on the related transition rates,
anyhow. The notation of Ward and Fowler [20] is largely
used in the following discussion.

B. Evolution of a three-level system to thermal equilibrium

Figure 2 shows a three-level system consisting of
ground state, isomer, and a mediating level i. The evolu-
tion of this system to thermal equilibrium is followed first
without considering the external production and destruc-
tion rates A, Aggs Ay, and A,,,. Changes of the initial
population probabilities are to be expected if the time
constant for approaching thermal equilibrium becomes
comparable to the life times for beta decay or neutron
capture. This time dependence of the population proba-
bilities n can be described by a system of differential
equations:

dn()
7=_pB0in0+(Ai0+pB[O)ni ) (5a)
dn,
2y PBoino—(AigtpBigln; = (A, +pB;p In;
+meinm 4 (Sb)
dn,,
dt =(A;, +pB;y,n;—pB,;n, . (5¢)

The transition probabilities between two levels 1,2 can be
expressed in terms of the Einstein coefficients 4,;, B,;
for emission, and B, for absorption, and of the radiation
density p that follows from the Planck formula. In
thermal equilibrium, the Einstein coefficients are related
by
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B,= A, — ,
PB12 2 expl(E,—E;)/KT]—1 (6a)
B, =B,81/8; » (6b)

where g, ,=2I, ,+1 are the statistical factors according
to the level spins I. These relations are not restricted to
thermal equilibrium, but hold in general as long as the ra-
diation density p in the stellar plasma corresponds to a
Planck distribution. Since the following discussion of
thermal couplings between ground state and isomer in
78Lu always implies rather high photon energies
hv=AE >>kT, stimulated emission can be neglected

compared to spontaneous emission, and Eq. (6a)
simplifies to
g2
PBu:AZI?eXP[—(Ez*El)/kT] . (6C)
1

Solutions of Egs. (5a)—(5¢) can be obtained with the an-
satz n,(t)=c,exp(At) with x =0,m,i. The time con-
stants A are eigenvalues of the Egs. (5a)—(5¢) and are
determined via the characteristic polynomial

AMAZ+A(A;o+ A, ) FpBo; Aipy +pB,ni Aio]1=0 . (7)

with the nontrivial solutions

Aoy=—(A;ot+ 4;,), (8a)
A =_meiAi0+pB0iAim
02 Ai0+Aim
ApAim 8
=——————exp|—(E,—E,)/kT] . (8b)
Aot Aiy 8m P e

The first solution corresponds to the relatively quick re-
laxation of the system if the population of the mediating
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FIG. 2. The possible transitions between ground state and isomer in the presence of a mediating state; direct transitions are forbid-

den by selection rules.
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state exceeds its equilibrium value; the related mean life
time 7; is given by

T =( A+ 4;,,) 7" (8c)

The second solution describes how the populations of the
levels 0o and m approach thermal equilibrium. Defining
the branching ratio of the transitions to the isomer as

V=A,, /(Ap+A,,), (8d)

this time constant can be expressed in terms of measur-
able quantities

_va-p) 24+1
21, +1

A‘OZZ exp[—'(Ei“Em )/kT] . (9)

Ti

The larger this rate Agy,, the more efficient is the coupling
between ground state and isomer. If more mediating
states exist, the corresponding rates can be estimated ac-
cordingly. From Eq. (9) one finds that the mediating lev-
el with the lowest excitation energy is most important for
linking the isomer and the ground state, at least as long
as its half-life is sufficiently short.

In the level scheme of "®Lu, the lowest established
mediating level occurs at 838.6 keV. However, this
I™=5" state does not decay directly to the isomer but by
a cascade that involves other states as well. Therefore,
the above approximation has to be extended in order to
consider the effect of additional levels.

