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The present report contains scientific and technical papers presented at the Third and
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FOREWORD

The present report containg scientific and technical papers presented at the Third and Final
IAEA Rescarch Co-ordination Meeting (RCM) on “Activation Cross Sections for the Generation of
Long-lived Radionuclides of Importance in Fusion Reactor Technology® which was hosted by the
V.G. Khlopin Radium Institute and held in St. Petersburg, Russia, from 19-23 June 1995, For a
summary report of the meeting containing the technical conclusions and recommendations for specific
CRP reactions and the full text of the meeting conclusions and recommendations, agenda and the
list of participants see the report INDC(NDS)-340,

Activation of reactor materials due to the neutron field generated by the 14 MeV deuterium-
tritium neutrons is a principal issue concerning the development of fusion as a long-term cnergy
source, It will impact the development of reactor technologies relevant to safety, maintenance, and
waste disposal. Availability and quality of key activation data are very important for the assessment
of solutions to the various activation concerns, Considering the current needs and original requests
of the fusion community to meet the design requirement the IAEA formed a Co-ordinated Rescarch
Program (CRP) entitled “Activation Cross Sections for the Generation of Long-lived Radionuclides
of Importance in Fusion Reactor Technology” with the purpose to obtain reliable information
(experimental and evaluated) for 16 long-lived activation reactions of special importance to fusion
reactor technology and succeeded in obtaining the participants of 18 laboratories from nine member
countries in this very specific task.

The first Research Co-ordination Meeting (RCM) was held in Vienna in November 1991, In
April 1993, the second RCM took place in Del Mar, California.

The purpose of this mecting was to report, discuss and evaluate the results of the rescarch
carricd out by each participating laboratory under this CRP, to review the status of cross sections
for 16 activation rcactions of special importance to fusion reactor technology leading to long-lived
radionuclides and to prepare the Final Report summarizing the results of the CRP to the IAEA.

At the two previous CRP meetings most of the discussion was centered on preliminary values.
The most important task of each participant in the St. Petersburg RCM was to provide final values
of all the results from measurements and model calculations and prepare the contribution to the Final
Report. The texts and final results are being reproduced here directly from the authors’ manuscripts
with little or no editing, in order in which the presentations were made at the meeting. The Final
Report of participants summarizing the results of the CRP to the IAEA will be published separately
as INDC(NDS)-344,

Vienna, February 1996 Anatoly Pashchenko
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NEUTRON ACTIVATION CROSS SECTIONS FOR COPPER,
EUROPIUM, HAFNIUM, IRON, NICKEL, SILVER,
TERBIUM AND TITANIUM FROM THE ARGONNE,

LOS ALAMOS AND JAERI COLLABORATION

J. W, Meadows, D.L. Smith and L.R. Greenwood *
Argonnc National Laboratory
- Argonne, Illinois 60439, USA

R.C. Haight
Los Alamos National Laboratory
Los Alamos, New Mexico 87545, USA

Y. Ikeda and C. Konno
Japan Atomic Encrgy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-11, Japan

ABSTRACT

Several fast-neutron activation reactions for copper, europium, hafnium, iron, nickel, silver,
terbium and titanium that are important to fusion energy have been investigated in three distinct
neutron fields generated by accelerators at Argonne National Laboratory and Los Alamos National
Laboratory, USA, and Japan Atomic Energy Research Institute, Tokai, Japan. Final differential cross-
sections at 14.7 MeV and integral cross sections for the Be(d,n) thick-target spectrum produced by
7-MeV deutcerons are reported here, Data have also been acquired for neutron energies near 10 MeV.
However, these latter results will be made available after problems associated with determining the
neutron-energy scale and interpreting the quasi-differential cross-sections measured near threshold
are resolved,

* Present address: Battelle Pacific Northwest Laboratories, Richland, Washington 99352, USA.

") The complete results from this project are given in the official final report “Measurement of
Fast-Neutron Activation Cross Sections for Copper. Europium, Hafnium, Iron, Nickel. Silver, Terbium
and Titanium at 10.0 and 14.7 McV and for the Be(d.n) Thick-Target Spectrum™ which was accepted

for publication by Annals of Nuclear Encrgy.



INTRODUCTION

The motivation for undertaking an IAEA Coordinated Research Program (CRP) on
"Activation Cross Sections for the Generation of Long-lived Radionuclides of Importance in Fusion
Reactor Technology", and the conduct of this extensive international project, are discussed in two
conference papers {Von92, SP94], Argonne National Laboratory (ANL) and Los Alamos National
Laboratory (LANL), USA, and Japan Atomic Encrgy Rescarch Institute (JAERI), Tokai, Japan,
joined in a collaboration to examine several neutron-induced reactions under the auspices of this CRP,
Progress in this particular colfaboration has been reported in three earlier reports {Meat+90, Mea+92,
Mea+93]. The purpose of the present report is to provide final cross-scction results relevant to those
aspects of this work which are considered to be complete, namely, the differential measurements at
14.7-MeV (irradiations at JAERI) and the integral measurements in the Be(d,n) thick-target spectrum
produced by 7-MeV deuterons (irradiations at ANL). Data have also been obtained for neutron
energics near 10 MeV (irradiations at LANL). However, it has been discovered quite recently that
interpretation of thesc latter results for some of the cxamined reactions is very sensitive to
determination of the energy scale and to detailed definition of the quasi-monoenergetic spestrum from
the LANL H(t,n) neutron source reaction. The reason is that for these reactions tlic incident-neutron
energies are rather close to threshold where the differential cross sections vary rapidly and non-
lincarly with cnergy.

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The experimental procedures and data analysis methods used in this work have been described
in the earlier progress reports mentioned above. There have been no fundamental changes in the
approach used in analyzing these experimental data. However, much of the preliminary numerical
information which appeared in these earlier documents had to be revised due to minor changes in
radioactive decay parameters and to recent modifications of the data correction procedures.
References to other literature pertinent to this experimental work (e.g., radioactive decay parameters,
Q-values, ctc.) also appear in the earlier documents so they need not be repeated here. Finally, it is
intended to prepare complete documentation of the ANL/LANL/JAERI collaborative project,
including all relevant numerical information and comparisons with other work, in the form of a
refereed journal article which should be available for publication during late 1995 [Mea+95].

EXPERIMENTAL RESULTS

The tabular information presented here supplants all earlier results appearing in the above-
mentioned progress reports from the ANL/LANL/JAERI collaboration. Table 1 lists the reactions
which have been examined and Table 2 summarizes the relevant radioactive decay data. The
3¥Ni(n,p)**s"™Co reaction served as a primary reference standard while the *’Nb(n,n')**"Nb reaction
served as a secondary standard only for the irradiation and data analysis carried out at JAERI. All the
measurements utilized elemental samples so the activation cross-scction results must be interpreted



accordingly. The integral cross sections obtained from the Be(d,n) spectrum measurcments appear
in Table 3. The corresponding total errors are reproduced from Table 4 where the various partial
error components are exhibited explicitly, Various representations for the Be(d,n) spectrum that are
required to interpret these cross-section results are discussed by Meadows et al. [Mea+94], The 14.7-
MeV differential cross sections obtained from the parallel ANL/JAERI measurements and analyses
appear in Table 5, The corresponding total errors come from Tables 6 and 7. These tables also show
the various partial errors components for these measurements, Not all of the rcactions considered are
represented in each category of measurements. As discussed in previous progress reports, this is due
to the influence of various cxperimental conditions such as insufficient neutron fluence or interfering
(n,y) reactions. A complete description of these issues will appear in the forthcoming journal article
mentioned above,

SUMMARY

The ANL/LANL/JAERI collaboration has provided cross-section results in three distinct neutron
ficlds for several reactions of interest to the CRP. The final values from measurements in two of these
irradiation environments (ANL and JAERI) are reported here for consideration during the third
coordination mecting of the CRP at St. Petersburg, Russia, June 1995, Results from the LANL
mcasurements will be available later when the above-mentioned problems are resolved and proper
interpretation of these data is assured.
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Table 1! Reactions involved in the present investigation

Target [sotope

Reaction Abundance (%) Q-Value (McV)
“Ti(n,p)*%*mS¢ 8.0£0.1 »1.585,-1.728
“ITi(n,n'p)*%'mSc 7.3£0,1 -10,462,-10,605
“Fe(n,p)*Mn 5,9£0,2 0.085
$Fe(n,a)"Cr 5.940.2 0.844
Ni(n,p)**"Co 68.077+0,005 0.401,0.376
@Ni(n,p)***™Co 26,2230,005 -2.042,-2.101
¢INi(n,n'p)*®'™Co 1,140+0,001 -9.862,-9.921
Cu(n, e )**"Co 69,17+0,02 1.715,1.656
PNb(n,20)>"Nb 100 -8.966
17Ag(n,2n)'*"Ag 51.839+0,005 -9.627

19 A0(n,2n)' A g 48.161:£0,005 -9.296
BIEu(n,2n)"*%Ey 47.8+0.5 -7.934
139Tb(n,2n)"**'™Th 100 -8.133,-8.243
16Hf(n,2n)' " Hf 5.206+0.004 -8.165

"9 f(n,2n) " Hf 13.62940.005 -8.546
Hf(n,n') " 2Hf 27.29740.003 -2.446

0L, 2n) 2Hf 35,1000.006 -8.493
YWHf(n,n")""2Hf 13.629+0.005 -1.106

il



Table 2.  Decay propertics of the radioactive nuclei involved in the present investigation
Decay Measured Relevant y-ray

Activity Half Life? Mode ¥ Ray (MeV) Bratich (%)

‘%S¢ 83.810£0,010 d p 0.889 99,984:0.001

mSe 18.7540.04 ¢ IT NA® NA

Cr 27.702+0.004 d EC,(p") 0.320 10.0840.23

“Mn 312,12£0,10d EC,(p") 0.835 99.976£0.001

MCo 70.82+0.03 d EC, p* 0.811 99.448+0.008

mCo 9.1540,10 h IT NA NA

“Co 5.271410,0005 y p 1.333 99,982:+0,001

“nCo 10.47£0.04 m IT,(p9) NA NA

T%Nb 10.1520,02 d EC,(P) 0.934 99,07+0,04

16mAg 8.4610,10 d EC,(p) 0.512 87.7+2.7

tomA g 418215y EC,IT 0.434 90.520.6

By 35810y EC,(p") 0.334 963

ol 1 180£11 ¢ EC, BB 0944 43.9+].3

Wimrh 10.5¢0.2 s IT NA NA

HF 70£2 d EC 0.343 84.0£0.3

Imapge 3xly IT 0.325 94.11£0.17

T 25.120.3 d IT 0.454 68.6£3.6

*s (second), m (minute), h (hour), d (day), y (year).

*Not applicable.

12



Table 3:  Experimental integral cross sections obtained from the present investigation for the
Be(d,n) neutron spectrum

Reaction Integral Cross Scction (millibarng) *
“Ti(n,p)***mSc 36.3 (+6.6%)

MFe(n,p)*Mn 174 (£7.4%)

HFe(n,a)'Cr 3.52 (£7.9%)

OCu(n, &) mCo 2.11 (£6.9%)

197 Ag(n,2n)' %™ Ag 1.01 (£12.9%)

¥1Eu(n,2n)"*%Ey 14.8 (£9.3%)

1%9Tb(n,2n)!**e*"Th 27.5 (*+12.1%)

LI, 2n) S HS 39.4 (£9.5%)

O (n,2n) "m2HS + 3.08 (29.9%)

I19Hf(n’nl)l19m2Hf

* Absolute cross sections based on reference value of 231%14 millibams for the *Ni(n,p)*™™Co
standard reaction in the Be(d,n) ncutron spectrum [Mea+94). Errors obtained from Table 4.

13
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Table 4:  Error sources for the Be(d,n)-spectrum neutron cross-section measurements

Estimated Etror Component (%)

y-ray Half y-ray Activ, Neut. Isot. Total
Reaction Meas.! Life Brnch.  Decay NSA® Scat Abun. (ny)!  Error®
“Ti(n,p) ' mSc 31  Neg! Neg 61 067 06 13 NAt 66
HFe(n,p)**Mn 20 Neg Neg 05 Neg 12 34 Neg 7.4
HEe(n,a)!!Cr 25 Neg Neg 4 23 03 34 NA 7.9
“Cu(n,e)**"Co 22 Neg Neg 01 23 03 Neg NA 6.9
Ap(n,2n)%"Ag 23 01 3.0 42 98 07 Neg NA 12.9
BIEu(n,2n)*®Ey 40 28 3.1 Neg 39 04 10 NA 9.3
Tbn,2n)**"Tb 68 61 3.0 Neg 40 04 Neg NA 12.1
LN, 2n) " HF 21 29 04 Neg 53 03 Neg 3.4 9.5
"HRn,2n)""™Hf+ 55 12 5.2 1.0 12 03 Neg Neg 9.9

'”Hf(n,n')"mﬂf

*Includes errors due to statistics, detector efficiency and sum-coincidence effects. .
® Combined error for geometric effects and neutron-source anisotropy.
¢ Includes errors due to perturbation of primary ncutron spectrum by scattering and absorption.

4 Uncertainty in the estimated correction for neutron-capture activation.

*Includes an error of 6.1% due to use of the **Ni(n,p)***'"Co standard for determining ncutron

fluence.
"Negligible (< 0.1%).
#Not applicable.



Table 5;  Experimental differential cross sections at 14,7 McV obtained from the present

investigation

Cross Section (millibarns) * Ratio
Reaction ANL® JAERI (JAERVANL)
“Ti(n,p)*“**™Sc + 306 (5,5%) 311 (£7.5%) 1,02
“Ti(n,n'p)*®*™Sc
$Fe(n,p)*Mn 280 (+6.4%) 288 (£7.0%) 1.03
“Fe(n,a)*'Cr 87.9 (£6.5%) ND! ND
“Ni(n,p)“*"Co ND 137 (£5.5%) ND
9Cu(n, ) "Co 41.6 (£5.4%) 40.2 (£5.5%) 0.97
@ Ag(n,2n)' %" Ag 628 (£6.7%) 682 (£7.2%) 1.09
BIEu(n,2n)*%Ey 1214 (£7.7%) 1258 (+6.9%) 1.04
Tb(n,2n)"**™Th 1981 (£9.3%) 2072 (£8.6%) 1.05
V8L f(n, 2n) " HY 1915 (£7.0%) 2057 (+6.2%) 1.07
9H{(n,2n)" ™ HS + ND 7.2 (£9.0%) ND
HRn, ')V *™IHf
"L f(n,2n)! "™ HS + 21.8 (£8.6%) ND ND
"Hf(n,n') T™HSE

*Absolute cross sections are based on 292+14 millibamns for the **Ni(n,p)**'®Co standard cross
section at 14.7-MeV.,

®JAERI irradiation. Sample counts and analysis conducted at ANL, Errors obtained from Table 6.

¢ JAERI irradiation. Sample counts and analysis conducted at JAERI. Errors obtained from Table 7.

¢Not determined in the present investigation.
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Table 6:  Error sources for the 14.7-MeV neutron cross-section measurements (ANL sct)

Eatimated Error Component (%)
y-ray Half y-ray Activ, Neut, Isot. Total
Reaction Mcas! Life Brnch.  Decay Geom. Scat® Abun, (n,y)¢  Error?

“Ti(n,p)**Sc+ 2.1 Neg® Neg 03 02 07 13 NAf 5.5
47Ti(n,n0p)46§‘msc

"Fe(n,p)*Mn 22 Neg Neg 02 01 04 34 NA 6.4
“Fe(n,a)*!Cr 2.5 Neg Neg 02 01 02 34 NA 6.5
“Cu(n,a)“*"Co 22 Neg Neg 02 01 04 Neg NA 5.4
WAun20)""Ag 22 36 07 03 13 04 Neg 07 6.7
YIEu(n,2n)%Ey 21 28 3.1 02 34 07 1.0 NA 7.7
S'Th(n2n) T 2.1 61 3.0 02 34 05 Neg NA 9.3
" Rn,2n)' *Hf 21 29 04 06 34 03 Neg 0.1 7.0
YOHRN,2n)'P™MHE+ 3.1 12 5.2 05 34 03 Neg Neg 8.6
L f(n ) P

*Includes errors due to statistics, detector efficiency and sum-coincidence effects.

¥ Includes errors dué to pertutbation of primary neutron spectrum by secattering and absorption,

¢ Uncertainty in the estimated correction for neutron-capture activation.

Includes an error 0f4.9% due touse of the *'Ni(n,p)**™Co standard for determining neutron
fluence.

*Negligible (< 0.1%).

Not applicable.



Table 7:  Error sources for the 14.7-MeV neutron cross-section measurements (JAERI set)

fstimated Error Component (%)
y-ray Half y-ray Neut. Isot. Total

Reaction Meas.! Life Bmch.  Scat! Abun, Error ¢
“Ti(n,p)e™Sc+ 55 Neg¢ Neg 1.0 1.3 7.5
“ITi(n,n'p)*%*"Sc

4Fe(n,p)**Mn 21 Neg Neg 3.0* 34 7.0
“Ni(n,p)***™Co 23 Necg Neg 1.0 Neg 5.5
8Cu(n,« )% "Co 23 Neg Neg 1.0 Neg 5.5
PAp(n,20)""Ag 37 3.6 0.7 Neg  Neg 72
BEu(n,2n)"**Eu 23 28 131 Neg 1.0 6.9
Tb(n,2n)* %" 20 6.1 3.0 Neg Neg 8.6
1"Hf(n,2n)\*Hf 24 29 04 Neg Neg 6.2
""Hf(n,2n)'*Hf+ 68 3.2 0.2 Neg Neg 9.0

'"Hf(n,n')’""‘sz

*Includes errors due to statistics, detector efficiency and sum-coincidence effects.

®Includes errors due to perturbation of primary neutron spectrum by scattering and absorption. In the
JAERI analysis this is referred to as the correction for low-energy neutrons.

“Includes an error 0f4.9% due to use of the **Ni(n,p)"*#™Co standard for determining neutron
flucnice,

4Negligible (< 0.1%).

*Error component was not explicitly determined in this work. However, an estimate of 3.0% error
is provided to be consistent with the error previously deduced at JAERI for the calculated
comrection to the **Ni(n,p)***=Co reaction yield. These two reactions have similar low thresholds
and corresponding sensitivities to low-energy neutrons.

NEXT PAQE(S)
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SUMMARY OF ACTIVATION CROSS SECTION
MEASUREMENTS AT FNS

Y. Ikeda, C. Konno, A, Kumar* and Y. Kasugai

Jupan Atomic Encrgy Rescarch Institute
"Tokai-1nury, Ibaraki-ken 319-11 Japun
* University of California, Los Angeles
Los Aungeles, CA 90024-1597 U. S. A,

Presented at
Third IAEA-RCM on "Activation Cross scctions for the Generation of Long-Lived
radionuclides of Importance in Fusion Reactor Technology”

St. Petersburg, Russia,
19-23 June, 1995

Abstract: Neutron activation cross sections around 14 McV for seventeen reactions have
been measured at the ENS facility in JAERI in order to provide experimental data meceting
the requirement in the radioactive wastes disposal assessment in the D-T fusion reactor.
This report summarize contributing data measured in several phases of experiments to the
IAEA-CRP on "Activation Cross scctions for the Generation of Long-Lived radionuclides
of Importance in Fusion Reactor Technology”.

Introduction

Cross scctions for the long-lived radioactivity production in structural materials with
14 McV ncutrons are of key importance from the waste management point of view in the
D-T fusion reactor development. An endeavor of experimental measurement for long-lived
activation cross scctions was initiated in an IAEA-CRP([1-3] to respond to the nuclear data
requirement, and significant efforts have been devoted to experimental measurements,
theoretical predictions and evaluations. However, still there is need to measure more
systematic data from the fusion reactor application point of view. In this context,
experimental measurements of activation cross sections for reactions of concern at 14 McV
have been conducted at Fusion Neutronics Source (FNS) facility [4] at Japan Atomic
Energy Rescarch Institute (JAERI) since 1989. The major objective was to provide
experimental data for verifying systematically the induced radioactivity calculation codcs
and activation cross scction data libraries currently available[4-6). This report summarize
the sxpcrimcnls at FNS and gives results for seventeen reactions cross sections around 14
MeV.

Experiment

Decay data were taken from the Table of Radioisotopes.[5] The long-lived radio-
activities with half-lives from S to more than 10¢ ycars were studied in this experiment.
Only the radioactivities associated with ¥ -ray emissions were dealt as the objects.

(a) 1989 Irradiation

Samples of Al, ¢INi, Cu, Nb, Mo. Ag. '31Eu, 133Eu, Tb, Dy, Hf, W, Re, and Bi
were irradicted with D-T neutrons for 4 days (8 hours irradiation per day), which were
gencrated at FNS [4] by bombarding 3T target with 350 keV deuterium (d+) beam. It
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resulted in 1.7 x 1017 neutrons of total neutron yield at the target. Four sets of foil
packages were placed at angles of 09, 459, 900 and 1359 with respect to the incident d*
beam, the distances of which were about 50 mm from thie D-T source. This configuration
was assumed to provide cross section data in the energy range from 13,5 to 15.0 MeV,
Since the stacked sample package was considerably thick and significant neutron flux
depression was expected in the sample, multiple thin Nb foils were inserted between
samplcs for the ncutron flux monitor, Neutron flux at each sample was determined with
the 93Nb(n,2n)Y2Nb reaction rate, The neutron fluence at the samples was estimated to
be 0.8 -2.0 x 1015/cm?,

More than 1.7 year after y-ray counting was started using a high detection efficicney
Ge detector (115% relative 1o 3" x 3" Nal(TI)). Gamima-ray spectrum was analyzed by a
GENIE system provided by CANBERRA. The detector ¢fficiency was calibrated by
several standard y-ray sources, the uncertainty of which was estimated to be about 3%.

