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FOREWORD 

As in previous years, this report has been prepared to promote exchange of nuclear 
data research information between the Federal Republic of Germany and other 
member states of OECDNEA and IAEA. It covers progress reports fiom the research 
centres at Karlsruhe and Jiilich, the universities of Dresden, Hannover, Koln and 
Mainz, as well as fiom the PTB Braunschweig. Each contribution is presented under 
the laboratory heading fiom where the work is reported. The names of other 
participating laboratories are also mentioned. The emphasis in the work reported here 
is on measurement, calculation, compilation and evaluation of nuclear data for applied 
science programmes, such as those relevant to reactor technology and safety, 
transmutation concepts, accelerator shielding and development, astrophysics research, 
cosmogenic and meteoritic investigations, radiation therapy, production of medically 
important radioisotopes, etc. 

The coordination of nuclear data activities at the international level is done by two 
committees: the NEA-Nuclear Science Committee (NEA-NSC) and the IAEA- 
International Nuclear Data Committee (INDC). The present Editor has the privilege 
and the responsibility of representing Germany in both the committees. This report 
should therefore also serve as a background information to some areas of work of 
those committees. 

Jiilich, July 2001 S.M. Qaim 



This document contains information of a preliminary nature. Its contents should be 
used with discretion. 
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FORSCHUNGSZENTRUM KARLSRUHE 
INSTITUT ~fht KERNPHYSIK 

1. Low-Energy Resonances in 1 4 ~ ( a , y ) ' 8 ~  and their Astrophysical Implications* 

J. ~ ~ r r e s ' ,  C. Arlandini, U. ~iesen' ,  M. Heil, F. Kiippeler, H. ~ e i s t e ~ ,  E. stechl, and 
M. wiescherl 

The strengths of low-energy resonances in 14~(a ,y)18~ at 573 keV and 1136 keV have been 
measured using an activation method. In addition, their relative strength and the energy of the 
lower resonance have been determined in a prompt y-ray experiment. The results of these 
measurements are used to reevaluate the stellar reaction rate of 14~(a,y)18~. The present reaction 
rate at temperatures of astrophysical interest is a factor of 2 smaller than previously reported. 

*Phys. Rev. C62 (2000) 55801,l-7 

University of Notre Dame, Notre Dame, Indiana 46556, USA 
2 Forschungszentrum Karlsruhe, Institut fiir Materialforschung I 

2. Stellar Neutron Capture Cross Sections of the Yb Isotopes* 

K. Wisshak, F. Voss, C. Arlandini, F. Kiippeler, L. ~azakov]  

The neutron capture cross sections of 170Yb, 171Yb, 172Yb, 173Yb, 174Yb, and 17'Yb have been 
measured in the energy range from 3 to 225 keV relative to the gold standard. Neutrons were 
produced at the Karlsruhe 3.75 MV Van de Graaff accelerator via the 7~ i (p ,n )7~e  reaction by 
bombarding metallic Li targets with a pulsed proton beam, and capture events were registered with 
the Karlsruhe 4n Barium Fluoride Detector. Neutron capture in the even ytterbium isotopes is 
characterized by a strong population of isomeric states, leading to unrecognized systematic 
uncertainties in previous measurements. For the first time, partial cross sections to ground and 

- 

isomeric states could be experimentally identified in neutron time-o f-flight measurements for 
172Yb, 173Yb, 174Yb, and 17'Yb. The present overall uncertainties of 1-1.5% correspond to an 
improvement by factors of 4 to 10 compared to existing data. Maxwellian averaged neutron capture 
cross sections were calculated for thermal energies between kT = 8 keV and 100 keV. In four cases, 
the results differ by more than 15% from recent evaluations. The S-process analyses based on the 
present data provide firther evidence h favor of stellar models for thermally pulsing low-mass 
AGB stars. 

*Phys. Rev. C61 (2000) 65801,l-16 

1 Institute for Physics and Power Engineering, Obninsk-Kaluga, Region, Russia 



3. Neutron Capture Cross Section of 2 3 2 ~ h *  

K. Wisshak, F. Voss, and F. Kappeler 

The neutron capture cross section of 2 3 2 ~ h  has been measured in the energy range from 5 to 225 
keV at the Karlsruhe 3.7 MV Van de Graaff accelerator relative to the gold standard. Neutrons 
were produced via the 7~i (p ,n)7~e reaction by bombarding metallic Li targets with a pulsed proton 
beam, and capture events were registered with the Karlsruhe 47t Barium Fluoride Detector. The 
main difficulty in this experiment is the detection of true capture events characterized by a 
comparably low binding energy of 4.78 MeV in the presence of the high-energy y-background (up 
to 3.96 MeV) associated with the decay chain of the natural thorium sample. With the high 
efficiency and the good energy resolution of the 4n detector the sum energy peak of the capture 
cascades could be reliably separated from the background over the full range of the neutron 
spectrum, yielding cross section uncertainties of about 2% above 20 keV and of 4% at 5 keV. The 
clear identification of the various background components represents a significant improvement 
compared to existing data for which sometimes high accuracy was claimed, but which were found 
to be severely discrepant. A comparison with the evaluated files shows reasonable agreement in the 
energy range above 15 keV, but also severe discrepancies of up to 40% at lower neutron energies. 

*Nucl. Sci. Eng. 137 (2001) 183-193 

4. A 4 1r; BaF2 Detector for (n,y) Cross Section Measurements at a Spallation Neutron 
Source* 

M. Heil, R. Reifarth, M.M.  owle er', R.C. ~ a i ~ h t ' ,  F. Kiippeler, R.S. ~ u n d b e r ~ ' ,  
E. H. seabury', J.L. ullmannl, J.B. wilhelmyl, K. Wisshak 

The quest for improved neutron capture cross sections for advanced reactor concepts, transmutation 
of radioactive wastes as well as for astrophysical scenarios of neutron capture nucleosynthesis has 
motivated new experimental efforts based on modern techniques. Recent measurements in the keV 
region have shown that a 47t Bah  detector represents an accurate and versatile instrument for such 
studies. The present work deals with the potential of such a 471 BaF2 detector in combination with 
spallation neutron sources, which offer large neutron fluxes over a wide energy range. Detailed 
Monte Carlo simulations with the GEANT package have been performed to investigate the critical 
backgrounds at a spallation facility, to optimize the detector design, and to discuss alternative 
solutions. 

