PHYSICAL REVIEW C 69, 025803(2004)

Neutron capture studies on unstable***Cs for nucleosynthesis and transmutation
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The neutron capture cross section of the unstable isotds was measured relative to that of gold by
means of the activation method. The sample was produced by ion implantation in a high resolution mass
separator and irradiated with quasimonoenergetic neutrons at 30 keV and 500 keV, usihi(phe)’Be
reaction. An additional irradiation with thermal neutrons has been carried out for defining the sample mass and
for measuring the half-life of3Cs. The neutron capture cross sections were determined as 164+10 mb and
34.8+3.0 mb at 30 keV and 500 keV, respectively, and were used to normalize the theoretically derived cross
section shape. Based on these data, refined statistical model calculations were performed to ofstain the
cross sections of the short-lived isotopé&s and'®%Cs as well. Updated Maxwellian-averaged capture cross
sections of all unstable Cs isotopes were calculated for a range of thermal energies characteristic of helium
burning scenarios for an improvesprocess analysis of the Xe-Cs-Ba region.
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I. INTRODUCTION ture results from the fact that the first excited statd4€s
. . starts to be populated by the hot stellar photon bath at tem-
The neutron capture cross section §fCs in the keV peratures in excess of 4&. Allowed B decay from that
region is required for two reasons. It determines the amountate results in a strong reduction of the half-|i8.
of radioactive cesium in burnt fuel elements of fast reactors  Since the specific activity 0f“Cs is prohibitive for direct
and it contributes to a quantitative interpretation of the iso-measurements, improvement of the capture rate can be
topic Ba abundances in terms of the temperature during stekchieved by normalizing statistical model calculations at ex-
lar He burning. perimental cross sections for the neighboring isotopes. Accu-
Nucleosynthesis by the slow neutron capture progess rate experimental data for the only stable isotdg&s, were
procesgis characterized by neutron capture times, which arecomplemented by a first measurement'8ics by Jaagt al.
typically much longer than the half-lives agairstiecay[1]. [3] in a quasistellar neutron spectrum at the stellar thermal
Consequently, the reaction path in tNeZ plane follows the energykT=25 keV. However, recent stellarprocess mod-
valley of stability as sketched in Fig. 1. However, some un-els require neutron capture rates over a wider temperature
stable nuclei are sufficiently long lived such that neutronrange fromkT=8 keV to kT=26 keV [1,4]. Therefore, in
capture can compete witlB decay. These nuclei act as this work the neutron capture cross section was measured at
branching points in the reaction path of thprocess. Several two distinct neutron energies of 30 keV and 500 keV in or-
such branchings are indicated in the example of Fig. 1. The
most prominent of these branchings occur$®4ts, whereas Ba 132
all others are comparably weak and have minor impact on
the final Ba abundances. Apart from its strength, the mainCg
importance of the'®Cs branching lies in the fact that it
determines the abundance ratio*®Ba and***Ba. Both iso- X e
topes are of pures-process origin since they are shielded € s_pmc’es ._.— 133
from possibler-process contributions by their stable Xe iso-
bars. Accordingly, valuable information with regard to the \\\\\\\
physical conditions during the process can be obtained r-process
from the reliable quantitative description of the branching. In ) _ o
the present case, this refers to the proper combination of FIG- 1. Thes-process path in the Xe-Cs-Ba region, which in-

neutron density and temperature. The sensitivity to temperéiudes the important branching poitt‘Cs. This branching deter-
mines the isotopic ratio of the-only isotopes!®Ba and 13%Ba,

which are shielded against abundance contributions from the
r-process regioriindicated by arrowsby their stable Xe isobars.
*On leave from Faculty of Applied Sciences, Al-Balga Applied Note that'3%Cs is practically stable on the time scale of thpro-
University, Salt 19117, Jordan. cess, but decays afterwards and contributes to the & abun-
"Electronic address: franz.kaeppeler@ik.fzk.de dance.
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der to normalize the theoretically calculated cross section, Copper backing 1mm
which then can be used to obtain the required rates as
function of temperature. Cooling water

An additional motivation arises from the fact tHatCs is
an important fission product. Due to its large fission yield Z‘Z
and its long half-life it contributes significantly to the long- —*J —
term hazards of nuclear waste. The exact amourts at . \

; °Li Glass detector
the end of the fuel cycle depends strongly on its neutron

capture cross section, which governs its transmutation rate Sample sandwich
during burn-up. For thermal reactors, tfgy,,y) cross sec-  F7otonPbeaM Iyith Au foils
tion has been measured with good accurfsy7], but for
fast reactors, e.g., for the currently investigated accelerato. Metallic Li layer
driven systemgADS) [8], this cross section has to be known
for neutron energies up to 1 MeV.