(b) 1992 Irradiation
In response to the further data need in the summary document of the first RCM (2]

in November 1991, cross scctions for Y4Mo(n,p)Y4Nb and Y>Mo(n,up)Y4Nb,

158Dy (n,p)!158Th, 182W(n,n'a)! 8m2Hf and 187Re(n,2n) ' 86mRe reactions at 14 MeV
energy region have been measured by performing a new irradiation experiment in 1991
using enriched isotopes or re-counting of sumples which were irradiated in 1989,
Although the summary document gave a status for 94Mo(n,p)?#Nb as adequate and no
more data required, contribution of YSMo(n.np) reaction for Y4Nb production is of
important and no experimental data has been reported so far, In the present measurement
aimed at discriminating contributions from both reactions of Y4Mo(n,p)?4Nb and
95Mo(n,np)4Nb by using isotopic enriched samples. For the measurement of the

WIW(n.n' o) 7Bm2J S reaction, an enriched sample was also used because of low activity
yield, the cross section of which was expected to be less than several tens micro barn
according to the previous investigation.[2) For the reaction of '5¥Dy(n,p)!S8Tb and
I87Re(n,2n)186mRe, we have tried to determine the cross sections by counting the samples
irradiated in 1989, putting longer cooling time. The lotiger cooling time more than 3.5 year
cnabled us to count y-ray lines from 15¥Tb decay in the Dy sample sufficiently. The new
measurement, however, gave unreasonably large cross section value of more than 500
mb. Possible source of this extremely dubious data was investigated. On the other hand,
we found that additional cooling time of 2 to 3 years is still needed for activity
measurement of 6mRe in order to reduce interfering radioactivity in the Re sample.

The neutron source of FNS and irradiation configuration in 1989 were described
somewhere in detail.[2) The new irradiation in 1991 lasted for 288,000 seconds with total
D-T neutron yicld of 2.74 x 107 at the target. The Mo samples were placed at 100 and 900
with respect to incident d+ beam direction. The '82W sample was placed at 100, The
neutron flux was monitored by using the ¥3Nb(n,2n)92mNb reaction with 459 £ 10 mb at
14 McV region.

(¢) 1993 Irradiation

Activation cross scctions for the reaction of 187Re(n,2n)!86mRe [Ty,2=2.0 x 105 y]
at 14.9 McV . and for the reaction of 193r(n.2n)192m2]r [T ,=241 y] at 14.9 McV, were
measured by using FNS facility .Commonly for both reaction products, there is strong
interfering radioactivities with medium long half-lives. Still after one to two years cooling

time, considerably large amounts of y-rays gives a high background for low energy
photon detection. As a framework of activation cross scction around 14 MeV at FNS, the
cross sections of those reactions were measured to provide the experimental data to mect
the initial purpose of the fusion reactor requirement.

As reported previously in the IAEA-CRP meeting (2], these cross sections are of
significant difficult to measure due to inherent low decay rates with low energy y-rays to
be detected, and existence of large interference activities, As regard to the impostance of



data for fusion applications, efforts have been placed on the reduction of background to
emerge weak y-ray lines incorporated with a Compton suppression y-ray spectrometcr.
This paper described the recent results for the activation cross sections of to reactions of
concern in the Jong-lived radioactive nuclides production,

The samples of Re with natural abundance and 1931 with 98 % enrichment were
irradiated with 14 MeV neatrons at FNS fucility for 32 h and 40 h, respectively. Neutron
fluxes at these samples were derived from the activation rate of monitor reaction,
Y3Nb(n,2n)Y2mNb.

The Compton suppression spectrometer consisting with 11" x 11" Nal(T1)
suppresser and a Ge detector, This detector configuration enabled significant reduction of
background in the low energy region of interest. The ordinary first-slow coincidence
technique was adopted, The effective suppression ration in the Compton scattering

component was around S to 8, 1t was found that for the y-ray sources with higher energy,
the suppression ration increased very much. This was duc to the detector arrangement with
suppresser covering backward of the main Ge detector,  There was, as a result,
remarkable suppression of buckground for the low energy region,

The activitics of intcrest were so weak that the sample had to be placed in the close
vicinity of the Ge detector to increase the detector efficiency. Since each radioactivity of
interest cmits low energetic single y-rays, there was no need to correct the summing
counting loss. However, detector efficiency calibration was essential. For this purpose,
several radioactivitics, 47S¢, 57Co and ¥?Mo, which emit low energy g-rays associating
with no cascade y-rays, were prepared by irradiating samples of Ti, Co, Mo, By using

thesce y-ray sources, the detector efficicncy for 120~160 keV was determined.

.. After 3.7 year and 1.5 year cooling times for Re and Ir samples, respectively,
activities were measured with the Compton suppression spectrometer,
The cross sections were derived by using measured decay y-ray counts, neutron flux and

other necessary correction factors. As noticed, the largest experimental error was due to y-
riy counting statistics, being £ 35 %.

1994 Irradiation

Onc of most interesting reactions are the 72Hf(n,2n)!78m2Hf from the model
calculation point of view because of high spin state of 167 for 178m2Hf, So far, several
experimental data were presented and they secemed reasonably consistent cach other. There
are three reaction channels for 178m2H( production in Hf, i.c., V79Hf(n,2n), "8Hf(n.n")

and 177H{(n.y). However, as the data were given as the production cross section in Hf
assuming all 178m2Hf are products of the 179Hf(n,2n)78m2HT reaction. In this irradiation,
the enriched isotopes of 79Hf and '78Hf were used to identify the contributions of
different reactions.  Unfortunately, 177Hf sample was not available, so still there was

uncertainty in estimating the 177H{(n,y) reaction contribution,

Two set of samples of 178Hf and V79HS were placed at 00 and 900 angles with
respect to the incident d+ beam of FNS. Neutron flux of each sample was determined by
the same manner with the 93Nb(n,2n)92mNb reaction rates. The total neutron fluences
were in a range from 4.9 to 7.5 times 10!5/cm?,

Results

The reaction rates of concemned radioisotopes were derived from y-ray peak counts
with necessary corrections, i. e. decay constant, cooling time, coflection time, detector
efficiency, natural abundance of the target material, y-ray branching ratio, sample weight,
sclf-absorption of y-ray, neutron flux fluctuation during irradiation, and so forth.

The cross scctions were obtained from the reaction rates divided by ncutron Nux
determined by using a cross section vatue of 459 mb for YINb(n,2n)2mNb reaction
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around 14 MeV. In Table 1, experimental data are summarized along with data available
in the litcrature and IAEA-CRP,

27TA1(n,21)20A 1

The present data were close to the data reported by Iwasaki [6] and slightly higher
than data reported by Sasao [7]. The data in Ref. [9) of ECN evaluvation at 14,5 McV
$eeins lower than other experimental data,

6INi(n,np)6om+eCo ' ,
Present measurement gave considcrably larger cross scctions than data in JENDL-3
[8]. However, from the reaction systematics, our data seemed reasonable,

63Cu(n,a)60m+eCo
For the common reaction, many data have been reported, The present data were in a
good agreement with the recent measurement by Greemwood [10].

DNb(n,n")?3mN b

Due to the low threshold energy below 0.1 MeV, a precise evaluation of the reaction
cross section has been required. The present measurement is in excellent agreement with a
recent evaluation by Odano [11], but is slightly larger than the data by Ryves [12], which
were so far the only available experimental data in the 14 MceV region,

949Mo(n,p)?4N b
The contributions of the 95Mo(n,np)?Nb reaction to the 94Nb productions were

subtracted even though the enriched isotopes were used. Insufficient y-ray counting
statistics dominated experimentu! errors for cach measurement, This was duc to the use of
small amounts of samples being about 50 to 60 mg. The uncertainty of half-live (£ 6.1 %)
was the secondly large error contributor. The present data are in good agreement within
experimental errors with data previously reported [13] as shown in Table 1. The data
measured at FNS are used as the cross scctions for 95.96.97.98Mo. The systematic trend
support the adequacy of presently measured cross section values. As noted in the last
summary document of the RCM, it is confirmed that there is no urgent need for this cross
section at 14 MeV.,

PSMo(n,np)?3sNb
The contributions of 94Mo(n,p)?4Nb were subtract from the 94Nb production
using isotopic abundance data as in the 9*Mo(n,p)?*Nb casc. Also data other than

95Mo(n,np)?4Nb are referred from data at FNS. The large error is due to the y-ray
counting statistics. However, the systematic trend suggests that the present data gives the
reasonable range of cross sections. The present results demonstrated that due to the
appreciably large cross section at 14.8 MeV, the 95Mo(n,np)**Nb reaction should be taken
into account for the long-lived activity production as well as ¥3Mo(n,p)**Nb.

I(")Ag(n,z")l(”'mA g

No experimental data for the cross section 1WA g(n,2n)108mAg (Typ=418 ¥) was
reported before IAEA-CRP started. As long as the old half-life of 127 £ 7 year was used,
the present experiment gave cross section of 212 £ 11 mb. This value was very close to
the other experimental values, whereas it was three times smaller than that of an evaluation
by IRK. This large difference between experimental data and the evaluation should be
attributed to the wrong half-life data for the deduction of experimental data. After revising
hatf-life of 127 y to 418 y, the experimental data becomes very consistent with the
evaluation at IRK. The experimental data at 14.1 and 14,7 MeV along with data at 14.9
McV are given in Table 1.



i5iEu(n,2n)150lllEu

Only two cross scction data have been reported previously by Qaim [14] and
Nethaway [14]. Along with data reported in the first IAEA-CRP(1], the cross section
seemed somewhat convergent around 1.2 b, The present data were also in a good
agreement within experimentad error with those reported.

|53Eu(n’2n)152m*EE u

Since the isomeric state of 96 min, de-excites with 100 % isomceric transitions to the
ground state, the cross scction was obtained for the 133Eu(n,2n)132m+£Eu, Only onc data
was available for this production (T2=13.2y) by Qaim [14] before IAEA-CRP report
appeared, In the report of IAEA-CRP, we found the data of 1,544 mb at 14.77 MeV by
Betjing and 1,740 mb a¢ 14,7 MeV by KRI Leningrad. The IRK Vicnna gave an
cvaluation of 1,442 mb at 14 - 15 MeV. These were rather scattered around 1,500 mb.

The present measurement gave cross section about 1.6 being the middle value among
the other data, However, the status of the cross scction seemed a little bit controversial,
because of, as mentioned, rather scattered data different with cach other exceeding the
experimental errors.,

158Dy(n,p)158'r b

After 3.6 year cooling, y-lines of 158Tb were cleasly observed in a g-ray spectrum
shown in Fig. 3. The cross section for the !58Dy(n,p)!5¥Tb reaction was derived from

the y-ray peak counts measured. The result however, gave unreasonably large value more
than one order of magnitude, From the reaction systematics, the cross section should be
around 10 mb. The IRK cvaluation also indicated that cross scction should be less than
100 mb. The previous measurement at FNS gave cross sections of 100 £ 80 mb. The
value was still very tentative because of extremely poor counting statistics. The present
new measurement gave much better counting statistics with £ 11 %. We concluded that
there must be some error source in the present measurement. This situation could be
explained by the impurity of Tb in the Dy sample. Assuming there was some amount of
impurity of Tb in a Dy sample and 10 mb for 158Dy(n,p) reaction cross scction, al least
200 ppm of Tb should be there to give the 158Tb activity corresponding to the count rate,
Unfortunately, there was no data for the impurity composition in the Dy material used. A
data of 250 ppm of Tb in Dy, which was available in some literature, was remarkably
consistent with the estimation. If the sample constituent is carcfully measured by some
chemical analysis, we would say that there is no necd to have cxpensive enriched 158Dy
sample any more a long as this assumption is true. Nevertheless, it is still recommended to
pursue a measurement with enriched sample of 158Dy,

159Th(n,2n)158m+eTh

Terbium-158 has two states, one isomeric state deexciting 100 % isomeric
transition with half-life of 10.5 sec and the ground state dccag'ing with 150 year half-life.
The isomer is so short-lived that the cross section is sum of 159Tb(n,2n)!58m+eTh,

Two experimental data have been reported by Qaim [14) and Prestwood [16] before
IAEA-CRP report. In the IAEA-CRP report, one experimental data and one evaluation
were given by IAE Beijing and IRK Vienna, respectively. Those data seemed very closc
cach other to be around 1950 mb. The measurement at FNS through the inter-laboratory
collaboration among ANL, LANL and JAERI gave a cross section of 1,600 mb at 14.8
MecV. The value was considerably lower than those previously reported even though the
experimental errors were taken into account. Recently, the half-life of 150 y for '58Tb was
recommended to be revised to 180 y. According to this revision, the cioss scction
becomes around 1.9 b,

Cross scctions of 1944 + 83, 1932 + 82, and 1637 £ 82 mb at 149, 14.7 and 14.1
MeV were obtained by the measurement at FNS, which are consistent with data reponted
by other participants of CRP. The energy dependency of the cross section seems flat in
the 14 McV region.

l78“f(n’n')l78m2" f
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As noted, two set of isotopically enriched sam(;les of 179Hf and 178Hf were used
to identify the cach reaction contribution to forming 7¥m2Hf, The cross sections for the
reaction of 178H{(n,n")178m2H{ were tentatively deduced by solving equations which used
in the 17911(n,2n)!78m2Hf cross section determination. In this study, we neglected the
contribution from 77Hf(n,y)!78m2Hf because the abundance of 177Hf was small
compared to other isotopes in the samples, Therefore, there is still large uncertainty in the
data. Thus note that the present data give an upper limit of eross section,

1791 f(n,zn)l78nl2ﬂ f

No data has been reported so fur before IAEA-CRP summary, In the inter-laboratory
collaboration work, the cross scction of 6.6 + 0.3 mb was given, Harwell (1] reported an
experimental data of 5.9 £ 0.6 mb at [4.8 MeV, One calculation has been given by
Oxford/LLANL to be 2.9 mb at 14 MeV.,

The final data showed the value of 6.82 £ 0.38 and 5.83 + 0.36 mb at 14.9 and 14.1
MeV, which was very close to those reported recently.

182W (n,n’ o)1 78m2f

Using cnriched sample, still very poor counting statistics for the y-ray line of
178m2H{, This is simple due to the extremely low reaction cross section being less than
0.1 mb. Nevertheless, slight improvement was achicved in the measurement with the
enriched sample in comparison with the last one using sample with natural abundance,
The cross sections determined in the present measurement agreed with in experimental
error with the previous data.

187[((‘(",2")186"1“. e

The cross section for 187Re(n,2n)186mRe reaction was obtained for the first time
with the direct measurement in this work. The measured cross section of 445 + 156 mb
was compared with a calculation by Yamamuro [17] with SINCROS-II [18] as well as
the [RK Evaluation [1]. The measured cross section was agreed within experimental error
though it was large with the calculation and the evaluation. As a whole, it could be
concluded that there is no scrious inconsistency among data. Still more accurate
experimental data are strongly requested to give better evaluation,

l‘)3lr(n,2n)1‘)2m2l r

The half-life of 241 year scems not so long for the activation cross scction
measurement if the emission Frobability of y-ray is reasonably large. However, the spin of
the second isomeric state of 192]r is hindering the deexcitement with isomeric transition,
resulting in very low y-ray emission probability. Only one experimental data was reported
by China, 1AE [3] for this particular reaction. Surprisingly, the data of 147 £ 52 mb
measured at FNS was in good agreement with that data of IAE. Although experimental
crror was reduced significantly in the present experiment, still more accurate data are
needed.

2"')Bi(n,2n)2°8B i
Although the error was large, the present measurement gave a data reasonably close
to those in currently available evaluated cross sections within the error.

Summary
Under the framework of the JAEA CRP, seventy reaction cross sections of concemn

were measured in the 14 MeV region at FNS. Some of them were derived by using
enriched isotopes to identify the contribution of different reaction channel. In general, it
takes considerably long cooling time to reduce interfering activity. Emphasis should be
placed on our patient in terms of long waiting time, long counting time. Finally we can
cover almost all reactions as far as 14 MeV neutron energy is concerned. We hope that our
experimental effort could make a substantial contribution to this CRP.,
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Tuble 1 Summary of Cross Scctions Mcasured at NS/JAERI

“Reaction i ‘NS References
EnMeV) Cross Section(mb)  Ep(MeV)  Cross Sectlon(mb)
TAl(n,20)20A1 148 47 %5 14,7 40.684.4  6)
145 30 =7 14.8 3547 7)
14.1 19 £10 14.5 16.2 9
14.1 19.0 10)
6INi(n,np)sm+eCo 148 50.5%82 145 18 9)
14,1 17.4 10)
63Cu(n,o)60m+eCo 14.8 404 £23 14.8 40.1£1.2  10)
145 438 £25
9INb(n,n")93mNb 148 43 <9 14,1 364 12)
145 44 =9
Y4Mo(n.p)¥iINb 148 54 £12 14.2 53.145.3 13)
141 58 =9
Y3Mo(n,np)Y4Nb 148 21 %9
14,1 12 +7
WAg(n,2n)t08mA g 14.8 0648 £ 31 14.77 23047 *-1)
145 621 £29 14,56 263120 *.2)
14.1 558 %26 14-15 665+£73 *.3)
14.9 19147 *.4)
14.9 208137 *.5)
BIEu(n.2n)150mEy 14.8 1276 £ 64 14.77 1219428 *.1)
145 1170 £ 59 14-15 132594 *.3)
14.1 1215453 14.8 1127455 *.4)
14.9 1090184 *.5)
14.7 1270£149  14)
14.8 1180150  16)
I3 Eu(n2n)t32mleEy 148 1659 + 83 1.8 17124155 *.4)
14.5 1533177 14.77 1544142 *.1)
14.1 1326+ 75 14-15 1442460 *.3
14.9 1740145  *.5)
14.7 15424138  15)
159Th(n.2n)!3%meTh  14.8 1937 +82 14.77 1968£56  =-1)
14.5 1932 £82 14.8 1600£-88  *-4)
14.1 1944 183 14-15 1930£49 *.3)
14.7 1801 15)
14.8 1930 16)
IS8Dy(n.p)13¥m+gTh 14.8 10-20°** 14.5 10.7 9)
AEf(n,n' Y1 TEm2H S 14.8 0,082t 0.011
. 14.1 0.11 £0.03

a



Table 1 Continued

1798 f(n,2n) 1 T8m2{{f 148 6.82 £038 148 5.940.6 *.0)
14.1 5,83 +£0,36 14 2.9 *.T)
14.9 6.0£-0.3 *.4)
182W(n,n' o) | 78m2Ef 14.8 (2.6£1.3)x102 4.5 0.176 9)
14,9 < 0.04 *.1)
87 e(n,2n)I86mR ¢ 14.8 135 +065 14,1 693 10)
14,5 6051258 9
14-15 5914122 *.3)
1931¢(n,2n)192m2{r 14.8 147452
2098i(n,2n)208B{ 14.8 2450 +£260 14.1 2176 10)
14.5 2340 9)
*Measurement, evaluation or caleulation performed for CRP(1]):
*.1); IAE Beijing *.5); KRI Leningrad
*.2); Debrecen *.0); Harwell
».3), IRK, Vienna *.7); Oxford/LANL
*.4); ANL/LANL/JAERI

**) Estimation assuming 250 ppm Tb impurity in the Dy sample
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MEASURED, ESTIMATED AND CALCULATED CROSS SECTIONS FOR THE
GENERATION OF LONG-LIVED RADIONUCLIDES IN FAST NEUTRON
INDUCED REACTIONS*

J: Csikai
Instiute of Experimental Physics, Kossuth University, H-4001 Dcbrecen, Pf. 105, Hungary

Research Agreement No. 4882/CF

Abstract: Activation crosss sections have been measured in a  Geesthacht-Debrecen
cooperation for 'Ag(n,2n)""Ag, “Cu(nc)®Co, "Ba(n,2n)'*Ba, "*Ba(n,p)"’*Cs,
lJ"B.’:(n,p)”"Cs reactions at (14.5£0.3)MeV neutron cnergy. Excitation functions of
SCu(n,p)Ni, "PAg(n,2n) " Ag, BB G(n,20) "By, " Eu(n,2n) ™8y, 1 Tb(n,2n)"* b
reactions were investigated in the 7-14.7 MeV range in a Jalich-Debrecen collaboration. High
purity C, Al, KHCO,, Zn, Cu, Ni, Mo, Si;N,, §i0,, Dy, Hf and Re samples were irradiated
with 14,6 MeV neutrons in Debrecen to produce the following long-lived radionuclides: Be(n,
«)"*Be, (1.6 % 10%); “N(n,p)"*C, (5730y); ""'*0(n,xer)'“C , ¥ Al(n,2n)*Al | (7.16 x 10%y) ;
TCI(n,2n)°Cl, (3 x 10%y); Kn,p)’Ar, (269y); YR(no)Cl, (3 x lo’y); M e(n,cy Mn,
2 x 10%y ) ; ®Zn(n,c)Ni, (100y), “Ni(n,2n)*’Ni, (7.5 x 10%y); **Dy(n,p)'**Cd, (180y);
57Re(n,2n)'*Re, (2 x 10%y); '"’HAn,2n) + ""HiXn,y) + Hin,0Y) - 7TEMHE, B1y).

The determinations of the reaction products are in progress by using cither the
radiochemical separatiots method or the classical and accelerator mass spectrometry in
collaboration with Jilich KFA and Cologne University. Properties of cyclotron D-D neutron
sources were studicd and the spectrum unfolding methods (PHRS, activation unfolding, Monte
Carlo calculation) were improved to increase the precision of the energy determination. In
addition, the combination of the threshold detector and the physical integration methods
rendered it possible to determine the volume averaged flux density spectra for extended
samples. On the basis of a systematic measurement for 30 o, , and 27 o, , data at 14.6 McV
bombarding ncutron energy in Debrecen the trends were improved and the cross sections for
SCu(n,p), ¥Mo(n,a) "Mo(n,p), **Mo(n,p), and ***Dy(n,p) reactions have been estimated.

Results obtained by experiment for the excitation functions and the energy dependence
of the isomeric cross scction ratio were compared with the calculated data from the threshold
to 16 McV using the STAPRE and EXIFON codes. Cross sections were calculated around 14
MeV by the EXIFON code for 29 reactions resulting long-lived (T,,>10y) radionuclides.

