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ABSTRACT

Isotopically enriched samples of the tellurium isotopes from mass 122 to mass
126 were used to measure neutron capture in the energy range 2.6 keV to 60C keV at
the Oak Ridge Electron Linear Accelerator pulsed neutron source. Starting at 2.6
keV, over 200 Breit-Wigner resonances for each isotope were used to describe the
capture data. Least-squares adjustment gave parameters and their uncertainties
for a total of 1659 resonances. Capture cross sections averaged over Maxwellian
neutron distributions with temperatures ranging from kT = 5 keV to kT = 100
keV were derived for comparison with stellar nucleosynthesis calculations. For the
three isotopes shielded from the astrophysical r-process, '2?Te, 123Te and '*4Te at
kT = 30 keV the respective values were (280 + 10) mb, (819 £+ 30) mb and (154 £ 6)
mb. The corresponding products of cross section and solar system abundance are
nearly equal in close agreement with s-process nucleosynthesis calculations.
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1. INTRODUCTION

The stable isotopes heavier than iron are thought to be byproducts of nuclear
fusion in stars. The stars generate energy by combining the lightest and most
abundant element, hydrogen, into more and more tightly bound nuclei up to nickel
and iron at mass 56. Beyond that point the heavier nuclei are less tightly bouad,
breaking up spontaneously beyond lead and bismuth at mass 208 and 209. Two of
the light element reactions, 13C (a,n) and ??Ne{a, n) have been identified as likely
sources of neutrons which then by capture on successively heavier nuclei can build
up the elements beyond iron. Detailed theories of stellar nucleosynthesis continue to
be developed, following their first monumental synthesis by Burbidge et al. (1957).

Although nucleosynthesis reactions take place deep in the interiors of stars,
their products are visible at the surface. However, the most detailed information
on abundances comes from the debris of exploded stars that has been incorporated
in our solar system and the earth. The elemental abundinces in the meteorites and
the earth’s crust appear tc have been modified by thermal and chemical processes
but the relative abundance of the heavy stable isotopes therein appears remarkably
uniform. Slight changes in isotopic abundan-e evaluations over the years reflect the
refinement of measurements and in a few instances an improved evaluation of the
slow radioactive decays that have occurred over the 4.6-billion-year life of the solar
system. A recent review of the meteoritic and solar system abundances has been
prepared by Anders and Grevesse (1989).

When neutrons are accumulated slowly, nucleosynthesis proceeds by the s-
process of Burbidge et al. (1923, most radioactive isotopes have time for beta,
decay to the next higher chemical element so that the process follows the ‘valley
of stability’ to the heavier elements. For this process the amount of an isotope
remaining is inversely proportional to its probability of absorbing another neutron.
This probability can be found by measuring the capture cross section in the labo-
ratory as a function of neutron energy and averaging over the Maxwellian spread
of neutron energies at a temperature sufficient to produce neutrons from the light
element reactions mentioned above. Some stellar processes such as the r-process of
Burbidge et al. (1957) proceed much more rapidly and can produce neutron rich
radioactive isotopes which subsequently decay to the heaviest stable isotope of the
same mass by beta emission. Most of the stable isotopes heavier than iron that we
find in the earth’s crust were produced by one or both of these processes in stars
which had long since passed through their main sequence and red giant stages to
become faint white dwarfs or supernova debris. In many cases an element will have
a stable isotope with the same atomic mass as a stable isotope of an element with a
slightly lower atomic number. Thus it is shielded from the r-process and is known
as an s-only isotope. For a few elemeuts there is a pair of such isotopes and in one
case, tellurium, there are three. Because of the absence of isotopic fractionation
in solar system material these multiplets have provided especially stringent tests
of s-process calculations (Macklin and Gibbons, 1967a,b). Summaries of neutron
capture cross sections for s-process studies have appeared frequently, most recently
by Bao and Kappeler (1987). Neutron capture by isotopes of tellurium, including
the three s-only ones has been measurea by Bergman and Ronianov ( 1974? at ener-
gies up to 40 keV. Bao and Kappeler (1987) suggest that for reliable calculations of



2 INTRODUCTION

Maxwellian averaged cross sections near kT = 30 keV, a temperature typical of the
inner regions of stars, differential neutron capture data are needed up to 250 keV.