FIG. 2. Experimental setup during irradiation. The sample sand-
wich was located in the high flux close to the lithium target, and the
distance between target afidi-glass detector was 1 m.

Il. MEASUREMENTS

A. Experimental method copper. backing_to a surrounding water channel of 8 mm

h ionldic d inner diameteKFig. 2). The thickness of the Li targets were
The neutron capture cross section’olCs was measured 34 gng 10,m for the runs at 30 and 500 keV, respectively.

relative to that of gold, using the activation technique. Th'SThe Li layers were 6 mm in diameter, equal to the sample

technique offers the high sensitivity, which is essential sincel-he Cs sample was sandwiched between gold foils, also

measurements on radioactive isotopes have to be carried O8tmm in diameter and 0.03 mm thick. The distance of the

. . d'sample sandwich to the lithium target was 1.5 mm during the
from radioactive decay at a manageable level. In total, fou 0 keV run and 8 mm during the 500 keV run.

irradiations were carried out, the first three at the Karlsruhe Figure 2 shows also théLi-glass detector, which was

'Is'FZI(I\S/IX Van de fGlflaaE f_:lccel_erat(f)rMand ﬂ_}i fc_JurtQ_ a thelocated 1 m from the target at 0° with respect to the beam
reactor of the University of Mainz. The irradiations ;s “\with this detector the proper proton energy was se-

at the Van de Graaff were separated by waiting times of thre cted prior to the irradiations by means of a time of flight

months, corresponding to seven half-lives of the induce TOF) measurement of the neutron spectrum. For this pur-

13 g : -
%Cs activity. In order to obtain comparable statistics, thepose, the accelerator was operated in pulsed mode. During

medasuremenggvisvcalrzrlec:] out db_y _onel actl\éa]tclon abt 30 ke¥he irradiation the detector served to measure the neutron
and two at 5 eV. Each Irradiation lasted for about tWo;q|q 5¢ regular time intervals. This neutron flux history was

weeks and was followed by two weeks of measurement oi:sed in the analysis for off-line correction of the fraction of
the induced activity. During the irradiation the gold referenceiss~q nyclei. which decayed already during irradiation
foils (see below were replaced approximately every three 1o main guantities concerning the irradiation of the

days because of the 2.7 d half-life 8FAu to avoid satura- sample at the accelerator and at the reactor are summarized
tion effects in the determination of the integrated neutron, Table I.

flux. Variations in the neutron flux were continuously moni-
tored by afLi-glass detector.

The last irradiation was carried out with reactor neutrons
in order to define the number &f°Cs nuclei in the sample ~ The induced activity of the cesium sample was measured
via the well-known thermal neutron capture cross sedtign ~ With two Clover-type HPGe detecto(Eurisys. Each of the
In this case, a Re foil was used to monitor the neutron flux a§vo detectors combines four independertype Ge crystals
described below. Following the reactor irradiation, the in-in @ common cryostd9]. The Clover detectors were placed
duced activity was measured using the same detector setd@ce to face in close geometelig. 3). The distance between
as for the activations at 30 keV and 500 keV. This had théhe Al windows of the detectors was fixed by the sample
advantage that sample-related corrections, the detector effiolder at 5.2 mm. The sample was positioned exactly in the

ciency, and geometry effects were canceled(@ec. 111Q.  midplane of the two Clovers centered on their common axis.
The individual Clover crystals were=50 mm in diameter

and 70 mm long. The absolute peak efficiency of this setup
for the 818.5 keV line in the decay ot*Cs was e,

The experimental setup consisted mainly of two parts=(1.069+0.017x 10! [10]. The high detection efficiency
pertained to the irradiation of the sample and to they  of the v spectrometer was instrumental for accumulating sat-
detection system. isfactory statistics from the weak activities obtained with the

At the accelerator, neutrons were produced via theminute!*®Cs sample. The detector signals were stored event
Li(p,n)’Be reaction by bombarding metallic Li targets by event for detailed off-line analysis using the data acquisi-
evaporated onto a 1.0 mm thick Cu backing. Proton beantion system MPA-WIN(FAST COMTEQ.
currents were typically kept between 90 and 1O8. The The activity of the Au foils was measured with a 40%cm
targets were cooled using lateral heat conduction through the-type HPGe detector. The Au foils were placed 76 mm from

C. Activity measurements

B. Irradiations
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TABLE |. Parameters and neutron flux for the irradiations of tfR€s sample.