*This work was supported by the Hungarian Research Foundation (Contract no. 1734/91, T
016713/95) and the International Atomic Encrgy Agency, Vienna (Rescarch Contract No.
6971/RB, 7687/RB, 4882/CF).
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1. Introduction

Measurements, evaluations and calculations of activation cross sections for production
of long-lived isotopes at around 14 McV ncutron cnergy arc of primary importance for
radioactive wastc cstimates as well as for testing nuclear reaction models in addition to the
cosmochemical investigations, Cross section data available for such rcactions arc very scarce
and contradictary even in the vicinity of 14 MeV. Thie excitation functions of the dosimetry
reactions requirc morc precise data especially between 5 and 12 MeV. A systematic
investigation has been started in Debrecen to complete the experimental data between 2 and 15
MeV and to check the different trends in the cross sections. Precise knowledge of the
systematics is indispensable for the estimation of the unknown data, The low yields of the long-
lived isotopes produced in different reactions require to use extended samples in which the flux
density spectra ®(E) can change significantly, Therefore, thc methods used for the
determination of volume averaged ®(E) functions should have been improved. This report
describes the present status of the results achieved.

2, Experimental procedure

High purity samples (Goodfellow) of different dimensions and oxyde powders pressed
in disk-shaped pellets were irradiated with 13.5-14.8 MeV ncutrons in a low scattering
arrangement at the neutron generators of the Institute of Experimental Physics, Kossuth
University, Debrecen. Neutrons were produced via the *H(d,n)*He reaction using 180 keV
magnetically analysed deuteron beam. The foil staks were placed at different angles to the D’-
beam to change the incident neutron cnergy. A special irradiation geometry was assured at
(14.5 £ 0.3) MeV ncutron cnergy by using the KORONA generator of the GKSS in
Geesthacht. Neutrons in the energy range of 5-12.5 McV were produced by variable energy
cyclotrons in Debrecen (MGC-20) and Jilich (CV28) using D, gas target. Special attention
was paid to the determinations of the average neutron energy, the encrgy spead, the flux
density spectra, the cffect of low cnergy neutrons and to suppress their contribution to the
activitics of the samples. In the case of absolute interfering (n,y) and (n,2n) reactions the Cd-
difference method was used.

The absolute activity of the irradiated samples was determined by using Ge(Li), HPGe
and Nal detectors. The peak arca analysis was based on the program ACCUSPEC developed
for IBM compatible personal computers.

The neutron flux density and its variation in time were determined by foil activations, a
fission chamber, a Pulse Height Responsc Spectrometer and a BF, “long-counter”,
respectively. For the determination of the flux denstiy spectra of neutrons in extended samples



by activation unfolding method, the cross section curves were taken from the IRDF-90
dosimetry file,

Corrections were made for the following effects; variation of the flux in time, gamma-
ray sclf-absorption, true coincidence, dead-time, irradiation and measuring geometries, ncutron
attenuation in the sample. The errors of the cross sections contain the following principal
sources: counting statistics, detector efficiency, sample masses, decay constants, energy and
fluence uncertainties, reference cross sections,

In the case of low threshold reactions e, g. "B(n,p), “N(n,p), 0(n,w), YK (n, o),
breakup neutrons produced in both the Coulomb-field and the *Hi(d,np) reactions are present in
the spectrum with a high yicld at E;210 MeV. These neutrons can contribute significantly to
the total activity of the sample. In the knowledge of the encrgy dependence of the reaction rate
[$(E)o(E)), this contribution can be taken into account. The ¢(E) functions were determined
by the activation unfolding method while for o(E) the evaluated data based on previous
measurements or on the calculated values have been accepted. For the determination of the
cross scctions for the 2I-I(d,n)’l‘lc monocnergetic neutrons, the reaction rates integrated over
the group of low energy neutrons were subtracted from the total valuc obtained by experiment,
Details of the investigations related to the characteristics of neutron fields, the irradiation and
measuring procedures have been described elsewhere [1-10].

3. Results and discussion

Details of cross scction measurements on '“Ag(n,2n)'*Ag™, BIEu(n,2n)* Eu™,
3Eu(n,2n)"*Eu™® and "**Tb(n,2n)"*Tb reactions at different cnergics are discussed by Qaim
[11]. Corrections for the effect of scattered neutrons on the activity of '*Ag™ produced via the
' Ag(n,y) reaction have given consistent results with other experiments. From two scts of
measurements a value of (711 + 44) mb was found at E, = 14.5 MeV accepting T,, = 433y.

High purity C, Al, KHCO,, Zn, Cu, Ni, Mo, Si;N, and SiO, samples were irradiated
with about 5 x 10"*n/em® fluence of 14.6 McV neutrons in Debrecen to produce long-lived
radionuclides in fast ncutron induced reactions. The sample preparations are in progress at
Cologne University for the dctermination of the production cross sections by using the
accelerator mass spectrometry.

Reactions to be studied in the first set of mecasurements are as follows:

BC(n,0)'"Be Y * Y%y . Yo(n,a)C , *0Mne)'*C 5.73 x 107y ; TAl(n,2n)%Al
7.2x10%; YK (n,0)*°CI 3 x 10%y
Relative data will also be given for the production of "Be, '“C and **Cl isotopes using a
KHCO, complex sample for testing the measuring methods.
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Precise knowledge of the systematics in the o(n,et) and o(n,p) data [13, 14] at around
14 MeV rendered it possible to estimate some data for production of long-lived isotopes by
interpolation and extrapolation methods, These data are indicated in Table 1 together with
some measured cross scctions, It was found that the cffects of (N-Z)/A asymmetry parameter
as well as the isotopic, isotonic an odd - even propertics of nuclei are present in the (n,o0) cross
sections especially in the Coulomb sub-barrier region [15, 16).

Studies on the excitation functions of (n,p) and (n,e) reactions can give information on the
effect of Coulomb sub-barrier, thereforc a systematic investigation on these reactions is
recommended.

Excitation functions of neutron induced reactions were calculated for some reactions
from the threshold to 18 McV by the STAPRE and the EXIFON codes. It was found that the
STAPRE code can give more realistic results for both the total cross sections and the energy
dependence of the isomeric ratio than the EXIFON model [9,19]. It should be noted, however,
that in general, the EXIFON code can be used for the estimation of the data for (n,p), (n,ct)
and (n,2n) reactions around 14 MeV [14, 17, 18], As indicated in Table 1. a number of
reaction cross sections for the gencration of long-lived radionuclides were calculated 18] by
this mode! between 13.5-15.0 MeV.

Figure 1. shows typical examples for the measured and calculated energy dependence
of the isomeric cross section ratios. The significant change in the o, /o,-E,, function at around
14 McV could not be reproduced by mode! calculation

A comparison of ncutron flux density spectra from D, gas target determined by
different methods is given in Fig. 2. The average energy of the monoencrgetic peak is
consistant but the relative yields of low energy ncutrons depends on the applied method [20].

Table 1. Some measured, estimated and calculated cross sections for the generation of long-
lived isotopes

Reaction Tin a(mb) Remarks
'%Ag(n,2n) " Ag 433y 677482
716444
lJ"Ba(n,zn)mBa 10,54 y 1556495 Measured
348a(n,p)**Cs 2,06y 612
B7Ba(n,p)"'Cs 30y 5+1
63Cu(n,oz)"OCo 527y 4532
3Cu(n,p)®’Ni 100.1y 7019
"Mo(n, )™ Zr 1.5x10%y 10.6:0.9
Mo(n,py’*Nb 36x107y 97411 Estimated
9‘Mo(n,p)NNb 2x10* y 526
3¥Dy(n,p)**Tb 1.8x10%y 10.6+1.2




Table 1. cont,

27Al<n’2n)26Al
7Ba(n,p)*’Cs
078i(n,2n) " Bi

79Br(n,p)795c
4°Ca(n,p)4°K
“2Ca(n,0)’Ar
BCu(n,p)®Ni
BCu(n,a)*Co
5°Cr(n,p)5°V
1 ”In(n,p)' lJCd

JOK(n’ p)so Ar
YK (n,c)*Cl
139 an,2n)*La
“Mo(n,p)’*Nb
*Mo(n,p)”*Nb
MN( n, p)MC
BNb(n,p)”Zr
“Ni(n,2n)”Ni
Ni(n,2n)*Ni
”O(n, O.)MC
'“Pr(n,a)mLa
#9Se(n,2n)""Se
mSn(n,a)mCd

”Tc(n,‘zn)”Tc
*'W(n,2n)*V
'“W(n,p)”oTa
Zn(n,o)*Ni
M7r(n,0)°Sr
M2e(n,2n)"Zr

7,5 x 10%y
0y
Ix 104y

6.5x% 10y
1,28x10°y
269 y
100y
527y
0.25x 10My
9.10”y
146y
269y
Ix IO’y
1L1x 10"y
1.7x 10y
2x10%y
5736y
1.5x10%y
7.5x10%y
125y
5736y
13x10'y
7 x 104y
9x 10"y
146y
1.5x10°%y
48x10"y
2x 107y
100 y
29y
9x 10’y

0=75.2
8.2-13.3
2118.2-2159.9

40.7 - 42.8
485 - 456
138.1 - 147.9
78.4 - 87.4
61.4-73
521.6 - 496.4
9.1-12.1

108.9-114.3
310.4 - 308.5
1496.7 - 1700.2
197 - 206.4
45.8 - 55.7
18.9-244
23-30
246.3 - 557.5
916-1120.2
154.4-155.4
0.6-1.1
855-1133.9
22-44

1231.5-1368.3

388.9-751.4
56-6.7
18.4-277
12-13.1

1459.3 - 1501.8

EXIFON cale,

13.4<En<15,0 MeV
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Abstract-This paper is a summation of activation cross section
measurements for generation of long-lived radionuclides of importance in
fusion reactor technology. The measurements were performed by Institute
of Atomic Energy(IAE), Lanzhou University(LLU), Peking University(PU)
and Sichuan University(SU) in a period from 1989 to 1994, The cross
sections were measured for reactions of 'YAg(n,2n)!"mAg 1S1Eu(n,2n)
lfomEy, 1SEu(n,2n)!s%Eu, 19Tb(n,2n)!*¥Tb, 'MHf(n,2n)! 2, 182W(n,
n'a)”HmZHf' IK7Rc(n.2n) 16mRe and I9J[r(n‘2n)|92mllr at 14 MGV, IOQAg(n'
2n)'°*""Ag, ‘-"Eu(n,2n)'5‘""Eu, "9Tb(n,2n)'-‘“Tb and '7"Hf(n,2n)""'"2Hf at
9.5 and 9.9 MeV, and ?Mo(n,y)??Mo()—"Tc, '¢*Ho(n,y)!%vHo and
\$'Eu(n,y)"*2Eu in E, 20-1100 keV. Some of them were calculated by
systematic and HFTT code, which was based on the compound nucleus
evaporation and the preequilibrium excition model,

1. Introduction

Investigation of activation cross sections needed for waste disposal assessment of fusion

reactor materials was presented by E.T.Cheng in the INDC meeting(1987). A list of

important reactions selected on long-lived nuclides for fusion technology was given in

Research Coordination Meeting, Argonne(1989). For this reason, a cooperation group of

CIAE, LU, PU and SU was organized in China. Up to now, a lot of results were obtained
by this group and the measurements were greatly improved for the nuclear data used in
fusion energy applications.

2. Experiment

The irradiations were carried out using the neutrons from T(d,n)*He, D(d.n)*He.

T(p.n)*He and Li(p.n)’Be reactions in neutron energy ranges ~14 MeV, 9-10 Me\", 200-

k)
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1100 keV and 20-250 keV at Intense Neutron Generator(LU), Cockcroft-Walton and
Tandem accelerator(IAE) and Van-de-Graaff accelerators(SU and PU).

The activities of the investigated products were determined in four laboratories. And the
same standard y-ray sources were used to calibrate the efliciencies of Ge or Ge(Li)
detectors, '

Recommended decay parameters for the half-life(T,,,), photon energy(E,) and photon
emission probability(l,) are given in table |

Table 1. Decay data of products

---------------------------------------------------------------------------------------------------

IUSmAg PumBy  182gEy 1ARTL 1R 192m2fp  166mE o 9Mo

---------------------------------------------------------------------------------------------------

Ty () 418 358 1354 180 31 241 12000 2.7477d
E, (keV) 434 334 344 944 574 316 772 140
L (%) 905 940 200 43 838 §3* 547 90.7**

---------------------------------------------------------------------------------------------------

* from decay of "%Ir
** with 92%Te in cquilibrium

The 93INb(n,2n)92uNb, 19TAw(n,2n)196Au and 197Au(n, )98 AL reactions were used as the
neutron fluence nionitors The values of the cross sections were taken from evaluated data
of Lu Hanlin!"l, H Vonachi?l and ENDF/B-VI

3 Correction

A main correction came from the contamination of the neutron field The neutron field
of T(d,n)*He source is always contaminated by d-D neutron and scattered neutrons For
example, in the measurements of 133Eu(n,2n)!*2Eu reaction, the corrections were about 4-
20%, which came from the contribution of 'MEu(n,y)!*2sEu reaction for low energy
neutrons.

Using d-D neutron source at 9 5 and 99 MeV, there are several kinds of low energy
neutrons in the field. They came from breakup neutron, self-buildup solid D target in
window and backing, structure material bombarded by deuteron and multi-scattering
neutrons. In present work, the ratios of neutron fluence measured by the monitors of
*Ni(n,p)*8Co and '"??Au(n,2n)!"¢Au are about 2.3 and 1.8 at 9.5 and 9.9 MeV respectively

In the 20-1100 keV neutron energy range for (n,y) reaction, the effect of scattering
neutrons from target structure and cooling matenals, room background is very large So
the sample groups are wrapped by cadmium and gold foils to reduce the influence of low
energy newtrons below 0 6 eV and:-ﬁ eV(gold resonant absorption)

For the correction in activity determination, the cffect of sun peak was about 47% in
the measurements of 1"?Hf{(n,2n)! 782 Hf and "**W(n,n'a)!7#2Hf reactions



Other corrections were also made for the fluctuation of neutron flux, y-ray self-
absorption in the sample, impurity activitics, which have y-rays with energies close to the
studyed one, the effect of low energy ncutrons(which have cnergies lower than main
neutron energy and over threshold), owing to different excitation function shapes of
standard and investigated reactions,

4, Results

The cross sections of all reactions were summarized in tables 2-4, performed by IAE,
LU, SU and PU. A consistent results were obtained for '99Ag(n,2n)!0%mAg,
IS1Eu(n,2n)*omEu, 19 Eu(n,2n)*28Ey, 1¥9Tb(n,2n)'*¥Tb and '"Hf{n,2n)!8m2Hf reactions at
14 MeV.

The cross sections of F2W(n n'a)!7¥m2Hf and 187Re(n,2n)!¥mRe reactions at 14 MeV
appear big scattercd and uncertainties. The cross section of !#7Re(n,2n)!8mRe may be
improved when the reaction will be measured after another two years cooling.

There are large discrepancies between the data of IAE, and ANL/LA/JAERI, as well as
Julich/Debrecen collaborations, near threshold in the reactions of '1Eu(n,2n)!*0mEy,
H9Tb(n,2n)'*¥Tb and '9Ag(n,2n)1%mAg. Therefore, precise measurements are needed for
obtaining reliable data,

193] r(n,2n)222y: The first value of the cross section was 134480 mb with a large
statistical error, about ~50%, the y-ray of 155 keV with [ =0.097%, was measured in 1992
In 6 years later after irradiation, the activities of the short-lived isomer(mli) and the
medium-lived ground state(g) of '%2Ir decayed to a neglected level relative to that of
isomer(m2). The 316 keV y-ray (1, =83%) of ground state, to which isomer m2 state only
decays, was measured with a high count rate(about eight hundred times higher than before)
and a small statistical error. Therefore the second value of 167424 mb for this reaction is
greatly improved.

5. Work plan in future
A. measurements in progress:

1¥7Re(n,2n)!¥6mRe, ¥5Re(n,o) ¥ Ta, ¥2IW(n,p)!¥2Ta, 184W(n o)'$ Hf, 192Pi(n,p)19202]r
at ~14 MeV

18R e(n.p)''W, "*TRe(n,«)'#*Ta at ~10 MeV

¢4Zn(n,p)¢*Cu in the 3-10 MeV region

¢Zn(n,v)**Zn in the 150.1100 keV region

P r(n,y)!?2mr at 0.0253 eV

B. A eftort will be considered in the neutron energy range of 7-12 MeV. The elements of
Mo, Ti, Fe, Co and Ni will be selected to measure first.

C. On-going measurement in 0.03-7 MeV and 14 MeV will continued.
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Table 2. Measured Cross Sections (mb) [CIAE]

P NSRRI a RSN NP A AN N B AN ALalNisidtisssdsisutttcnaasaacas rancanasatcaasisssttasarinaansastasasanasad

Reaclion 9.540L5  Y.940.5 14.1940.23 14,2640,24 14.4440.20 147710 48 14.8310. u
'°9Ag(n zn)“"""m, 5040 T3TH00 T0TL3E TA4L34 75784 767£24
BlEu(n,2m00Ey  307£35 49040 1190427 1215£36 1219228
13Eu(n.2n)328Ey 156070
I39Tb(n,20) 134T0 491461 803£76 198056 196858
FI9L1f (0, 20) T8 f 0.3240.09  6.6+0.6 7.040.6
182w (n, n'ee)! TEMIYL 0.01610,10
1931r(n,20)1 222 167424
187Re(n.2n)1#6mRe 3404192

--------------------------- 448sB4eadrINGssidsinnenndncsnassavasResaREss NN

Reaclion 1354 1364 1372 1379 1403 1433 1435 14.60 14,80
109 A (0, 20) 106 Ay 733123 733159 747+66 737£26 76326 777+23
ISIEg(n.2n)130mEy 1227247 1238448 165244 1168244 1170244
L9Tb(n. 20y ¥ Tb 20774277 20442112 1909285 1922289
179-f(n.2n)! 78m2Hs 6.040.32

------- s PPy ssasssvsssasasss

-----------------------------------------------

------------------------------------------------------------------- L L T T T T T T Y T vy P PP PP P PRPFPPrs
29489 74.2106.4 [ 22%16 W22+170
59420.6 43.6+3.8 | 3030 19994174

121433 313.8+£2.9 | 57425 1734110
196428 29.8£2.6 | 16040 1040165
203430 374250 | 17340 994463
215443 30.6£2.6 | 17555 053166
23012 29.4%2.5 | 23040 860154
376101 28,242 .4 | 318433 68143
6554144 Jo.r=2.1 | 376£116 641140
076+] 14 12.122.4 | 463£110 480436
9624121 02+45 b 8172167 8123
9741126 10,9431 | 1100180 28419
1100468 16.3£1.2 | 1120180 265420
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Cross Sections of IAE(1,20)108mA g 151 Eu(n,2n)180m By,
970, 2038 D and 9HF(,20)1 02 HT Reactions at 9.5 and 9.9 MceV

Yu Weixiang, Zhao Wenrong, Chieng Jiangtao and Lu Harlin
(China Institute of Atomic Energy, P O.Box 275(3), Beijing 102413)

Abstract-The cross sections for the formation of long-lived products
108mAG(6*,433y), 130mEy(57,36.9y), V$8Tb(3*,180y) and 1782Hf are
measured in the (n,2n) reaction on the clements of 109Ag, 31Eu, 139Tb and
VIOHF at neutron energies of 9.5 MeV and 9.9 MeV, respectively. The
neutron fluence is obtained through '%7Au(n,2n)V%0Au reaction The
D(d.n)'He reaction is used as neutron source at the tandem aceelerator of
CIAE, Beijing The present results are compared with the values of
averaged theoretical cross sections and the experimental data

J INTRODUCTION

The Nuclear Data Section of International Atomic Energy Agency (IAEA) established
a Coordinate Research Programme (CRPP) on activation cross sections for the generation
of long-lived radionuclides of importance in fusion reactor technology in 1988 Five years
later, about 20 laboratories from 9 countiies participated in this CRP Since then. great
progress has been made in experimental measurements, theoretical calculatior . 'nd
evaluations!!2:Y] Hov ever, all the theoretical calculationst!) are larger than tne
experimental data below neutron “energy 11 MeV, measured by Julich-Debrecenl®]
collaboration and Argonne-Los Alamosl¢l collaboration recently Dr M B Chadwick, et
al Ml suggested that the large discrepancics between theory and experimentnear threshold
in the 1M Eu(n 2n)10mEqw, 139Tb(n,2n)!38Tb, 179H{(n,2n) 178m2Hf and 199Ag(n,2n)1"SmAg
reactions should be understood

2 EXPERIMENT
[readiation:

The irsadiations were carried out at CIAE tandem ascelerator (HI-13) Approximatels
monoeneryetic neutrons of 9 5 and 99 MeV were produced by the D(d,n)*He reaction
using a gas target, which had a length of 3 § cm and a pressure of 0 75-0 80 MPa The
entrance window of the target box is a 50 yum Mo foil and borne 4-5 5 pA deuteron
current  The ncutron eoergy and resolution were detenmined by calculaions and

41



42

measurements using time-of-flight method. The sample packet of 2 cm in diameter and
1.45 em in thickness was placed on the beam line at zero degree and irradiated for about
34 and 21 hours respectively for each run. The target-sample distances were 0.8 em and
1.2 cm, respectively. The samples for irradiation were arranged in the following
order(shown in Fig.1). Au(0.1 mm, 1.5 g), Ag(0.5 mm, 1.5 g), Au, HIO,(5.1 mm, 8.2 g),
Au, Tby04(2.0 mm, 2.3% g), Au, Euy04(2.45 mm, 2.2 g), Au, Ni(0.2 mm, 0.5 g), Al(0.4
mm, 0.34 g), Au, Ni, Re(0.1 mm, 0.6 g), Ni, Zn(0.45 mm. 1.0 g), Ni. The powder of
Euy0y, TbyOy and HO, was pressed into tablets and packed by nylon film. The Au foils
were placed in different positions in the sample packet to measure the total neutron
fluence gradients, and the neutron fluence as a function of reaction threshold was obtained
by the monitor reactions of 39Ni(n,p)$8Co, 27 Al(n,at) 24Na and 197 Au(n,2n)!96Au.

