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Neutron activation measurements on natural tellurium

R. Reifarth* and F. Käppeler†

Forschungszentrum Karlsruhe, Institut fu¨r Kernphysik, Postfach 3640, D-76021 Karlsruhe, Germany
~Received 8 May 2002; published 27 November 2002!

Natural tellurium has been activated with thermal neutrons (kT522 meV) and with quasistellar neutrons
(kT525 keV). By analyzing the ground state decay of the odd isotopes as a function of time, information on
the partial capture cross sections to the isomeric states could be determined with systematic uncertainties of
3–8 %. Additionally, the decay parameters of some isomers could be significantly improved. These results are
of relevance fors-process nucleosynthesis.
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I. INTRODUCTION

Neutron capture on the even tellurium isotopes popula
either the ground states or the isomers of the odd reac
products, which are located around 100-keV excitation
ergy. For thermal neutrons~22 meV! the partial capture cros
section to the isomer is about ten times smaller than the c
section to the ground state. This large difference complica
a reliable experimental determination of their ratio, which
interesting from the astrophysical point of view.

At the high temperatures during He burning in asympto
giant branch~AGB! stars, where neutron capture nucleosy
thesis of the slow process (s process! takes place, the de
population of isomeric states can be dramatically accelera
The mechanism for this enhancement is provided by the
ergetic thermal photon bath which can populate exci
nuclear states up to 1 MeV. Starting from an isomer, it m
well be possible to reach levels with a non-neglible dec
branch to the ground state. If the ground state has a s
half-life—like all the unstable odd Te nuclei unde
consideration—the isomer can be efficiently destroyed
fore it can capture a neutron, and has therefore no co
quence for the reaction flow. However, if the isomer is n
destroyed, it may act as a branching point in the reac
path, as discussed below. Whether such mediating states
be reached depends on their excitation energies as well a
the prevailing temperature.

Present stellar models@1,2# are describing thes process in
the Te-I-Xe region to occur by alternative neutron product
at temperatures ofT851 andT853 ~units of 108 K), cor-
responding to thermal energies of 8 and 25 keV, respectiv
Depending on the position of the lowest mediating state,
may imply for some isotopes that ground state and iso
are not in thermal equilibrium, at least at the lower tempe
ture. Therefore the partial stellar~n,g) cross sections o
126,128Te have been studied for a complete description of
interesting branching at128I.

As shown in Fig. 1 thes-process reaction flow between T
and Xe is characterized by a sequence of neutron capture
the stable isotopes. At the unstable isotope127Te, however, a
small branching of the path may result from the competit
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between the dominantb decay and possible neutron captur
on the 109-d isomer. A branching of different nature occ
at128I where the competition is between theb2 and electron
capture~EC! decays. The combined strength of these bran
ings is defined by the abundances of thes-only isotopes
128Xe and 130Xe, since the first one is partially bypassed
the reaction flow. TheA5128 branching is appealing sinc
the half-life of 128I is far too short for neutron captures, thu
being an indicator for the temperature- and dens
dependent interplay between its weak interaction rates, c
pletely independent of the stellar neutron flux. In this co
text, the branching at 127Te constitutes a necessa
correction. The half-life indicated in Fig. 1 was derived u
der the assumption that the population of ground state
isomer are completely determined by the equilibrium b
tween excitation via thermal photons and the correspond
decays@3#. This potential correction for the branching
127Te motivated the measurements at thermal and stellar
ergies described in Sec. II. The respective data analyses

FIG. 1. Thes-process reaction path between Te and Xe. In c
trast to 130Xe, 128Xe is partly bypassed due to the interesting te
perature dependent branching at128I and the possibly small branch
ing at 127Te. Both Xe isotopes are shielded againstr-process
contributions by their stable Te isobars. If it would be possible
neglect the branching at127Te, one could draw conclusions abo
the temperature during thes process, since the branching at128I
results from the competition betweenb2 and electron capture de
cays and is completely independent of the neutron flux. The in
cated half-life of 127Te corresponds to complete thermal equilibr
tion of ground state and isomer~see text!.
©2002 The American Physical Society05-1



rie

c
io
:
th

b
ig
d

de
n
i

n

he
p
a
th

in
io

in
m
th
ti

ts
th

ic

c-
T

e
s

x

ac-
ors

ls

n

to
the

at
ng-
the

ell
ints

and
nge

rried
ing
e
ith a
is

was
nts

10
he

n-
-

s
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results are presented in Secs. III and IV, followed by a b
outline of the astrophysical impact in Sec. V.