30 keV 500 keV(first irradiation 500 keV (second irradiation Reactor irradiation

Irradiation time 11.1d 15.4d 135d 70 min
Integrated flux(cm™) (8.12+0.26 x 104 (1.49+0.07 X 105 (1.61£0.09 x 105 (2.19+0.05x 1015
Flux monitor foils Au Au Au Re
Sets of monitor foils 5 5 3 1
Decay correctiongg
Monitor foils 0.861, 0.780, 0.697 0.800, 0.559, 0.674, 0.469, 0.612, Q¥Re)

0.699, 0.786 0.781, 0.656 0.699 0.97%Re)
Cs sample 0.761 0.735 0.697 0.999

the window of the detector, a distance where pileup correcthe GEANT4 Monte Carlo(MC) code[13]. The MC technique

tions were negligibly small. In this case, the absolute peakvas preferred in this case since it allows one to determine the

efficiency for the 412 keV line from the decay 8¥Au was  effect of the background neutrons for the specific experimen-

€,=(2.20+0.03 X 1073, tal setup, including the proper angular distribution of the
The same detector was used for measuring the Re activityource neutrons. The resulting neutron spectra for the 30 keV

after the reactor irradiation. In this case, the Re foil had to beind 500 keV runs are presented in Fig. 5.

placed at 1 m distance from the detector in order to keep the The neutron spectrum during the reactor irradiation is

counting rate sufficiently low. composed of the true Maxwellian spectrum at thermal ener-

gies and an epithermal component with a typicaklbe-

havior, which is taken into account by the resonance integral.
The neutron energy distributions in the sample were calAt the irradiation position the ratio of epithermal flux with

culated from the double differential cross section of theE,>0.4 eV and the thermal flux was 4/70.

Li(p,n)’Be reaction using &++ computer codeNYIELD The values of the neutron flux during sample irradiation at

based on Ref[11]. The code was verified by comparison 30 and 500 keV, as well as in the reactor are listed in Table

with the experimental neutron spectrum of Ratynski and, and the calculation is described in Sec lIl.

Kappeler[12] as shown in Fig. 4 and also via the TOF mea-

surements performed during this experiment. In all cases the E. The 13%Cs target

calculated spectra were consistent with the measurements. 13 . ]
The spectrum aE,=30 keV was obtained by adjusting The 13%Cs sample used in this work was produced at Los

the proton beam energy to 1892 keV, 11 keV above the reAlamos National Laboratory with a high Sr(i?olution mass
action threshold and by using a thick Li target. At this en-S€parator. It was specified to contain x.80" **Cs atoms,
ergy, the reaction kinematics restrict the emitted neutrons t§°responding to a total mass 6400 ng, implanted in a

a forward cone with an opening angle of 65°. For the runs agraphite dls_c_O.lsgnm in thickness and 6 mm in diameter. A
E,=500 keV, the proton energy was 2284 keV, where neu_smal_l remaining*3’Cs impurity of 167 Bq could be used to
trons are emitted in all directions. At this energy, the neutroff"onitor the sample mass throughout the measurements. The

spectrum seen by the sample was determined by means gample disk was canned in a cylindrical graphite box with
0.3 mm thick walls.

D. Neutron spectra

Sample holder
200 T T T T T

180 ]

160.] . Experimental spectrum
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Neutron Energy (keV)

Ring

Clover 2 Clover 1 y N

Calculated spectrum ]

Angle integrated
neutron spectrum (arb. units)

FIG. 3. Setup of the Clover detectors. The close geometry re-
quires an exact and reproducible positioning of sample and detec- FIG. 4. The calculated neutron spectrum compared to the ex-
tors, which was achieved with a special sample holder. perimentally deduced spectrum from Ratynski and Kappélgy.
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—~ Tx104] ' ' ' ' ' ' T TABLE II. Decay properties of the product nuclei.

2 6x10*] ]

5 5x104 ] . _

= 4x10%] b Product Half-life y-ray Intensity
3x10" ] nucleus energy(keV)  per decay(%)
2x10" ]
1x10*] secd 13.16+0.03 d 818.5 99.7+0.66

°0 20 40 60 80 100 120 140 198 2.6952+0.0002 d 411.8 95.58+0%2

6x10° - - 18Re 3.7183+0.0011 d 137.2 9.42+0%06

w
'

w s O

X X
a2 43 4O
Q9 Q

188Re 17.0040+0.0022 h 155.0 15.61+0.18
18ampd 18.59+0.04 min

X
w
! L

Number of neutrons/keV (arl

2x10° dProminenty-ray lines used in data analysis.
1x10*] ®Only the half-life of 1*(Cs was used in data analysisee Sec.
0 T T r ; T lC).
0 100 200 300 400 500 600 CRef)erence[15].
Neutron Energy (keV) dReferen cq16]
. *Referencd17].
FIG. 5. The neutron energy spectra seen by the Cs sample in thﬁeference{lB].

irradiations at 30 ke\(upper pangland 500 ke\(lower pane), as

g 0% i 8 H _
deduced with thewvlELD code and th&EANT4 calculations. 100% internal decay td *Re since the measurement was per

formed 20 h after irradiation when the metastable state had already
decayed.