C. The time constant of a four-level system

In Fig. 3, the coupling between ground state and iso-
mer involves two higher lying states, i and k. From the
mediating level i the ground state is reached by a direct
transition, while a two step cascade leads to the isomer.
The notation is the same as used in the previous example.
The population probabilities can be described by a similar
set of differential equations making use of the fact, that
stimulated emission can be neglected:

plv3)By A

Plvy)Bg Aio PV, B Akm

0

FIG. 3. Transitions in a four level system.
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dng,
jdt—:—me-no'f‘ A,»On,- N (10a)
dn;
‘;1‘;=PBOI‘”0‘(AI'0+ Ay n; +pBy;ny (10b)
dnk
7=Aikni_(kai+Akm )nk +meknm s (10c)
dn,,

dt '—“Akmnk_meknm . (IOd)

Since the pB terms are much smaller than the spontane-
ous transition probabilities 4, one obtains a characteris-
tic polynomial

P(A)=MA+ar?+br+c) (11a)
with the coefficients

a=At Ay + Ay, (11b)

b=pBy; Ay +pBy; Aiot A ( Ay + Aj0) , (11c)

c=pB,pB; Aot pBo; A Aitc - (11d)

The solutions to this polynomial can be determined
analytically, but are rather complex; in particular, they
may contain small differences of big numbers, which
complicate a reliable treatment. This holds for the nu-
merical solution on a computer as well. Instead, we pro-
pose a simple approximation that has been found to work
satisfactorily.

We are looking for the smallest eigenvalue |Ay70,
which determines the slowest time dependence of the sys-
tem. If this solution A, is sufficiently small, higher order
terms in A can be neglected and one obtains

c

A,():A.a - ; .
This result is a good approximation for the true solution
if the coefficients of P (A) satisfy the conditions

(12a)

< _

>
4%

1Aql (12b)

e=% «1. (12¢)
b2

These conditions imply P(A,)>0 and P(A,[1+¢]) <0,

so that the maximum error of the approximation is then

AA/A=¢g. This approximation can be checked by trans-

forming the coefficients into an expression that contains

measurable quantities.

a=A;+ Ay, , (13a)

b=A;A4,, +A,.2V(1—V):—"exp[—(E,.—Ek)/kT] ,
k
(13b)
c=A} Ay, V(l—V)gg—iexp[—(Ei—Em)/kT] . (13¢)

m

Here, A;= A;y+ A, is the inverse lifetime 7; of level i, V
is again the branching factor defined corresponding to
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Eq. (8), and A4,,, is the inverse lifetime of the level k. It
can be shown [21] that both conditions [(12a) and (12b)]
are satisfied by these coefficients, so that one obtains final-
ly

Ay, A,V (1— V)gg—iexp[ —(E,—E, )/kT

m

ho=—

Ay + A, V(1— V)j—iexp[ —(E,—E,)/kT]
k

(14)

Depending on the terms in the denominator, two extreme
cases can be distinguished. For sufficiently large transi-
tion rates between the intermediate level k and the isomer

Ay, >>LA=D & (B, —E/kT],  (15)
Ty 8k
one obtains
AO=—-@§—iexp[—(Ei—Em)/kT], (16)

identical to the solution for the three-level system. This
means that the intermediate state k has no impact as long
as it decays rapidly enough to the isomer. The other ex-
treme corresponds to a particularly long life time of level
k,i.e.,

4, <IN 8 —(E,—E)/kT]. A7)
T g
In this case, the solution
-
s 431.3 30
& 312,57 )Yy 38686
2- 3053 3*/299.4
(o 236.8 2% 33.1
T 235.8 1L 194.4
1” 122.9
-
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g
Ao=— A, g—k—exp[—(Ek—Em)/kT] (18)

m
implies that the time constant for approaching thermal
equilibrium is determined by the half-life of level k, the
properties of the mediating state i being no longer
relevant.