The neutron fluences were determined by the monitor reactions of '97Au(n,2n)
196 AU(T|/3=6 183 d. Ey=355.6 keV, ly=§7%), 5"f‘li(t‘l.p)”‘Co(T|/2-'=70,‘)16 d, Ey=8108
keV, 1y=99.5%) and 17Al(n.a)“Na(T,,2=14_965 h, Ey=1368 keV, 1y=999936%) The
average cross section values of 197Au(n,2n)Y6Au are 991 4 mb at 9 9 MeV and 706 mb at
9.5 McV, which were taken from the evaluated data of H Vonach!? and Lu Hanlinf8l. The
accumulated neutron fluences at the sample arca are (0 71-161)2104 at 9 § MeV and
(0.82-1 47)x10'Y a1 9 9 MeV, respectively

The activities of investigated products were determined with a well calibrated Ge(Li)
spectrometer system The activities of 13mEy, 108mAg 18T and 1782 Hf were measured
in about 2-12 months after the irradiations The measurements lasted 3-15 days for each
sample

Eftect of low energy neutrons:

When the D(d,n)*He rcaction is used as a neutron source, there are several kinds of
low energy neutrons in the neutron spectrum They beam stop, from the breakup neutron
of deuteron, from the A(d.n)B reaction when the target structure materials arc irradiated
by the d beam and from the multi-scattering of the main neutrons The effect of the low
energy neutrons depends on the irradiation time, detection distance, detection angle,
incident d beam energy, size of beam spot and strongly depends on the threshold of the
specific reaction In the present work, differences of 130% at 9 5 MeV and 80% at 9.9
MeV were found between the lowest and the highest neutron fluences measured by the
monitors with different threshold, as shown in Table | And similar results can also be
found inJ W Meadows' repontl?l. For activation cross section measurement of long-lived
radionuclides, the monitor reaction selected must be nearly the same in threshold and be of
very similar shape in excitation function with the investigated reaction In this way. the
cffect of the low energy neutrons can be reduced strongly Our cross sections for the
“”Ag(n.Zn)“”‘“'Ag. PIEu(n,2n) ey B39Th(n,2n) 8T and T9Hf(n,2n) TSm2Hf



teactions were derived from the neutron fluence of the 'Y7Au(n,2n) monitor reaction,
because they have a similar threshold and a similar shape of excitation function.

Table |. Measured fluence by monitors (10! neutron per sample area)

------------ A NN RS RAESERsARRRSES AN AR SRASSNASEARRASREEsEn B2

Monitor reactions 9.5 MeV 99 MceV
S5Ni(n,p)35Co 1.6 | 47
27 Al(n, &) Na }.05 1.07
197 Au(n,2n)!96Au 0.715 0818

I RESULTS

The cross sections of the (n.2n) reaction for 199Ag, 31Eu, 139Tb and '7HF at neutron
energies of 9.5£0.5 and 9.920.5 McV are summarized in Table 2 and plotted in Figs 2-5
The figures show that the average theoretical values calculated by M. B. Chadwick agree
with our measured results.

The uncertaintics of the measured cross sections were as tollows. the monitar(£6%),
the effect of low energy neutrons (+6%, =3%, +2%, +8%), the y yield(] 6-25%), the half-
life(3.5%, 2.4%. 6.1%. 3.2%), the y branch(0.6%, 3.1%, 3 0%, 2 0%), the eftect by the
(n,y) reaction(<1%, 0, 0. <0.1%), the irradiation geometry (0 1%, 1%, 1%, 3%). and the
purity and weight for the Ag, Eu, Tb and HI samples(0 1%, 0 5%, 0 5%, 0 5%) The total
uncertainty is about 8-28%

Table 2. Mcasured cross sections below 14 MeV (mb)

Authors Presenmwork  1.W.Mcadows S.M Qaim?* M. B.Chadwick*®
En. McV 9.52:0.5 9.940.5 10.3 9.6 10,10 [0.5Y 95 100 105
9 (1. 20)10¥mAp 45.12d.1 3852100 757717 182

PUEun.20)0MEu 307435 96240 215217 185226 270£30 380237  384.6 3628 732
POTH 2 YETY 491260 803276 575257 373436 388205 9432113 6BO.9 104y 1343
POH 0. 201 Ty p 0.3220.09 012 033 062
PTAun.2m AU 06242 991460

* Cross scctions normalized 1o the new half-life of 180 v for 58T

** Averaged theorctical cross sections (from Chadwick, Ignatyuk, Meadows, Garduer and Yamannro)
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Progress Report on Measurement of
Cross Sectlons for the Formation of some Long-lived Activation Products
In Fast Neutron Induced Reactions

S.M. Qaim!, F, Cserpik? and J. Csikai?
Hnstitut fiir Nuklearchemic, KFA Jilich, Germany
2Institute of Expcrimental Physics, Kossuth University, Debrecen. Hungary

Within the last two years following nuclear reactions were investigated.

109Ag(n,2n)108mAg  [Ti, =433 y; y: 434 keV (90.5%),
614 keV (89.8%, 723 keV (90.8%)]

Highly cnriched 109Ag (99.26%) powder was pressed at 10 t em*2 to obtain a thin
pellet of 13 mm diameter (wt. ~ 160 mg). Three such pellets were prepared. Each
pellet was sandwiched between two Al monitor foils and irradiated for about 25 h witl
ncutrons from a dd gas target at the variable encrgy compact cyclotron CV 28 at KFA
Jiilich, In onc case the primary deuteron energy was 8.25 McV and in the other 9.62
McV. The third sample was irradiated with background neutrons (Eg4 = 8.94 MeV and
gas cell evacuated).

The radioactivity was determined via y-ray spectrometry using a stable low back-
ground HPGe detector system. Each sample was counted for about three weeks. The
arcas under the above mentioned threc peaks were determined (and agreed within =
8%). The activation through background neutrons was found to be < 5%, i.c. within
the error limits of the measured peak arcas. The ¢; was determined via the
109Ag(n,y)1 10mAg process and amounted to < 1% of dfast. The interference from the
107Ag(n,y)108mAg process to the 109Ap(n,2n)108MAg reaction was found to be
< 0.5%.

The measured results are given in Table 1 and the excitation function in Fig. 1. Besides
our own data, the evaluated value at 14.5 MeV [Ref. 1] and a recent experimental
value (Weixiang ct al. [Ref. 2}) in the low energy region are also shown. The averaged
calculated curve [Ref. 3] is reproduced for comparison. The experimental and
theoretical data appear to agree well.
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Table 1. Measured cross sections near reaction thresholds

109Ag(n,2n) 1 08mA g+ 151Ey(n,2n) 1 S0MEy$  15: Th(n,2n)158Tbt

Ep (MceV) o (mb) Ey (MeV) o (mb) Ey (MeV) o (mb)

9,1840.14 164423* 9.1810.14 333432*
9.60+0.14 2504£28* 9.60£0.14 547460*
10.10£0.14  335£32*  10.10£0.14  828199*
10.8640.27 276£36 10.83£0.30  849+102  10.83£0.30  1410+£145
11.20£0.20  952%142
12,1740.30 451158 12,14£0.30  982+127

t New measurements, unless otherwise stated.
Recalculated neuiron energies and cross sections.

o Eval. 14.5McV

109Ag (n,zn) IOSmAg

& Weixiang

100 f

S ——aaa 1y N i ‘ 1,
7 8 9 10 11 2 13 14
Neutron energy [MeV]

Fig. 1 Excitation function of 109Ag(n.2n)108mAg process
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ISIEu(n,2n)150mEy [Ty, =36.9y; vs: 334 keV (96.0%), 439 keV (80.3%)]

This reaction was investigated by us previously near its threshold [Ref, 4]. However,
there appeared to be some discrepancy between the experimental and theoretical data,
Since the primary deutcron cnergies at the compact cyclotron CV 28 were recently
redetermined, we recalculated the older data and the results arc given in Table 1. In
addition, three new EusO3 samples in the form of 2 cm @ x 0.4 cm thick pellets, each
placed in an Al-capsule and sandwiched between two Al foils, were irradiated for
about 25 h with neutrons produced via deuteron beams from the cyclotrons CV 28 at
Jiilich and MGC-20 at Debrecen. The radioactivity of 150mEy was determined via y-
ray spectrometry. In the present case, it was casier to measure the activity since the
samples had better dimensions than the previously used extended samples [4]. The
results of these new mcasurcments arc also given in Table 1. All the recent
experimental results in the energy region up to 12 MeV (this work and [Ref. 2]) as
well as the evaluated value at 14,5 McV [Ref, 1] are reproduced in Fig. 2 together with
the averaged calculated curve [Ref. 3]. There is still some disagreement between the
experimental and theoretical data in the low energy region but, in general, now there
appears o be no serious discrepancy.

1597Th(n,2n)158Th [Ty, = 180 y; y: 944 keV (43.9%)]

This reaction was also investigated by us previously [Ref. 4]. However, similar to the
I51Eu(n,2n)150mEy reaction discussed above, there was some uncertainty in the
primary deuteron energy, resulting in some discrepancy between the experimental and
theoretical cross section data, The older data, cxcept the lowest energy point, were
therefore recalculated and the results are given in Table 1. The lowest energy point had
such an increased error that it appcared meaningless to include it in the present
evaluation. In addition to the reappraisal of the older measurements, a new TbgO7
sample in the form of a 2 cm @ x 0.4 cm thick pellet was placed in an Al-capsule and
sandwiched between two Al foils. Irradiation was done for about 26 h with neutrons
using a primary deuteron energy of 8.25 MeV. The measurement of radioactivity via y-
ray spectrometry was again easier than in the case of extended samples used carlier
[Ref. 4]. The result of the new measurement is also given in Table 1. All the recent
experimental results in the encrgy region up to 12 MeV (this work and [Ref. 2]) as
well as the evaluated value at 14.5 MeV [Ref. 1] are reproduced in Fig. 3 together with
the averaged calculated curve [Ref. 3]. The experimental and theoretical data appear to
be in good agreement, though below 10 MeV some deviation still exists.
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63Cu(n,p)63Ni [Ty, = 100 y; Eg- = 66 keV, 1g- = 100%]

Thick Cu-samples irradiated with 7 - 10 and 14,7 MeV neutrons were chemically
processed and low-level B~ counting is in progress. However, more time is needed to
complete these measurements,
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MEASUREMENT OF CROSS SECTIONS OF SOME REACTIONS
OF IMPORTANCE IN FUSION REACTOR TECHNOLOGY

M.V.Blinovﬂ S.V.Chuvaev, A.A.Filatenkov,
V.A.Jakovlev, A.A.Rimski-Korsakov

V.G.Khlopin Radium Institute, St.Petersburg, 194021, Russia

Abstract

The Ag-109(n, 2n)Ag-108m, Eu-151(n, 2n)Eu-150 and Eu-153(n, 2n)Eu-152 cross sections
huve been measured in the neutron energy interval of 13.7 - 149 MeV., The measurcments
were performed at the neutron generator NG-400 of the Radium Institute using (D-T)
ncutrons. At the same facility, the W-182(n, n'a)Hf-178m2, Bi-209(n, 2n)Bi-208 and Bi-209(n,
31)Bi-207 cross sections have been measured at the neutron cnergy 14.8 MeV. The isomeric
ratios for the reactions Eu-151(n, 2n)Et150m,g, Eu-153(n,2n)Eu-152m,g and Re-185(n,2n)Re-
184m,g were obtained ut neutron encrgies sround 14 McV, Neutron capture of the Mo-98
that lcad ultimately to the production of the long-lived Tc-99 has been studied at neutron
energics 0.7 - 20 MeV. For these purposes, the Van de Graaf accclerator (EG-5) was
cmployed that produced monochromatic neutrons in the (p-T) reaction. Both at EG-5 and
NG-400 measurements, special efforts were made to minimize neutron spectrum impuritics.
The neutron spectra inside the samples were calculated taking into account the real geometry
of the experiment.

* This work was carried out under IAEA scientific agreement No, 5677

l.Introduction

A growing social thrill for ecological problems demands an especial attention
to the disposal of radioactive waste, among which long-lived radionuclides are of great
importance [I]. Recently, an IAEA CRP was established that is devoted to
calculations and measurements of long-lived radioactivity produced in the fusion reactor.
In view of the high complexity of similar investigations, the needed data were extremally
poor up to the i.st time [2].

One of the main experimental difficulties is the necessity to work with rather
weak activities hidden usually in a much more intensive background. For
measurements of corresponding cross sections, high power neutron sources seem to have
an obvious advantage because they spare the time of sample irradiation and activity
measurement, and besides, allow to diminish to some extent uncertainties caused by finite
sizes of samples and detectors.

However, high power neutron sources, as a rule, generate neutrons of spectra
which are studied not so well as, for example, spectra of neutrons produced by
conventional neutron generators. So in the cases when the cross sections to be measured
change rapidly in the covered neutron energy interval, this may lead to somewhat
ambiguous results (e.g. in region near the reaction threshold). An additional uncertainty
emerges when the measured or interfering cross sections have a much higher value at the
lower neutron energies (e.g. the (n, y)-reaction), where scattered neutrons can produce
considerable effects which are difficult to correct for. In the similar situation, the low
current accelerators should be prefered where rather pure necutron fields can be
generated.
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Among the cross scctions measured by us in the frame of this agrecment, two
were expected to have ligh sensitivity to contaminations of neutron spectra, namely, the Eu-
153(n, 2n)Eu-152 and Mo-98(1, ¥)Mo-99 cross sections. To measure them correctly, we used
thin wall constructions and air cooling of the target. The special computer codes were created to
caleulate real parameters of the neutron field during irradiation,

2.Experimental proceedures
2.1, Sample preparation

In our measurements we used various forms of samples assembled in packages of
several types, In the Mo-98(n, ¥) reaction study, metallic disks of the natural molybdenum 0.3
mm thick and 14,1 mm in diamecter were used. Each of them was installed in the middle of
an assembly which also contained pairs of the Au- and In-foils used as ncutron flux monitors, The
total thickness of the assembly was 1.5 mm,

The Ag-109(n, 2n)Ag-108m cross section were mecasured with two types of sample
packages, The first used the cnriched Ag-109 (99.4%). This was a metallic powder
encapsulated in a lavsan packet and arranged in a thin-wall plastic tube together with two similar
packets containing the enriched europium isotopes (sec below). In front and in the back of the
packets, the niobium foils were mounted to determine the neutron flux, Typically, such a sample
package was 14.5 mm in diameter and 7 mm in hight.

The other type of samples used in the Ag-109(n, 2n) experiment was a metallic foil of
natural silver sandwiched between the niobium foils. This sandwich was 0.7 mm thick and
14,1 mm in diaracter.

For the Eu-151(n, 2n)Eu-150 and Eu-153(n, 2n)Eu-152 cross section measurement,
also two variants of samples were prepared. The first contained oxides of the enriched Eu-
151 (97,5%) and Eu-153 (99.2%) as well as the enriched metalic Ag-109 (sec above). Three
packets with distinct isotopes were placed in a plastic tube parallel to each other. The
common neutron flux was determined by the niobium foils framing the packages.

In the second variant, the oxide of the natural europium was thoroughly mixed
with the niobium oxide. The use of a homogencous mixture of the studicd and reference
nuclei reduced considerably the uncertaintics connected with the geometrical factor in
irradiation and activity measurement. Each sample weighed about 1 g. The ratios of the Eu-
153-, Eu-151- and Nb-93-nuclei were 4.63:4.24: 1.

Since the W-182(n, n'a)Hf-178m2 cross section was expected to be very small, the
close gecometrics of irradiation and measurement arc highly desirable, Therefore, a
homogenious mixture of tungsten acid and niobium oxide was used initially, The total weight of
this sample was 12.9 g, and it contained 14.4 nuclei of W-182 per a Nb-93 nucleus.

As before, another type of sample package was used for this cross section
measurement too. Ten metallic foils of the natural tungsten were placed close to the neutron
target. The eleventh foil was sandwiched between two niobium foilsand distanced from the
target at 42 mm, This was uscd to obtain in the same experiment the W-182(n, 2n)W-181 cross
section, relative to which the W-182(n, n'a) cross section could be determined most convenicnt.
The size of each W-foil was 11 mm *0.1 mm.

The Re-187(n, 2n)Re-186m and other reactions on the Re-isotopes were measured with
samples prepared by pressing the powder of the K,ReCl; salt under the pressure of 200
atmosphere. This procedure was used also for preparation the Bi-samples from the oxide Bi,0,.
The samples were 14.1 mm in diameter an about 2 mm in thickness.



2.2, Irradiation conditions

The Mo-98(n, ¥)M0-99 reaction was studied in the 0.7 - 2.0 McV ncutron energy
range. Irradiations were conducted using monochromatic neutrons of the 3H(p, n)*He
reaction. The proton beam dismeter of the Van de Graaf accelerator was about 2 mm, During
ittadiation the beam was rotated drawing a circle with the diameter up to 8 mm on the
titanium-tritium target. Since the target was cooled by ann air jet, the beam current was
restricted by the magnitude of 8 pA.

The sample package contained the Mo-, Au- and In-foils was located at O deg with
respect to the incident beant direction and 23 mm from the target. The irradiations were
performed at proton energy of 1.6, 2.1, 2.3, 2.6 and 2.8 McV that corresponded to the mean
neutron energy of 0,74, 1.26, 1.46, 1,76 and 1.97 McV. The neutron encrgy spread (FWHM)
resulted from proton slowing-down in the target and angular dependence of neutron energy was
0.12, 0.11, 0.10, 0.10 and 0.09MeV, respectivelly, These quantitics were calculated using the
recommended c.m.s. data on the (p-T)-reaction kinematics [1] and the sheets of charged
particle cnergy losses in materials [2].

The samples were irradiated usually 12 hours, accumulating neutron fluence (3 -
5)*10!2 n/cm?, Small neutron flux variations were registered by means of a long counter,

The Ag-109(n, 2n)Ag-108m, Eu-151(n, 2n)Eu-150, Eu-153(n, 2n)Eu-152, W-182(n,
n'o)Hf-178m2, Re-187(n, 2n)Re-186m and Bi-209(n, 2n)Bi-208 cross sections were measured at
the ncutron gencrator NG-400 using the H-3(d, n)He-4 reaction ncutrons.lrradiations were
carricd out at the accelerating voltage varied from 220 to 280 kV. The mean neutron encrgy
determined mainly by the angle relative to the deuteron beam line was ranged from 13.6 to 14.9
MeV.

At the study of the Ag-109(n, 2n), Eu-15I(n, 2n) and Eu-153(n, 2n) rcactions,
sample packages were placed at different angles at the distance of 3 - 4 cm from the target. The
total ncutron fluence collected by a sample was (2 - 5)*1012 n/cm?,

In the casc of the W-182(n, n'a), Re-187(n, 2n)Re-186m and Bi-209(n, 2n)Bi-208
cross scction measurcment, the samples occupied a position close to the target at 0 degrees
relative to the beam, The water cooling of the target was used. The mean value of tlie neutron
fluence recicved by the sample was ~ 1034 n/cm?,

2.3. Activity measurcment

The induced gamma-activities were measured with a Ge(Li)-detector having the energy
resolution 2.7 keV and peak efficiency 7.9% at 1332.5 keV gamma-ray energy. A computer
DVK-3M fitted for on line data acquisition was provided with a program set adapted for gamma-
activation analysis.

The gamma-spectrometer efficiency was determined by means of standard gamma-
sources, activities of which were attestated with error of 1.5 - 2.0% at the confidence probability
of 0.99. The calibrations were periodically repeatet showing constancy of the cfficiency valuc
in bounds of 0.5% for thc gamma-ray energy range 200-3000 keV.,

Corrections for gamma-ray self-absorbtion and the change of the effective distance
between the sample center and the detector center were measured experimentally, Besides,
we were able to deduce thesc corrections using the code aimed to the volume gamma-activity
measurement that yielded fairly close results. Typically, those were of order of several percent,
though in individual cases they could exceed 40% (the large homogenious tungsten sample).
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2.4, Neutron field calclulation

In work [5], an exact analytical expression of the geometrical efficiency of a parallcl
disk ncutron producing target and sample system has been deduced. In this work the expression is
presented in more geometrically clear form with the further simplifications

(0) 4, (0) t,  [sr/rad] (1

where —d'g—(ﬂ) =2mnsin 0 is the geometrical efficiency for the point target geometry; Sy_g is the

area of covering surface of the target and sample circles when one of them shifted from the
central axis by the distance equal to r=h-tgd and projected on the opposite plane (a schematic
drawing of the geometry for parallel-disk coaxial target and sample system is shown in Fig. 1.).

The expression (1) can be used for a more common case of the non-coaxial position of
sample. In this case, the geometrical cfficiency is expressed as

dme 420
o, d6do

dQ
—(16'(9)— (2)

where d(«) is the part of the circle with the radius R, intercepted by the sample disk (see Fig, 2).

Using the differential cross section of neutron producing reaction it can be written as

dog, an do
T (B) = 2 00) 1 0)- G O ()

where 17 (0) is the factor for transferring cm-cross-section into Is-one. Parameters in equation
(3) as funct:on of E, and Eg can be deduced with the well-known relations of the relativistic
kinematics.

Modeling the realistic primary neutron spectra it is necessary to take into account the
depth distribution of neutron producing nuclei in target layer, the processes of stowing down and
scattering (straggling) of initiate particles depending, in turn, on the depth composition of the
target layer,

The depth distribution of tritium in the absorption layer of the target was studied in
works [6,7). The dependence of tritium distribution on depth, x, was approximately the same in
both works for the layer thickness from 0.5 to 1.1 mg/cm? and was proportional to x>-¢™ with
the maximum at x = 0.3 of the total thickness of absorbing layer.

In recent time the stopping power tables of Andersen-Ziegler [8] and Northcliffe-
Schilling [9] are widely used at the slowing down calculations. The stopping power data from
these tables are quite good compatible in the proton energy range more than several MeV.
However, at the projectile energy less than 0.5 MeV, the discrepancy of these data large. So, the
stopping power values from [8] are higher than values from {9] in several times for hydrogen and
on 30% for titanium.