II. EXPERIMENT

If neutron capture produces an unstable isotope the a
vation technique provides a powerful tool for cross sect
measurements. This technique offers a twofold advantage~i!
It does not require isotopically enriched samples since
capture reactions can be identified viag spectroscopy of
transitions in the decay of the product nuclei.~ii ! It allows us
to achieve very good sensitivity since the irradiation can
performed in high neutron fluxes and since comparably h
detection efficiencies can be obtained with large HPGe
tectors.

A. Sample preparation

The samples were pressed from natural tellurium pow
For better stability a 1:1 mixture of tellurium and carbo
powder was used for producing sample disks of 6 mm
diameter at a pressure of 1 GPa. The samples were mou
between Kapton foils, which were stretched over thin alum
num frames. By using a special tool for centering t
samples with respect to the aluminum frames, the sam
position was reproducible within 0.1 mm during the activ
tion at the Van de Graaff accelerator as well as during
activity measurement.

B. Activation with thermal neutrons

An activation with thermal neutrons were carried out
order to determine the stellar cross sections in the keV reg
relative to the well known thermal cross sections. In us
the same samples and detection techniques, many syste
uncertainties can be avoided or significantly reduced. In
context of stellar nucleosynthesis it is important to inves
gate the partial capture cross sections of126Te and 128Te,
since the respective isomers may act as branching poin
the reaction flow. Moreover, even at thermal energies
isomeric ratios

IR5
partial capture cross section to isomer

total capture cross section

of some Te isotopes exhibit significant discrepancies wh
are important to resolve@4,5#.

The activation was carried out at the TRIGA-HD II rea
tor of the German Cancer Research Center, Heidelberg.
flux at the internal irradiation position used wasF th
51011 cm22 s21 with an epithermal component of 5%. Th
number of activated nucleiA11N can be expressed in term
of the thermal cross sections th , the resonance integralI res ,
and the ratio between epithermal and thermal neutron flur,

A11N5 AN•~F ths th1FepiI res!5 AN•F ths thS 11r
I res

s th
D ,

where AN is the number of atoms in the sample.
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The epithermal as well as the thermal flux during the
tivation can be measured by using different neutron monit
with different ratiosI res /s th . In order to characterize the
situation at the TRIGA-HD II reactor, Sc, Co, and Au foi
were chosen for this purpose~Table I!. Assuming constant
neutron flux, the number of activated nuclei is

A11N~ ta ,tw!5 A11N
12e2lta

lta
e2ltw,

wherel is the decay constant of the produced isotope,ta the
activation time, andtw the waiting period between activatio
and the start of the activity measurement.

The induced activities were measured with a 40-cm3 co-
axial high purity germanium detector~ORTEC!. In the be-
ginning the spectra were stored in intervals of 20 min
record the decay of the shorter-lived isotopes, but later on
intervals were extended to 2 h. Even with the smallg inten-
sities of the odd tellurium isotopes, the activities produced
the reactor were high enough to detect the decays of lo
and short-lived isotopes with the same detector, keeping
systematic uncertainties small.

The detection efficiency was calibrated with a set of w
definedg sources. Above 120 keV, the measured data po
could be represented by a fit according to

e~Eg!57.0•Eg
21.3.

Figure 2 shows the excellent agreement between this fit
the calibration measurements over the entire energy ra
from 120 to 2000 keV.

C. Activation with stellar neutrons

The measurements at keV neutron energies were ca
out at the Karlsruhe 3.7 MV Van de Graaff accelerator us
the 7Li( p,n)7 Be reaction for neutron production. Befor
each run, the accelerator was operated in pulsed mode w
repetition rate of 1 MHz and a pulse width of 10 ns. Th
allowed to define the neutron spectra via time of flight~TOF!
by means of a6Li glass monitor located 1 m downstream of
the neutron target. For the activations, the accelerator
switched to direct current mode for achieving beam curre
around 100mA. In this mode, the6Li glass monitor was
used for recording the neutron yield in regular intervals of
min. The resulting time history was used for evaluating t
proper corrections for the decays during activation,f b @7#.

A quasistellar distribution corresponding to a thermal e
ergy of kT525 keV, which is representative of typical He

TABLE I. Monitor data for the activation with thermal neutron
~Ref. @6#!.