The present measurements cover a neutron energy range 2.6 keV to 600 keV.
Capture peaks were fitted to Breit-Wigner single level parameters above 2.6 keV
and Maxwellian average capture cross sections were derived from kT = 5 keV to
kT = 100 keV. These data provide additional and more accurate values which can
serve as tosts for models of nucleosynthesis in stars.



2. EXPERIMENTAL PROCEDURE

Neutron capture was measured at the ORELA pulsed neutron time-of-flight
facility. The neutrons were produced from tantalum by bremstrahlung from brief
bursts of ~140 MeV electrons and reduced in energy by elastic scattering in a water
moderator. Samples were exposed to the neutrons 40 meters from the moderator
where the beam size had been restricted by copper collimators to a rectangle about
28 mm by 56 mm. Neutrons below 7 eV were strongly absorbed by a filter containing
4.8 mg/mm? of 1°B early in the flight path. Neutron capture gamma-rays were
detected by a pair of fluorocarbon scintillators close to the sample but outside the
neutron beam. The neutron flux was monitored by a 1/2-mm-thick piece of ®Li glass
scintillator as well as the ORELA flux monitor. An illustration of the apparatus
was included in a previous report on tungsten (Macklin, Drake, and Arthur, 1983).

Pulse-height weighting was used to measure the total prompt %amma-ray energy
release. Dividing this energy release by the neutron binding plus kinetic ener
per ccmpound nucleus gave the number of neutrons captured. Dividing by the
number of isotope atoms in the sample and the incident neutron flux led then to an
effective neutron capture cross section. A more extensive description of the use of
the apparatus and procedures can be found in a recent report on neutron capture
by rubidium isotopes (Beer and Macklin, 1989).

Each sample was mounted between the two detectors, facing the neutron source
and at an effective flight path of 40121 mm. Measurements on each isotope in turn
were accomplished in 171 hours of ORELA beam time and then the measurements
were repeated, using another 166 hours of beam time as a check of reproducibility.
The accelerator operated at 800 pulses per second with a full width at half-maximum
of six nanoseconds and a beam power of 10-12 kilowatts. Cross-section calibration
was done by the saturated 4.9-eV gold resonance method (Macklin, Halperin and
Winters, 1979) before each set of measurements. The saturated resonance intercal-
ibration technique has been used with several suitable isotopes in the past, showing
+1% agreement for holmijum, gold, and 234U (Macklin, 1976b). Yamamuro et al.
(1976) have found similar agreement between **? Au and 19%Ag.

The extension of the neutron flux shape from the 4.9 eV intercalibration energy
to 1 MeV (Macklin, Ingle and Halperin, 1979) involves the ®Li(n, a) cross section
up to 70 keV and the 233U fission cross section above 3 keV. Uncertainty compo-
nents involved in using the ENDF/B-V files and an experimental intercomparison

of the lithium glass scintillator with a 23°U fission chamber have been discussed and
tabulated previously (Macklin, 1984).



3. SAMPLES

Enriched samples of five stable isotopes ranging in atomic mass from 122 to
126 were obtained as pressed metal powder about 26.1 mm x 26.2 mm in area
and 2 mm in thickness. These were made from stocks of amorphous metal pow-
der. Difficulties were r=ported in pressing the samples of enriched '?*Te and '#4Te
and samples from other batches Wmtuted before satisfactory pressed sam-
ples were delivered. All samples were close to 6 g when pressed. We suspect that
exposure to air led to appreciable formation of the dioxide TeO; since when the
sample containers were opened and neutron capture measurements started, all the
samples had gained weight, particularly the 122Te and '?*Te which had increased
16% and 12% respectively. As the measurements were made in vacuum at room
temperature, adsorbed moisture could not have been significant. Subsequent vac-
uum bakeout of the '22Te sample at 75°C and then again at 125°C was not effective
in reducing the weight. The samples that gained the most weight did not crumble
or appear any different than the others except for a greater thicknes:, comparable
to the weight gain. Searches for signs of increased neutron scattering at the 440-keV
oxygen resonance as evideaced in the neutron capture yields were inconclusive.

Chemical reanalysis of the tellurium coatent of each sample confirmed the origi-
nal masses. Sample recovery averaged 98% for the four heavier isotope samples but
more than a gram of the 22Te sample was iost in recovery due to a ‘bad reagent’.
Clearly, elemental tellurium samples are not stable against oxidation in air. Details

of the sample parameters and analyses a~e summarized in Table 1.