D. The coupling via the 838.6 keV state

The time constant for approaching thermal equilibri-
um between ground state and isomer for ®Lu can now
be derived from the completed level scheme. The astro-
physically important part of the level scheme (see paper
I) with the relevant transitions from the lowest mediating
state at 836.6 keV is plotted in Fig. 4. (Weak transitions
have been omitted in Fig. 4 for better readability). The
decay of the 838.6 keV state is dominated by the direct
E?2 transition to the ground state. Towards the isomer,
there is a transition to the 4~ bandhead at 722.9 keV,
which decays predominantly to a 3~ bandhead at 658.5
keV. From there, the gamma cascade includes at least
one additional level, but the strongest transitions run
across several states.

The half-life of the 658.5 keV level has been measured
to t,,,=6.5793 ns (see paper I, Sec. IIIE). The 722.9
keV level is also a bandhead, for which a half-life of <2
ns was determined. The influence of that level on the
time constant A, needs to be considered, since it acts as
the fourth level in Fig. 3. Its decay can be approximated
by a direct transition to the isomer at 122.9 keV.

Limits for the half-life of the mediating state at 838.6
keV are available from two experiments: The observation

S 8386

1 122.9
658.4

3.9

g 1841

\/ T o

FIG. 4. The relevant part of the level scheme of "®Lu for the discussion of thermally induced transitions between ground state and
the isomer at 123 keV. The 5~ state at 838.6 keV, which belongs to the K"=4" band, acts as the main mediating level, since it con-
nects the two states by allowed transitions. If K-forbidden transitions also contribute; the 437 keV member of the 0~ band may be
important as well.
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of delayed coincidences (paper I, Sec. III E) yields an
upper limit of 0.3 ns corresponding to the sensitivity of
that technique. A lower limit of >2.5 ps can be derived
from the line shape of a high resolution measurement
with the spectrometer GAMS4 [22], which did not show
any Doppler broadening as it is observed for shorter lived
states. The branching ratio is determined by the mea-
sured gamma intensities in the level scheme (paper I,
Table II). However, two of the transitions to the isomer
could not be assigned unambiguously. Therefore, the
branching factor is found to range between a lower limit
V' =0.022, corresponding to the assumption that only the
transition to the bandhead was properly assigned, and an
upper limit, ¥=0.055, if the two less well-established
transitions are included. Then, one finally obtains

V(l—V)
Ti
At stellar temperatures corresponding to a thermal ener-

gy of kT =25 keV typical for an s-process environment it
is

7X107 < <2X1010 g1, (19)

2I,+1

_— —(E;,— =0.012 .
2Ik+1exp[ (E;—E,)/kT]1=0.0 (20)

These experimental results can be used to verify the ap-
proximate solutions for the time constant of the four-
level system. According to Eq. (15), the 722.9 keV state
has negligible influence if it is sufficiently short-lived.
The respective limits depend on the assumed half-life of
the 838.6 keV state i and are

Tk <<l pus for t;,=0.3ns and kT =25 keV,
7, <<7ns for t;,=2.5ps and KT=25keV,

where 7, = A4, is the mean life time of state k. Since the
measured half-life of the 722.9 keV state is only ~3 times
shorter than the 7 ns limit, the second inequality is not
strictly valid. However, at the quoted thermal energy of
25 keV, where thermal equilibrium is almost complete,
the three-level solution differs only by ~20% from the
four-level case. With decreasing temperature, the in-
equality is practically always satisfied. Hence, the three-
level solution can be used as a good approximation in the
relevant range for s-process studies. This means that the
scheme of Fig. 2 can further be used for deriving the time
constant A,.

In the same way, the influence of all other levels in the
decay chain from the 838.6 keV state to the isomer can be
investigated. With decreasing excitation energy, these
levels can be increasingly long-lived without affecting the
validity of the approximation for A,. In particular, this
has been verified for the band heads at 658.5 and 194.4
keV with life times of 6.5 and 35 ns. Consequently, the
thermal coupling of ground state and isomer under typi-
cal s-process conditions is exclusively determined by the
properties of the 838.6 keV state. Limits for the time
constant, by which the closed system approaches equilib-
rium are obtained by means of the estimates for the life
time 7; of that level:

1.3X107%< |yl <7X 1073 s at kT =25 keV .