Isotope Weight s th Uncertainty I res Uncertainty
~mg! ~barn! ~%! ~barn! ~%!

45Sc 1.69 27.2 0.74 12 4.2
59Co 0.0286 37.18 0.16 74 2.7

197Au 0.103 98.65 0.09 1550 1.8
5-2
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NEUTRON ACTIVATION MEASUREMENTS ON NATURAL . . . PHYSICAL REVIEW C 66, 054605 ~2002!
burning sites, was used in these activations. The spec
was obtained by bombarding thick metallic lithium targe
with a proton beam ofEp51912 keV, just above the neutro
production threshold at 1881 keV. With this choice, all ne
trons are emitted in a forward cone of 120° opening ang
The angle-integrated spectrum provides a good approxi
tion of the thermal case, but is truncated at 106 keV@7,8# as
illustrated in Fig. 3. The proper proton energy is verified v
the 106 keV cutoff in the TOF run with the6Li glass moni-
tor. The samples were sandwiched between 25-mm-thick
gold foils determining the neutron exposure, since both
stellar neutron capture cross section of197Au @8# and the
parameters of the198Au decay @9# are accurately known
Two activations with different irradiation times were carrie
out to account for the different half-lives of the produc
isotopes.

Compared to the activations with thermal neutrons, b
the neutron flux and the cross sections were consider
smaller in the keV region. In order to detect the correspo

FIG. 2. The detection efficiency versusg-ray energy of the ger-
manium detector used for the activity measurements after the r
tor activations as well as for counting the gold foils used during
activation with stellar neutrons. The solid line shows the le
square fit for energies above 120 keV, used for interpolation
tween the data points.

FIG. 3. The neutron spectrum used for the activations at the
de Graaff accelerator. The experimental spectrum given by the
togram represents a good approximation of a thermal spectrum
kT525 keV ~solid line!.
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ingly smaller induced activities, an efficient counting syste
was used in these cases, which consisted of two Clover
HPGe detectors facing each other in close geometry.
Clover detectors~Eurisys Mesures! are an assembly of fou
independentn-type Ge crystals in a four-leaf clover arrang
ment with 0.2-mm gaps in between. The originally cylind
cal crystals with 50-mm diameter and 70-mm length a
shaped as shown in Fig. 4, leaving an active volume of ab
145 cm3 per crystal. The crystals are held from the re
through a steel rod of 1-mm diameter and about 35-m
length and are enclosed in a cryostat with a 1-mm-thick a
minum window 5-mm in front.

The individual Ge crystals have a resolution of typica
2.0 keV at 1.33 MeV. At 122 keV, the peak-to-Compton r
tio is '45. The detector can be operated either insingle
modeby considering the signals from each crystal indep
dently or incalorimetric mode, when coincident signals from
different crystals are added off-line. In this way Compto
scattered events can be restored in the sum spectrum i
scattered photon is detected in one of the neighboring c
tals, resulting in a significantly higher photopeak efficienc

The detector signals were recorded on PC using the
acquisition system MPA-WIN~FAST Comtec!. The respec-
tive energy signals were processed in the usual way by s
troscopy amplifiers and analog-to-digital converters~ADC!
with fixed conversion times of 800 ns. The data were sto
event by event for off-line analysis. A threshold level
20 keV was set for each ADC.

In view of the low count rates expected for the activati
of the isomeric states with very lowg intensities, the two
Clover detectors were arranged face-to-face with a dista
of only 3-mm, which corresponds to 13-mm distance of t
crystals themselves. The sample was exactly centered in
gap by means of a special holder. For this very close ge
etry the total and peak efficiencies of the Clover system w
determined in the range from 50 to 1200 keV using a se
calibrated sources. Measurements were performed at 59
( 241Am), 88 keV (109Cd), 662 keV (137Cs), 835 keV
( 54Mn), and 1115 keV (65Zn). For the last two sources, th
cascade-summation effect with x rays had to be conside
and was calculated with the codeCASC @10#. Typical uncer-
tainties of the measured efficiencies are 2% including
statistical and systematic effects.