* Nucl. Instr. Meth. A459 (2001) 229 - 246 

1 Los Alamos National Laboratory, Los Alarnos, New Mexico 87545, USA 



5. Neutron Cross Sections for Nucleosynthesis Studies* 

Z.Y. ~ a o ' ,  H. Beer, F. Uppeler, T. ~auscher~,  F. Voss, K. Wisshak 

Previous compilations of (n,y) cross sections of relevance to neutron capture nucleosynthesis in the 
Big Bang and in the slow neutron capture process (S process) have been updated to encompass 
information available up to December 1998; data references include work in process then and 
published subsequently. The experimental results for nuclei between H and Bi were critically 
surveyed, renormalized to selected standard cross sections, and condensed into a set of 
recommended Maxwellian averaged cross sections for a thermal energy of kT=30 keV. Recent 
statistical model calculations of the capture cross sections done with the code NON-SMOKER are 
listed for comparison; these calculated cross sections are adopted in those cases where experimental 
information is still missing, e.g. for the majority of radioactive nuclei defining the S-process 
branchings. Maxwellian averages, normalized to our recommended 30 keV averages, were 
determined for a range of thermal energies between kT=5 and 100 keV. We have also included the 
calculated stellar enhancement factors due to therrnally populated nuclear states as a function of 
temperature. 

* Atomic Data Nucl. Data Tables 76 (2000) 70 - 154 

On leave from Chinese Institute of Atomic Energy, Beijing, China 
2 Institut fiir Physik, Universitat Basel, CH-4056 Basel, Switzerland 



FORSCHUNGSZENTRUM KARLSRUHE 
INSTITUT ~m REAKTORSICHERHEIT 

1. Benchmark for Sensitivity and Uncertainty Calculations Using EFF-3.1 5 6 ~ e  

Cross Section Data 

U. Fischer, I. ~odeli ' ,  Ch.   on no^, R. pere13 

A computational benchmark on probabilistic and deterministic sensitivity and uncertainty 

calculations has been conducted with the objective to check and validate the novel Monte 

Carlo technique for calculating point detector sensitivities as being implemented in the 

MCSEN code [l]. A suitable 14 MeV neutron benchmark problem on an iron assembly has 

been considered to this end. After removal of some minor problems in MCSEN, good 

agreement has been achieved for the calculated individual sensitivity profiles, the 

uncertainties and the neutron flux spectra as well. Uncertainties as calculated for the neutron 

flux integrals at the location of the detector are compared in Tables 1 and 2 for a 7.5 and a 28 

cm thick spherical iron shell, respectively. Nuclear cross-sections and CO-variance data were 

taken from the EFF-3.1 Fe-56 data file. It was concluded that the Monte Carlo technique for 

calculating point detector sensitivities and related uncertainties as being implemented in 

MCSEN is well qualified for applications in sensitivity and uncertainty analyses of fusion 

neutronics integral experiments [2]. 

Table 1. Uncertainties of neutron leakage flux integrals as calculated for a 7.5 cm thick iron 

spherical shell with the Monte Carlo (MCSEN) and the deterministic 

(ONEDANTISUSD) approach. 

* Institut "Jozef Stefan", Jamova 39,. l000 Ljubljana, Slovenia 
Centre for Neutron Science, JAERI, Tokai-mura, Ibaraki-ken 3 19- 1 195, Japan 
Racah Institute of Physics, Hebrew University of Jerusalem, 91904 Jerusalem, Israel 



Table 2. Uncertainties of neutron leakage flux integrals as calculated for a 28 cm thick iron 

spherical shell with the Monte Carlo (MCSEN) and the deterministic 

(ONEDANTISUSD) approach. 

References 

[ l ]  R.L. Perel, J.J. Wagschal, and Y. Yeivin, "Monte Carlo calculation of point-detector 

sensitivities to material parameters", Nucl. Sci. Eng., 124 (1996), 197-209. 

[2] U. Fischer, I. Kodeli, C. Konno, R. Perel, "Inter-comparison of Monte Carlo and SN 

Sensitivity Calculations for a 14 MeV Neutron Benchmark", Int. Conf. Advanced Monte 

Carlo for Radiation Physics, Particle Transport Simulation and Applications, October 23- 

26,2000, Lisbon, Portugal. 

2. Intermediate Energy Activation Data File IEAF-2000 

U. Fischer, A. ~onobe~ev ' ,  Yu. ~orovin', U. v. M61lendore ~.~ereslavtsevl, 

A. Yu. stankovskyl 

Under a co-operation between the Forschungszentrum Karlsruhe and the Institute of Nuclear 

Power Engineering Obninsk, Russian Federation, a complete activation data library IEAF- 

2000 (Intermediate Energy Activation File) has been developed. The IEAF-2000 library 

includes 679 (stable and unstable) target nuclides from Z=l (hydrogen) to 84 (polonium) with 

approximately 51000 excitation functions for neutron induced activation reactions up to 150 

MeV. The European Activation File EAF-97 served as basis for the activation cross-section 

data below 20 MeV neutron energy. Threshold reaction cross-sections were evaluated on the 

basis of geometry dependent hybrid exciton and evaporation models using a modified version 

of the ALICE code. The principal changes applied to the code concern the incorporation of 

Institute for Nuclear Power Engineering (INPE),249020 Obninsk, Kaluga Region, Russia 



algorithms for describing pre-equilibrium cluster emission (d, t, ' ~ e ,  a), pre-compound y-ray 

emission and the calculation of nuclear level densities according to the generalised superfluid 

model. LEAF-2000 is in standard ENDF-6 data format making use of the MT=5 (neutron, 

anything) option with the excitation functions stored on MF=3 and the product nuclide vectors 

on MF-6 (LAW=O). The IEAF-2000 library has been processed with NJOYIGROUPR in a 

256 group structure to enable activation calculations for the IFMIF (International Fusion 

Irradiation Facility) neutron source. It can be used with activation codes capable of handling 

an arbitrary number of reaction channels. The IEAF-2000 library will be distributed both in 

pointwise and groupwise data format via the NEA data bank and the IAENNDS. 

References 

[ l ]  Yu. Korovin, A. Konobeyev, P. Pereslavtsev, A. Yu. Stankovsky, U. Fischer, U. 

v.Mollendorff, "Data Library IEAF-2000 to study the activation of irradiated materials", 

Nuclear Applications in the New Millennium, November 1 1 - 15,200 1, Reno, NV, USA 

[2] U. Fischer, P.P.H. Wilson , S. P. Simakov , U. v. Mollendorff, A. Konobeev, Yu. Korovin, 

P. Pereslavtsev, "Application of the IEAF-2000 Activation Library to the activation 

analysis of the IFMIF high flux test module", 10' International Conference on Fusion 

Reactor Materials, 1 4- 1 9 October, B aden-Baden, Germany 



INSTITUT ~m NUKLEARCHEMIE 
FORSCHUNGSZENTRUM ~ L I C H  

1. Fundamental Investigations on Nuclear Reactions 

S. Kastleiner, T.Stol1, K. Kettern, F. Cserphk*, S. Sudirr*, N.Shubint, 

S.M. Qaim 

The on-going experimental and theoretical investigations on nuclear reactions were 

continued. The work during the period of this report consisted of measurements of 

excitation hnctions of the reactions 68~n(p,xn) 67,66G% 
68 

~n(p ,2p)~~cu ,  

85~b(p,xn) 85,83,82,81 Sr and 85~b(p,p'xn) 84,83,82,81 Rb from their respective thresholds up to 

70 MeV. To interpret the experimental data, nuclear model calculations were 

performed using the code ALICE-IPPE which is based on the hybrid model. It was 

found that most of the processes could be described well by the nuclear model 

calculations. Only in the case of the (p,2p) reaction some deviations were observed. 