IIl. DATA ANALYSIS

A. Neutron flux &= ANC,Cp1Crr
(1 -eMme ™ Mugel fgN

(1)
For each run at the accelerator, the time integrated neutron
flux was measured by the inducé®Au activity. Due to the

geometry of the sample sandwich, the downstream Au fOIIcan be derived from the number of counts in the 412 keV

could not be placed in direct contact with the cesium samplel,Ine of 1A, AN. The factorsC, and Cpy correspond to
Since only the upstream Au fOi.I was used in the analysis, th(t?he self—atte,nuaiion and deadA time ?:I)rrections respec-
geometry factor for extrapolation of the neutron flux to thetively. The factorCeg stands for the correction of the neu-

position of the Cs sample_ was o!etermmed experlmentallytron flux from the value measured by the upstream gold
For each energy, a special irradiation was performed by plac-

ing additional Au foils at different distances from the up—(%r]o(;lr];[ﬁ] ;?oer ptﬁzlttli?ge(};é?gf Ccsorsrgzqtglglrgt.h?d(lar:::;hedgrei;
stream Au reference foil. From the smooth variation Withactivation ,as well as theBeffect of time variatio):]s in t%e
distance(Fig. 6), the correction for the neutron flux seen by

the cesium sample could be determined with good accuracg'aelutgreotr\;vzg)ri[tlhAg.ezzeoﬂiisilrjrrgé?attlirgf ;nn dd t:]heebtém; r']?rt]er'of
The time integrated neutron flux 9 9

the measurement are denoted tgsand t,, respectively.
The factorsN, A, €, andl are the number of gold atoms in
the reference foil, the decay rate 6%Au, the absolute

105 o ' ' ' efficiency of the HPGe detector, and the intensity of the
1.00+ ‘}; 1 1 412 keV line, respectively. The cross section of the
« 0951 \ 11 1 ™Au(n,y) reaction, which was used as a reference, was
*8 \ obtained from the ENDF/B-VI database after normaliza-
"E 0.90 }\ 11 i tion to the experimental 30 keV value of Ratynski and
9 0.85 N ]t i Kéappeler[12], and by folding with the neutron beam en-
§ \ ergy distribution(Fig. 5). The normalization factor for the
g 0.801 \i 10 j ENDF/B-VI gold cross section was 0.958. Theray in-
X 0.751 N qt ,} . tensities and half-lives used in the analysis are summa-
T 0.70. 11 S ] rized in Table Il.
: \%\ The thermal neutron flux in the last irradiation was deter-
0.65 . . . T mined from the concomitant activation of a Re foil. Rhenium
1 2 3 7 8 9 was chosen because the ratios of resonance integrals and

Distance (mm . .
(mm) thermal cross sections=1,es/ oy, fOr two stable isotopes,

FIG. 6. Neutron flux vs distance from the copper backing of the  R€ and**Re, are 15.3 and 3.9, respectiv¢lg]—above
Li target. The flux obtained from a set of gold foils was normalized@nd below that of**Cs (r=4.6) [7]. This permits an accurate
to the flux measured with a foil at the nominal position used duringdetermination of the thermal and epithermal part of the reac-
the activations, i.e., 1 mm and 7.5 mm at 30 and 500 keV, respedor spectrum. The nuclear data used for the analysis of the
tively. reactor irradiation are listed in Table III.

025803-4



NEUTRON CAPTURE STUDIES ON UNSTABLES3Cs... PHYSICAL REVIEW C 69, 025803(2004)

TABLE lIl. Adopted thermal neutron capture cross sections and TABLE IV. Compilation of uncertainties.

resonance integrals.
Uncertainty(%)
Reaction Tin lres Source of uncertainty 30 keV 500 keV
(barn) (barn) Reference
Gold cross section 2 3
133Cyn, y)13%Cs 8.3+0.3 37.9+2.7 [7] Measurement of fast flux 3.2 5.1
18Re(n, 7)1%Re 112+2.0 1717+50 [19] Counting statistics 3.6 5.8
187Re(n, 7)188Re 76.4+1.0 300+£20 [19] Time factors <0.5
187Re(n, ) 188" Re 2.8+0.1 [19] 135Cs, thermal capture cross section 3.6
135Cs, effect of resonance integral 0.1
B. Activi Measurement of thermal flux 2.1
. Activity measurements ) i o
o . including contributions from

The activity of the Cs sample was measured with the CIOj_gsRe thermal capture cross section 18
ver detector system as described in Sec. Il C. The data werg. ’ h | capt i 1'3
recorded in event-by-event mode, thus achieving great flex; "~ ST CAPTIe €10ss SECion 13
ibility in off-line analysis. Re, effect of resonance integral (<0.1)