N. KLAY, F. KAPPELER, H. BEER, AND G. SCHATZ 44

This time constant, which describes the effect of internal
electromagnetic transitions, is now to be compared with
the external production and destruction processes by beta
decay and neutron capture.

E. Neutron capture and beta decay rates
The beta decay rate of the isomer is
Ag=In2/t,,=5.2X10"°s"".

The neutron capture rate of the ground state depends on
the neutron density »n, and can be expressed as

A, =nuup{o), 21

where v is the mean thermal velocity at temperature T,
and (o) denotes the Maxwellian-averaged neutron cap-
ture cross section for the stellar spectrum. With
0 =1718+85 mb from Ref. [11] and n,=(3.4+1.1)X 10?
cm ™3 from Ref. [27] one finds

A, =(1.4+0.5)X1077 s '=4 yr~!.

The neutron capture rate of the isomer and the beta de-
cay rate of the ground state can be neglected, since they
are much smaller than the respective competing process-
es.

If the system were closed, it would approach equilibri-
um with a time constant that, in any event, is not smaller
than |Ay|. However, at kT =25 keV this time scale is
much shorter than the inverse neutron capture rate of the
ground state, but comparable to the half-life of the iso-
mer. This means that the population probabilities will be
affected by temperature. Since the beta decays from the
isomer are not negligible, the system is not closed, and
thermal equilibrium must not be attained necessarily. In-
stead, a different equilibrium situation will be achieved on
a time scale that is large compared to that defined by
|Aol 71, provided that the external conditions are stable.
This stability could imply constant neutron density and
temperature or the repeated s-process pulses suggested by
stellar models for helium shell burning in AGB stars. In
such environments, the equilibrium is determined by the
interplay between internal transitions and external
production/destruction processes.

F. The branching factor at equilibrium

The general time dependence upon inclusion of exter-
nal processes is obtained by solving the differential equa-
tions for a three-level system (Fig. 2); the terms for stimu-
lated emission can be neglected for the reason discussed
before

dn
Tt" = —pBono+ Ain; —Aogno+Amn, 5 (22a)
dn;
ar =pBoing— Aigh; — Aipy i +pBypiny, (22b)
dn,,

i —pB,in, + Ajpn; —Apgn, A0, . (220)

The equilibrium solution requires dn /dt =0, and the re-
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sulting system of three linear equations can be solved for
n,, /ngy:

ny,

ng

_ VpBo+(1—B,

"~ (1—V)pB,,; +BAg 23

equilib

In calculating the ratio of the population probabilities,
n, /ng, the absolute production rate (A,, +2,0)n, can-
cels out and is replaced by the relative production rate
Ao
ApotApm

B d (1—B) Ao (24)
= an - - .
Aot A,

The ratio B corresponds to the partial capture cross sec-
tion of Lu to the isomer in 7®Lu, which has been
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remeasured recently for a stellar neutron spectrum with
improved accuracy [8] to

O.(g)

=0.111+0.04 .

O total

This result differs significantly from an older value
B=0.36 that was used in previous s-process analyses
[11-13], and is in perfect agreement with the partial
cross section at thermal energies, that is deduced from
the present level scheme.

With the solution for the equilibrium population of iso-
mer and ground state it is possible to calculate the s-
process branching factor f, as well. Since k}f) << A& and
Am <<Ag™, Eq. (1) can be rewritten to express f, as a
function of neutron density n, and temperature 7T

(25)

’

J
Alm)
—_ B m
ik, T)=1+ -
n n }\’" no
1 8i
g V=W lgexp[_Ei/kT]+(1—B)Uann
=1+
ovrh,

mhvmiﬁmmﬂa—m

m

which is determined by the properties of the mediating
state at 838.6 keV. With the limits for the neutron densi-
ty derived in Ref. [4], 2.3 X108 <n, <4.5X10% cm 3, the
calculation yields the shaded band in Fig. 5 that can be
subdivided into three regions:

(i) At low temperatures, the branching factor is com-
pletely determined by the ratio B, i.e., by the partial and

)/kT]+BAg™

total neutron capture cross sections of !”’Lu. Induced
internal transitions are too weak to have a noticeable
effect on the branching.