c-
e
t
-

n
is-
or

FIG. 4. Arrangement of the Ge crystals and the sample in
face-to-face arrangement of the two Clover detectors used
counting the weak activities obtained with keV neutrons.
5-3
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R. REIFARTH AND F. KÄPPELER PHYSICAL REVIEW C66, 054605 ~2002!
The measurements were supplemented by a Monte C
analysis made with theGEANT code @11#. The geometry of
the system, including the source holder, was carefully sim
lated in the calculations. The resulting efficiency for a sin
crystal is plotted in Fig. 5. The lower curves correspond
the average photopeak efficiency and the upper curves s
the calorimeter mode efficiency when coincident events
the other seven crystals are considered. The efficiencie
the individual crystals do not differ by more than61%. The
advantage of the calorimeter mode for the detection e
ciency is evident: the ratio of the photopeak efficiency
calorimeter mode and for a single crystal,ecal(E)/(e i(E),
increases from' 1 at 50 keV~where most Compton sca
tered photons fall below the detection threshold!, to ' 2
near 1.5 MeV. Above 100 keV the results obtained in
GEANT calculations~solid lines! differ by only a few percent
from the experimental values. Therefore the cross sec
analysis was completely based on lines above 100 keV.

III. ANALYSIS OF THE REACTOR ACTIVATION

A. Determination of the neutron flux

The neutron monitor foils used during the irradiation co
sisted of 25-mm scandium, 10-mm cobalt, and 0.25-mm
gold. All foils were thin enough that neutron self-absorpti
and absorption losses duringg counting were negligibly
small.

For 59Co, the correction for cascade summing could
rectly be measured by means of a calibrated source, w
the 1% correction for45Sc was determined as described el
where@12#. Since the uncertainties of detector efficiency a
pile-up corrections were also small, the different resona
integrals of the three monitors allowed us to deduce the
ratio. A best fit based on the three monitors led to a flux ra
of (5.560.5)%. The total neutron flux is not needed in t
following analysis.

B. Induced activities

In order to keep the systematic uncertainties as sma
possible, the neutron capture cross sections feeding the

FIG. 5. The photopeak efficiency for the Clover system. T
lower data points refer to single crystals, the upper to calorime
spectra. Experimental data are given by solid symbols,GEANT cal-
culations by dotted lines.
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meric states were determined via the activity of theground
state decay as a function of time, hence the sameg lines as
the capture cross sections to the ground states. This ha
advantage that all the uncertainties related to detection
ciency,g-ray and neutron self-absorption in the sample, c
cade corrections, and line intensities cancel out in the r
tive measurement of the cross section ratios. The o
remaining systematic uncertainties are due to the time co
lated effects discussed below. The details of the data ana
will be discussed in the next section.

The decay of all investigated isomeric states proceeds
tially via the ground state. The time dependence of
ground state abundance is given by

dNg

dt
~ t !52lg

•Ng~ t !1h i•lm
•Nm~ t !,

wherelg,m are the decay constants of ground state and
mer, andh i the part of internal decays feeding the grou
state. While the solution for the isomeric state is given by
decay law Nm(t)5Nm(0)exp(2lmt), the solution for the
ground state is

Ng~ t !5Ng~0!•e2lgt1
lm

lg2lm
h i•Nm~0!~e2lmt2e2lgt!.

This means that the time dependence of the numbe
ground state nuclei, and viaA(t)5lN(t) the activity of the
ground state decay, is a sum of two exponential terms. S
the half-lives of the considered ground states are m
shorter than the half-lives of the isomeric states (lg@lm),
the activity after irradiation is first determined by the grou
state (}e2lgt), while the isomer decay dominates at mu
later times (}e2lmt). The analysis ofbothexponential func-
tions was only possible for127,129,131Te since the ground
states of123,125Te are metastable or stable, respectively. T
relevant part of the decay schemes are shown in Figs. 6
7, and the corresponding decay data adopted in the ana
are summarized in Table II.

For the three isotopes127,129,131Te the half-lives of ground
and isomeric states are sufficiently different that the appro
mationAg(t)5lg

•Ng(0)•e2lgt can be used immediately af
ter the activation while at later times the activity is due to t
decay of the isomer

Ag~ t !5Am~ t !5
lglm

lg2lm
f i•Nm~0!•e2lmt.

In these cases it is not necessary to fit two exponentials,
fit for early and later times would be sufficient~Fig. 8!.