Table 1. Enriched Tellurium Isotope Samples

Sample 1 2 3 4 5
Height gmmg 26.1 26.2 23.2 26.2 26.1
Width (mm 26.1 26.1 26.1 26.1 26.1
Thickness Smm) 0.20 0.17 0.20 0.18 0.17
Weight* (g) 5.969 5.983 5.990 6.052 5.983
Impurities®* (wt %) 0.05 0.11 0.01

122Te / Te¢ 0.9712 0.0156 0.0012 0.0003  <0.0002
133Te/Te 0.0015 0.7667 0.0010 0.0006  <0.0002
'24Te /Te 0.0023 0.0696 0.9300 0.0028 0.0005
125Te/ Te 0.0028 0.0336 0.0105 0.9567 0.0020
126Te / Te 0.0070 0.0435 G 0410 0.0271 0.9869
128Te/ Te 0.0106 0.0396 0.0100 0.0076 0.0081
130Te/ Te 0.0046 0.0315 0.0063 0.0049 0.0024

*Exclusive of oxide formation - see text.

dLimits of detectability for individual elements ranged from 0.002 to 0.1.
Elements detected include Si, Mg, Ag, Cu, and Sn.

€120Te /Te was <0.0005.



4. DATA PROCESSING

Corrections applied to the data include electronic dead-time loss and amplifier
gain standardization, average scattered neutron backgrounds, gamma-energy ioss in
the sample, average resonance self-protection and scattering before capture in the
sample. Uncertainty estimates are discussed in Section 7.

Capture yields from each of the five enriched samples were combined linearly
to remove the contributions of minor isotopes in each, leaving the yield of tne
most highly enriched isotope contaminated only by the traces of '2Te and !3°Te
present. y the largest capture peaks from these two heavier isotopes could
be discerned in ows data for 122 Te, 123Te, 124Te and '2*Te. The 2*Te peak at
3268 eV was sufficiently isolated in the '?2Te data for least squares fitting of its
parameters as seen in Fig. 1. The capture kernel found, gI',I'» /T’ = (80 £ 20) meV,
is not significantly larger than the (€2.0 £ 12.4) meV reported using enriched '?*Te
(Browne and Berman, 1973).
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5. INDIVIDUAL RESONANCE PARAMETERIZATION

The resonance analysis was carried out by fitting peaks in the capture yield
data with the least-squares fitting code LSFIT (Macklin, 1976a). The code pro-
vided Breit-Wigner single-level parameters and statistical standard deviations for
those parameters that were adjusted. The symmetric capture cross section for each
resonance was Doppler-broadened using the real part of the complex error func-
tion. Attenuation by successive layers of a san ple was approximated by the same
symmetric shape for the resorance total cross section plus an energy independent
potential scattering cross section. Parameters found from fitting the capture data
are listed in Tables 2-7.

For 123Te, in addition to the resonance capture kernels ¢TI, /T, there were 30
resonances below 12 keV broad enough to fit the total width and, assigning these
1l =0,J = 1/2, to find neutron and radiation widths separately. The average
radiation width found was I'; = (73.3 £ 4.3) meV with a standard deviation per
resonance of 23.3 meV, corresponding to a chi-square distribution with 20 degrees
of freedom. From 12 keV to 16.5 keV 20 resonances showed much stronger capture
and were assigned [ = 1, J = 3/2. Two of these were cousidered probable doublets
and excluded. The other 18 gave an average radiation width I', = (71.8+4.7) meV,
not significantly different from the I = 0 average found above. With a change of
assignment to J = 1’2, of course the average radiation width for these 18 resonances
would have been twice as large. The standard deviation for the J = 3/2 distribution
was 19.9 eV corresponding to a chi square with 26 degrees of freedom, again very
simii.r to the [ = 0 distribution. Above 16.5-keV neutron energy the resonance
peaks were increasingly crowded together and the attempt to fit individual peaks
wa; terminated at 20 keV. Examples of the data and fitting are shown in Figs. 1
and 2. -

For !23Te there were no previous resonance parameters in our energy range.
Ten peaks below 6 keV were broad enough to fit total widths assuming ! = 0,
J = 1. These gave an average radiation width I’y = g16 + 8) meV with a standard
deviation of 26 meV, corresponding to a chi square distribution with 40 degrees of
freedom. One resonance at 3.855 keV was fitted assuming J = 0, finding a radiation
width of 122 meV rather than the 41 meV corresponding to a J = 1 choice. The
resonance analysis was extended up to 7.65 keV.