(ii) Between 200 and 300 million degrees, thermally in-
duced transitions cause drastic changes in the population
probabilities of ground state and isomer, leading to
significant feeding of the ground state. It is due to this

1.0

0.8

o
(o2}

0. 4+

BRANCHING FACTOR f,
o
e

0.0

TEMPERATU

RE (108K)

FIG. 5. The branching factor f, as a function of temperature. The transition between the low temperature regime, characterized
by the initial population probabilities due to neutron capture, and the high temperature regime, where complete thermal equilibrium
is achieved, occurs at 200 to 300 million degrees (for details see text).
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effect that more "SLu is observed than would be created
in a “cool” environment. In this range, internal transi-
tions, beta decays, and neutron captures are equally im-
portant.

(iii) For temperatures higher than 300 million degrees,
the relative populations of ground state and isomer corre-
spond to thermal equilibrium, since now the internal
transition rates are much larger than those for beta decay
or neutron capture.

G. Comparison with solar abundances

Knowing the temperature dependence of the branching
factor f,, the observed 1761 11 abundance can be discussed
in terms of a chronometer or a thermometer for the s
process. At first, a clear lower limit for f, can be es-
timated from the observed solar abundances of '7°Lu and
76Hf via Eq. (1):

- (o )N('"® Lu) _
"7 (o)N('SLu)+ (o )N(7¢ Hf)

Here, N denotes the abundances produced during the s
process. Until now, the abundance of "Lu has de-
creased by radioactive decay, and this fraction of decayed
176 u represents the relevant input parameter for a deter-
mination of the s-process age.

In turn, this fraction can be constrained by comparison
with the age of the solar system. The s process being
definitely older than the solar system yields

N('78 Lu) > Ngexp[Agty ]

(26)

where t,,; =4.6 X 10° yr is the age of the solar system, and
Ng is today’s '"®Lu abundance. The ratio of the solar
element abundances of Lu and Hf has been determined
rather accurately to Ng(Lu)/Ng(Hf)=0.243£0.008
[11]. This implies an isotopic s-process abundance of

N(%Lu)/N (17 Hf)>0.138

at the formation of the solar system, if a 3% correction
for a possible p-process contribution to the "°Hf abun-
dance is allowed for. With the cross section ratio
(o Y(""Lu) /{0 )(17¢ Hf)=3.32, one obtains eventually a
lower limit for the branching factor

fmin=0,31 .

This value is included in Fig. 5 to demonstrate that the
observed !"Lu abundance definitely requires thermal
effects to operate during the s process. In the region,
where f,, is independent of temperature, the small partial
cross section to the ground state would result in an un-
derproduction of !7Lu by at least a factor of 2 compared
to its observed abundance.

The onset of thermally induced transitions between iso-
mer and ground starts first by transforming part of the
176Lu™ population to the ground state before it can beta
decay. In this way, the ®Lu abundance increases with
temperature until the photon bath is hot enough to com-
pensate for the different energy steps from the isomer and
the ground state to the mediating level. In that limit,
thermal equilibrium is established, which can be de-
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scribed by Eq. (4) with n,, /n,=(g,, /g8¢)exp[ —E,, /kT]:

A0+ 7 exp[ — B, /kTIAL™
7= p 8o .oen
A+ Em—exp[ —E,, /kTY A+ 215"
0

For the hypothetical case, that thermal equilibrium
would prevail already at low temperatures, Eq. (27) shows
f,. approaches unity as T drops to zero (dotted lines in
Fig. 5); this solution would greatly overproduce "Lu8
while "°Hf would be bypassed in the s-process neutron
capture chain.