C. Results and uncertainties

Since the measurements discussed above aimed at th
termination of cross sectionratios, many uncertainties re
lated to the experimental setup cancel in the analysis.
cording to the previous section, one finds for the number

ic
5-4
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NEUTRON ACTIVATION MEASUREMENTS ON NATURAL . . . PHYSICAL REVIEW C 66, 054605 ~2002!
detector events caused by the ground state decays o
produced Te isotopes as a function of time:

Cg~ t !5ae2lgt1be2lmt,

where

aªS sgf b
g2

lm

lg2lm
h is

mf b
mD FN0egI g

t l i ve

tm
Kg f wf cCsum,

FIG. 6. Simplified decay schemes of those cases where the
cays of ground state and isomer could be investigated. All ener
are given in units of keV. The transitions used for analysis
indicated by thick arrows.
05460
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bª
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lg2lm
h is

mf b
mFN0egI g

t l i ve

tm
Kg f wf cCsum,

wheresg,m denotes the partial capture cross section to
ground, and isomeric state, respectively,F the time inte-
grated neutron flux,N0 the total number of nuclei of the
respective isotope in the Te sample,eg the efficiency of the
clover detector for the geometry used,I g the relative inten-
sity for theg line used for identification of the ground sta
decay, andt l i ve /tm the dead time correction.Kg accounts for
the correction forg-ray self-absorption in the sample. Th
time factorsf w5e2ltw and f c5(12e2l tm) account for the
fraction of nuclei that decay during the waiting time betwe
irradiation and measurement and during theg-ray counting
itself, Csum for the summing correction. Pile-up correction
could be neglected.

Sincea andb are determined by fitting the activity of on
g line, the ratio does not depend on most of the correct
factors:

nªa/b5
sgf b

g

h is
mf b

m

lg2lm

lm
21,

hence

FIG. 8. Time dependence of the decay131Teg after the reactor
activation illustrated by the intensity of the 150-keV transition
131I. Each point represents a measuring time of 20 min. The s
curve corresponds to the sum of two independent least square
with exponentials corresponding to the half-lives of ground a
isomeric state.

e-
es
e

FIG. 7. Simplified decay scheme of123Tem and125Tem. All ener-
gies are given in units of keV. The transitions used for analysis
indicated by thick arrows.
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TABLE II. Decay parameters used for analysis from Ref.@6#.

Isotope Half-life time Internal decay g energy~keV! Line intensity

123Tem 119.760.1 d 1 159 0.8404
127Tem, 127Teg 10962 d; 9.3560.07 h 0.97660.002 417.9 0.0099
129Tem, 129Teg 33.660.1 d; 1.16060.003 h 0.6560.03a 459.6 0.073760.0024
131Tem, 131Teg 33.2560.25* h; 25.060.1 min 0.25960.005a 149.7 0.68960.0006

aAdopted from this work~see Sec. III D!.
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The remaining sources of uncertainties are due to
adopted decay data, in particular related to the half-lives
the internal decay of the isomer, to the time corrections,
to counting statistics. The resulting systematic and statist
uncertainties are given in Table III together with the isome
ratios. Except for126Te(n,g), the total uncertainties are a
ways dominated by the systematic component.

The isomeric ratios are compared in Table III with pre
ously reported data. This comparison is somewhat hamp
by the fact that the present experiment did not distingu
between thermal and epithermal neutrons. This should
cause a significant effect, however, since~i! the thermal and
epithermal values given in Ref.@4# are very similar, and~ii !
the epithermal component in the present activations
rather small according to the measured flux ratio of (
60.5)%. Given the discrepancies between Refs.@4# and@5#
the results reported here are in agreement with Ref.@5# for
126Te whereas they clearly support the values for128Te given
in Ref. @4#. For 130Te the sizable uncertainties of previou
data@5# could be considerably reduced.

Nevertheless, this comparison shows that the therma
cross sections need further improvement. While the pre
experiment was aiming at cross section ratios, these re
are indicating yet unsolved problems with the total capt
cross sections.

D. Other nuclear data

Apart from the isomeric ratios it was also possible to d
termine some decay data of the long-lived tellurium isom
with improved accuracy. Accordingly, these values we
used in the present analysis.
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While the half-life of 131Tem was reported as 3062 h @6#
a least square fit to the present data for the 150-keVg line
shown in Fig. 9 yields

t1/2~
131Tem!533.2560.25 h.

The half-lives of all other investigated nuclei were know
before with uncertainties of less than 1%.