In addition to measurement of total cross section for a particular reaction channel, 

partial cross sections for the formation of isomeric states were also determined. The 

processes studied included 85~b(p,n)85w~r, 85~b(p,p9n)84mg~b and nat~r(p,xn) 87mgy 

from threshold up to 70 MeV. The results were interpreted qualitatively in terms of the 

projectile energy and spins of the isomers concerned. Furthermore, the processes 

107~g(n, a)lo4"%Rh and Og~g(n, a) l 0 6 m g ~ h  were investigated over the neutron energy 

range of 7 to 12 MeV. Since some of the products were short-lived (Tic! 5 1 rnin) and 

pure p- emitters, considerable care in activity measurement was needed. For a 

quantitative understanding of the isomer distribution, detailed nuclear model 

calculations were performed using the code STAPRE which is based on the statistical 

model and incorporates precompound effects. The model described the total (n,a) 

cross section well. In the case of isomeric states, a very carefbl selection of the input 

parameters, especially the level scheme, was mandatory. 

* Institute of Experimental Physics, Debrecen University, Debrecen, Hungary 
' Institute of Physics and Power Engineering (IPPE), OLminsk, Russia 
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Fig. 1 Excitation function of the 180(p,n)18~ reaction. Results of both neutron and 

activation measurements are shown. The rather bold curve is an eye-guide to 

our activation data. For details see Ref [7]. 

Based on the data measured in this work, the integral yield of "F was calculated. 

Up to an energy of 8 MeV, the yield values are in good agreement with the 

literature data of Ruth and Wolf. Above that energy the yield becomes higher 

compared to the earlier data; at 14 MeV the difference is about 15 %. The yield 

above 14 MeV is reported for the first time. 

The radionuclide '"r (Tm = 16.0 h) is an important longer-lived P+ emitter. It is 
76 generally produced via the ~e(p,n)?~Br or " A ~ ( ~ ~ e , 2 n ) ~ ~ B r  reaction. We 

considered it worthwhile to investigate the 78~r (d ,a )76~r  reaction. The standard gas 

cell technique using 99.95 % enriched 7 8 ~ r  was applied. Though the reaction cross 



section could be measured fiom threshold up to 14 MeV, the yield was found to be 

rather low. This nuclear route is therefore not very suitable for production of 7 6 ~ r .  

As mentioned in the last Progress Report, the radionuclide " ~ r  (Tin = 32.2 h) is a 

positron emitting analogue of the therapy nuclide 8 9 ~ r  and appears to be well-suited 

for dosimetry and therapy planning. Measurements on the 85~b(p,xn) 85wg 83,82,81 Sr 

reactions were now extended up to 100 MeV and completed. The reaction 

"Rb(p,3n)"sr over the energy range E, = 37 -+ 30 MeV was found to be very 

suitable for production of "Sr. The measured cross sections were tested via an 

integral experiment. A thick target was irradiated (E, = 35 + 30 MeV) at a low 

current and radiostrontium was radiochemically separated. The practical yield of 

8 3 ~ r  was compared with the yield calculated fiom the excitation function. The 

results agreed within 10 %, adding confidence to our cross section measurements. 

The cross section data for an alternative production reaction, namely 

82~r(3~e ,2n)83~r ,  were also tested via an integral measurement involving a 

production gas target. The practical yield of 8 3 ~ r  obtained was in agreement within 

20 % with the value deduced fiom the excitation function. 

A comparison of the two routes developed for the production of 8 3 ~ r  is given in 

Table 1. The data were deduced fiom the measured'excitation functions normalised 

to 100 % enrichment of the target. As one can see, the yield of 8 3 ~ r  is much higher 

for the proton induced reaction on highly enriched 8 5 ~ b  and the level of radioactive 

Table 1: Comparison of production routes of 8 3 ~ r  under optimum conditionsa 

Production route Energy range Yield of Sr Impurities [%lb 83 b 

85~b@,3n) - 37 + 30 142.53 0.24 0.75 

8 2 ~ r ( 3 ~ e , 2 n )  18 + 10 5.12 - 1.37 
a Values normalised to l hour irradiation, l pA beam current, 100 % enriched targed. 

Deduced from measured excitation functions. 



impurities is low (c 1 %). The 82Kr(3~e,2n)-process leads to a lower 8 3 ~ r  yield and 

higher impurities. The 85~b(p,3n)-process is thus the method of choice for the 

production of 8 3 ~ r ,  provided a 40 MeV cyclotron is available. 

The radionuclide  ON^ (Ttn = 14.6 h) is a potentially interesting fIt emitter. Its 

production cross sections were measured in collaboration with the University of 

Mainz. The details are given in a report submitted by that University (see page 3 1). 

The fIt emitting radionuclide 12"1 (Tin = 4.18 d) is both of diagnostic and 

therapeutic use. In recent years its importance has been enhancing. ARer having 

investigated the '"~e(p,n)'~'I and 125~e@,2n)1241 processes, studies were started 

last year on the 124~e(d,2n)124~ reaction. This nuclear route has been commonly 

used for production purposes but the available data were discrepant. The results of 

our extensive studies are depicted in Fig. 2. The '"~e(d,n)l~~I reaction has been 

investigated for the first time. For the 124~e(d,2n)124~ process, an experimental 

measurement (Firouzbakht et al, 1993, BNL) and a theoretical calculation (Shubin, 

200 1, Obninsk) have been reported in the literature. Fig. 2 shows that the literature 

experimental data are about an order of magnitude smaller than our values but the 

results of the nuclear model calculation agree with our data. 

The yields of 1 2 4 ~  and associated impurities (123~ and 129) in the three nuclear 
124 124 routes, viz. Te(p,n), Te(d,2n) and lrrTe(p,2n), deduced from the detailed 

excitation hc t ions  measured in our laboratory, showed that the '24~e(p,n)-route 

provides 1 2 4 ~  of the highest purity. This route can be utilized even at a low energy 

cyclotron. The 125~e(p,2n)-reaction gives about four times higher yield than the 

other two processes. From the viewpoint of 12'1 impurity, the '"~e(d,2n)'~~I 

reaction is the worst. 