To summarize this important point it is to be stressed
that the initially high population of "Lu”, as it results
from the neutron capture reaction, is strongly reduced at
sufficiently high temperatures. Above ~200 million de-
grees, the stellar photon bath becomes energetic enough
to change the initial populations towards thermal equilib-
rium between ground state and isomer via the mediating
level at 838.6 keV; this results in a sharp rise for the pop-
ulation of the ground state, and hence of the branching
factor, f,. If thermal equilibrium is fully established, the
population probability of the isomer rises with increasing
temperature, and the branching factor decreases again.

Consequently, there is a certain temperature range,
where just the right amount of 7°Lu® is produced to ac-
count for the presently observed abundance. With the
lower limit for f, determined above, 76 u can be inter-
preted as a sensitive thermometer: Fig. 5 shows immedi-
ately that the allowed temperature for the s-process
ranges from 2.4 X 108 to 4.4 X 10% K.

H. The branching factor from s-process systematics

The temperature limits for the s process can be restrict-
ed further by deducing the branching factor f, from the
description of the o N( 4) curve via the so-called classical
approach. In the framework of this model, a formal solu-
tion for f, has been given by Beer et al. [11], which is
presented on the basis of the input data discussed above.

The entire s-process flow through mass 176 is given by

F(A)=({0)IN)76=(o )N Lu)+ (o )N(7® Hf) .
(28)

Starting at ¢ =0 from today’s solar abundances N the
actual abundances produced in the s process are obtained
by means of the radioactive decay law. Going backwards
in time, the abundances were

NLu(t) =NLu’®exp[A.t ]
and (29)
Ny ) =Ny 0 —(exp[At]—= DN, o -

In this discussion, the indices Lu and Hf denote always
76y and '7°Hf, respectively. Since f( A) is known from
systematic studies [4], Egs. (28) and (29) can be solved for
[Az]:



I®

fA)— (o) ydNyso+Niyo)
(o >Lu_<U>Hf)NLu,®

exp[At]= (30)

Obviously, it is important for deducing [Af] that "Lu
and "Hf do have different stellar cross sections, so that a
characteristic abundance pattern in the 4 =176 branch-
ing can evolve. The branching factor can be expressed by
Eq. (30)

_ (o)1 Ny eexp[Ar]
Sn= F(A)

1—(o )Hf(NHf,O +NLu,®)

- f(4) . (31)

_ (U)Hf
<0'>Lu

The experimental input data for calculating f, are the
cross sections at kT'=30 keV. 0y,=1537+60 mb and
our=458+20 mb [11,23,24] as well as the observ-
ed solar abundances, Nip,@=0.000984+1.3% and
Nyro=0.00802+1.9% [10]. Adopting the value for
f(A)=({0 )N );74=7.08+0.38 at kT =30 keV from Ref.
[4], one obtains the branching factor including the uncer-
tainties of all input data:

f,=0.57+0.10 .

This result is given in Fig. 5 as the hatched band; from its
overlap with the band for f,(T), the possible range for
the s-process temperature reduces to

2.4X108<T<3.6X10®K .
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I. '7%Lu as a chronometer

Since the branching at 4 =176 has been found to de-
pend crucially on temperature, it is certainly very difficult
to answer the question of a further interpretation of "°Lu
as a chronometer. This is best illustrated by solving Eq.
(30) for the beta decay rate of the "Lu ground state,
which yields an s-process age

44X 108<t<61X10° yr .

The evident discrepancy between this result and other
determinations of cosmic ages can only be explained by
assuming that the decay of !"Lu was accelerated for
some time, possibly even after its production in the s pro-
cess. The respective temperature dependence of the "°Lu
half-life can now be calculated on the basis of the comp-
leted level scheme.