Three modes of reconstruction were tested for the analysi€'Re, effect of resonance integral 0.2
of the data[10]. Total uncertainty of cross section 6.1 8.6

In direct mode, each Ge crystal of the Clover system is
considered as an individual detector. In this mode, the full
energy peak efficiency is equal to the sum of the photopeakransition in the'*¢Cs decay: Even the weakest transitions
efficiencies of each of the eight detectors. with a 3% intensity per decay can be clearly identified. The

The addback mode, in which coincident signals are addedaresence of some lines, which cannot be assigned to the de-
In this way cross talk effects between neighboring crystalsay of 13¢Cs, are artifacts due to Compton coincidenis.
due to Compton scattering or pair production are restored, Although the peak-to-background ratio is much better in
thus enhancing the photopeak efficiency. The addback modbe coincidence spectrum, the statistical uncertainty was
of detection is very efficient for large source-to-detector dis-smaller in the spectrum taken in singles mode. In any case,
tances, but is not useful in the close geometry of the preserthe results obtained with both modes were consistent within
experiment due to the dominance of summing effects. the statistical uncertainties.

The coincidence mode, in which signals are only regis- The uncertainties in the final cross sections were derived
tered if any of the eight ADCs recorded a signal in a certainfrom the singles mode of detection and are summarized in
energy interval. This mode selects cascade transitions anthble IV. Systematic and statistical uncertainties contribute
leads to a strong background reduction at the price of a coralmost equally at both energies. In the runs at 500 keV the
siderable loss in detection efficiency. This is illustrated in theneutron flux is practically isotropic, which implies a some-
lower panel of Fig. 7, which shows the coincidence spectrunwhat larger flux uncertainty due to the positioning of the
taken in the 30 keV run with the gate set on the 1048 keVsample(Fig. 6). The resonance integrals of the three isotopes
irradiated in the reactor have only a small impact on the final
uncertainties.

*c Singles

C. Combination with thermal data

T 10%] 200y The combination of the keV cross section measurements
§ ] with the one at thermal energies had the advantage that sev-
5 eral parameters canceled out in the final expression,
8 I"cs Gate Coincidences o (0),(D),(fg), (1 — M) AN MW Cpyp @)
£ 1004 1eCg D(AN) (1 -eNme™Mufg(Cpp),
8 501 where the subscript refers to the reactor irradiation. In this
way, the systematical uncertainties for thefficiency of the
| Ge detectors, for the intensity of tHé%Cs line, as well as

for the corrections of the self-attenuation and summing
effects could be eliminated. This holds also for the effect
of a possible inhomogeneity of tHéCs sample. The con-

FIG. 7. They-ray spectra of the 30 keV run measured in singlesdition that the counting geometry was accurately repro-
mode (upper pangl compared to the one obtained in coincidenceduced in the activity measurements was verified by the
mode by off-line analysidower pane). The coincidence window at  design of the sample holder as well as by the counting rate
1048 keV is also indicated. Both spectra are in direct mode of opof the 662 keV line from the’*’Cs contamination in the
eration. sample.

0 500 1000 1500 2000 2500
y-ray energy (keV)
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TABLE V. The measured and evaluated capture cross sections TABLE VI. The 13%Cqn, )*3Cs cross section obtained by nor-

(in mb). malizing the present calculation to the experimental results.
Energy Experiment (ENDF/B-VI) Ratio Energy Cross section
(keV) (keV) (mb)
30 keV 164+10 204 0.804 1 1561 £ 156
500 keV 34.8+3.0 43.6 0.798 3 676 + 68
5 482 + 48
10 317 + 28
IV. RESULTS AND DISCUSSION 20 213 + 17
A. Differential cross sections 30 160 + 10
For the investigated energy spectfédg. 5) the neutron 40 133£9
capture cross sections of the unstable isotbp€s were 50 115+38
found to be 164+10 and 34.8+3.0 mb at 30 and 500 keV, 60 104 + 7
respectively. For direct comparison, the cross section pro- 80 88.2 + 6.2
vided.in the ENDF/B-VI library[32] was f_oIded with the 100 783+55
experimental neutron spectra. As shown in Table V the ex- 200 56.3 + 4.0
perimental results for both energies are 20% lower than the D
calculated values of the ENDF/B-VI database, thus confirm- 300 43.2£ 34
ing the shape of the evaluated cross seatfég. 8). Normal- 400 37.8+3.2
ization of the ENDF/B-VI data to the measured values at 30 500 349+3.0
and 500 keV yields the energy-dependent cross section be- 1000 30.6 + 3.8

tween these limits with the experimental uncertainty. For ex
trapolation to lower energies, i.e., into the region from 1 to
30 keV, an additional uncertainty was estimated from th
slightly different energy dependence of the ENDF/B-VI data
and the Hauser-Feshbach statistical mat#H#SM) calcula-
tions performed in this workFig. 8). The extrapolation un-
certainty towards higher energies was obtained in a simil
way. The resulting differentia®>Cs cross section is given in
Table VI.

the decay of*Cs were determined daily during a period of
7 d(Fig. 9. In all these runs, a statistical uncertainty of less
than 1% was achieved. The fit of the respective decay curves
provided perfectly consistent results for both transitions
a‘TabIe VIl). The combined value of 13.04+0.03 d is compat-
ible with Ref. [15] but deviates from the measurement of
Katoh et al. [7] by 10 standard deviations.