For 129Tem the fraction of internal decays could be dete
mined by comparing the intensities of the 459.6-keVg line
from the ground state decay with the 695.88-keVg line of
the isomer decay at late times. With the respective de
intensities of 0.03 05960.00 096~for the 695.88-keV line!
and 0.073660.0024~for the 459.6-keV line! @6# one finds

h i~
129Te!50.64960.030,

in very good agreement with, but more accurate than
value of 0.6560.06 given in Ref.@6#.

A similar analysis was possible for the decay of131Tem

via the g lines at 149.7 keV for the ground state (I g
50.68960.006) and 200.6 keV for the isomer (I g
50.07 54660.00 116). Since (5.0760.66)% of the isomeric
decays emit also a 149.7-keVg ray, one obtains

h i~
131Te!50.259460.0054.

Within two standard deviations, this result is compatible w
the previous value of 0.22260.016 reported in Ref.@6#.

IV. ANALYSIS OF THE VAN DE GRAAFF ACTIVATION

A. Determination of the neutron flux

The induced198Au activity was determined via the ne
counts, in the 412-keV line of the198Au decay measured
with the 40-cm3 HPGe detector,
TABLE III. Isomeric ratios measured in the reactor activation in comparison to previous data.

Reaction Thermal@4# Epithermal@4# Thermal@5# Thermal1epithermal~this work!a

126Te(n,g) 127Tem,g 0.0660.01 0.079660.0079 0.1360.03 0.14960.004~1.4/2.0!
128Te(n,g) 129Tem,g 0.12760.01 0.12560.009 0.07060.005 0.12460.008~2.2/6.2!
130Te(n,g) 131Tem,g 0.0760.04 0.06760.005~3.2/7.3!

aValues in brackets are the statistical and systematic uncertainties in %, respectively.
5-6
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Cg5N eg I g

t l i ve

tm
Kg f w f m ,

whereN denotes the total number of activated nuclei at
end of irradiation,eg5(1.9960.04)31025 the efficiency of
the Ge detector for the geometry used@13#, I g50.9558
60.0012 the relative intensity for the 412-keV line@14#, and
t l i ve /tm the dead time correction.Kg , the correction for
g-ray self absorption in the 30-mm-thick gold foils, could be
neglected. The time factorsf w5e2l tw and f m5(1
2e2l tm) account for the fraction of nuclei that decay durin
the waiting time between irradiation and measurement
during the measurement itself, and are discussed elsew
@7#; l is the decay constant of the respective product nucle
Pile-up and summing corrections could be neglected in
measurement due to the 76-mm distance between sample
detector, and the comparably small detector efficiency.

The total number of activated nuclei,198N, is given by

198N5F tot
197N sAuf b ,

where F tot5*F(t) dt is the time–integrated neutron flux
197N the number of gold atoms, andsAu5648610 mb @8#
the spectrum-averaged neutron capture cross section.
time factor f b corrects for the decay during activation, in
cluding the effects due to a time variation of the neutron fl
~for a definition see Ref.@7#!. Since the neutron flux is de
termined by the gold foils on both sides of the sample, c
rections for target geometry as well as for neutron scatte
and self-shielding are accounted for by averaging the neu
fluxes obtained from the two gold foils.

The total flux uncertainty was determined by quadra
summation of the various systematic errors, since the in
ence of the counting statistics in measuring the activity of
gold foils was negligible. Apart from the above effects, a 7
uncertainty was allowed to account for the flux at the po
tion of the Te samples. This corresponds to a 0.5-mm un
tainty in the position of the sample relative to the gold fo

FIG. 9. Same decay as shown in Fig. 8 but for later times w
the ground state contribution was completely negligible. Each p
represents a measuring time of 5 h. The solid curve correspon
a least square fit for determining the improved half-life.
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according to the linear decrease of the induced activity w
the distance from the neutron target as measured by ac
tion of a stack of five gold foils~Fig. 10!. The uncertainty in
determining the mass of the gold foils was negligibly sma
The information on sample mass and various run parame
are summarized in Table IV.

B. Induced activities

With the method described in the previous section
isomeric ratios have also been measured in the keV neu
energy range, thus reducing the systematic uncertainties
nificantly. Though also the total capture cross section co
have been determined, the main focus of this experiment
on the possible branchings caused by the yet unknown pa
cross sections populating the long-lived isomers in127Te and
131Te, which were unknown so far.