The energy and angle straggling dispersions in dependence on depth, x, were calculated
in frame of the transport theory [10]

2 m, 1-(1-¢)’ 1
of, ()= E§ 3o @)

2 -, ] - m, . E_. . E.!
and co(x)== lnl-E, ’nmdl‘im I-E ’2-& (5)




where B Is deuteron energy on the target surfiace; m, and my are masses of clectron and
deuteron, respectively; €= x/R 4, R, is deuteron range in absorption layer of the target; L, is
the ionization logarithm (in this work it is deduced with tables from {8,9] and well-known Bethe

formula for stopping power); a? ﬁ(Z+l)a‘r:l’i"‘ v Ly =ln[210'(A'Z)'”6] is the Coulomb
d™jun

logarithm,

On the basis of calculations of ncutron spectra from the T(d,n)*He reaction made with a
SPECTRON computer code we can do following conclusions:
1) the depth distribution of tritium essentially influences on shape of neutron spectra;
2) if different tables are used for the stopping power then the average value of neutron fluence is
changed only (the difference between the average neutron energy is less than 5 keV for to the 0
and 180 sample position);
3) taking into account of the relativistic effects gives about 50 keV decreasing of neutron energy;

4) straggling effects lead to the smal increasing of the low (high) encrgy "tail” of ncutron spectra
if'the sample position is <909 ( >900),

2.5. Cross section computation

Experimental data were processed by an IBM PC using GAMANAL and ACTICS
codes. The last was specially written to treat the neutron activation information. It included
various libraries, such as encrgics and yields of the induccd gamma-activity, geometries and
histories of the conducted irradiations, masses and sizes of the available samples, ete. The cross
scctions were calculated by the formulas taking into sccount two generations of the induced
radioactivity:
¢ o A —A o
, f(b,,(l)-c')'"" {+—2L. i (e Ed -L’"l"") dt | ()
= _Npody 1,0 4 Opn Ap=Aym '

A” = e o ’ fdf v
=t o

ijn(t)-dl

[
U

where  Npg - the total number of B nuclei produced during the irradiation; g and 2. are

decay constants of B and B™ nuclei, respectively; (t5,t3) - the counting interval; (1},1}) - the
irradiatio

i oni¢; Py, - integrated fluence of ncutrons; op and 6. arc cross sections of nuclear reactions
A(n, x)B and A(n, x)B™M | respectively,

In order to decrease the errors duc to poor statistics of the treated gamma-spectra, the
mean weighted values of the cross sections were obtained using data on all the obsenvable
gamma-pecaks. The main errors of the experimental results were the following: the uncertaintics
of the fluence measurcment - (2 - 5)% and the uncertaintics of the induced activity determination
(2 - 40)%.
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3, Results

The following reactions were studied in the present work:

Reaction Neutron energy

98 Mo(n, y)99mMo 0.74- 1,97
109 Ap(n, 2n)108mAg 13,70 - 14.90
(St Eu(n, 2n)fS0EEY 13,52 - 14.90
151 Eu(n, 2n)}30mEy 13.52 < 14.90
153 Eu(n, 2n))538Eu 13.52 - 14.90
153gu(n, 20)153mEy 13.52 - 14.90
182W(n,n'er)  78m2g4f 14.74
185Re(n, 2n)!84eRc 14.74
185Re(n, 2n)184mRe 14.74
187Re(n, 2n)186¢Re 14.85
187Re(n, o) 184Ta 14,85
187Re(n, 2n)187W 14.85
20983(n, 2n)208p; 14.74
209i(n, 3n)207Bi 14,74

The reference data on the studied reactions and associated decay data of products are
presented in Table 1. The results of the cross section measurements are given in Fig. 1 - 6 and
in Tables 2 - 5,
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Fig 1. Geometry for coaxial parallcl-disk target and sample system.

Fig 2. Geometry for non-coaxial disk target and sample systen.
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Table 1. Decay data usad In this work.

Nuclear reaction Q-value | Init, | Final Half-life E, Brancing
(MeV) | spin | spin (keV) ratio(%)

%Mo(n, y)**Mo +5925, | 0+ | 1/2¢ 65.94(1)h 140.5 89.4(2)
106Ag(n, 2n)1%8mAg | -9,186 | 1/2- | 6* 433(15)y 433.9 80.5(6)
614.3 | 89.8(19)

722.9 | 90.8(19)

151Ey(n, 2n)190Eu | -7.935 | 5/2* | 5 35,80(10)y 334.0 | 96.0(30)
439.4 | 80.4(34)

183Ey(n, 2n)152m2+0Ey | -8.553 | 5/2¢ | & 13.54(1)y 121.8 | 28.40(23)
2447 7.51(7)

344.3 | 26.58(19)

778.9 | 12.96(7)

1112.1 13.54(6)

1408.0 | 20.85(8)

182W(n, ne)t78mzHf -1.773 0+ 16+ 31(1)y 325.6 94,1(18)
426.4 96.9(20)

495.0 71.4(22)

574.2 89.1(20)

209Bi(n, 2n)>8Bij -7.453 | 9/2 5- | 368000(4000)y | 2614.5 100.0
20Bi(n, 3n)27Bj -1435 | 9/2- | 9/2- 32.2(9)y 569.7 97.8(4)
1063.7 | 74.08(25)

185Re(n, 2n)184mRe -7.87 | 5/2* | 8* 165(5)d 104.7 13.3(4)
161.3 6.64(22)

536.7 3.37(11)

920.9 8.30(30)

185Re(n, 2n)184Re -768 | 52+ | 3 38.0(5)d 111.2 17.1(7)
641.9 1.94(5)

894.8 15.6(4)

187Re(n, 2n)18%Re | -7.371 | 5/2* | 1- 90.64(9)h 137.2 8.6(3)
187Re(n, a)'84Ta 7.102 | 5/2¢ | & 8.7(1)h 414.2 73.9(9)
187Re(n, p)'8"W -0.529 | 5/2* | 3/2 23.9(1)h 479.6 21.1(9)
685.7 26.4(11)
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Table 2, Cross sections data for the 98Mo(n, y)9%Mo reaction,

Table 3. Cross sections data for the 109Ag(n, 2n)108mAg reaction,

Table 4, Activation cross sections and isomeric ratios
for the'S'Eu(n2n)'*Eu and 'Eu(n2n)'52Eu reactions.

E, Cross Section
(MeV) (mb)
0.74 32(2)
1.26 12(1)
1.48 14(1)
1.76 13(1)
1.87 9(1)

E, Cross Section
(MeV) (mb)
13.7 634(39)
14.1 682(40)
14.5 695(40)
14.9 709(41)

E, Cross Section (mb)

(MeV) 1S1Eu(n2n)!®Eu | 'S*Eu(n2n)152Eu

13.52 1127(66) 1464(54)

13.75 1167(63) 1515(59)

13.98 1139(65) 1516(53)

14,21 1092(67) 1500(61)

14.44 1126(60) 1445(52)

14.67 1140(57) 1545(49)

14.90 1218(56) 1460(44)

E, Isomeric Ratio
(MeV) 1S1Eu(n,2n) (0) 19%Eu(n,2n) (0°)
13.52 0.316(20) 0.166(4)
13.75 0.307(20) 0.159(8)
13.98 0.312(20) 0.157(7)
14.21 0.321(20) 0.160(8)
14.44 0.318(20) 0.163(7)
14.67 0.305(20) 0.151(6)
14.90 0.295(20) 0.154(6)
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Table 5. Other activation cross sections measured In this work,

Reactlon

Half-life

Cross section (mb)

n
(MeV)

182W/(n, not)!76em2Hf 31(1)y 0.010(6) 14.74
20Bj(n, 2n)28Bj 368000(4000)y 2280(370) 14,74
209Bj(n, 3n)27Bi 32.2(9)y 0.55(5) 14.74
185Re(n, 2n)!84Re 165(5)d 356(33) 14,74
185Re(n, 2n)'84Re 38.0(5)d 1484(90) 14.74
187Re(n, 2n)!18%Re 90.64(9)h 1670(100) 14.85
187Re(n, «)184Ta 8.7(1h 0.59(7) 14.85
187Re(n, p)'BTW 23.9(1)h 3.96(43) 14.85
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Analysis of evaluations for Al-27(n,2n), Cu-63(n,p), Dy-158(n,p), W-182(n,n'c)
and Ho-165(n,y)Ho-166m, Ir-191(n, y)Ir-192m2 Reactions

A.V.Ignatyuk
Institute of Physics and Power Engineering, Obninsk, Russia
0.T.Grudzevich, A.V.Zelcenetsky
Institute of Nuclear Power Engineering, Obninsk, Russia
A B.Pashchenko

International Atomic Energy Agency, Vienna, Austria

Report to the IAEA CRP Mceting on Activation Cross Sections for
the Long-Lived Radionuclides Important in Fusion Reactor Technology

S.Petersburg, Russia, 19-23 August 1995

INTRODUCTION

A recent interest in low-activation materials for fusion reactor technology has stimulated the
development of activation data libraries with a large number of nuclei and reaction types included.
The development of Russian Activation Data Library (ADL) includes the following steps:

1) The first version of ADL-1 (1988) was based on semiempirical description of the
threshold reaction excitation functions normalized to experimental data or cross section systematics
for 14.5 MeV neutrons. The cross sections for about 3000 threshold reactions were included in this
library.

2) The Weiskopf-Ewing approach with a phenomenological account of direct and pre-
equilibrium processes was used for calculations of the reaction cross sections for the second version
of ADL-2 (1991). The calculated cross sections were fitted to experimental data available. For the

most important reactions the Hauser-Feshbach approach was used for cross section calculations and
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the neutron capture cross sections based on BROND or EATF-2 evaluations were added to the library.
This version contained more than 5000 reactions.

3) It was shown through the activation cross section intercomparision that most of the old
cevaluations based on simplified approaches like the THRESH do not guarantee a require accuracy of
recommended cross sections, We found that many cvaluations based on the Weiskopf-Ewing model
are not rather accurate too. So the new version ADL-3 was produced on the basis of the consistent
Hauser-Feshbach approach, The neutron induced reaction cross sections for all stable and unstable
nuclei with half-life exceeding .5 day were evaluated. The total number of reactions included in
ADL-3 is above 33000. The catalog of this library is published in Ref. /1/

In this report the ADL-3 cvaluations for the reactions included in the CRP program are

considered and compared with other cvaluations available,

MAIN FEATURES OF ADL-3 EVALUATIONS

To take into account the angular momentum conservation on all steps of the particle emission
we used the modified version of the STAPRE code /2/ in which the phenomenological description of
the direct inelastic processes was included /3/.The optical model (SCAT2 code) was used to calculate
the transmission coefficients for both incident and emitted particles. The optical potential parameters
were adopted to reproduce the available experimental data on the elastic and total cross sections
properly.

The gamma-ray transmission coefficients were defined by means of Brink-Axel approach in
which for the strength functions of the E1 transitions the standard two-hump Lorentzian was used for
deformed nuclei and the generalized Lorentzian of Kopecky-Uhl was adopted for spherical ones /4/.
In addition to the E1 radiation, the M1 and E2 transitions were also included with the strength
functions recommended by Kopecky-Uhl.

For the level density description the generalized superfluid model was used with parameters
obtained from the analysis of the observed density of neutron resonances and the cumulative
numbers of low-lying nuclear levels /5/.

For the last years the statistical approach has been applied to the isomer yield calculations by
many authors /6-9/. The main uncertainties of such calculations are connected with the description of
gamma-transitions between the low- lying levels. As a rule we do not have enough experimental
information on all branching ratios for the first twenty or more levels which are crucial for a

computation of isomer yields.



To overcome this problem we must prepare tiote complete schemes of possible gamma-
transitions based on theoretical models or realistic empirical systematics of gamma-transitions in
neighboring nuclei, The number of levels which have to be added to the observed ones is especially
large for the odd-odd nuclei where the long-lived isomers exist as a rule. The important condition of
such level schemes is the correspondence of the cumulative number of levels and their spin
distribution to the well known level density laws. The branching ratios for all constructed levels may
be calculated on the basis of the same model of the radiative strength functions that are used for the
description of gamma-transition in continuum, We understand that such an approach does not
guarantee the correct description of the individual transition between discrete levels but we hope it
could be accurate enough for calculations of gamma-transition integrated characteristics which
define the isomer yields. The models proposed in Refs./6-9/ give generally very similar schemes of
gamma transitions and the discrepancies between the models mainly relate to different
approximations of the M1 and E2 gamma-transition probabilities for the constructed discrete levels,

The typical differences of the reaction cross sections for the ADL-3, EAF-2(3), JENDL-3
and ENDF/B evaluations are demonstrated in Figs, 1 - 11, The agreement of our evaluations and
other ones is rather good only for reactions with the adequate experimental data. For the reactions
with inadequate experimental data or without any data differences of evaluated cross sections can be
very large. Uncertainties of evaluations are especially big for the isomer production cross sections
(Figs. 6, 8, 10),

SUMMARY

We supposc that ADL-3 evaluations based on the consistent statistical calculations would be
reliable predictions of the reaction cross sections required. A normalizing of the theoretical curves to

new experimental data could be very useful for a reduction of uncertainties available.
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Chalculated excitation functions of neutron induced reactions on
63Cu, Y4Mo, 158Dy, and 1391h from 1-20 MeV incident encrgy.

H, Marshall Blann
Nuclear Data Group
Lawrence Livermore National Laboratory
P.O. Box 808, L<294
Livermore, CA 94551

Abstract

We use the ALICE code to calculate excitation functions for the 63Cu (n, p)
63Ni, Y4Mo (n, p), Y4Zr, l58Djv (n, p) 158Tb, and 139Tb (n, 2n) 158TH
reactions. The example of the 159Tb (n, 2n) excitation function folded over a
calculated t(IH, 3He)n neutron spectrum for nominal 10 MeV neutrons is
used to discuss differences between calculated and experimental results, in
particular for incident energies near reaction thresholds. The importance of an
accurate knowledge of the incident neutron spectrum in this regime is
emphasized.

Introduction

At carlier meetings of the IAEA-CRP on activation cross sections of importance to fusion
reactor materials, measurements at 14,7 MeV neutron energics were reported for a dozen or so
reactions.}-3 Several measurements were also reported for incident neutron energics below 14
MeV, and calculated excitation functions were provided by several authors using several codes.

One point of concern was a very significant differcnce between measured and calculated
159Th (n, 2n) cross sections at incident ncutron cnergics below 11 MeV. In this work we
calculated these excitation functions over a fine energy mesh, We then investigated the relationship
of an experimental yicld measured with a beam which is distributed over a fairly broad interval and
calculated yiclds. We will present these results and discuss them with respect to the
experimental/caleulational differences observed. We also present calculated excitation functions for
63Cu (n, p), Y¥Mo (n, p) and 158Dy (n, p) reactions, and compare these with the experimental
results presented at carlier meetings of this CRP.1-3

Results and discussion

The calculated excitation functions and measured cross sections are summarized in tables 1-
5. In particulur, table 5 gives the 159Tb (n, 2n) cross scctions calculated in 0.1 McV increments
from 8.1 10 10.2 MeV. All results were run with the ALICE code with default parameters except
inverse cross sections were calculated using the nuclear optical model subroutine, The experimental
yields reported at carlier meetings of this CRP are included in the tables 1-4. The extremely large
discrepancies between the 139Tb (n, 2n) calculated and experimental yields are obvious for incident
neutron energies below 14 MeV. Values reported at 14.7 MeV are in reasonable agreement for all
four excitation functions.
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One point which needs to be addressed, particulurly for yiclds iear threshold, is that the
experimental neutron beams will always have a distribution in energies, while calculated results are
generally made at a single energy, In fig.1 we reproduce the energy spectra caleulated by Haight
and Guribaldi4 for the 'H (1, n) reaction cell used for the ANL/LANL measurement reported at
10,3 MeV in the Del Mar meeting summary. 239 The largest solid angle in fig.1 is for the case of 4
6 mm displagement from the beam axis at 4 20 mm distance behind the gas cell. (see fig.1) We
took the results given in Table 5, and folded them over o beam weighted according to the y = 0.0
cm distribution of fig.1 (which has been reproduced from ref. (4)). If this is donc, the nominal
1702 mb yield calculated at 10.3 MeV becomes 1311 mb. If, to demonstrate sensitivity to mean
energy, we assume that the experimental energy distribution is actually 0.5 MeV lower than the
caleulated result of fig.1, then the caleulated yield, averaged over the distribution of incident
energies, would be 850 mb, just one-half of the nominal 10.3 MeV incident energy valuc.

The calculated excitation functions presented by Chadwick in the carlier CRP were re-
normalized to a 1930 mb evaluated yield at 14,7 MeV ), If we do this, the nominal calculated 10.3
MeV yield is 1410 mb; the result using the y = 0.6 cm distribution of fig, 1 is 1086 mb, and if the
neutron distribution is shifted downward by 0.5 MeV, the ‘effective’ caleulated cross section,
renormalized, is 704 mb, This result is not in good agreement with the 528 £ 73 mb of 5), but it is
aceeptable,

We have also investigated sensitivity of results to parameter changes in the ALICE code, If
. . A A
the level density parameter is changed from the default a= 3 0 a= T the (n, 2n) cross

sections decrease at most by 20%, Similarly if the geometry dependent hybrid model option is used
to slightly increase precompound decay, the result is at most a 20% decrease in the (n, 2n) yields
near threshold, It is very difficult to attribute the huge differences between ‘nominal energy’
calculated and experimental cross sections at 14 MeV to model parameter uncertainties.

For 63Cu (n, p) and 94Mo (n, p) reactions, the agreement between caleulated and measured
cross sections at 14,7 McV (sce Tables 1 and 2) is excellent. This is near the peak of the excitation
functions, where beam energy spread would have a minimal effect. Even so, the cross sections of
around 50 mb arc but 2.5% of the rcaction cross section. Small branches of this magnitude are
difficult to calculate accurately, and this degree of agreement is rather surprising to us,

Conclusions

We have presented caleulations of some neutron induced reaction excitation functions using
the ALICE code. Large discrepancies were observed for the 159Th (n, 2n) excitation function for
incident neutron cnergics below 14.7 MeV, i.e. below the peak of the excitation function. These
discrepancies could not be attributed to uncertainties in calculational parameters. If calculated
results were averaged over estimates of the incident neutron spectra, much of the discrepancy could
be resolved. The sensitivity of the calculated cross section to the incident neutron spectrum makes
clear that comparisons between calculation and experiment, especially near threshold, require a
good knowledge of the incident spectrum. The calculation must be appropriately weighted for the
comparison to be valid. This is not a new conclusion, but a point which sometimes needs to be
refreshed.
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Tuble 1. Neutron induced reactions on 63Cu; ALICE caleulations vs. experimental results,

03Cu (n, p) | (n,pyexptl | (n, pn) (n, 0)
¢lab exe rcs 28 28 27
gmcv) Smcvz (mh) 63 62 60
1.0 8.9 2346 — — —
2.0 9.9 2150 1.0 — —
3.0 10).9 1947 8.4 — —
4.0 11.9 1857 22 — —
5.0 12.8 1812 37 — 0.46
6.0 13.8 1779 57 — 3.3
7.0 14.8 1750 66 — 9.4
8.0 15.8 1718 80) 0.001 17
9.0 16.8 1687 93 0.14 25
10.0 17.8 1661 06 107 28
11.0 18.7 1632 00 449 33
12.0 19.7 1607 81 798 40
13.0 20,7 1588 65 834 43
14.0 21.7 1575 53 713 42
14.7 22.4 1567 48 54149 572 37
~120M
15.0 22.7 1564 46 5()2 35
16.0 23.7 1553 41 478 20
18.0 25.6 1529 35 439 12
20.0) 27.6 1494 29 375 5.1

a) ANL (Greenwood)/INCD (NDS)-288, pl18 (1993)
b) Jtlich (new measurement in progress), INDC (NDS)-288 p18 (1993)




Table 2. Neutron induced reactions on 94Mo; ALICE calculations vs. experimental results,

Y4Mo (n, p) (n, p) (n, p) exptl (n, pn)
elab exc ?czs
F___(L"_L'lv___.__.. (mev) (mb) (mb) - ___(mb) | (mb) |
1.0 8.4 2605 0.0 0.0
2.0 9.3 2427 0.0 0.0
3.0 10.3 2381 0.0 0.0
4.0 11.3 2260) 0.0 0.0
5.0 12.3 2160 0.12 0.0
6.0 13.3 2098 1.3 0.0
7.0 14.3 2061 3.8 0.0
8.0 15.3 2038 7.7 0.0
9.0 16.3 2010 12 0.0
10.0 17.3 1979 20 0.0
1.0 18.3 1951 25 00]
12.0 19.2 1920 33 005
13.0 20.2 1894 40 3.2
14.0 21.2 1873 44 7.8
a
14.7 21.9 1866 45 PN 12
50.1 5.3

15.0 22.2 1863 45 14
16.0) 23.2 1854 45 24
18.0 25.2 1832 42 49
20.0 27.6 1802 38 76

a) JAERV/INDC (NDS)-288, p18 (1993)
b) ANL(Greenwood) INDC (NDS)-288 p18 (1993)
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Table 3, Neutron induced reactions on 159Tb; ALICE caleulations vs, experimental results,

159Th (n, n%) (n, 2n) (n, 2n) expt
exe clab r(z.ss 65 65
(mcv)=_ (mev! (tb) 159 158
15.0 8.7 2606 2329 275 77 £30 )
15.8 9.5 2505 1426 1136 491 + 61 ¢)
16.0 9.9 2555 1239 1314 374 £369
16,2 9.9 2547 1078 1466 718+ 68 ©)
16.5 10.2 2535 880 1651 589 £ 654
52873 D)
17.0 10.7 2520 647 1870 044+ 113 0
17.3 11.4) 2514 548 1962
18.3 12.0 2493 351 2136
19.3 13.0 2474 203 2203
20.3 14,0 2457 216 2228
21.0 14.7 2440 194 2230 1930+ 49 9
2037 + 160 ©)
2042 + 190 ©
1968 % 56 )
21.3 15.0 2432 186 2229
22,3 16.0) 24()4 164 2129
24.3 18.0 2359 132 1299
26.3 2().2 2336 110 714

a) Qaim gt pl, Jitlich; see ref. 7.