Particular attention was paid to the clajif] that previous
half-life measurements may have had problems with the
pileup corrections. At the start of this measurement, the
count rate of the Clover detectors was 2.3 kHz, correspond-

of Katohet al.[7] (12.63+0.04 ¢land the most recent com- ing to ~285 counts/sec for each of the eight independent Ge
pilation [15] (13.16+0.03 ¢l prompted us to resolve this crystals. This rate was sufficiently low such that the pileup

problem by measuring the decay curve after the reactor asorrection is negligible.

tivation. The intensities of the 819 and 1048 keV lines from

B. Half-life of 13¢Cs
Discrepancies in the half-life df®Cs between the values

) .
\‘\\
— = Experiment (this work) 14 \'\-\.\\
g N~ e Normalized ENDF/B-VI 08 ‘\\\\
o 14 ‘ — HFSM (this work) o " 0.6
] N \
c . ~ 04 .~
:.g - N, "g .
O c T T T T T T T
% ‘}A’\\ 8 T T T T T T T
\,_ﬂ\ 38
g \\!\ 0 g' ‘\
G 0.1 \ . 0.6 T
\.\\\.
0.2 -
10° 102 107 0° 0 5 10 15 20 25 30 35 40
Neutron Energy (MeV) Time (d)

FIG. 8. The experimental and the evaluated results for the FIG. 9. The decay curve off®Cs obtained from the counting
135CHn, y)13¢Cs cross section. The evaluated data have been norates of the transitions at 819 keV and 1048 kegper and lower
malized to the experimental points. panel, respectively
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TABLE VII. Measured half-life of'3Cs. *
f o(E,)E.exp(~ E/KT)dE,
Transition energykeV) Half-life (d) {ov) =< 0 (3)
818.5 13.04+0.03 T f E.exp(— E/kT)dE,
1048 13.04+0.04 0

were determined in a range of thermal energies typical for

various s-process scenarios. For a complete picture of the

isotopic abundance pattern produced inglpeocessFig. 1),

the experimental data fdf*Cs and*3*Cs had to be comple-
Due to its high fission yield'**Cs is one of the important Mented by the corresponding data of the remaining un-

long-lived fission products. For example, it is accumulated apt@P!e Cs isotopes with=134,136, and.37.

a rate of 1.4 kg per Terawatt-hour-electric in pressurized wa-

ter reactors[20]. Therefore the transmutation df°Cs via

neutron capture to the short-livé#fCs is of primary interest. The values fo*Cs are based on the results of this work

While the thermal cross section was known to good aCC“(TabIe VI). The only previous measurement by Jasgal.
racy, only theoretical data were available in the relevant eng o performed with the same sample, but in a quasistellar

ergy region of fast reactors in general and for the presently,o ;tron spectrun3]. The obvious difference between the
studied ADS[8], in particular. The energy spectra of such Maxwellian-averagedn, y) cross section akT=30 keV of

systems, which are considered as efficient waste burnerggs, 17 mp reported in Ref3] and the present value of
peak typically near 1 MeV. Accordingly, experimental infor- 160+10 mb is due to the reference data used in evaluating

mation in this energy range is important for the NEUtroniCSpe activation at thermal energies. In both experiments, the

an(;l_rt]he mul?erauon f;eadtuhres thADSth t the keV neut number of 1**Cs atoms were determined by means of an
€ results presented here Show that I€ KevV NEUlron Cafyeyation in the same irradiation position of the TRIGA re-

ture cross se_ction d{ssc.:s _is 20% smaller than adoptgd in the actor of the University of Mainz. In the analysis, improved
E.NDF/B'YJ I'brf'iry' This !mphes that the transmutation effi- neutron capture data could be used for the thermal cross
ciency of 1*Cs in ADS will be~20% lower than previously section as well as for the resonance inte@vdl Especially

assumed. the value of the resonance integral was significantly different
(37.9£2.7 barn compared to 61.7+2.3 bgitB] used by
Jaaget al.), whereas the thermal value was consistent within
uncertaintieg8.3+0.3 barn compared to 8.7+£0.5 b&f9]).
Under the realistic assumption that the neutron spectrum was
identical in both activations, the previous activation can be
corrected with respect to the thermal data. In this case, one

For the use in stellar models, Maxwellian-averaged crosebtains a stellar 30 keV cross section of 176+15 mb, in
sections agreement with the present result.