V) 1 '  8 124 

;i loo ~e(d,n) '~t ,  this work 
12 4~e(d,2n)1241, this work 

- - - ALICE-IPPE, (Shubin, 2001) 
124~e(d,2n)1241, (Firouzbakht et al., 1 993) 

Deuteron energy [MeV] 

124,125 Fig. 2 Excitation functions of 124~e(d,xn) I reactions. For simplicity the re- 

sults are shown here only as curves. Detailed data are given in Ref. [ g ] .  

b) Cross sections and yields of therapy related and other radionuclides ( 6 7 ~ ~ ,  8 8 ~  

and Io3pd) 

The radionuclide 6 7 ~ ~  (Tin = 61.9 h) is of great interest in systemic 

endoradiotherapy. It is produced via several routes but is not readily available. A 
68 commonly used method at medium-energy cyclotrons is the Z ~ @ , ~ ~ ) ~ ~ C U -  

reaction. Since the cross sections for this process were not known well, we thought 

it worthwhile to study it in detail. A serious problem arose due to the very similar 

half-lives and y-ray energies of 6 7 ~ a  and 6 7 ~ ~ .  Since 6 7 ~ a  is formed in much higher 

yields, measurements on 6 7 ~ u  could be done only using radiochemical techniques. 

During the period of this report extensive radiochemical studies were performed up 

to 70 MeV, and the cross section data base for the 6 8 ~ n ( p , 2 p ) 6 7 ~ ~  reaction was 



established. Furthermore, the data base for the production of 6 7 ~ a  and 6 6 ~ a  via 

68~n(p,2n) and 68~n(p,3n) reactions, respectively, was extended up to 70 MeV. 

The importance of the P+ emitting 8 6 ~  (TIR = 14.7 h) in therapy planning and 

quantitative dosimetry with regard to the p- emitting therapy nuclide (Tin = 

64.1 h) is well established. However, for studying slow biokinetics, the 

radionuclide "Y (Tin = 106.6 d) appears to be more suitable. Cross sections were 

therefore measured for the nat~r(p,xn)88~ process up to 25 MeV. The suitable 

energy range for the production of "Y was deduced to be E, = 14 -+ 9 MeV. 

The X-ray and Auger electron emitting radionuclide '"~d  (TIE = 16.96 d) is of 

immense importance in endoradiotherapy. It is produced routinely via the 

103~h(p,n)-reaction. As mentioned in the last Progress Report, we performed 

detailed studies on '03~h(p,xn) 103,101,100 Pd reactions up to 40 MeV, using X-ray and 

y-spectrometry. Furthermore, the alternative routes 102~u(3~e,2n)103~d and 

100~u(a,n)103~d were also investigated. The data analysis is in progress. 

c) Dissemination of knowledge on nuclear data for medical applications 

The final report of the IAEA-CRP on "Standardisation of Nuclear Data for the 

Production of Medically Important Radioisotopes" was published as IAEA- 

TECDOC- 121 1 (200 1). S.M. Qaim chaired the CRP and the institute contributed 

actively to the effort. 

A special issue of the international journal Radiochimica Acta dealing with all 

aspects of "Nuclear Data for Medical Applications" was published (Vol. 89, pages 

189-355 (2001)). It was edited by S.M. Qaim. 



4. Decay Data 

K. El-Azoney, H.H. Coenen, S.M. Qaim 

The P+/Ec ratio in the decay of lZ41 (Tin = 4.18 d), i.e. the emission intensity (I~'), 

is rather uncertain: values between 23 and 26 % have been reported in the literature. 

We determined the intensity using a highly pure lZ41 source, which was produced by 

irradiation of 99.9 % enriched 1 2 4 ~ e  with 14 MeV protons, followed by a chemical 

separation of radioiodine. Both y-ray and X-ray spectrometry were applied. In the 

former case a comparison of the intensity of the annihilation radiation with that of the 

603 keV y-ray of lZ41 was done, and in the latter with that of the K, or Kp X-ray of the 

daughter tellurium. Our measurements lead to a value of 23 k 0.5 % for the 1; of '"I. 
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INSTITUT FUR KERN- UND TEILCHENPHYSIK 
TECHNISCHE UNIVERSITAT DRESDEN 

1. Integral Activation Experiment with SIC and ~ i 4 ~ i 0 ~ *  

R. A.   or rest', H. Freiesleben, V. D. ~ova l chuk~ ,  D. V. ~a rkovsk i j~ ,  D. Richter, 
K. Seidel, V. I. ~ereshk in~ ,  S. Unholzer 

The radioactivity induced by neutrons in fusion reactor materials is a focus of 

investigations dedicated to safety and environmental assessments of fusion power. The 

greatest part of the radioactivity is produced by two components of the neutron flux 

spectrum, the thermal neutrons and the D-T fusion neutrons. The component, connected 

with the 14 MeV neutrons, is investigated in the present work for the advanced structural 

material Sic  and for the breeding material Li4Si04 [l]. 

In a calculation with the European Activation System (EASY-99, [2]) the materials were 

taken to be irradiated with 14 MeV neutrons at a flux density corresponding to the power of 

1.0 MW, for a period of one year, to estimate the activation under reactor conditions. The 

results obtained for the contact dose rate as a function of the decay time after irradiation (k) 

are shown in Fig. 1. The dominant radionuclides, mainly produced from Si, have short half- 

lives. Radionuclides originating from impurities of the materials determine the dose rate 

already for tc > 1 h. At about one year, the recycling limit is reached. For tc > 100 y, more 

than 99% of the dose rate comes from 2 6 ~ 1  (Tu = 7.2.10~ y) produced by the 27~l(n,2n)- 

reaction. 

The short- and long-term activities were experimentally investigated in separate runs. 

Small pieces of the materials were irradiated at the high-intensity D-T neutron generator 

SNEG-13 at Sergiev Posad for 30 min with a fluence of the order of 10" neutrons/cm2 and 

for 17 h with a fluence of the order of 1014 neutrons/cm2. Gamma-spectra of the samples 

were measured with a Ge(Li)-spectrometer several times during decay, and nuclide 

activities were derived. For each of the measured values the activity was calculated with 

EASY-99, and calculated-to-experimental values (CIE) were determined. 

* Work supported by the European Fusion Development Activity Programme (Task TTMN-002) 
and by the German Bundesministerium fiir Bildung und Forschung (Projekt RUS-564-98) 
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The CIE-values for " M ~ ,  2 8 ~ 1  and " ~ l  in shon irradiations were presented in the 

previous Progress Report [3]. The measured sum of the activities of the three nuclides is in 

very good agreement with the calculated sum, as shown in Fig. 2. The rest of the total 

activity at short decay times, as calculated with EASY-99 and not measured, is shown with 

a dashed line. 