b) ANL/LANL ¢ 10.3 MeV nominal, INDC (NDC)-288 p.20 and 5).
c) Beijing; Weixiang, Hanlin and Zhao, from 5)
d) IRK evaluation (1989), INDC (NDS)-288 pi8 (1993)
¢) JAERI/ANL, INDC (NDS)-288 p.18 (1993)
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Tablc 4. Neutron induced reactions on 153Dy; ALICE calculations vs. experimental

results,
158Dy (n, p) (n, 2n) expt | (0, pn)

clab exe r(:.(; 65 65

(mev) (mev) (mb) 158 157
1.0 7.8 3320 — —
2.0 8.8 3009 — —
3.0 9.8 286(0) — —
4.0 10.8 2776 — —
5.0 11.8 27006 — —
6.0 12.8 2682 — —
7.0 13.8 26060 0.1 —
8.0 14.8 2619 (.47 —
9.0 15.8 2568 1.29 —
10.0 16.8 2520 2.8 —
11.0 17.8 2488 5.0 —
12.0 18.8 2465 8.2 —
13.0 19.7 2447 12 1.15
14.0 20.7 2431 16 2.01
14.7 21,4 2418 19 <1() 2 2.8
15.0 21.7 2411 2() 3.0
16.0) 22.7 2385 24 4.4
18.0 24.7 2338 28 13
20.0 26.7 2310 30 27

a) IRK evaluation /INDC (NDS)-288




Table 5. 159Tb (n, 2n) calculated excitation function with

finc mesh.
(n, 2n)
cxe clab rcs 65
(mev) (mev) (mb) 158
14.4 8.1 2640 0.
14.5 8.2 2634 0.
14.6 8.3 2629 0.
14.7 8.4 2623 4()
14.8 8.5 2617 103
14.9 8.6 2612 183
15.0 8.7 2606 275
15.1 8.8 2601 380
15.2 8.9 2595 487
15.3 9.0 2590 600
15.4 9.1 2585 713
15.5 9.2 2579 825
15.6 9.3 2574 934
15.7 9.4 2569 1038
15.8 9.5 2565 1136
15.9 9.6 2560 1228
16.0 9.7 2555 1314
16.1 9.8 2551 1393
16.2 9.9 2547 1466
16.3 10.0 2543 1533
16.4 10.1 2539 1595
16.5 10.2 2535 1651
16.6 10.3 2531 1702
16.7 10.4 2530 1751
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Fig.1. Calculated neutron energy spectrum 2 cm behind
the Haight-Garibaldi_gas cell for lateral positions (y) from
the beam axis; the 'H (t,n) reaction is assumed with the
cell pressurized to 1.0 Mpa (from R. Haight and J.
Garibaldi, NS & E 106, 296-298, (1990)).
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Summary of nuclear model calculations
for the JAEA Coordinated Research Programme on
activation cross sections for fusion reactor technology *

M.B. Chadwick® and P,G. Young(®

() Lawrence Livermore National Laboratory, Livermore, CA 94650, USA
(*) Los Alamos National Laboratory, Los Alamos, NM 87545, USA

We describe research performed for the International Atomic Energy Agency
(IAEA) Coordinated Research Programme on activation cross sections for fusion re-
actor technology. Using the GNASH nuclear modeling code, we have investigated:
(1) production cross sections of isomeric states, and isomer ratios, for the reactions
MMo(n,p)MNb, 109Ag(n,2n)108mAg’ 15‘Eu(n,2n)“"°”‘ Eu, 153Eu(n,2n)'52”+”‘213u,
160Th(n,2n)158Th, 187Re(n,2n)!80™ Re, 179Hf(n,2n) "®m2H{, 1%1r(n,2n)19%m2]r,: (2)
systematical dependence of isomeric ratios on isomer spin and incident-cnergy; (3)
preequilibrium spin effects on calculated isomer production; and (4) intercompari-
son and evaluation of nuclear model excitation functions of isomer production cross
sections.

*) presented by M. Blann
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I INTRODUCTION AND SUMMARY OF TASKS PERFORMED

T'he International Atomic Energy Agency (IAEA) Nuelear Data Section has cs-
tablished a Coordinated Hesearch Programme (CRIP) on activation cross sections for
the generation of long-lived radionuclides of importance in radioactive waste prob:
lems in fusion teactor technology. A number of reactions of particular iimportance
were selected, and the CRP organized both experimental and theoretical efforts to
determine production cross sections for these reactions, The first Research Coordi-
nation Meeting (RCM) was held in Vienna in November 1991 and experimental and
theotatical results wore prasented, Op the basis of this first seeting, priorities for
future work were established, Further measutements and calenlations were presented
at the second RCM of the CIRP, held at Del Mar, California, April 29-36, 1993, T'he
final RCM was held in St Petersburg, June 19-23, 1995,

In this report we summarize the nuclear theoty and model calculations per-
formed for the CHP using the GNASH code, for the reactions *Mo(n,p)”*Nb,
09 g (1, 20)'8 Ag, " Eu(n,20)1%0"  Bu, 138u(n,2n)15%04m2 5y, 1590 2n) 1T,
187 Res(n1,20) 185 Re, "P9Hf(n, 200178201, Y900 (n,20)4 943y, Pelow we list the areas
we studied:

Calculated isomer productions Using the GNASH modeling code, we calculated
isotner production cross sections and isotner ratios for nutnerous teactions of
itnportance in reactor technology, See Refs, [1-5).

Evaluated theoretical excitation functions We normalized the theerctical re-
sults from a range of calculations to the evaluated experimental data at 14.5
MeV, and took their average. This yiclds averaged theoretical excitation func-
tions for the production of the various radionuclides at neutron energies ranging
from threshold to 14.5 MeV, Our theoretical results may be veed in conjunc
tion with experimental data to produce evaluated radionuclide production c¢ross
sections for neatron encrgies lower than 14.5 MeV, See Ref, [3]

Systematics of isomer ratios By caleulating isomer ratios for a rang~ of reactions
we wete able to investigate the validity of the Kopeeky and Gruppelaar system-
aties [2,11].

Investigated theoretical spin-effects We investigated the tole of angular thomen-
tutn consetvation in semiclassical and quantum mechanical preequilibrivm mod-
els, and its influence on isomer production [4, 5).

In the following sections we describe the GNASH nuclear modeling code, and we
give briel descriptions of our results from cach of the above arcas of study. Further
details of our work can be found in Refs. {1-5).



IL. DESCRIPTION OF GNASH MODBEIL CALCULATION

Tlie GNASH niiclear theory code {7] is bascd on the Hauser-Feshbach statiati.
cal theory with full angular momentum conservation, with preequilibriumm corrections
calculated with the exciton model of Kalbach, or with the quantutn inechanical mul-
tistep theory of Feshbach, Kerman, and Koonin (8], 'Iransmission cocllicients for
dcformed nuclei are obtained from the coupled-chinumel code ECIS (9}, and for spher-
ical nuclei from SCAT2 (10). The optical potentials used to obtain the transmission
coeflicients depended on the reaction considered. In some cases, potentisls were ob-
tained for a particular target nucleus by fitting experimentul clastic and nonelagstic
dats, and in otlier cases global optical potentials were utilized, Transmission coelli-
cients for gammua-ray cinission are usually obtained from the gencralized Lorentzian
mmodel of Kopecky and Ul (6], normalized to experimental values of 271",/ for
s-wave neutrons,

The level density model of Ignatyuk, or in some cases Gilbert and Cameron,
was used and matehed on to the cumulative number of experinental levels at low
energies. In the case of the hafnium caleulations, where the isomeric level is at a very
high excitation energy (2.447 MeV), o discrete band of rotational levels was built onto
this state and embedded into the continuum-described states (1,2).

L SYSTEMATICS OF ISOMER RATIOS

The systematics of neutron-induced isomeric cross seetion ratios at 14.5 MeV
have been studied by Kopecky and Gruppelaar {I1]. They used a simplified version
of the GNASH code to determine the ratio of cross section to the isomeric state and
ground state in (n,n’), (n,p), (n,t), (n,a), and (n,2n) reactions, replacing the real-
istic nuclear level structure by two discrete states (the ground state and the isomeric
state) plus a continuum of statistically-described states. Their approach is, therefore,
considerably simpler than our calculations and so we have compared our results with
the Kopecky-Gruppelaar systematics.

In Ref. [2] we showed that while such systematics are very useful, in many cases
a full calculation (with a realistic description of nuclear structure) is important in
accurately determining isomer ratios, Also, Kopecky and Gruppelaar point out that
their calculation is particulatly sensitive to the simple model parameters that they
adopt for the (n,2n) reaction. Our investigations into an analogous simple model
confirmed this, and indicate that for certain reactions one should be wary of using
sitnple systematics predictions.

Our calculations generally support predictions from the systematics at 14 MeV,
cxcept for isomer spins above about 12, The agreement is not as good for (n,n') rcac-
tions, though the systematics may still be good cnough to be of use when developing
latge activation librarizs. We also provided theoretical results for isomeric ratios in
neutron captutc reactions, where expetimental results are scarce.

Full details of these investigations can be found in Ref. {2]
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IV. PIIYSICS QF SPIN FEFIECTS

A proper treatment of angular momentum conservation in preequilibrium and
equilibrium reaction processes is important when determining the production crogy
sections of isomers, which are often of high-spin,

"o asscss the production of the 16+ "#%21f isomer in the YVHf(n, Un) T#maLLf
reaction, both experimental measurements and theoretical culeulations have been
pesformied. In 1990 we performed calculations of this isomer (1] with the GNASH
nuelear model code before experimental measurements were made, and obtained re-
aults which agreed to within a factor of two with the later measurement by Patrick
et al. {19]. Taking into account the very small cross sections for isomer production
(due to the high gpin), and the uncertaintics in the theoretical modeling (particularly
in the nuclear structure and optical potentials) our results were very encouraging,
Since then, more measurements [13] have been made which have verified Patrick cf
al.’y initial result, Furthermore, & number of developments to the GNASH code hiave
been made which led us to recalculate isomer production cross seetion, Even though
experimental data exists at 14 MeV, they do not at lower energies, and thue theoteti-
cal caleulations are of importance since they can be normalized to the measurements
at 14 McV and used to provide crogs sectious for lower neutron energics,

We applied the improved GNASH code systemn to caleulate 14 MeV neutron re-
actions on "PHf to both the 16 isomer in V3H{ and the 12.5% isomer in '"PHI,
Two caleulations were compared which utilize diflerent modifications to the code:
firstly, the exeiton model preequilibrivim ealeulation was modified so that the spin
distribution of residual nuclei after preequilibrium decay is obtained from the exciton
spin-dependent level density [13], and not from the compound-nucleus spin distribu-
tion; and secondly, a version of the code, FKK-GNASH (5], which uses the quantum
inechanical Feshbach-Kerman-Koonin (FKR) 8] preequilibrivm model.

With the recent modifications to the exciton model calculations in GNASI we
obtained high-spin isomer production cross sections that are in good agreement with
measurements, and agree more closely with measurements than those we published
in 1991 {1]. However, our calculations which utilize the FRK theory yield smaller
high-spin-transfer transitions than found with the exciton model, and underpredict
high-spin isomer production. We doubt that this underprediction represents a fail-
ure of the basic physics of the FKK theory, but rather the inadequacy of its present
implementation. Qur formalistn for itnplemnenting the FKK theory has been success-
ful in describing nucleon emission cross scetions and angular distributions, and this
investigation is the first to be sensitive to the transfer of large angular momenta.

For further details, sce Refs. [4, §).

V. INTERCOMPARISON OF VARIOUS MODEL CALCULATIONS

A number of different groups have performed theoretical cross section calculations,
and at the 1993 IAEA Del Mar meeting a recommendation was made to perform an



intercomparison of the theoretieal wotks, This intercomparison was performed at
Lawrence Livermore National Laboratory.

A comparison of theoretical calculsted cross sections for the production of ra-
dionuclides should play a number of uselul roles: it identifies cases where discrep-
ancies exist between calculations and therefore stimulates further theoretical work
to understand (and hopelully remove) differences; the comparison yields spreads in
theoretienl caleulations which can be interpreted as uncertainties in the caleulations:
and the averaged theoretical results can be used, with data where it exists, to provide
evaluated cross sections at energies lower than 14.56 MeV.,

As there is often only sparse experimental information on production cross sec-
tions of radioactive nuclides at energies lower than 14.5 MeV, theoretical caleulation
of the shape of the excitation functions for the production of these nuclides can Le
very useful. Such caleulations are often nornalized to the experimental value at 14.5
MeV, and then used to obtain cruss sections at lower incident neutron cuergics. To
fucilitate this procedure, we compare all theoretical calculations for the excitation
functions of the various reactions considered in this RCM and determine averaged
theorcetical excitation functions for cach reaction, For some reactions there does exist
experimental data at lower neutron energies, Apart from commenting on how the
calculations compare with the data, we do not include this information in our work.
Thus, in cases where there is data at neutron cnergies lower than 14.5 MeV, fur-
ther evaluation work is needed before a recommended excitation function for fusion
technology applications can be provided.

The various groups who have calculated radionuclide production cross sections
arc as follows: M.B. Chadwick and P.G. Youtg (GNASI code system); AV, lg-
natyuk, O.T, Grudzevich, and A. Pashchenko (STAPRE code system); N, Yamamuro
(SINCROS-II code system); J.W Mcadows (GNASH code system); and M. Gardner
and D. Gardner (STAPLUS code system). All these calculations are based on Hauser-
Feshbach compound nucleus theory with preequilibrium emission, and in sume cases
include direct reactions with a DWBA or coupled-channels approach,

Various groups have determined the radionuclide production cross sections with
differing methods, and consequently obtain differing results. We decided to combine
these caleulations by normalizing cach calculation to the evaluated 14.5 MeV value,
and determine their average. This produces an average theoretical excitation function
for cach of the reactions, from threshold to 14.5 MeV. One could examine the various
assumptions made in the calculations (optical potentials, level densities, preequilib-
riun models, ete) and assess the accuracy of each calculation. This would be a useful
task to perform in the future. But for the moment we have used equal weightings for
all calculations when obtaining the average. Our procedure is thus:

e Normalize theoretical calculations to the 14.5 MeV evaluated values of Vonach
ct al. 13,14].

e Produce splined fits of cach set of calculated excitation functions and obtain
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theoretical values on o common 0.5 MeV-spaced grid

o Average the various theoretical curves on this same common grid of energy values

In figures 1-8 we show the various theoretical caleulations and the averaged the-
oretical value, for the production cross sections of the various radionuclides, 1n cases
where experimental data exists ab energics below 14,6 MeV, we include these mea-
surements in the figures, The averaged theoretical values are shown in numetical form
in Table.1.

On the basis of these comparisons we make the following observations:

1. Whilst there are some reactions for which the various theoretical calculations
agree closely, in many cases agreement between calculations is poor, Caleulations
vary considerably for the reactions '%Ag(n,2n) 198mAg, 153Eu(n,2u)!520+m2 [y,
87Re(n,2n) ¥ Re, 131e(n,20)19%2r (Figs. 2,4,6,8).

2. Experimental data below 10,7 MeV neutron energy has been recently measured
by the Julich-Debrecen {15) collaboration, for the reactions 181Fu(n,2n)!50" 15y
and 19Tb(n,2n)'%I'b, Furthermore, experimental data has recently been ob-
tained at 10.3 McV ncutron cnergy for these two reactions, as well as for the
reaction 19%Ag(n,2n)1%mAg by the Argonne-Los Alamos-JAERI collaboration
[16). In all these cases the theoretical caleulations consistently exceed the mea-
surements, M. Blann addresses possible experimental uncertainties in these mea-
surerments in his contribution to the 1995 IAEA Petersburg meeting.

3. It is interesting to note the very different shape of the Y721 f(n,2n)!""?Hf com-
pared to the other (n,2n) excitation functions. This is due to the extremely high
spin (16+) of the isomer, and the calculations of Chadwick et al. and Ignatyuk
ct al. agree closcly.

The theoretical calculations of production cross sections of the radionuclides de-
scribed can be used to obtain evaluated cross sections for neutron energies below 14.5

MeV.
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Fig. 1. Theoretical cross sections for (n,p) production of #*Nb, normalized to a value
of 54.5 mh at 14.5 MeV (13].
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Fig. 2. Theoretical cross sections for (n,2n) production of '%®™Ag normalized to a

value of 708 mb at 14.5 McV (13]. Also shown is the experimental result from the

Argonne-Los Alamos-JAERI collaboration {16].
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Fig. 3. Theoretical cross sections for (n,2n) production of **"Eu, normalized to a

value of 1282 mb at 14.5 McV [13). Also shown are experimental results from the

Argonne-Los Alamos-JAERI [16] and Julich-Debrecen [15] collaborations.
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Fig. 4. Theoretical cross sections for (n,2n) production of *?9*™2Eu, normalized to
a valuc of 1568 mb at 14.5 MeV [13).
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Fig. 5. Theoretical cross sections for (n,2n) production of *%87Tb, normalized to a
valuc of 1929 mb at 14.5 McV [13]. Also shown are experimental results from the
Argonne-Los Alamos-JAERI [16] and Julich-Debrecen (15] collaborations.
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Fig. 6. Theoretical cross sections for (n,2n) production of 18™Re, normalized to a
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Table 1. Numerical values for averaged theoretical cross sections (mb).

Table 1;
E #1 " " 4 " 16 # E | 4
(McV) (MeV)
o | - | L6 | - | - | 260 [ - 328 || 40 | 008
85 ) 57.69 : 5787 | 10000 | - 1870 || 50 | 095
9.0 ; 20280 | 5519 | 30093 | 18300 | 001 | 3960 || 60 | 266
9.5 750 | 38460 | 24774 | 68094 | 25400 | 012 | 6350 || 7.0 | 47

10.0 7717 562.80 52528 | 1059.02 | 319.00 033 87.10 8.0 8.56

10.5 152,22 732.02 77146 | 134451 | 380.00 0.62 109.00 9.0 13.13

11.0 27154 876.89 96589 | 153548 | 429.00 1.01 125.00 10.0 | 1951

11.5 366.04 990.99 | 112582 | 167244 | 463.00 151 136.00 11,0 |} 27.85

120 448,87 1075.60 | 125126 | 1768.89 | 491.00 2,07 145.00 120 | 37.77

12.5 524.63 113842 | 135475 | 183448 { 515.00 2,69 154.00 13.0 | 47.03

13.0 586,93 1187.13 | 1433.15 | 187692 | 542,00 3.40 164.00 140 | 53.03

13.5 634.37 122944 | 149587 | 190199 | 560.00 4.24 174.00 145 | 54.50

14.0 672.60 | 126149 | 1539.78 | 191743 | 574.00 5.23 182,00

14,5 708.00 | 1282.00 | 1568.00 | 192900 | 592.00 6.29 184.00

Reactions are labelled as follows:-
#1 10Ag(n,2n)1%8mA, (64)

#2 131By(n,20)150mEy (5.)

#3 153gy(n,2n)!528+M2E (2 8.)
#4 159Tb(n,2n)1%8Tb (3-)

#5 187Re(n,2n)1800Re (84)

#6 1°H(n,2n) 78m2HF (16+)

#7 1931r(n,2n) 192021 (9.4,

#8 24Mo(n,p)**Nb (6+)
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EVALUATION OF SOME ACTIVATION CROSS-SECTIONS FOR FORMA’I‘IOI\_I OF LONG=
LIVED ACTIVITIES IMPORTANT FOR FUSION TECHNOLOGY *

H. Vonacl and Maria Wagner

Institut fiir Radiumforschung und Kernphysik,
Universitit Wicn,
Vienna, Austria

Abstract: The cross-scctions for the reactions 94Mo(n,p)?4Nb, 109Ag(n,2n)108mAg,
151Eu(n,2n)150mEu, 153Eu(n,2n)152g+m2Eu, 159Tb(n,2ﬂ)158']'b, 179Hf(n,2n)1781112}-{f,
182W(nn'a)178m2Hf, 187Rc(n,2nﬁ186ch and 193Ir(n,2n)192m2Ir were cvaluated at Ep = 14.5 MeV.
Evaluated cross—~scctions and their uncertaintics were derived as weighted averages of all accepted
and if necessary renormalized experimental data. Correlations between different results due to use
of common decay data were taken properly into account.

Introduction

Following the recommendations of the International Nuclcar Data Committce (lNDC} the
IAEA Nuclear Data Section has cstablished a Coordinated Rescarch Programme ((CRP) on
activation cross-scctions for the generation of long-lived radionuclides of importance for
radioactive wastc problems in futurc fusion rcactor technology. Fiftcen rcactions of special
importance for this purpose were identificd by the INDC and sclected as the main task of the CRP.
For a part of the reactions this task had been solved already at the time of the 1. Rescarch
Coordination Mceting (RCM) in Vienna in November 1991 in the sense that several reliable
mutually consistent measurcments had been performed by CRP participants /Wang Da Hai 1992/, In
order to obtain final results for the uscr community it was decided at that meeting to combine these
measurcments by means of a careful evaluation into a sct of unique recommended cross-section
values and corresponding uncertaintics for cach reaction for the important ncutron energy range
around 14 McV, This work was donc at IRK Vienna and is presented in the following. A
preliminary cvaluation covering the data obtained until 1993 has alrcady been published in the
proceedings of the last RCM /Vonach 93/. At the last CRP - meeting in St. Petersburg 1995 a
number of participants prcsented slight revisions of their previous data and new results which allow
to extend the cvaluation to two additional reactions. For this rcason the whole cvaluation was
repeated and thus this work supersedes and replaces the evaluation /Vonach 93/.

Evaluation Méthod

The cvaluation was done in the following steps
1; Sclection of data
2) Renormalization of data to a common sct of decay data and reference cross—sections and to a
nominal ncutron cnergy of 14.5 McV

3) Calculations of thc evaluated cross-scctior.s and their uncertainties from the renormalized input
data.