J. The temperature dependence of the beta decay rate

In the absence of neutrons, the beta decay of "®Lu can
be described again by means of the three-level system of
Fig. 2. After termination of the neutron exposure, there
is no more production of "Lu (Apo=A,,, =0), and de-
struction occurs only by beta decay (}\011:7\(50);
kmd=k§;’")). Because of the beta decay, the populations
of ground state and isomer exhibit a continuous decrease
that can be described by the differential equations
(22a)—-(22¢) with the above modifications, using the an-
satz n, (t)=c,exp(At) with x =0,m,i. The solution for
the ground state decay [21] is

no(t):NLuexp( _)Vot) ) ' (32)

where the beta decay rate of !"Lu, A, includes the effect
of thermal couplings between ground state and isomer,

(s Ay WA+ A Ay | -exp(— Ey /RTING? + 2 expl —(E, — E,, ) /KTIAfP
0

Ao T)=

m

(33)

g‘
(Aot A AY™ + A,.OA,,,,.g—’exp[ —(E;—E,,)/kT]
m

From this expression for A,(T), two extreme cases can be
distinguished. First, for very low temperatures one ob-
tains the beta decay rate of the ground state, }»0=k‘ﬁg’,
since thermal effects can still be neglected. Second, at
very high temperatures, Eq. (33) reduces to

Ao T)=x;3m>—gg—'"—exp( —E,, /KT) . (34)
0

In this case, thermal equilibrium is attained and the inter-
nal couplings are much faster than beta decay from the
isomer.

For the astrophysical discussion it is now very impor-
tant that thermal equilibrium is reached only at a certain
temperature. Thus, how equilibrium is approached de-
pends again on the properties of the mediating state.

With the experimental life time limits for the level at
838.6 keV, one arrives at the temperature dependence of
the 7®Lu half-life plotted in Fig. 6 as the shaded band.
Note the extremely sharp decrease of ¢;,, over 10 orders
of magnitude that is completely determined by the limits
for the lifetime 7;. Presumably, this pronounced temper-
ature dependence makes "Lu a sensitive probe for the
temperature profile and the time scale for dredge-up of
freshly synthesized material from the stellar s-process site
to cooler zones in the convective envelope.

Figure 6 also contains this case, if there were a fast
direct transition between isomer ground state. Then,
thermal equilibrium would always be complete, and the
half-life would be reduced already at much lower temper-
atures (dotted line). The indirect coupling via the 838.6
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keV state bears, therefore, important consequences for
the stability of '’°Lu at high temperatures.

K. The influence of K forbidden transitions

So far, all calculations were only based on the mediat-
ing state at 838.6 keV. The influence of the next media-
tor at 921.5 keV is already much smaller due to its higher
excitation energy, since the lifetime of this level is similar
to that of the 838.6 keV state (paper I, Sec. IIIE). This
appears plausible, since the two states differ neither in
their spins and K quantum numbers nor in their decay
systematics. Hence, among the well-established mediat-
ing levels, the 838.6 keV state certainly dominates the
thermal effects in 7°Lu.

For a thorough discussion, two remaining questions
have to be addressed. First, the level scheme may con-
tain an undetected mediating level at lower excitation en-
ergy, which could give rise to an enhanced thermal cou-
pling. The comparison with model calculations has
demonstrated, however, that the present scheme can be
considered to be complete for levels of intermediate spin
up to 900 keV. Second, the branching ratio V for one of
the known levels may be so small that only the strongest
transition in one of the partial level schemes was found,
but that a mediating transition fell below the sensitivity
limit of the spectrometer. Such transitions from one of
the lower lying states would be K forbidden, and their
possible influence must be considered in more detail.
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FIG. 6. The temperature dependence of the "°Lu half-life.