After the long irradiation, the activities of 2 4 ~ a ,  4 6 ~ ~ ,  4 7 ~ ~ ,  4 8 ~ ~ ,  5 1 ~ r ,  54hIn, 5 6 ~ ,  "CO, 
48 5 8 ~ o  "2r and 92mNb were measured for Sic, and the activities of 2%a, '%C, 4 7 ~ ~ ,  SC, 

5 1 ~ r ,  54Mn, 56Mn, 5 8 ~ o  and for Li4Si04. The sum of these activities is compared in 

Fig. 3 with the result of the corresponding calculation, based on elemental compositions of 

the samples as determined by glow discharge mass spectroscopy and by X-ray fluorescence 

analysis, respectively. The underestimation of the total activity of Sic  at the first and the 

second tc of Fig. 3 is mainly due to the 2%a activity, produced by the 2 7 ~ l ( n , a ) 2 4 ~ a  

reaction. Using the CIE obtained for 2%a, the A1 content of the material was estimated. 

With the same factor, the dose rate for tc > 100 y increases, compared to the expected (Fig. 

1) value. The 92mNb activity was underestimated by a factor of about 0.03 for Sic; in 

Li4Si04 it was not expected, but found in the experiment. The small values have no 

significant influence on the long-term radioactivity induced by 14 MeV neutrons. For 

thermal neutrons the situation may be changed, as 'h has a TI/, of 2.10~ y. Several other 

values of the impurity content in the Sic  and in the Li4Si04 samples were determined by 

the 14 MeV neutron activation, and the effect on the total dose rate was estimated [4]. The 

uncertainties of both depend on the nuclear data uncertainties. 

Decay time (years) Decay time (years) 

Fig.1 Contact dose rates from the y-emitting nuclides after irradiation with 14 MeV 
neutrons of 1.0 MW power for one year as function of the decay time (full line - 
total, thin line - partial dose rate). Recycling and hands-on limit as recommended by 
ICRP. 
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Fig. 2 Measured sum of y-activities (0) at short decay times in comparison to the 
corresponding calculated activities (solid line). Rest: dashed line. 
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Fig. 3 Measured sum of y -activities (0) at long decay times in comparison to the 
corresponding calculated activities (solid line). 
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2. Shut-Down Dose Rate ~xperiment* 

Y.  hen'^, U. ~ischer', H. Freiesleben, D. Richter, K. Seidel, S. Unholzer 

The dose rates in fusion devices like the International Thermonuclear Experimental Reactor 

(ITER) have significant influence on the operation scheme of the machine. One of the 

questions concerns the y-dose rates inside the cryostat after shut-down, especially for 

guaranteeing occupational safety during hands-on maintenance. 

The y-radiation originates from radionuclides produced by neutrons in the structural and 

coolant materials of the reactor during the operation. The calculation of the y-dose rate for 

given positions comprises, in principle, a three-step procedure: 

a) determination of the spectral neutron flux in the materials with transport code and data 

as MCNP [l] and FENDL[2], 

b) calculation of the radioactivity induced by the neutrons as a function of irradiation and 

decay time with inventory code as HSPACT [3] and corresponding activation and 

decay data libraries, 

c) y-transport calculation from the activated materials to the position of interest and 

conversion of the flux to dose rate. 

For validating these procedures, an experiment was performed under a collaboration 

between ENEA Frascati, FZ Karlsruhe and TU Dresden 141. Besides checking the codes, it 

represents an integral test of neutron, photon and decay data relevant to fusion neutronics. 

A materials mock-up of the ITER shield blanket and vacuum vessel was irradiated at the 

Frascati Neutron Generator with DT-neutrons for two days, and after that, y-dose rates and 

y-flux spectra were measured inside the assembly over a period of three weeks. 

The dose rates measured with an uncertainty of about 4%, using a tissue-equivalent 

scintillator, are compared in Fig. l with the respective calculated values [5 ] ,  using data files 

of the Fusion Evaluated Nuclear Data Library FENDUMC-2.0 [2] and FENDWA-2.0 [6]. 

The ratios of experimental-to-calculated values (CIE) are between 0.84 and 1.08. Some 

' Forschunszentrum Karlsruhe, Institut fiir Reaktorsicherheit 
Institute of Plasma Physics Hefei, P. R. China 
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underestimation for the shorter decay times and slight overestimation at the end of the 

experimental campaign was found as a general tendency. 

Spectra of the decay y-flux were measured at eight decay times. An example is presented in 

Fig. 2. The integral fluxes for E > 0.4 MeV are given in Table 1. The C/E values obtained 

confirm - as in the case of the dose rates - the good quality of the FENDL data. 

Calculation: points 

background subtracted 1 

1E+3 1E+4 1E+5 1E+6 1E+7 0.0 1 .O 2.0 3.0 4.0 
t l s  E l MeV 

Fig. 1 Experimental and calculated dose Fig. 2 Hux spectrum of the y-rays at t = 
rate as a function of the decay time. The 15.9 h after the end of the irradiation; 
background dose rate, subtracted from the thick line - measurement, thin line - 
measured values, is shown as dashed line. calculation. 

Table 1. Measured flux of the y-rays with E > 0.4 MeV at several decay times, the 
corresponding calculated value and the ratio of calculated-to-experimental result 
(C/E). 

Decay time 

2.08 h 
15.9 h 
25.2 h 
4.00 d 
8.20 d 
12.2 d 
19.3 d 

-2 -1 
@talc / (cm 'S ) 

(1.40 + 0.01).10~ 
474 + 5 
142+2 

55.7 + 0.6 
36.6 + 0.4 
32.4 + 0.4 
29.6 + 0.4 

-2 -1 
@exp / (cm .S ) 

(1.30 + 0.06)-1 o4 
523 + 22 
178 + 9 

67.6 + 3.9 
38.2 + 2.2 
33.7 + 2.3 
27.3 + 1.8 

C / E  

1.08 + 0.05 
0.91 + 0.04 
0.80 + 0.04 
0.82 + 0.05 
0.96 + 0.06 
0.96 + 0.07 
1.08 + 0.07 
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3. X-Ray Spectroscopy on Highly Charged Ions at the Dresden EBIT 

For the production of highly charged ions and their investigation by X-ray spectroscopy, 

EBIT devices are a powerful tool and available at different laboratories. The Dresden 

EBIT, a room-temperature EBIT [l-41 allows to work without any cryogenic techniques in 

a long-term stable operation regime. Its small dimensions favour spectroscopic 

investigations with great solid angles that allow to reach sufficient count statistics at 

relatively small measurement times. A 3D-representation and a more detailed explanation 

of the operation principle of the Dresden EBIT can be found in Refs. [l ,5]. 