In detail the following procedures were used.
Experimental results were obtained from thr CRP-participants in form of formal papers preprints
and privatc communications. In addition the data compilations CINDA and EXFOR were scarched
for additional mecasurements. From this data basc a few results were not included into the cvaluation
because they deviated strongly from the mutually consistent bulk of the data or because
experimental conditions scemed unsatisfactory. Thus the result of /Tkeda 92/ for the reaction
153Eu(n,2n)152g+m2Eu was not uscd as the result suggests that it contains an appreciable contribution

") was presented after completion of the meeting and distributec by 8§ August 1995.



from the 151 Eu(n,y|)152"1243[7.u reaction duc to moderated source ncutrons, The cross—scction data for
ull aecepted experiments are glven in table 1, ,

All cross=sections have been mensured by y~spectroscopy, that s by determination of the
intensity of specific y=lines of the long=lived activities formed in the studied reactions, Neutron
fluence has been determined from the y=activitics formed in monitor foils by meuns of reactions
with accurately kiown cross-scctions,

Accordingly all experimental results were renormalized to the most recent decay data (half-
lives and cmission probabilities for the y-lines used in the measurements) and cross-section valucs
for the monitor reactions. The decay data used in the present evaluation are shown in table 2. In
gencrally they were taken from the most recent issue of Nucl.Data Sheets, in a few eases, where
recent results of precision mcasurements became available the latier have been used, The most
important case in this respect Is the half=life of 109mAg which is given as 125 years in the Nuclear
Data Sheets, whicreas a recent measurement at PTB Braunschweig, /Schrader 93/ resulted in a half-
life of 433 = 15 ycars. Use of this latter value removed the carlicr large discrepancy between
experimental and theoretical values for the 109Ag(n,2n)108mAg cross=scctions, For the half-life of
150mEu the new result of 36.9 = .9 years /Thompson 93/ was uscd. For 152gEu the careful reeent
evaluation of decay-data performed within a CRP on X-ray and gamma ray standards for detector
calibration was used /IAEA 91/, The monitor reactions used in the various experiments are listed in
table 3. Most cross-scctions were measured relative to the cross-sections for the rcactions
58Ni(n,p)5¥Co and 93Nb(n,2n)92mNb. For the 58Ni(n,p)59Co the cxperiments were renormalized to
the precision results of Pavlik ct al. /Pavlik 85/, for 9INb(n,2n)?2mNb the cross-scetion is known to
be constant to better 1% in the 135 =~ 15 MeV range. Thetefore a value of
460 = 5 mb, the result of the careful evaluation of T.B. Ryves /Ryves 89/ at By = 14.7 MceV was
used for all neutron energics.

The existing cross=-scction measurements were performed for ncutron energies in the range
13,7 = 14.8 MeV (sce table 1) whereas the evaluations refer (o one specific neutron energy chosen
as 14.5 McV. Thus in principle it is nccessary to renormalize all cross-scctions to this encrpy.
Actually this was only nccessary for the reaction 109Ag(n,2n)108mA g, For this reaction the results of
Blinov 91, Lu Hanlin 90 and Wang 91 do show a small, but well established increase of the cross-
scctions with neutron energy and all cross=scctions were renormalized from the measured cross-
scetions using the average value of the slope (45 mb/McV) derived from the three mentioned
cxperiments. For all other reactions the energy dependence was neglected as for the remaining
(n,2n) reaction we arc in the flat region of the maximum of the cxcitation function, where any
change of the cross-scction with ncutron cnergy is much smaller than the reported cross-scction
uncertaintics. For the 94Mo(n,p)94Nb reaction the two reported measurements are inconclusive even
concerning the sign of the slope of the excitation function in the 14 = 15 McV range, thus - as also
supported by theoretical calculations ~ we arc probably also in the maximum of the excitation
function and thus also the energy dependence of this cross-scction was neglected. For the
182W(nn'a)178m2H( reaction the gradient of the cross=scction is probably quite large, however very
badly known. On the other hand all measurements were petformed in the narrow ncutron encrgy
range 14.8 -~ 14.9 McV. Therefore in this casc no attempt was made to renormalize the data to 14.5
MeV and in this one casc a ncutron encrgy of 14.85 McV is assigned to the cvaluated cross-section
(scc table 4). The correlations duc to usc of common teference cross-scctions were neglected as
they arc very small due to the very low uncertaintics of these standards (1 = 2%). By mcans of the
described procedurcs all cross~section values have been renormalized to common nuclear data and
a common ncutron energy of 14.5 MeV. For those experiments giving results for several ncutron
cnergics these renormalized cross-scctions were further combined to onc value by simple averaging
all cross-scctions and corresponding uncertaintics of the respective data sct. This procedure is
somewhat conscrvative as it assumcs that the unccrtaintics within cach data scts arc mostly
systematic and thus highly corrclated. Probably our procedure thus overestimates somewhat the
uncertaintics of the final renommalized cross~scctions for those data scts giving several cross-
scctions.

The final results of the deseribed procedures one renormalized cross-section valuc for the
nominal cnergy of 14.5 McV for cach data sct arc also shown in table 1.

The uncertaintics of these renormalized cross-scction values include all the uncertaintics
except thosc of the decay data.

Evaluated cross-scetions were calculated as weighted averages of the renormalized input
cross~scctions given in the last column of table 1.
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Both the cxternal and the internal crror of the uncertainty of the cvaluated cross-scetions
were caleulated and the larger of the two {s used as cvaluation results, that is in cases of slight
inconsistency all uncertaintics were increased until u value of chi-square cqual to unity was
reached. Finally the uncertainties of the decay data (sec table 2) were added quadratically to the
uncertaintics calculated before as they arc common to all measurements,

Evaluation and results

The results of the evaluation are shown in table 4. The second column shows the evaluated
cross—-sections derived from the cxperimental data given in table 1 and their uncertainties, column 3
shows the chi-square values per degree of frecdom, indicating satisfactory consistency between the
different experiments, In parenthesis (in column 3) also the uncertaintics are given which result
from the uncertaintics of the decay data, As the table shows, this is now the largest source of
uncertainty for the 109Ag(n,2n)108mAg, 151Eu(n,2n)150mEu and 159Tb(n,2n)158Tb cross-scctions, In
column 4 we give for comparison results derived by a completely other method. In his contribution
to the 1989 CPR Vonach derived cross-section values for most of the (n,2n) reactions as difference
between total (n,2n) cross-sections taken from systemations and measured cross~sections for the
short~lived isomer /Vonach 89/, As the table shows, there is good agreement between the two
results for the 109Ag(n,2n)108mAg, 153Eu(n,2n)152+m2Ey, 159Tb(n,2n)156Tb, 187Re(n,2n)186mRe and
1931r(n,2n)192m21r reactions, whereas for only onc reaction, 151Eu(n,2n)150g+m2Ey, a discrepancies on
the 20 level exists. Finally in the last column the results from the direct and indireet method are
combined to a final evaluation result,
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Table 1: Input data uscd for the evaluation

Reaction

94Mo(n,p)%4Nb

19Ag(n,2n)108mAg

151Eu(n,2n)150mEu

Reference

GREENWOOD 87

IKEDA 91

IKEDA 95

BLINOV 95

MEADOWS 95

LU HANLIN 95

CSIKAI 93

NETHAWAY 72
QAIM 74
LU HANLIN 95

Mecasured Cross=Section Renommalized C.S,

En(MCV)

14.55
14,78
14.1
14.5
14.8
14.1
14.8
13.7
14.1
14.5
14.9
14.7
14.7
14.19
14.28
14.44
14.77
14.83
13.64
13.79
14.03
14.33
14.60
14.80
14.50
14.50
14.8
14.7
14.19
14.44
14.77

o(mb) at By = 14.5 McV
(mb)
572 % 5.7 543 ® 500
531 = 5.3
44 * 18 50.6 £ 18.9
48 = 20
58 + 17
58 £ 12 56 £ 10
54 29
634 + 39 695 = 40
682 % 40
095 = 40
709 + 41
628 * 42 666 * 26
682 % 49 723 = 33
737 £ 20 767 = 29
707 + 38
734 = 34
757 = 24
767 = 24
733 =23 783 = 35
733 £ 59
747 £ 66
737 £ 26
763 * 26
777 £ 23
716 + 44 716 = 44
667 + 82 667 + 82
1180 = 150 1123 = 135
1270 = 149 1230 * 145
1190 =+ 27 1220 = 30
1215 *+ 36
1219 = 28
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Table 1 (continued): Input data used for the evaluation

Reaction Referenice Mcastircd Cross=Scction Renormalized C.S.
Ex(MeV)  o(mb) at Bn=14.5 McV
(mb)
151Eu(n,2n)150mEy BLINOV 95 13.52 1127 %= 66 1178 + 61

1375 1167 = 63
13.98 1139 % 65
1421 1092 = 67
1444 1126 = 60
14.67 1140 = 57
1490 1218 % 56
BLINOV 91 1370 1050 = 80
1410 1177 = 85
14.50 1150 * 90
1490 1070 = 83
LU HANLIN 95 13.54 1227 = 47 1180 = 45
1372 1238 = 48
1435 1165 =* 44
14.60 1168 = 44
1480 1170 = 44

MEADOWS 95 1470 1214 = 93 7278 * 65
1470 1258 = 87 1325 = 50
IKEDA 95 1410 1215 = 53 1232 = 59
1450 1170 = 59
1480 1276 = 64
IKEDA93 A 1470 1214 = 7.7 1287 = 40
SMITH 93 1258 % 6.9 1288 =+ 53
MEADOWS 92 14.80 1282 = 747 1161.8 = 76.2
153Ey(n,2n)152(m2+p)Eu  QAIM 74 14.7 1614 = 132 1763.6 = 144.5
LU HANLIN 90 1477 1560 = 70 1560 = 70
BLINOV 90 13.7 1580 = 120 1578 = 118.7
14.1 1659 + 130
14.5 1480 = 114
149 1514 = 116
IKEDA 91 14.1 1326 + 75 15774 = 81.3

14.5 1533 = 77
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Table 1 (continued 2)

Reaction

153Eu(n,2n)152(m2+2)Eu

159Tb(n,2n)156Th

179H(n,2n)178m2Hf

182y(n,n'e ) 178m2Hf

Input data used for the evaluation

Reference Measured Cross=Section  Renormalized C.S.
En(McV)  o(mb) at Ep = 14.5 McV
(mb)
TKEDA 91 14.8 1659 * 83
BLINOV 93 13.52 1464 £ 54 1493 = 52
1375 1515 £ 59
13.98 1516 £ 53
1421 1500 % 61
14.44 1445 + 52
14.67 1545 £ 49
1490 1460 = 44
PRESTWOOD 84  14.8 1930 + 135 1897 = 61
LU HANLIN 95 1419 1980 = 56 1934 + 57
1470 1968 = 586
QAIM 74 1470 1801 = 117 1969 =+ 138
MEADOWS 95 1470 1981 = 184 2026 = 99
2072 £ 178 2120 = 74
LU HANLIN 95 13,72 2077 = 277 1951 £ 97
1435 2144 £ 112
14.60 1909 = 85
14.80 1922 = 89
IKEDA 95 14.10 1937 = 82 1899 + 82
1470 1932 = 82
1490 1944 = 83
PATRICK 90 14.8 591 = 0.64 5.91 = 0.60
IKEDA 91 1480 630 = 0.50 6.30 = 0.60
MEADOWS 95 1470 720 = 0.65 7.36 + 0.66
LU HANLIN 95 14.19 700 = 0.60 6.8091 = 0.60
14.77 6.60 * 0.60
IKEDA 95 1410  5.80 = 0.40 6.30 * 0.40
1480  6.80 = 0.40
LU HANLIN 95 1460  6.04 =032 6.04 = 032
LU HANLIN 95 1419 0016 = 0.010 0.016 + 0.010
IKEDA 95 1480 0026 = 0.013 0.026 = 0.013
BLINOV 95 1474 0010 = 0.006 0.010 = 0.006

108



Table 1 (continued 3) Input data uscd for the evaluation

Reaction Reference Mecasured Cross=Section  Renormalized C.S.
En(MeV)  o(mb) at Ep = 14.5 McV
(mb)
18260(n,n'c. ) 178m2H{ IKEDA 91 14.80 0.014 £ 0.008 0.014 = 0.008
187Rc(n,2n)186mRe IKEDA 95 445 * 156 541 + 189
LU HANLIN 95 340 192 340 * 192
193[r(n,2n)192m2] IKEDA 95 147 £ 52 147 £ 52
LU HANLIN 95 167 % 24 167 = 24
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Table 2: Deceay data used for the evaluation

Activation Product  Half-~life Ey (keV)
(years)
94Nb (2.03 £ .16).104 702.63
871.10
108mAg, 433 £ 15 434.0
150mEu 36909 334
4394
152g+m2Eu 13.56 = 0.03 121.78
344.28
778.90
964.13
1408.01
156Tb 180 = 11 944
184.4
166mHo (1.2 £ 0.18).103 711.7
810.3
178m2Hf 31=1 325.56
574
495
18mRc (2.0 £ 0.5).105 137**
192m2]r 241+ 9 316*
155.16

*  from subscquent decay of 193gIr
** from subscquent decay of 186gRe

Iy (%)

982
100
90.5£0.9
96+3
80.35+3
28.37+0.13
26.57 + 0.11
1297 £ 0.06
14.63 £ 0.06
20.85 £ 0.09
439+13
72.6+09
55.3 £ 0.65
58.1 £0.68
94.1 0.3
83.8
68.9
8.22+£025
82804
0.00097
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‘T'able 3:

Experiment

NETHAWAY 72
QAIM 74
PRESTWOOD 84
GREENWOOD 87
PATRICK 90
BLINOV 91
IKEDA 91
CSIKAI 93
BLINOV 95

LU HANLIN 95
MEADOWS 95
IKEDA 95

108

Neutron Fluence Monitor used in the various cxperiments

Fluence Monitor

21A1(n,a)24Na
various
169Tm(n,2n)168Tm
9INb(n,2n)92mNb
various
93Nb(n,2n)92mNb
93Nb(n,2n)92mNb
93Nb(n,2n)?2mNb
93Nb(n,2n)92mNb
93Nb(n,2n)92mNb
58Ni(n,p)s8Co
93Nb(n,2n)?2mNb



Table 4: Evaluation Results, Cross-Sections at By = 14.5 MeV

Reaction fval.Cross-Seetion  Chi=squ. Bval,Cross—S.3) Final Eval,
from dircct exp. from indircct det.  Cross-S.
(mb) (mb) (mb)

94Mo(n,p)?4Nb 544 £ 62 (44)1) 007 - 544 + 6.2

109Ag(n,2n)108mAg 721 £ 31 (20) 1.83 665+ 73 712 £ 29

151Eu(n,2n)150mEy 1219 £ 52 (48) 1.05 1385 % 63 1287 + 84

153Eu(n,2n)152e+m2Eu 1547 = 34 (=) 090 1585 66 1554 % 30

159Tb(n,2n)158Tb 1965 = 140 (136) .14 1917 £ 57 1924 = 53
179Hf(n,2n)178m2H( 6.33 = 0.282)(0.20) 0.90 - 633 * 0.28
182W(nn'a)178m2Hf 0.014 = 0.004 (0.0004) 0.43 - 0.014 = 0.004

187Re(n,2n)186mRe 443 = 174 (110) 0.57 514+ 78 502 = 71

1931r(n,2n)192m2]r 164 £ 23 (6) 0,12 184 = 44 168 = 20

1) Unccrtainty contributions from decay data
2) Cross-scction at Ep = 14.85 McV

3) Values from /Vonach 89/ except for 153Eu(n,2n)152g+m2Ey and 187Re(n,2n)186mRe, where the
results of /Vonach 89/ were updated,

l NEXT PAGE(S) |
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Isomeric Ratio for the Reaction ¥Al(n,2n)"
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Report to Third Research Co-ordination Meeting on
“Activation cross sections for the Generation of Long-lived
Ruclionuclides of tmportance in Fusion Reactor Technology.”

St. Peterburg , 19 to-23 June 1995.

Evaluti 27 26A1 reaction cross section.

V.N.Manokhin.

In this work the systcmatxcs and systematical trends in behaviour of
(n,2n)-reaction cross sections were used for evaluation of 27Al(n,2n)26Al
reaction as far as available experimental data are scanty, measured ncar the
reaction threshold and do not allow to make reliable extrapolation on high
energy region,

Analysis of a great amount of experimental data /1/shows that (n,2n)-
reaction cross section in the maximum of excitation functions(if Qp 20<Qp,np)
depends as follows:

omax = 64,4A29 mb (A=50+210) (1)

A further analysis showed that this dependence takes place also in the
mass number region A=35-50.

For Qn2n>Qnnp the cross sections of (n,2n) - reaction in the maximum
of excitation functions lte below and the difference is equal to contribution of
the (n,np) - reaction.

From the relation (1) the 27Al(n,20)20Al cross section must be~590 mb.
The data for the (n,np) - reaction cross sections on 27Al (seec Fig.) arc
contradictary, however a great (n,p) - cross section on #’Al (~100 mb) makes
preferable for the (n,np) reaction cross section the values, measured by
S.Grimes/ 2 /(~400 mb) or R Glover/ 3 /(~300 mb) at 14.8 MeV,as far as
these values give more great (n np) - reaction cross section, that is typical for
Qn.20>Qn np

This means that the 27Al(n,np) - reaction cross section can be evaluated
at ~20 Mev neutron energy about 450-500 mb (close to ADL-3 evaluation) and
the 27Al(n,2n) reaction cross section - within 100-150 mb. The value 100 mb is
close to JEF-2 evaluation, 150 mb - to the ADL-3 evaluation.

For more reliable conclusions one can pay attention on the following
systematic trend in behaviour of (n,2n) reactions for 23Na, 27Al, 3i1p, 35C|,
9K, having the same (N-Z). An analysis and comparison of the reaction
thresholds for (n,2n) and (n,np) reactions shows that the difference between
them increases practically linearly with increase of A (3,6 MeV for 2Na and
6,4 MeV for 39K). That explains a clearly observed decrease of the maximum
of (n,2n) - reaction cross sections in the chain of isotopes mentioned above,
The #Na (n,2n) - reaction cross section near the maximum of excitation
function is about 110-120 mb, the (n,2n) - reaction cross sections (also at the

") presented by A.V. Ignatyuk
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maximum of excitation function) can be evaluated about (70-80 ) mb for 3P,
- within ~(50-60 ) mb for 93Cl and = ~(40 = 50 )mb for 39K, Having in mind
this trend one can estimate the 27A1(n,2n) - reaction cross section within ¢ 90 -
110 )mb,

In the works / 1,4 / it was showed that the (n,2n) - reaction
excitation functlons normalized to maximum cross section are similar in the
neutron energy region from reaction threshold up to the energy at which
maximum cross section lies, Caleulations made on the base of using the
normalized (n,2n)-rcaction excitation function give more low cross sections in
comparison with experimental data of S.Iwasaki et al/ § /( results of which
are in agreement with the ADL-3 evalution).

As a result of all those considerations the value 100 mb at the
maximum cxcitation function(at ~20-22 MceV) one should consider as a low
limit. In any case there are no strong arguments to evaluate the #Al(n,2n)-
reactlon cross section in the maximum of excitation function more than ~150
mb. It is possible to use the ADL-3 cvaluation but more preferable to
renormalized it to the value ~100 mb at 20 MeV.

Problem of cross section to isomer state is more difficult because of lack
of reliable experimental data but it scems that cross sections for ground state
in ADL-3 and EAF-3 are too high. Available data of the work by M.Sasao et
al / 6 /shows mare low crass sections,

The experimental data by Nakamura al al , reported at Juelich (1991)
conference /7 /, give maximum value of 27A1(n,2n)208A] reaction cross
scction below 90 mb at 20 MeV. It leads to conclusion that the
27A1(n,2n)26mA] - reaction cross section is within 10-20 mb at 20 MeV.This is
reasonable value having in mind high spin of gound state(5+).The ADL-3
evaluation may be recommended. '

References.,
1. V.N.Manokhin, VANT, Secr.Yadernyc Konstanty, 1(1994) 18.
2. S.Grimes Nucl.Sci.Eng.,62 (1977) 187.
3. R.Glover et al., Nucl.Phys. 24(1961)630.
4. H.Vonach, Proc.of the 19th Jat. Symp. on Nuclear Physics,.Gaussig,
Germany, 1989
5. S.lwasaki et al. Proc. of Jnt.Conf. on Nuclear Data, Mito, 1988.p.295.
6. M.Sasao ct al., Phys.Rev., 35 (1987) 2327.
7. T.Nakamura at al Proc. of Jot. Conf. on Nuclear Data, Juelich, Germany,

1991.
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Report to Third Rescarch Co-ordination Meeting on
"Activation cross sections for the Generation of Long-lived
Radionuelides of Importance in Fusion Reactor Technelogy,

St.Peterburg,19 to 23 June 1995, ,25-27 June 1995.

Evalution of 63Cu (f,p) 8INi reaction cross scction,”

V.N.Manokhin,

It is very difficult to evaluate the 93Cu (n,p)®3Ni reaction cross section
using cxperimental data as far as there are only two experimental points at
about 14,5 MeV, which differ by factor more two. Available calculated data
from the libraries ENDF-6, JENDL-3, EAF-3 and ADL-3 in the region of
maximum of the excitation function essentionally differ as well (by factor 2).

In this case to evaluate this rcaction cross section one should use the
systematics of maximum cross sections of (n,p) - reactions. An analysis of
experimental data shows that the (n,p)-reaction cross sections in the maximum
of excitation functions (at Jeast for A = 10-100) for isotopes of a given clement
decreases cxponentionally as a function of (N-Z) or A. In Fig.d the
dependences of Ina™¥(n,p) for isotopes of Ca, Ti, Cr, Fe, Ni and Zn are given
as a function of (N-Z).One can sce the lincar dependences within uncertainties
determined from the spread of experimental data In the region of maximum of
excitation functions. These lines are practically paralle] and equidistant.

The same conclusion was made many years ago by D.Gardner /1/ for
the 14 McV energy region.

The value Ino™3* (n,p) increases also practically lincarly for isotopes
with the same (N-Z).

These trends allow to evaluate 63Cu(n,p) - reaction cross section in the
maximum of the excitation function on the base of (n,p)-reaction cross section
dependences for Ni and Zn. Parallel and equidistant extrapolation from Ingmax
for 63Cu(n,p) reaction to that for 83Cu(n,p) gives (105 £10) mb for o™m3% of
63Cu(n,p) reaction. For %Cu(n,p) - reaction cross section the value (23 £2)mb
was used. Evaluation of this value was based on experimental data.