For 124 Te fifteen resonances up to 10 keV were fitted as singlets assuming ! = 0,
J = 1/2. These included four where the capture data could not distinguish a
total width but the earlier transmission data evaluation (Mughabghab, 1984) gave
neutron widths greater than 500 meV. The average radiation width found was
', =(635+% 5.3%r meV with a standard deviation of 20.6 meV corresponding to
a chi square distribution with 19 degrees of freedom. The resonance analysis was
continued up to 41 keV.
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Table 2. Continued

En g, /T E. gra,/T E, grar,/T
(keV) (meV) (keV) (meV) (keV) (meV)
1439 5481 3.0 1537 1169+ 4.0 1803 101.5+ 6.2
1449 656129 16.21 395+ 29 1808 1164+ 6.6
1454 1002+ 3.5 1629 1111+ 43 1817 1195+ 6.9
14.57 316125 16.32 421+ 3.5 1827 18341 5.7
1463 291.5+9.2 16.37 286+ 28 1835 1745+ 94
14.70  174.0 £ 6.7 1643 1111+ 7.7 1839 1058+ 6.2
1477  59.8+29 16.56 194.0 + 8.0 18.47 47+ 23
14.81 7.7£19 16.63 9.2+ 4.3 1852 158.6 + 11.0
14.85 4.5 £ 29 16.74 175.2+ 8.4 1854 1115+ 9.8
1488  68.1 +4.2 16.79 579 = 3.2 18.64 286+ 26
1490 924135 16.86 799+ 4.0 1871 2211+ 7.9
1493 714133 1690 1574+ 5.7 18.79 69.9+ 43
1498 2308+ 7.6 16.96 638+ 5.2 1884 1855 7.5
15.02 53927 16.99 3.7+ 5.0 1891 1351+ 7.8
1510 1222+ 6.1 1702 662+ 4.1 1898 1683+ 5.5
15.17  89.7 £ 5.6 17.07 912 + 4.1 19.05 1574+ 7.2
1523 785+ 29 17.12 614+ 3.6 19.09 808+ 54
15.34 1102+ 3.3 17.18 1428 + 8.4 1919 1418+ 85
15.41 543+ 25 17.24 484 + 4.3 19.26 65.5 + 5.4
15.56 162.3 +6.3 17.28 252+ 4.3 19.30 918+ 5.6
1563 849+ 32 17.33 65.1 £ 4.5 19.34 1.1+ 5.3
1567 5461 4.1 1741 1003+ 6.8 19.38 525 £ 6.0
1569 57.0+35 1746 139.0 £ 10.3 19.49 65.4 + 17.0
15.72 42.7+ 3.1 17.51 102+ 3.9 19.51 215.8 £ 21.9
15.78 109.5 £ 3.5 1761 113.0+ 85 19.59 100.5 + 5.7
15.84 104.2+ 34 17.64 514+ 7.3 19.64 914 + 8.2
15.88  53.1+44 17.66 330+ 6.4 19.66 9.0+ 7.5
1590 30.7+ 35 17.74 838+ 5.3 19.72 58.5 + 11.5
1596 39.1+27 1779  169.3 + 74 19.80 519+ 4.2
16.02 183+ 21 17.84 511+ 7.0 1988 2364+ 7.8
16.10 233.5 + 8.9 17.89 350.9 + 124 19.93 419 + 5.2
16.14 542+ 3.3 17.96 808+ 7.5 20.00  330.9 £ 10.7

*Resonances below 2.6 keV were not included in the present work.
bStatistical standard deviations determined by the least squares data fitting

program. Systematic uncertainties are estimated at 3.6%.
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Table 3. Continued
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Table 3. Continue