C. Transmutation of 13°Cs

1. Experimental data

V. ASTROPHYSICAL ASPECTS

A. Maxwellian-averaged cross sections

TABLE VIII. The Maxwellian-averaged neutron capture cross section for thermal energies characteristic of the He burning scenarios.

133CS 134CS 135(:5 136(:5 137CS
Thermal energy (o) SEF (o) SEF (o) SEF (o) SEF (o) SEF
(keV) (mb) (mb) (mb) (mb) (mb)
5 1365+£56 1 2421+218 0.989 522+52 1 558 1 15 1
8 1765159 0.982 382+36 1 408 1 11 1
10 931+38 1 1520+137 0.982 329+30 1 352 1 8.9 1
15 745+31 0.999 1159+104 0.985 251+21 1 269 1 6.6 1
20 636+26 0.995 955+86 0.989 208+17 1 222 1 5.3 1
25 563+23 0.989 82074 0.993 180+13 1 191 1 4.5 1
30 509+21 0.981 724+65 0.997 160+10 1 169 1 4.0 1
40 434+18 0.961 593+53 1.005 134+8.7 0.993 138 1 3.2 1
50 384+16 0.938 509+46 1.013 117+8.2 0.998 118 1 2.8 1
60 347+14 0.917 450141 1.019 105+7.3 0.995 104 1 2.5 1
80 296+12 0.880 372+33 1.030 88.9+6.2 0.986 85 1 2.1 1
100 262+11 0.850 323129 1.038 78.7+5.7 0.975 73 1 1.8 1
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The corresponding values for the only stable isotopeaveraged cross section #%Cs by normalizing our calcu-
135Cs, were adopted from the compilation of Rg¥l], which  lated cross section by means of the experimental data for
made use of the available experimental data. 133Cs and!3Cs. The normalization was using the present

Table VIII includes also the stellar enhancement factordHFSM calculations, which agreed better to the experimental
(SEB, a correction that accounts for the fact that low lying 6(133)/0(135) ratio. The results presented in Table VIII are
excited states are thermally populated at $kgrocess tem-  estimated to carry an uncertainty of 9% resulting from the
peratures, which can affect the total reaction rate.'®&s, 5% difference between the results obtained by normalizing

these values were taken from RgZ1] as well. to 13%Cs and!®Cs, respectively, and from the experimental
uncertainties of thé3Cs and***Cs cross sections.
2. Calculated cross sections The present results fo*“Cs confirm the previously rec-

For determining the cross sections of the remaining un®mmended valueg21], but the uncertainty was reduced by
stable isotopes, a series of calculations has been performed#°re than a factor of 2. _ _ _
the framework of the HFSM theory of nuclear reactions. For 1€ resulting cross sections for the higher isotopes, which
the mass and energy range considered here, the assumpti§fre eventually adopted for the discussion of the astrophysi-
of the compound nucleus reaction mechanism, on which th€! implications, are given in Table VIll. The SEFs have
HFSM is based, is assumed to be justified, although this ma?een ca_lculated con3|der|ng thermal populations of the first
imply an additional uncertainty for the neutron magic isotope/lVe €xcited states in each target nucleus. For the tempera-
137Cg. tures considered herkT up to 100 keV, this has been veri-

Two sets of calculations using the same HFSM theory pufied to be sufficient to include all significant contributions to
different parametrizations have been considered, based dhe Stellar rates.
the NON-SMOKER code [22] and on a code developed at  1hese results were used to update sfrocess analyses
ENEA [33]. The basic expression for the neutron capturePresented in Ref§25-28.
cross section in HFSM is the following:

> Thisl
Is ne W The neutron capture flow through the Xe-Cs-Ba isotopes
STt S T+ 7 (Fig. 1) exhibits branchings dfXe, 134Cs,135C§, and*Cs.

’ ’ 4 For all these cases, the stellgrdecay rates differ from the
respective laboratory ratgg], but only *4Cs acts as a true
The neutron transmission coefficienls for all the states in  branching point with significant competition betwegrde-
the entrance channel as well as in the exit inelastic channetsay and neutron capture. The strength of this branching is
ns are calculated as solutions of the two-body Schrédingereflected by the relative abundances of the sonly iso-
equation for a complex optical potential. Different optical topes'®Ba and'®®Ba, which are shielded against possible
model parametefOMP) sets have been considered in ther-process contributions by their stable Xe isobars. Neverthe-
HFSM calculations with a final choice for the Moldauer |ess, the other branchings should be included, at least in stud-
OMP [23] which better reproduced the available neutronjes with s-process models for thermally pulsing asymptotic
strength functiong19] in the mass region under consider- giant branch(AGB) stars, where the neutron density in He
ation here. For excited target states, considered in the calcghell flashes exceeds f@&m 3 (see below. Only the elec-
lation of stellar cross sections, superelastic neutron emissiotfion capture branch in the decay BfCs is always less than
channels have been included. 1072 and can, therefore, be neglected.