N. KLAY, F. KAPPELER, H. BEER, AND G. SCHATZ 44

A rough calculation using Weisskopf estimates [25] for
the transition rates in combination with K-hindrance fac-
tors, §=10"2AK~Ll shows that the 5~ member (at 437
keV) of the K"=0" band (Fig. 4) would provide the most
efficient connection between ground state and isomer;
however, it also shows that the effect of all K-forbidden
transitions is considerably smaller than the coupling via
the 838.6 keV level. The influence of these transitions is
indicated in Figs. 5 and 6 by dashed-dotted lines. Obvi-
ously, the resulting branching factor f, would be too
small to account for the observed "°Lu abundance (Fig.
5). As far as the half-life of 7Lu is concerned (Fig. 6),
one finds an effect already at somewhat lower tempera-
tures, but the K-allowed transitions take over long before
the beta-decay half-life has reached the typical time scale
for neutron captures of ~0.1 yr.

However, experimental E2 intraband transitions are
often orders of magnitude larger than the Weisskopf esti-
mates. This fact is confirmed by the measured E2/M1
mixing ratios in "’Lu. For example, comparison of a
known E2 contribution in the K =0 band with the
Weisskopf estimates for M1 and E2 transitions yields an
E2 enhancement of ~600. Also the energy dependence
for the E2 rates differs from the E *Sr slope predicted by
the Weisskopf estimate. This is illustrated by the obser-
vation that the well-defined E2/M1 ratios in a K"=1"
band are energy-independent. Since the expected E f,
dependence for M1 transitions is experimentally verified
by observed branching ratios, the collective E2 intraband
transitions obviously exhibit the same E ?, dependence.

A modified empirical estimate for the rate of the K-
forbidden 437.3 keV E2 transition from the above men-
tioned 5~ member to the ground state was determined by
multiplying the Weisskopf rate for a M1 transition with
the E2 /M1 mixing ratio measured in the K =0 band; in
this way, one obtains an enhancement factor of ~200. If
this modified rate is again scaled with the K-hindrance
factor 8, one now finds that the K-forbidden transitions
are almost as efficient in thermalizing "®Lu as the al-
lowed transitions via the 838.5 keV state (dashed lines in
Figs. 5 and 6). In the relevant temperature range, howev-
er, the thermal effects are still dominated by K-allowed
transitions, since they determine the beta decay half-life
whenever it falls low enough that competition with (n,7)
reactions becomes important.

The two estimates for the rate of the ground state tran-
sition from the 437 keV level may be considered as lower
and upper bounds, both indicating a rather small
influence of that level. The systematics of K-forbidden
transitions [26] does also not suggest a considerably
smaller K-hindrance than the adopted factor,
§=10"212K—Ll Hence, it appears most likely that the
thermally induced equilibration between ground state and
isomer in !"®Lu is, indeed, dominated by allowed transi-
tions via the 838.6 keV state.

III. CONCLUSIONS

The thermal enhancement of the beta decay rate of
76 u and its consequences for the stellar production of
that isotope could be discussed quantitatively on the basis
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of detailed experimental information of the level scheme.
It was found that the thermal coupling of ground state
and isomer in "°Lu is determined by only two levels: (i)
an I™=5", K =4 state at 838.6 keV, for which the medi-
ating transitions were found experimentally, and (ii) an
I™=5", K =0 state at 437.3 keV. The influence of the
second state depends strongly on the assumption for the
rate of its K-forbidden ground state transition. With an
improved estimate based on observed E2/M 1 mixing ra-
tios one finds that the second level may also contribute
significantly to the thermal coupling. However, the
thermal effects appear likely to be dominated by allowed
transitions via the 838.6 keV state, at least in the temper-
ature range of interest for the s process.
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As a consequence of the coupling between ground state
and isomer, the s-process production of ®Lu becomes a
sensitive function of temperature. Competition between
beta decays and neutron captures at ’°Lu results in an s-
process branching that can, for the first time, be de-
scribed quantitatively. It is found that its original abun-
dance is determined by the neutron densities and temper-
atures at the s-process site, and remains, therefore, too
uncertain for using ®Lu as a chronometer for the age of
the s-process. Instead, it can rather be considered as a
suitable s-process thermometer, yielding a temperature
range between 2.4X10% and 3.6 X 10® K, in good agree-
ment with similar estimates from other s-process branch-
ings and with current stellar models [27].
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