E. gr'nl,/T E., gr.T. /T E, gL, /T
(keV} (meV) (keV) {meV; (keV) (meV)
6.958 375+ 18 7194 935+ 26 7.435 318+ 28
6.973 66.4 £ 1.9 7.212 371+ 14 7446 1472140
6.995 789 £ 2.0 7.2)3 33+ 14 7471 141.715.0
7037 1146 £ 35 1.23% 243+ 14 7499 33.0+ 20
7.053 383 £ 22 7.25] 11.1 £ 1.2 7.515 304 £ 22
7.062 32.8 + 2.1 720 658 £ 3.2 7.528 1146 £ 3.3
7.084 476 + 1.8 7305 249+ 28 7 564 572+ 29
7.096 9.7+ 14 7315 594+ 27 7.576 95.7+ 3.3
7.113 5.6 + 1.2 7326 668+ 28 7607 203 24
7.142 52.5 + 2.9 7.343 €5+ 1.1 7.615 24.6 £ 2.4
7.167 219+ 2% 73712 188+ 1° 7.632 13.311.7
7.175 8.1+35.6 7.385 116.5 5.8 7.653 496 2.1

*Resonsuces below 2.6 keV were not inziuded in the present work.

bStasisiical standard deviations detemined by the least squares data fitting
progrzm. Systematic uncertainties are ~stimated at 3.6%.
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Table 4. Continued
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Table 4. Continu .
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Table 5. 125Te Resonance Capture Parameters
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Table 5. Continued
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Table 6. '2*Te Resonance Capture Parameters
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Table 6. Continued
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Table 6. Continued

E, glal'4/T En gr.I',/T E, gLy /T
(keV) (meV) (keV) (meV) (keV) (meV)
49.20 301.5 + 15.2 51.59 849115 53.41 296.6 &+ 17.9
4939 26.7+109 51.86 4302 + 19.7 53.65 178.7 £ 15.9
49.55 2949+ 153 52.21 184.6 +£15.8 54.02 4119 £ 33.0
50.13 211.3+138 52.36 1669 + 14.3 54.32 226.6 + 17.2
50.30 146.2 + 13.8 52.52 68.0 +18.2 54.58  82.8 + 18.6
50.59 3141101 52.60 178.0 +17.6 54.67 163.6 + 15.7
50.79  40.3 + 10.6 52.81 131.5+13.8 54.86 125.7 & 13.6
51.01 736+11.6 53.10 168.2 +15.7 55.04 96.1 +£ 134
51.15 644 %112 53.29 202.1 £+ 18.0 55.18  35.1 + 13.5

*Resonances below 2.6 keV were not included in the present work.

dStatistical standard deviations determined by the least squaes data fitting
program. Systematic uncertainties are estimated ax 3.6%.
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124Te
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Table 7. Total Resonance Widths

r
(eV)

122Te
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For 1?3Te prior transmission data extended to 7.8 keV and the capture resonance
analyses were extended that far also. Twenty-one single peaks below 5 keV were
fitted as singlets assuming [ = 0, J = 1. Five of these had been assigned previously
(Mughabghab, 1984) and had neutron widths, 2¢T',,, greater than 100 meV. Only
two were broad enough to find a total width from the capture data alone. The
average radiation width found was I',, = (107.5+4.1) meV with a standard deviation
of 18.9 meV corresponding to a chi square distribution with 65 degrees of freedom.
One resonance fitted assuming J = 0 had a radiation width of 100 meV.

For '?%Te four resonances below 6 keV were broad enough to find total widths
from the capture data alone. Assuming they had J = 1/2 (and were s-wave)
their average radiation width was only I'; = 53 meV. As much large: radiation
widths had been rted (Mughabghab, 1984), eight more single peaks up to 12.5
keV with reportemtron( widths e%:hc:edmg 52)0 meV were::alglyzed. The average
radiation width for all twelve was I',, = (70 £ 11) meV with a standard deviation of
39 meV, corresponding to a chi square distribution with only 6 degrees of freedom.
A resonance at 10.567 keV, assumed | = 1, J = 3/2 was fitted with a radiation
width of 167 meV. Capture peaks were sufficiently isolated to continue the fitting
up to 55 keV as shown in Fig. 3.