The main activities in 2000 with respect to X-ray spectroscopy on highly charged ions 

were as follows: 

Energy dispersive X-ray spectroscopy on iridium ions. Irq+ (41< q < 64) ions with open- 

shell configurations were produced in the electron beam of the room-temperature Dresden 

EBIT at electron excitation energies of 2 keV to 13 keV. Thereby X-ray emission from 

direct excitation processes and radiative capture in krypton-like to aluminium-like iridium 

LEYBOLD Systems + Service GmbH, Dresden 



ions were measured with an energy dispersive Si(Li) detector. The detected X-ray lines 

were analysed and compared with results from MCDF atomic structure calculations. This 

allowed to determine the dominantly produced ion charge states at different electron 

energies. The analysis shows that at the selected working gas pressure of 5*10-' mbar for 

higher charged ions the maximum ion charge state is not preferentially determined by the 

chosen electron beam energy needed for ionisation of certain atomic sub-states, but by the 

balance between ionisation and recombination processes (charge exchange, radiative 

recombination). 

Wavelength dispersive X-ray spectroscopy on neon-like xenon ions. X-ray spectra from 

direct excitation processes in neon-like xenon at an excitation energy of 12.5 keV were 

measured with a crystal diffraction spectrometer equipped with a sio2(10i 0) crystal. Intra- 

shell transitions (n=3) and direct transition energies in ~ e ~ ~ +  for n=3+2 (El, E2, M1, M2 

transitions) were determined. Furthermore, the most intense transitions in ~ e ~ ~ '  and xe4" 

between n=3+2 were observed too. The transition energies were determined with an 

uncertainty lower than 1 eV. 

Production of bare nuclei. In the Dresden EBIT, bare nuclei, hydrogen-like ions and ions 

of lower charge states can be produced. We have shown that bare nuclei such as ~ r " + ,  

~ n ~ ~ + ,  ~ e ~ ~ +  and ~ i ~ ~ +  can be produced. Based on the analysis of X-ray spectra from 

radiative recombination and direct excitation processes, charge state distributions of ions 

stored in the electron beam were determined. Fig. l shows densities of iron ions at electron 

energies of 14.4 keV and a pressure of 7. 10-l0 mbar. . 

iron 
E, = 14.4 keV 

Fig. 1 
Ion density distribution of iron ions at the 
Dresden EBIT determjned from radiative 
recombination (RR) and direct excitation 
(DE) processes. 

1 
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ZENTRUM FUR STRAHLENSCHUTZ UND RADIOOKOLOGIE, 

UNIVERSITAT HANNOVER 

Nuclear Data for Modeling the Formation of Residual Nuclides at Medium Energies 

Cross sections for the formation of nuclides in nuclear reactions induced by medium-energy protons 

and neutrons are of increasing importance for a wide variety of applications. These applications 

range from astro- and cosmophysics over space and environmental sciences, medicine (radionuclide 

production, dosimetry in mixed nucleon fields, radiation therapy), accelerator technology 

(activation of detectors, radiation protection, on-line mass separation), space and aviation 

technology to accelerator based nuclear waste transmutation and energy amplification. 

We here report on the progress of a long-term project to establish a consistent data base of such 

cross sections. This project deals mainly with two applications, namely investigations of 

cosmogenic nuclides in extraterrestrial matter and nuclide production in accelerator driven 

technologies. On the basis of our previous work which was cited extensively in our last year's 

report, model calculations on the production of cosmogenic nuclides in extraterrestrial matter 

became possible. They describe the observed nuclide abundances within 7 % and isotopic ratios 

within 1 - 2 % [l,  21. First extensions of the model calculation to the production of cosmogenic 

nuclides in the earth's atmosphere and in terrestrial surface rocks are promising [3]. For recent 

results of cross sections for the production of cosmogenic nuclides see [5  - 71. 

For accelerator driven technologies, however, the situation is still not satisfactory [8] and much 

. work remains to be done. This is mainly due to the much larger target-element and product-nuclide 

coverage needed for accelerator-driven systems. 
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Our ongoing work should contribute to an improvement of this situation. Activities in year 2000 

included evaluations of former irradiation experiments at LNSISaclay, TSLNppsala and 

PSINilligen as well as the performance of new experiments at UCLILouvain La Neuve, 

PSIIVilligen and TSLNppsala. 

With respect to proton-induced reactions, we finished the evaluations for the medium-mass target 

elements Rb, MO, Rh, Ag, In, Te and La. Examples of the excitation functions obtained are given in 

Fig. 1. Investigations of heavy-mass target elements which are of particular interest for accelerator- 

driven technologies were continued. Recent proton-irradiation experiments at PSWilligen with 

energies up to 72 MeV performed in collaboration with PSI and IPPIETH Honggerberg, Ziirich, 

allowed to complete the cross section data-set for Bi. In the latest experiments we'determined more 

than 160 cross sections for 17 reactions. Complete excitation hnctions now exist for the production 

of radionuclides from Ta, W, Pb and Bi 19-14]. As an example we show in Fig. 2 the experimental 

excitation function for the production of 2 0 5 ~ i  from Bi. 

L ' ' ' ' ""' 

: Ag(p,4pxn)Ru-97 

* IPIP / IP' " 9-* - 9 
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Ip t h i s  

9 0 A L 9 4  
W K A 6 8  - 
0 K 0 9 0  
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t 
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L 
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Fig. 1 Examples of excitation functions of proton-induced reactions on Rb, MO, Ag and In which 

were derived from former experiments at TSL, LNS and PSI. The work of other authors is 

coded as AL94 [15],GR82 [l 61, KA68 [l 71 and K090 [l 81. 
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Fig. 2 Experimental excitation function of the 209~i(p,p4n)205~i reaction. The work of other authors 

is coded as BE63 [19], BE67 [20], HU59 [21], PI64 [22] and T197 [23]. 

Together with the new cross sections, our entire consistent data base now covers the target elements 

C, N, 0, Mg, Al, Si, Ca, Ti, V, Mn, Fe, CO, Ni, Cu, Rb, Sr, Y, Zr, Nb, MO, Rh, Ag, In, Te, Ba, La, 

Ta, W, Au, Pb and Bi. It contains data for about 1 300 nuclear reactions covering more than 24 000 

cross sections. 

With respect to neutron-induced reactions, we continued our irradiation experiments with quasi- 

monoenergetic neutrons obtained by the 7~i(p,n)-reaction at TSLlUppsala and UCLLouvain La 

Neuve in collaboration with IPNLouvain La Neuve, KRIISt. Petersburg, PTBIBraunschweig and 

TSLlUppsala. The UCL cyclotron facility provides such neutron beams in the energy range from 

about 25 to 70 MeV, and. well-characterized neutron reference fields have been previously 

established [24]. The neutron beam-line at TSL [25], equipped with a special irradiation chamber 

[26], allows for irradiations with peak neutron energies up to 175 MeV. A first series of ten 

irradiation experiments with proton energies of 36.4, 48.5 and 62.9 MeV at UCL and of 69.1, 76.4, 

98.5, 136.7, 148.4, 162.7 and 178.8 MeV at TSL was finished in 2000 covering the target elements 



C, N, 0 ,  Mg, Al, Si, Fe, CO, Ni, Cu, Ag, Te and Pb. Residual radionuclides with half-lives between 

20 min and 5 years were measured by off-line y-spectrometry. Cross sections cannot be directly 

calculated fiom the experimental data since the neutrons used are just "quasi-monoenergetic" with 

only about 30 to 50% of the neutrons in the high-energy peak with a width of a few MeV. 