After the first activation of 1.5 h the activity was counte
for 18 h with the Clover system. The spectra have been sa
every hour for determining the time dependence of the ac
ity. From these data the130Te(n,g) cross section information
were derived. The second activation lasted 3 d and the pro-
duced activity was counted for 16 d, again with the Clov
system. The spectra were saved every hour immediately a
the activation and every 4 h at later times.

The analysis of the recorded spectra was performed
described for the reactor activations, using the different ti
constants to separate the decays of the various isotopes

n
t
to

FIG. 10. The neutron flux versus distance between neutron
get ~6-mm diameter! and sample, measured by irradiation of a sta
of gold foils. The linear dependence is confirmed for gold foils of
and 10-mm diameter.

TABLE IV. Parameters of the activations at the Van de Gra
accelerator!.

Sample Mass Irradiation Integral flux Uncertainty
~mg! time ~h! (cm22) ~%!

TE1 105 1.48 1.0331013 3.2
TE2 126 68.25 1.9931014 3.0
5-7
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C. Results and uncertainties

The resulting isomerc ratios are listed in Table V, whi
also includes the only previous experimental value for co
parison. As far as the total capture cross sections
126,128,130Te are concerned, the values derived from
present data agree with previous experiments, but exh
larger uncertainties since the activation times at the Van
Graaff accelerator were optimized for the isomers in126Te
and 130Te. For this reason, the isomeric ratio of128Te exhib-
its a comparably large systematic uncertainty.

Because of the high detection efficiency of the Clov
system, the statistical uncertainties are below 1% for all th
cases listed in Table V. In addition to the uncertainties of
nuclear data used~Table II!, the f b factor, which accounts for
the number of decays already during the activation, a
significantly to the systematic uncertainties. Since the flux
the Van de Graaff accelerator is not constant in time, ma
due to the degradation of the Li target,f b needs to be deter
mined numerically. The shorter the half-life of the produc
isotope compared to the irradiation time, the larger the
certainty off b . This holds in particular for128Te, where the
isomeric ratio required a three day activation, whereas
half-life of the ground state is only 70 min. In this case t
23% uncertainty of thef b correction completely dominate
the systematic uncertainty.

Comparison of the isomeric ratios at thermal energies
in the keV region shows surprisingly large effects. Ob
ously, the partial cross sections feeding the isomers in127Te
and 131Te are enhanced at keV energies, a trend which m
be due to the larger number of initial states. On the ot
hand, the partial cross section to the isomer in129Te shows
no such enhancement, in spite of the close similarity in
nuclear structure of the final states.

TABLE V. Isomeric ratios for a stellar neutron spectrum corr
sponding tokT525-keV thermal energy.

Reaction Ref.@15# This worka

126Te(n,g) 127Tem,g 0.34260.027~0.8/8.0!
128Te(n,g) 129Tem,g 0.11160.006 0.07060.017~0.3/24.8!
130Te(n,g) 131Tem,g 0.26960.022~0.8/8.3!

aValues in brackets are the statistical and systematic uncertainti
%, respectively.
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V. SUMMARY AND ASTROPHYSICAL IMPLICATIONS

The activation at thermal energy has produced result
two areas. In addition to the intended improvement of
isomeric ratios of the four isotopes120Te,126Te,128Te,
and130Te, the accuracy of some decay data, i.e., the half-
of 131Tem and the IT decay branchings of129Tem and 131Tem,
could be improved as well.

In the activations in the quasi-stellar neutron spectrum
kT525 keV, first experimental values for the isomeric rati
of 126Te and 130Te could be obtained. In all relevant case
overall uncertainties of 8% could be obtained.

Among these results, the isomeric ratio of126Te was im-
portant for estimating the impact on the branching in t
s-process reaction chain at127Te, in particular since this
IR—and hence the population of the 109-d isomer—is m
than two times larger at stellar temperatures than sugge
by the thermal value. So far, astrophysical models assu
that this isomer is quickly depopulated to the short-liv
ground state by thermally induced transitions to higher ly
excited states with a decay branch to the ground state. W
this assumption and with the previously adopted therm
value of the IR the effective half-life of127Te is sufficiently
short to reduce this branching to a negligible level. With t
larger stellar value of the IR obtained in this work, howev
the question has to be addressed again, whether the 1
isomer is indeed quickly destroyed by thermally induc
transitions. For example, if it turns out that it may survive
the lower temperature ofT851, where the AGB stars pro
duce 95% of their neutrons, the127Te branching could be a
large as 10% and could no longer be neglected in the in
pretation of the main branching at128I.
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