ORNL-DWG 88-11736

| ] | ' 1 1
12614
02 |- . |
s |
<Z> .
5 | |
3.!) |: | | ‘ hh ‘ I
| ‘ l \

g 0.1 ‘ ! ,n . | -
3 ]’ ' ‘ l [ ' ! | ‘ i
¢ )| IR RT AR Aty
— . I | o
- [ , “ | | ’ |
(&) ’ . i
2 \f 'y ] I
[T | ) '. ;
w ‘ M "l|| " ! | | N
W ool 1 il II i

1 1 I ] 1 ]

52500 63000 63500 54000 54500 55000
NEUTRON ENERGY (eV)

F:g. 3. The '?*Te neutron capture data from 52 keV to 55 keV. The symbols represent the data points and their
statistical standard deviations. The solid curve corresponds to the fitted parameters given in the tables. While many well-defined
peaks could be fitted to the data at higher energies, the attempt to describe the data between them as individual resonances would

become increasingly arbitrary.

SC NOILVZIZLANVHEVd FONVNOSTH TVAAIAIANI



6. AVERAGE CROSS SECTIONS

The average capture cross sections for the three even mass, spin 0 ground state,
tellurium isotopes we measured show sharp decreases with increasing neutron energy
just above their thresholds for inelastic neutron scattering to the first spin 2 state.
These thresholds are at 569, 607 and 671.5 keV for the tellurium isotopes 122,
124 and 126 respectively. For the two odd mass, spin 1/2 ground state, isotopes
such strong inelastic competition was only seen for the second spin 3/2 states with
thresholds at 444 and 447 keV and the first spin 5/2 states with slightly higher
thresholds. The first spin 3/2 states with thresholds at 159 and 35.5 keV for 12*Te
and '?3Te respectively showed no clear inelastic competition cusps in the capture
cross sections.

Histograms of the average cross sections are given in Table 8 and Figs. 4 and 5.

Table 8. Average Neutron Capture Cross Sections

E. uzTe l?JTe n‘Te lste l”Te
(keV) (mb) (mb) (mb) (mb) (mb)
3 4 879. 2569. 420. 1359. 157.
4 6 6717. 1661. 496. 886. 241.
6- 8 610. 1667. 384. 938. 219.
8 10 948. 1382. 375. 838. 153.
10- 15 490. 1229. 263. 765. 173.
15- 20 422. 1060. 253. 616. 179.
20- 30 307. 902. 179. 545. 113.
30- 40 259. 774. 136. 423. 79.3
40- 60 213. 659. 117. 324. 68.0
60- 80 181. 553. 91.2 225. 53.2
80-100 155. 484. 83.2 186. 44.6
100-150 137. 430. 72.5 148. 38.5
150-200 133. A7. 71.0 123. 38.4
200-300 132. 271. 72.8 114. 41.1
300-400 132. 232. 72.5 102. 41.6
400-500 142. 214. 78.8 92.3 42.7
500-600 137. 158. 78.3 71.1 43.3
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7. UNCERTAINTIES

Instrumental uncertainties, primarily gain drift of the electronics and photo-
tubes have been tabulated previously (Beer and Macklin, 19822. The gain drifts
observed before, between and after our experimental runs using long-lived radioac-
tive sources fell within a 0.34% range with uncertainties on each observation of
about 0.06%. The resultant uncertainty in the cross-section results is estimated as
10.2%.

One of the uncertainties that is particularly difficult to evaluate has to do with
the gamma-ray energy weighting function used in processing the capture pulse-
height data. Recent work (Perey et. al., 1988) using the Monte Carlo gamma
cascade code EGS4 has given weighting functions for our apparatus differing signif-
icantly from the one we have used since 1969. The most prominent feature of the new
weight functions is the lower weight given to pulse-heights above a few MeV. The
capture calculated from measurements of the 115-keV iron-56 resonance, dominated
by ~7 MeV gamma rays, with the apparatus used in this experiment was reduced
by about 6% by use of the newer weight functions. A likely cause is Compton
electrons from high-energy gamma rays interacting in the semple. Such electrons
lose about 2 MeV in the scintillator cell wall and a beryllium vacuum window but
those above 2 MeV or so give increased detector response for high-energy gamma
rays compared with the old calculations. The probability for a 7-MeV gamma ray
to give a Compton electron above 2 MeV in one of the tellurium samples should
be about 3% compared with about 12% for the 50-g nickel sample for which EGS4
response curves in our apparatus and a weight function have been calculated. The
difference in shape of the older weight function and the newer one for the thick Ni
sample can be seen in Fig. 6. The larger values of the newer weight function below
1 MeV result from direct inclusion of the 156-keV bias. The older weight function
goes to zero at zero pulse height, and the missing data below the bias was treated
as a small correction to the total area under the weighted spectrum, typically less
than 2%. An estimate of the effect of using this newer weight function on the tel-
lurium isotope data has been derived from the total pulse-height spectrum (i.e., for
all neutron energies recorded above 2.6 keV) for each sample. Figure 7 shows the
two weighted pulse-height spectra for 122Te as an example. The weighting functions
are each normalized separately but arbitrarily. Thus the ratios of the areas for each
of the other isotopes to that of the 22Te was calculated and compared with the
same ratios using the newer weight function. For the odd isotopes whose spectra
extended to 10 MeV the ratio of ratios decreased 2.1% and 1.8% respectively. For
the 124Te and !?°Te the ratios increased by 1.0% and 3.4% respectively although
all the e'en isotope net spectra were insignificant above 7.6 MeV. The root mean
square change or a ratio due to the change of weight function shape from these data
was 2.3% and since the 6-g tellurium samples are much smaller than the 50-g nickel
sample, it is taken as representative of the uncertainty in weight function.
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30 UNCERTAINTIES