The T transmission coefficients for each transition The temperature dependence of tHéCs decay makes
have been calculated using giant dipole resonance pararthis branching a potentiatprocess thermometer. In terms of
eters, and experimentally known discrete nuclear levels. Fathe static picture of the classicstbrocess approad29], the
transitions leading to states above the known discrete levelgresent data do not affect the discussion presented in Refs.
the nuclear level densityp(E) is needed. A constant- [3,25. This means that the branching &Cs is too weak
temperature model fit, matched to the Fermi gas model wittand the minor branchings remain marginal because of the
pairing correlations and corrected for shell inhomogeneitiegomparably low neutron density limit of about<SLC? pre-
at excitation energies close to the neutron binding energyicted by the classical approach. Hence, ttBa/3®Ba ratio
has been adopted for the calculation @E). Finally, the is always overestimated unless the decay raté>t€s is
level width fluctuation correction factM/‘r],’y has been calcu- reduced by a factor of BL].
lated using Lynn’s prescription24]. It was shown that this problem is resolved if th&Cs

The different parametrizations of the HFSM theory leadbranching is treated in the frame of stellar models for helium
to different results in the cross sections of the cesium isoshell burning in thermally pulsing, low mass AGB stars
topes. In particular, the Maxwellian-averaged cross sectiong4,30. In these stars the neutron supply results from the in-
at 30 keV of34Cs, the nucleus of major concern here, differ terplay of the dominant*C(a,n)*®0 reaction and a weaker
by 40%. However, the cross section ratie€l34)/c(135  contribution from the?’Ne(a,n)®®Mg reaction. During the
and 0(133/0(135 were consistent within 14%. In combi- interpulse period between He shell flashes, a neutron density
nation with the experimental results f&¥Cs and'**Cs, this  of less than 10cm™ is maintained in thé3C pocket, a thin
provides a reliable way for determining the Maxwellian- layer in the He shell, where th&C source operates under

B. The s-process branching at34Cs

T
Un,y(En) = P% gJ
n

Is n'l's
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TABLE IX. Ba abundances relative to the solar values obtainedthe improved accuracy of the Cs cross sections puts these
from stellar model calculations using previously recommended Csalues on much firmer grounds. For example, this aspect is

cross section§21] and the values of this work. relevant for the interpretation of isotope patterns of the SiC

mainstream presolar grains which originate from the mass
Previous data Present results |oosing enve|opes of AGB stars.

13%Ba 1.140 1.158

1354 0.264 0.293 VI. CONCLUSIONS

1358a 1.074 1.065 In this work the neutron capture cross section of the un-

13747 0.628 0.620 stable isotope®**Cs was measured via the activation tech-

13834 0.905 0.904 nique at 30 keV and 500 keV, by irradiation in quasimo-

140ce 0.914 0.924 noenergetic neutron fields. The measurements confirm the

1505, 1.00 1.00 cross section shape predicted by the ENDF/B-VI database,

but normalization to the present results show that the abso-

4ncluding the radiogenic components from the decay®8€s and  lute value must be lowered by 20%.

137Cs, respectively. This result will put the claims for the transmutation of the

PAbundance distributions normalized t&’Sm. long-lived fission product®*Cs on safe grounds, presumably

yielding a somewhat lower rate of incineration than previ-

radiative conditions and at comparably low temperatures ously assumed.

kT=8 keV. When a sufficiently high temperature is reached During this experiment, the half-life of*%Cs was mea-

at the bottom of the He burning zone, th&e source is sured to be 13.04+0.03 d, in fair agreement with a recent

activated during the following He shell flash. Though thecompilation[15], but in contradiction with the latest experi-

total neutron exposure is smaller than contributed by thenental valud7].

13C(a,n)*®0 reaction because ttfé\e source is limited to a Improved Maxwellian-averaged cross sections were de-

few years, much higher neutron densities of the orderived for the unstable Cs isotopes in the mass region 134

10°%cm™ are reached at higher temperatures kT  <A<137, in particular, for the importarstprocess branch-

=23 keV during this highly convective instability. ing point 13“Cs and*®*Cs. The effect of the new cross sec-
Model calculations for stars of 1.5 and 3Mvere carried tions on the isotopic Ba abundances was studied in model

out using the previously recommended Cs cross secfgi}s calculations for thermally pulsing, low mass AGB stars, but

and the present results of Table VIIl. The average of theonly small variations were found.

resulting abundances has been shown to reproduce the abun-
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