Therefore, neutron cross sections are determined by unfolding techniques from the experimental 

response integrals determined in a series of irradiation experiments with different neutron energies. 

These evaluation are going on. 

The work reported here contributed to the meanwhile finished EC Concerted Action Physical 

Aspects of Lead as a Neutron Producing Target for Transmutation Devices [27]. A new series of 

proton- and neutron-irradiation experiments was started at PSI and TSL in 2000 to contribute to the 

5th Framework EC Project HINDAS: High and Intermediate Energy Nuclear Data for Accelerator 

Driven Systems [28]. 
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INSTITUT ~m KERNCHEMIE 
JOHANNES GUTENBERG-UNIVERSITAT MAINZ 

Measurement of Excitation Functions Relevant to the Production of the Positron Emitter 

9 0 ~ b  via the 90~r(p,n)-~eaction 

S. ~ u s s e " ~ ,  F. ~osch '  and S. M. ~airn' 

The radioisotope %b decays with a positron branching of 53% and a relatively low pc-energy of 

E,,, = 0.66 MeV and E,, = 1.5 MeV. Its half-life of 14.6 h makes it especially promising for 

quantitative investigations of biological processes with slow distribution kinetics using positron 

emission tomography. '0Nb was originally identified via (p,n) and (d,2n) reactions on " ~ r .  High- 

purity '% was first obtained via the decay of ''MO [l]. For the production of '0Nb today, several 

nuclear reactions seem to be reasonable: the (p,n)- or (d,2n)-processes on ' '~r and the (3~e,2n)- 

or (a,3n)-reactions on natural yttrium. A medium-sized cyclotron would be able to produce '0Nb 
via the @,n)-, (d,2n)- or the (3~e,2n)-process. In fact even a small-sized (I 16 MeV proton en- 

ergy) cyclotron should lead to sufficient quantities of the radioisotope via the (p,n)-reaction. A 

few studies have shown that the (d72n)-reaction requires a deuteron energy of about 16 MeV 

[2-41, the (3~e,2n)-process a 3~e-energy of 2 30 MeV and the (a,3n)-reaction an a-particle en- 

ergy of 2 45 MeV [5]. Furthermore, the systematics of (3~e,2n)- and (p,n)-reactions suggest that 

the production yield of '0Nb should be higher in the latter process. 

With the common availability of dedicated cyclotrons for producing short-lived p+-emitters, the 

(p,n) reaction represents an advantageous route for production of ''%b. Some cross section data 

on the Mt~r(p,xn)-reactions using thick target irradiations with high initial proton energy have al- 

ready been reported in the literature [6]. However, those experiments were not designed to deter- 

mine cross sections in the low energy region relevant to the production of i.e. at E, < 20 

MeV. The data display large uncertainties because large foil-stacks with high incident proton en- 

ergies (for example, E, = 70+10 MeV) were used. 

To optirnise the production of the cross sections of 90~r(p,xn)-processes were studied over 

the most relevant proton energy range of 7.5 to 19 MeV via the stacked-foil technique using both 

and 99.22% enriched 90~r02  as targets. The results are shown in Fig. 1. Thick target yields 

of were calculated ftom the measured excitation functions and verified experimentally. 

' Institut Air Kernchemie, Johannes Gutenberg-Universitat, D-55 128 Mainz, Germany 

Institut Air Nuklearchemie, Forschungszentrum Jiilich GmbH, D-52425 Julich, Germany 
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Fig. 1 Excitation functions of 90~r@,xn)-processes leading to the formation of 9%b, 89"Nb and 
The values for 90Nb describe the cumulative formation cross section. Error bars are 

also shown. The solid curve is an eye-guide through our data. A few available points fiom 
the literature [6] are also shown. 

The optimum energy range for the production of 9 % b  via the 90~r(p,xn)-process was found to be 

Ep=17+7 MeV, with a yield of 600 MBq 'ONhlj~~-h. The yield and radionuclidic purity of 90Nb 
over the energy range of E, = 1 7.643.1 MeV were determined experimentally using M t ~ r .  At 4 h 

after EOB the yield of '%b was found to be 290 MBqIpA-h and its purity t 95%. 

The results of cross section measurements indicate that 9%b can be produced with batch activi- 

ties of the order of 10 GBq and in high isotopic purity by means of the (p,n)-process on highly 

enriched 9 0 ~ r  at a small-sized cyclotron providing E, i 16 MeV. Suffcient quantities of 90Nb can 

also be produced using " a t ~ r  as target material, the radionuclidic purity, however, would then be 

about 96%, the main contaminant being 10.2 d 92"'Nb. 
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PHYSIKALISCH-TECHNISCHE BUNDESANSTALT 
BRAUNSCHWEIG 

1. Measurement of the 29~i(n,p)29~l  Cross Section between 6.9 and 14.0 MeV 

W. Mannhart, D. Schmidt 

The cross section of the reaction 29~i(n,p)29Al has been measured at 19 neutron 

energies between 6.9 and 14.0 MeV. The measurement represents the first experiment 

performed at neutron energies lower than 13 MeV. 

Disk-shaped samples, 10 mm in diameter, were fabricated f?om a 1 mm thick plate of 

polycrystalline silicon by laser cutting, and were irradiated in the ~ ( d , n ) - ~ e  neutron 

field generated with a deuterium gas target. Neutron energy determination is based on 

TOF measurements and defines the energy within + 20 keV. The energy resolution 

(FWHMl2) varies between 77 and 52 keV with increasing neutron energy. The neutron 

fluence was monitored with a 2 3 8 ~  fission chamber and is based on the 238~(n,f) cross 

section taken fiom the ENDFB-V1 evaluation. Corrections for background and 

deuterium breakup neutrons were applied, the latter being of the order of 35% at 

maximum neutron energy. The induced radioactivity was measured with a calibrated 

HPGe detector by analysis of the 1273.3 keV y-ray, with a transition probability of 

0.906(6), of the 6.56(6) min decay of 29Al. The value used for the isotopic abundance 

was 0.0467(1). Each data point is based on the average of three independent irradiation 

cycles. The final overall uncertainties of our data are of the order of 4.5%. 