Table 10. Uncertainty Estimates

Source

Effect (+ %)

Average constant and time-dependent backgrounds
Oxide effects

Saturated resonance calibration

Flux monitor efficiency

Neutron scattering and absorption by the samples
Uncertainty in weight function

Uncompensated instrumental drifts

. v -
.
bt QN et b

A

2

Combined quadrature at 3 keV
Combined quadrature at 30 keV
Combined quadrature at 100 keV
Combined quadrature at 600 keV

W | OO
wono | vow

*Increased from 0.1 at 3 keV to 3.1 at 600 keV.
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8. MAXWELLIAN AVERAGE

The stellar velocity-weighted thermal cross section was derived using data from
several sources in different energy . Evaluated laboratory thermal capture
cross sections from the literature (mgmb et al., 1981) were used to evaluate
the 1/v capture component and strength functions were to represent resonance
capture below the 2.6-keV neutron energy lower limit of .he present measurements.
The parameters for the fitted resonances as given in Tables 2 through 7 were used
in the next higher energy range and at still higher energies the isotopic yield data
as corrected to average cross sections (Table 8) were . The upper limits for the
individual iesonance regions were 15.25, 3.75, 27.75, 4.75, and 53.25 keV for the
tellurium 122, 123, 124, 125, and 126 isotopes respectively.

The computer code MAXWL (Winters and Macklin, 1987) was used for the
calculation at a series of temperatures, kT = 5 keV to kT = 100 keV, appropriate
to stellar nucleosynthesis models. Results are shown in Fig. 8 and Table 9 where
the velocity weighted average cross sections are reported in conventional form by
dividing the average over the Maxwellian spectrum by the mean thermal velocity at
each temperature. At the conventional temperature kT = 30 keV the calculations
give 280, 819, 154, 423, and 88 mb for '22Te, 123Te, 124Te, 125Te, and '26Te respec-
tively. The uncertainties, ~3.7%, are predominantly systematic ones, estimated at
the 68% probability level just as statistical standard deviations are.

Table 9. Maxwellian Average Capture Cross Sections

kT 122, 1237, 1247 125T¢ 126,
(keV) (mb) (mb) (mb) (mb) (mb)
5.0 704 + 32 1805 + 83 450 + 36 1093 + 53 262. +£19.
6.0 638 + 27 1670 + 71 400 + 27 1007 £ 45 235. + 14.
7.0 588 + 24 1563 + 63 362 + 22 939 £ 39 215. +12.
8.0 549 + 22 1476 + 58 333 £ 18 883 + 35 199. £ 10.
9.0 517 £ 20 1403 + 54 310 £+ 16 836 + 33 186. + 9.
10.0 490 + 19 1341 £+ 50 291 + 14 795 + 30 174. £ 8.
12.5 438 + 16 1216 + 45 254 £ 11 711 £ 26 152. £ 6.
15.0 399 + 15 1122 + 41 228+ 9 645 + 24 136. £ .
17.5 369 + 13 1048 + 38 209+ 8 592 + 22 123. £ &.
20.0 345 + 13 987 + 36 193+ 7 547 £ 20 113. + 4.
25.0 307 + 11 892 + 32 170+ 6 476 + 17 98.6 + 3.7
30.0 280 + 10 819 £+ 30 14+ 6 423 + 15 88.3+ 3.2
35.0 260+ 9 762 + 27 142+ 5 381 + 14 80.7+ 2.9
40.0 243+ 9 714 £+ 26 132+ 5 48 £ 13 4.9+ 2.7
45.0 230 + 8 674 + 24 125+ 5 321 £ 12 0.3+ 2.6
50.0 219+ 8 639 + 23 119+ 4 298 £ 11 66.6+ 2.4
60.0 203+ 7 582 £ 21 110+ 4 263+ 9 61.2+ 2.2
70.0 191 £ 536 + 19 103+ 4 237+ 9 57.4+ 2.1
85.0 179+ 6 482 + 17 97+ 4 208+ 8 3.7+ 1.9
100.0 170 + 6 440 £+ 16 92+ 4 187+ 7 51.3+ 1.9
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9. DISCUSSION

Thirty-three of the broader resonances where both radiation and neutron widths
could be determined from our capture data alone, allow direct comparison with pa-
rameters from transmission studies (Tellier and Newstead, 1971) listed in a recent
evaluation (Mughabghab, 1984). Al.iost 1alf of these are for 122Te where the re-
ported neutron widths range from 0.42 to 1.16 times those found from fitting the
capture data. Seven of those cases, however, agree within the reported uncertainty.
For 23 Te the reported resonances do not extend above 2 keV so there is no overlap
with the capture data which start at 2.6 keV. For !?*Te the range is better, 0.84
to 1.10, for eleven resonances; four of them within the reported uncertainties. For
125Te there are only two cases. The reported neutron widths are 0.75 and 0.67
times those found in the present study, but for the first of these an inconsistent
total width is also reported, 1.41 times that found from fitting the capture data.
For 126Te there are just four comparison resonances with reported neutron widths
ranging from 0.50 to 0.98 times ours. Only one is within the reported uncertainty.

Seeger et al. (1965) first showed that the observed heavy element abundances
attributable to the stellar s-process could be well fitted by an exponential distribu-
tion of neutron exposures. Much more detailed stellar models have been developed
since, but the near constancy of the product of cross section and abundance as a
function of atomic mass near mass 123 is still predicted. A more recent computer
code (Beer et al., 1989) shows ratios of 0.996 and 0.976 for mass 123 and mass 124
respectively, when normalized to 1.00 at mass 122.

Solar system abundances have been reevaluated recently (Anders and Grevesse,
1989). For the tellurium isotopes 122-126 respectively, they give 0.124, 0.0428,
0.229, 0.342 and 0.909 per million atoms of silicon. Th2 yroducts of abundance and
kT = 30 keV Maxwellian average capture for 122Te, 2>Te and !**Te respectively,
normalized to that for ?2Te, become 1.00, 1.009 + 0.038, and 1.014 + 0.038. If we
take the results of the change in weight function discussed under uncertainties as
a correction rather than an uncertainty, these ratios change to 1.00, 0.988 £ 0.032,
and 1.024 £ 0.032. Comparable changes in these ratios are seen with changes in
assumed stellar temperatures. For example, interpolating linearly in Table 9 for a
temperature kT = 23 keV, that chosen for the s-process calculation by Beer et al.
(1989), gives ratios 1.00, 0.996 + 0.038, and 1.028 + 0.038.




10. CONCLUSIONS

The kT = 30 keV Maxwellian average cross sections found in the present work
are in close agreement with the latest compilation (Bao and Kappeler, 1987) which is
based primarily on the earlier experimental works (Bergman and Romanov, 1974)
and (Macklin and Gibbons, 1967a,b). The uncertainties associated with air oxi-
dation of elemental tellurium samples have been elucidated and the experimental
cross-section uncertainties significantly reduced. In combination with the latest
abundance evaluation (Anders and Grevesse, 1989), the results for 22Te, 123Te and
124Te agree with the s-process prediction for s-only isotopes of adjacent mass num-
ber. Calculations of s-process nucleosynthesis (Beer et al., 1989) correspond to a
tellurium elemental abundance about 5% or two standard deviations of the mean
below the evaluation. A similar elemental underprediction of (234 12)% for tin has
been noted (Anders and Grevesse, 1989).
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