The result of the present work is shown in Fig. l and compared with the ENDFB-VI 

evaluation. The experimental database for the 29~i(n,p)29~l reaction, as given in the 

EXFOR file [l], comprises 17 experiments, all of which were performed at neutron 

energies around 14 MeV. Only one of the experiments covers a broader energy range, 

extending up to l 8  MeV neutron energy. In the figure our data are compared with a 

few selected experiments which confirm the validity of our measurement results at 

high neutron energies. The difference between our data and the ENDFB-VI evaluation 

is substantial, amounting to a factor of 2. It is obvious that the ENDF/B-V1 evaluation 



is based on a theoretical model calculation which has finally been normalized at 

14 MeV with the data of a single experiment (Ranakumar 68). The result of Fig. 1 

clearly shows the risk and the deficiencies of such an evaluation method which is often 

applied today. 

Present work 
--- ENDF/B-VI 

Fig. 1 Excitation W t i o n  of 29~i(n,p)29Al reaction. The present data are compared 
with selected previous experiments and the ENDFIB-V1 evaluation. 

The present data show some pronounced structures which are of a physical nature. 

Because of the low level density of this light nucleus, the contributions of the 

individual excited levels to the excitation fbnction are not masked as it happens with 

heavier nuclei. 

2. Precise Measurement of Neutron Scattering Cross Sections on Silicon at 
Energies between 8 and 14 MeV 

D. Schmidt, W. Mannhart 

Precise and systematic measurements of neutron scattering cross sections need to be 

carried out to validate theoretical model calculations, as are often used in neutron data 

evaluations, and for other applications. Procedures for measurement and data 



processing have been developed at PTB to obtain fast neutron scattering cross sections 

with high precision. Here, an important instrument is a realistic Monte Carlo 

simulation of the whole measurement, including all relevant details of neutron 

production, scattering and detection. Recently, such measurements have been carried 

out on natural silicon, a widely used semiconductor material. 

The measurements were carried out at ten neutron energies between 7.89 MeV and 

13.85 MeV. The measuring set-up and the procedure to obtain the differential cross 

sections was the same as for the previous measurement with iron [2]. When the 

disturbing fraction of non-monoenergetic neutrons from the DD source ("breakup 

neutrons") was simulated and subtracted, the determination of partial cross sections 

could be extended up to excitation energies above 7 MeV, see Fig. 2. Also, cross 

sections for the isotopes 2 9 ~ i  (4.7%) and 3 0 ~ i  (3.1%) could be obtained, although their 

abundances in the natural sample were rather small (main isotope 2 8 ~ i :  92.2%). 

Fig. 2 TOF spectra of elemental silicon with lines related to levels of the three 
isotopes denoted; thin histogram: measurement, thick polygon: calculation (in 
both cases breakup neutrons subtracted); insert: thin histogram = measurement, 
thin. polygon = simulated breakup neutrons only, thick polygon = full 
simulation; channel width about 1 ns; Q-value 28~i7:  7.415 MeV. 



Fig. 3 shows the elastic angle-integrated cross sections of the present work, together 

with data fiom literature and the ENDFB-VI evaluation. The differences fiom the 

ENDFB-V1 evaluation are of the order of 5%. 

PTB 

Fig. 3 Angle-integrated cross sections for the elastic scattering of neutrons fiom 
natural silicon; results obtained by other authors (EXFOR database [l]) are 
also given. The curve represents the ENDFB-VI evaluation averaged over 
150 keV (energy resolution of the experiment in the present work). 

3. Differential Cross Sections of Neutron Scattering on Elemental Titanium in 
the Energy Range from 8 to 15 MeV 

D. Schmidt, W. Mannhart, Ruan Xichao ' 

The PTB's program on systematic fast neutron scattering cross section measurement 

was continued with titanium. As usual, the existing experimental data for the incident 

neutron energy region between 10 and 14 MeV are sparse. An extensive measurement 

at incident neutron energies below 10 MeV was done at ANL [3], but no angle- 

integrated cross sections were reported. 

' Permanent address: CIAE Beijing, P.R.China 



The measurements using a sample of natural titanium were carried out at eleven 

neutron energies between 7.93 and 14.72 MeV. The measuring set-up and the 

procedure to obtain the differential cross sections were the same as for the previous 

measurement with iron [2].  

Differential cross sections for elastic and inelastic scattering were determined. 

Elemental titanium consists of five stable isotopes 46~47348~49750~i, the main isotope being 

" ~ i  (73.8%). As scattering &actions of the levels of all isotopes overlap in the 

experiment, also at low excitation energies, partial inelastic cross sections could be 

obtained only for level groups belonging to different isotopes with averaged Q-values 

<Q> = -0.98 MeV, -1.58 MeV and -2.38 MeV. 

Fig. 4 shows the elastic angle-integrated cross sections of the present work, together 

with data &om literature and the ENDFB-VI evaluation. Above neutron energies of 

9 MeV, the evaluation lies higher than our data by about 10%. 

Fig. 4 Angle-integrated cross sections for the elastic scattering of neutrons fkom 
natural titanium; results obtained by other authors [4,5] are also given; the 
curve represents the ENDFB-VI evaluation. 



4. Standardisation and Decay Data of ln lu  and ''Re 

U. Schiitzig, H. Schrader, E. Schonfeld, E. Giinther, R. Klein 

The activity values for 1 7 7 ~ ~  and " ' ~ e  standard sources were measured using the 

4np-y-coincidence method and by liquid scintillation counting. " ' ~ e  is obtained 

carrier-fkee fiom a generator with the long-lived "'W parent (TIE = 69.4 (5) d). 1 7 7 ~ ~  

and "'W were produced by neutron bombardment of purified target materials in 

reactors. The X- and gamma-ray emission probabilities per disintegration were 

determined by photon spectrometry with calibrated Ge and Si(Li) detectors using the 

pertinent activity values. Results are presented in Table 1 and Table2, 

Table 1. Results of X- and gamma-ray emission probabilities p per disintegration of 
7 7 ~ u  

For X-rays the evaluated data of Browne and Firestone [8] were used; for gamma rays, the data were 
taken from the evaluation by Firestone [g]. 

b' The total internal conversion coefficients were taken fiom Browne [10]. 



Table 2. Results of X- and gamma-ray emission probabilities p per disintegration of 
" ' ~ e  



Table 2. continued 

") For X-rays the evaluated data of Browne and Firestone [S] were used; for gamma rays, the data were 
taken from the evaluation by Firestone [g]. 

b' The total internal conversion coefficients were taken from Singh [l l]. 

respectively, together with evaluated data and, for 1 8 8 ~ e ,  values recently measured 

(Miyahara et al., [6]).  The standard uncertainties (in terms of the last digit) given in 

brackets include an uncertainty component for the activity, the detector efficiency and 

the peak fitting. The half-lives of 1 7 7 ~ ~  and 1 8 8 ~ e  were measured using a 4x-ionization 

chamber filled with argon at a pressure of 2 MPa which was coupled to current 

measuring electronics. The results and standard uncertainties are compared in Table 3 

with those of other authors. For details of the measurements, see Schotzig et al. [7]. 



4 1 

Table 3. Half-life (TIlz)  measurements 
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