Concerning excitation function it is recommended to accept the
JENDL-3 or ADL-3 evaluations, renormalized to the value 105 mb.

Reference.

1. D.Gardner.Nucl. Physics,20(1962)373.

* rresented *y ALV, Ignatyuk
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Activation Concerns and Cross Section Data Needs for Fusion Reactor Technology”

by
E.T. Cheng
TSI Resrarch, Inc.
Solana Beach, California
U.S.A.

Abstract

Activation of reactor materials due to the neutron ficld generated by the 14 MeV
deuterium-tritium ncutrons is a major issue concerning the development of fusion as a
long-term energy source, It will impact the development of reactor technologies relevant
to safety, maintenance, and waste disposal. Availability and quality of key activation data
are very important for the assessment of solutions to the various activation concerns,
Review of the activation data base is necessary to identify deficiencies. A list of neutron
reactions for which cross scction measurements are nceded is presented based on recent
reviews,

1. Introduction

A tokamak based, deuterium-ttitium (D-T) fueled, international thermonueclear
experimental reactor (ITER)!, which is being designed by an international cooperation
effort, is proposed to be constructed and operational at the beginning of the 21st century.
Prototype D-T fusion power plants based on the tokamak concept are being investigated
aiming at the demonstration of fusion power in the carly half of the next century. Due to
the presence of 14 MeV neutrons, which are produced in the D-T fusion reaction and
carry about 80% of the released energy, blanket and shield components are needed,
respectively, to extract the nuclear power and breed tritium, and to protect the
superconducting magnet against radiation damage. To design the blanket and shicld
components, and to assess the performance of these components, nuclear data plays a very
important role. With the required design details and demands, it becomes a necessity to
make available more accurate nuclear data base.

As the first step to secure an accurate nuclear data base, it is necessary to generate as
much as possible cxperimental data and to perform evaluations for the needed cross
sections. During the past few decades, the nuclear laboratories worldwide have produced
numerous cross section measurements. The regional nuclear data centers have also
collected the respective most up-to-date evaluations needed for the design of fusion power
plants. To efficiently improve the nuclear data base in order to meet the design
requirement, it is important that all thesc experimental data and evaluations be made
available to all concerned parties. For the design of ITER, it is also desirable to use an

* Work supported by the U.S. Department of Energy, Office of Fusion Encrgy, under Grant No.: DE-
FGO03-92ER54137.



internationally acceptable nuclear data library for all transport and activation analyses,
There have been a number of coordination activities to support the measurements of
fusion specific cross sections and the establishment of an international nuclear data library
since the carly 1980s, Two of the notable activities, by far the most successful, are (1)
coordinated rescarch program on the measurements of activation cross scctions lcadmg to
the production of long-lived radionuclides of importance to fusion rcactor technology,’
and (2) international fusion evaluated nuclear data library (IFENDL),** both are under the
coordination of the International Atomic Energy Agency.

This paper discusses the role of activation cross sections in fusion reactor technology. It
summarizes the results obtained from recent reviews of the activation data base, in which
deficiencies were identified. Based on these reviews, a list of needed cross section
measurements is presented.

IL. Activation Concerns

Activation of reactor materials due to the neutron fluxes induced by the 14 MeV D-T
neutrons is one of the most important issues relevant to the development of fusion energy.
It plays a key role in the decision of making fusion an ultimate energy source for mankind.
It dictates the choice of reactor materials. The activation characteristics of chosen reactor
materials are important in determining proper reactor technologics to be develped for
future power plants,

Activation of fusion reactor materials, particularly those for the first wall, blanket, and
shield components, causes concerns in the following arcas:®’

(1) Safety - Release of radiologically hazardous materials during reactor operation and
after shutdown;

(2) Maintenance - Exposure of gamma radiation from induced radioactive materials
during normal and off-normal maintenance scenarios; and

(3) Waste Management - Storage, transportation, and disposal of radioactive materials
in decommissioned reactor components.

Key ncutron activation reactions have been identified from candidate fusion materials
which were chosen as results of a number of reactor studies in the past. Activation
analyses were performed for these candidate materials to identify the dominating
radionuclides for safety, maintenance, and waste management concerns. >* From these
investigations, it was found that the induced radionuclides of concern to safety and
maintenance are generally those with shorter half-lives, such as Fe-56 (half-life 2.6 h), Fe-
54 (312 d), Co-58 (70.8 d), Co-57 (272 d), and Cr-51 (27.7 d) for stainless steels, and Sc-
48 (43.7 h), Sc-47 (3.35 d), Sc-46 (83.8 d), Cr-51, and Ca-47 (4.54 d) for V-Ti-Cr alloy,
and Na-24 (15 h), Al-28 (2.24 m), Al-29 (6.56 m), Mg-27 (9.46 m), and Mg-28 (20.9 h)
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for SiC.” On the other hand, long-lived radionuclides are considered important for the
long-term disposal of waste materials, Activation cross sections leading to the generation
of long-lived radionuclides are a subject of coordinated rescarch program sponsored by
the IAEA, as mentioned previously.” Medium-lived radionuclides such as Co-60 (5.27 y),
however, may play a very important role during the storage and transportation phases of
the waste management scenario, and in some cases for safety and maintenance assessment,

{If, Recent Reviews and Activation Data Needs

Accurate assessment of the various activation concerns is very important during the
reactor development stage, and depends mainly on the availability of reliable key neutron
activation cross scctions. Several reviews of the status of cross scctions for the activation
reactions were performed recently, and deficiencies in the activation data base were
identified.>*'%!"! Based on these reviews, a list of neutron reactions for which cross section
measurements are needed is presented in Table 1. Energy range requested for these
measurcments is generally from threshold to 14 MeV for the threshold reactions, and
thermal to 1 MeV for the neutron capture reactions. The required accuracy is 20%, in
general,

The reactions shown in Table 1 can b~ further broken into the following areas of concern:
1, Safety and maintenance related concerns:
PbLi based blanket
Pb activation: Pb-204(n,p)TI-204 and Pb-204(n,t)T1-202
SiC blanket

Si activation:
[Si-28(n,n’p)Al-27]Al-27(n,n"or)Na-23 [Na-23(n,2n)Na-22]

Tritium production in Si: Si-29(n,t)Al-27
2. Waste manegement related concerns:

Storage, transpor:ation, and materials recycle

Co-60 production reactions in Fe and Ni: Fe-58(n,7)Fe-59(B-)Co-59(n,y)Co-60,
Ni-60(n,p)Co-60, and Ni-61(n,n’p)Co-60

Recycle of V-alloy: V-50(n,2n)V-49



Waste Classification

Alloying clements in structural materials, Impurities in structural and breeder

materials, MHD coating materials for liquid metal blanket, and magnet;
N-14(n,p)C-14, Si-28(n,n’p)Al-27(n,2n)Al-26, Ti-48(n,a)Ca-45(n,o)Ar-42,
Ni-63(n,0)Fe-60, Ni-64(n,2n)Ni-63, Cu-65(n,t)Ni-63, Mo-94(n,p)Nb-94,
W-182(n,n’ct)Hf1 78m2, W-186(n,n’o)Hf-182, Sn-120(n,y)Sn-121, and
Sn-125(n,y)Sn-126

3. Other Concerns;

Reactor design

Nuclear heating in the superconducting magnet (copper stabilizer):
Cu-63(n,y)Cu-64 and Cu-65(N,y)Cu-66 '

316SS and Inconel 625 decay heat in the ITER shielding blanket and vacuum
vessel: Mn-55(n,y)Mn-56 and Ta-181(n,y)Ta-182

Neutron Diagnostics

Dosimeter cross section: Zn-64(n,p)Cu-64 (5% accuracy)
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Table 1
List of Neutron Reactions for Which Cross Section Measurements are Necded

- Experimental data needed with 20% accuracy unless otherwise specified

1. N-14(n,p)C-14
Energy range: 10 - 15 MeV
Comment: Waste disposal concern for nitrogen containing structural materials,
Measured data above 10 MeV very sparse.

2, Ti-48(n,0)Ca-45(n,0)Ar-42
Energy range: 10 - 15 MeV
Comment: Multi-step reactions to produce Ar-42. Waste disposal concern for the
V-Cr-Ti alloy.

3, V-50(n,2n)V-49
Energy range: Threshold - 15 MeV
Comment: Materials recycling concern for the V-alloy.

4. Fe-58(n,y)Fe-59
Fe-59 (B-) - Co-59(n,y)Co-60
Energy range: Thermal - 1 MeV

Comment: Waste storage and transportation concerns for structural materials. Note that

Fe-59 decays into Co-59 which produces Co-60 via neutron capture
reactions.

S. Ni-63(n,a)Fe-60
Energy range: 10 - 15 MeV
Comment: Waste disposal concern for structural materials copper magnet.

6. Ni-64(n,2n)Ni-63
Energy range: Threshold - 15 MeV
Comment: Waste disposal concern for structural materials.

7. Cu-65(n,t)Ni-63
Energy range: 10 - 15 MeV

Comment: Waste disposal concern for first wall (plasma facing) component and copper

magnets.

8. Zn-64(n,p)Cu-64
Energy range: 5 - 15 MeV; 5%
Comment: Dosimeter cross section,
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Table 1 (cont.)
List of Neutron Reactions for Which Cross Section Measurements are Needed

9. Mo-94(n,p)Nb-94
Encrgy range; 10 = 15 McV
Comment: Waste disposal concern for structural materials, Satisfied - IAEA CRP

Reports.

10. W-182(n,n'cr)Hf178m2
Energy range; 10 - 15 MeV
Comment: Waste disposal concern for tungsten. Measurements performed. Preliminary

results reported (IAEA-CRP).

11, W-186(n,n'c)Hf-182
Energy range; 10 - 15 MceV
Comment: Waste disposal concern for tungsten. Measurements performed. Preliminary
results reported (JAEA-CRP).

12, Pb-204(n,p)TI-204
Energy range: 10 - 15 MeV
Comment: Decay heat and radiological hazard concerns in lead.

13, Pb-204(n,0)T1-202
Energy range: Threshold to 14 MeV
Comment: Decay heat and radiological hazard concerns in lead.

14. Al-27(n,n'c)Na-23
Na-23(n,2n)Na-22/Na-23(n,y)Na-24
Energy range: Threshold - 15 MeV
Comment: Safety and maintenance concerns for structural materials containing Al

15. Si-29(n,t)Al-27
Energy range: Threshold - 15 MeV
Comment: Tritium production in SiC.

16. Ti-48(n,c)Ca-45(n,ct)Ar-42
Energy Range: Threshold to 14 MeV
Comment: Radioactive target. Waste disposal concern for the V-Cr-Ti alloy.

17, Sn-120(n,y)Sn-121

Energy range: Thermal - 1 MeV
Comment: Waste disposal concern for the superconducting magnet.
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Table 1 (cont.)
List of Neutron Reactions for Which Cross Section Measurements are Needed

18, Sn=125(n,y)Sn=126
Energy range: Thermal = 1 MeV
Comment; Waste disposal concern for the superconducting magnet,

19. Cii-63(ii,y) and Cu-65(n,y)
Energy range: thermal - 1 McV (10% accuricy)
Comment: Needed for I'TER and future power reactors to determine the nuclear heating

rate in the superconducting toroidal ficld magnet.

20, Mn-55(n,y)Mn-56
Energy range: thermal - 1 MeV (10% accuracy)
Comment: Needed for ITER to determine the decay heat in the shielding blanket.

21, Ta-181(n,y)Ta-182
Energy range: thermal - 1 MeV (10% accuracy)
Comment; Decay heat in ITER blanket and vacuum vessel.

22, Ni(n,x)Ca-60
[Ni-60(n,p) and Ni-61(n,n'p)]
Energy range: Threshold - 15 MeV
Comment: Needed to determine the required cooling time for the decommissioned
tcactor components before transporting to the waste burialrecycling site.

23, Si(n,x)Al-27(n,2n)Al-26
[Si-28(n,n’p)AL-27)
Energy range: Threshold - 15 MeV
Comment: Needed for the determination of waste classification for SiC.
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Introduction

The European Activation System (EASY) includes the European Activation File (EAF)
and the inventory code FISPACT. A new version (4.0) has recently been developed, and
one of the main new features is the ability to calculate the effect of sequential charged
particle reactions (SCPR). Such reactions have been shown in the past to be significant
when considering pure materials, A question has remained over the importance of the
cffect in realistic alloys which contain representative impurities. This paper describes the
new features in EASY4 and reports results of calculations on a series of fusion relevant
materials,

Development of EASYd

The FISPACT inventory code has been developed for neutron activation calculations of
fusion devices. Details of the use of this code and background about the approach used to
solve the sct of differential cquations are given in the User Manual', FISPACT uscs
external libraries of reaction cross sections (e.g. the European Activation File? EAF) and
decay data for all relevant nuclides to calculate an inventory of nuclides produced as a
result of the irradiation of a starting material with a flux of ncutrons.

The actual output quantities include the amount (number of atoms and grams), the activity
(Bq), o-, B- and y-cnergics (kW), ¥ dosc-rate (Svh™), ingestion and inhalation doses (Sv),
legal transport limits (A; value) and the half-life for cach nuclide. Amounts and heat
outputs arc also given for the clesents and the y-ray spectrum for the material is listed as
well as various summed quantities, such as total activity and total dose rate. At the end of
cach time interval the dominant nuclides (in terms of activity, heat, ¥ dose rate and
biological hazards) and the pathway data for the production of these nuclides can be
shown. The uncertaintics in the five total radiological quantitics can be calculated and
output. As an option, data files can be produced for subscquent use by other programs to
plot graphs of the activity, heat cutput, ¥ dose rate and biological hazards as a function of
the cooling time and sclected blocks of output may also be written to extemal data files.

An important goal of the current work is to ensure that FISPACT 4.0 remains compatible
with the EAF 4.0 library developed by ECN Petten. It is vital that the cross section library,
decay data library, associated libraries (biological hazard and legal transport) and the
code constitute an integrated package for usc in the calculation of fusion activation.

Sequential charged particle reactions

The inventory code FISPACT used for calculations of activation in fusion devices is
mainly concerned with the interaction of neutrons with materials. This mode of activation
is the dominant process in materials exposed to the high neutron fluxes found in D-T
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fusion devices, However, it was pointed out some years ago” by workers at FZK Karlsruhe
that an additional mechanism of activation would involve the interaction of charged
particles (resulting from the primary neutron interactions) with the material; possibly
lcading to a new sct of radionuclides. ‘This mechanisin is deseribed as the effect of
‘sequential charged partiele reactions' and conmdumblu work to determine its importance
to fusion devices has been carried out at FZK*, This work hus involved the production of
libraries of data deseribing the energy distribution of the charged particles (p, o, d, t, h)
produced in the ncutron interastions, the range of these charged particles in materials and
the cross scctions for the reactions of the charged particles with nuclei.

For a particular ncutron spectrum it is then possible to use these libraries to calculate
*pseudo cross sections’ which describe the two-step process of the production of charged
particle and the subsequent reaction of it with the material, These pseudo cross scctions
can be used in a similar way to the effective (or ‘collapsed') cross sections used in
FISPACT. The code developed by FZK to calculate these pscudo cross scctions
(PCROSS) works in conjunction with FISPACT, however to make full use of calculations
involving this mechanism it is advantageous to fully incorporate this in FISPACT and
access it as an additional option,

Changes to the decay data library .

The inclusion of sequential charged particle reactions on the target nuclides considered in
EAF 3.1 lcads to production of a sct of nuclides that are not produced by any neutron
induced reactions. An example is "Be (53.3 days) which was not considered in EAF 3.1
but can be produced by (p,n) reactions on "Li. 1t is found that an additional 231 new
nuclides are required in the decay data library, bringing the total to 1867 (including
stables). Evaluated files for these nuclides have been used wherever possible from JEF2.2,
otherwise files from ENSDF, or files based on references such as Browne and Firestone®
have been created.,

Changes to the cross section library
EAF4.0 contains data for five additional targets that can be formed by scqucnual ch'lr;:ul

;mmclc reactions. The five new nuclides that have been included as targets arc: "Be, *'Cr,
Kr, **Zn and 'R,

Changes to the other data librarics

The 231 new nuclides introduced in the decay data library also need to have entries in the
biological hazard and A, libraries. These enlarged librarics have also been constructed for
usc in EASY.

Modifications to FISPACT

The modifications to FISPACT to allow the inclusion of sequential charged particle
reactions have included the addition of new subroutines to FISPACT, broadly based on
subroutines taken from PCROSS but with different common blocks. These subroutines
arc called from other FISPACT subroutines rather than from the organisational subroutine
in PCROSS. There is a new code word ‘SEQUENTIAL’ which activates the option. The
COLLAPX and ARRAYX files remain unchanged. so that there is compatibility with
previous versions of FISPACT; the new pscudo cross scctions are calculated and merged



with the existing collapsed cross sectiotis in the main storage array A(), but they arc not
stored in a file. This approach is necessary s the pseudo cross sections need to be
recaleulated either for cach time interval with the flux value greater than zero or for each
subinterval if the LEVEL parameter N is greater than 1,

In order to follow the calculational method of PCROSS as closely ns possible it is
necessary to kriow the density of the material. If the user has included this information in
the input file then this value is used for all calculations (note that it is assumed that the
density of the material remains unchanged during exposure and transmutation). If the
density is not input then the density is estimated using the input masses and the elemental
densitics.

These modifications are included in FISPACT 4, and similar results to those found by
FZK for exposurc of various clements have been found. The pathway analysis method
works with very few changes (new reaction labels for the two step processes are defined)
since this relies only on the parent and daughter identificrs.

There are further modifications that can be considered in the future; these include the
treatment of uncertainty data since the sequential charged particle reactions libraries
contain no uncertainty information, At present it is assumed that the uncertainty for these
two-step processes is zero, but this will need to be improved in the future if the cffect of
SCPR is significant, Another omission in the current charged particle library is the
splitting of cross sections between ground states and isomers. At present only the ground
state nuclide is produced.

Calculations on realistlc materials

Earlicr calculations have shown that the cffect of SCPR on single clements can be
dramatic. The largest effects were found in the light elements N, F, Na and V although
effects were also seen in Au and Pt. In materials containing these clements it is possible
that similar effects would also be scen.

Table 1, Elemental composition of studicd materials.

Material Impuritics (ppm)

Li;Si0y Al 1580, C 1040, Ca 200, K 200, Na 850

Be Cu 50, Cr 50, O 4500, Si 300, Al 200, Fe 600, Ni 90, Zn 600, Pb 200,
Mn 50, Sb 60

316 stainless stecl | Ta 500, Nb 100, Cu 2000, Ti 50, Al 50, Co 900, Ag 400, Sb 10, Sn 10

Manet 2 Cu 100, Al 100, Co 50, Ag 50, As 100, Sb 4, Sn 10

QPTSTAB Ni 50. Mo 20. Nb 0.2, Cu 100, Ti 10, A1 10, Co 10, Ag 0.5, Sn 10

Inconel 600 Mo 100, C 60, Nb 300. Sa 100, Co 500, Cu 600. Mg 300, Pb 10, N 50

V-5Ti Si 400, A150, Fe 10, Ni 1,Co 0.1, N 180, Mo 1, C 60, W 232, Nb 50,
Hf 1, Ag 0.01, Cu 0.3

V-3Ti-1Si Al30.Fe2. Nil.Mo 1,C50,Tal,Nbd, Na20

V-4Cr-4Ti Si 200, Al 200, Fe 40, Ni 4, N 50, Mo 10, C 50, W 2, Ta 10, Nb 4,
Cu2,Na20

Lead Cu20.Sn70. Al t,Cal, Fe 20, Ag 6. Bi 100. Pd 1

EP30S +R Glass | Cu 32, La 12, Ga 3. Ba 160, Ce 32, As 10, Sb 0.8

CuCrZr Sn2,Sil,Al3,Fe 10, Ag915 Ni10,2n 15, As S, Bi 1, Pb2, Mn 2,
Sb 5
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Material Impuritics (ppm)

FLiBe Fe 160, Ni 26,Cr 19,8 5, Mo 1

SiC 0 39800, N620, Au 558, CI 308, Fe 130, Al 25, Ni 18, Na 11.5, K 8,
'Ti 8, Zn 3.77, Cu 3.25, Mn 2,88, W 0,488, Pb 0.413,'Co 0,088,
Sb 0.053. As 0.014. La 0.01, Cr 0,003

To test this a sct of materials relevant to fusion technology are chosen, The materials and
the details of the impurities considered for cach material arc listed in Table 1. Most of the
clemental compositions are taken from an ITER study® where not available, other
sources™* arc uscd,

For each material four FISPACT runs were carried out, These are described as:

e No impurity, no SCPR
e No impurity, with SCPR
e Impurity, no SCPR

e Impurity, with SCPR

By comparing the runs with and without SCPR the cffect of the charged particles can be
seen. A first wall spectrum  calculated previously for a European Safety and
Environmental’ study was used for all FISPACT calculations. The effect of the SCPR is
expected 1o be most noticeable in such a hard ncutron spectrum where high energy
charged particles will be produced. For this survey the exact details of the irradiation
conditions are not important, a flux of 1.0 10'* ncm™s” for a time of 2.5 years is assumed,

The percentage difference between the runs with and without SCPR are calculated at each
time interval. At most times the differences are small, and for case of presentation only the
maximum difference over the time range from 107 to 10° years is summarised in Table 2,

Table 2 shows that in the case of LisSiO4, vanadium alloys and FLiBe the effect of SCPR
is very significant in materials with no impurities. However, when the representative
impuritics listed in Table 1 are included, the effects of SCPR are largely masked by the
impurity contribution. To illustrate the SCPR contribution further, graphs arc plotted for
V-3Ti-1Si and FLiBe. Figures 1 and 2 focus on the time region of greatest difference and
it can be scen that although there is a difference between the impurity curves with and
without SCPR, the difference is well within the estimated uncertainty (due to errors in the
necutron induced cross scetions) of the curve without SCPR.




Table 2. Maximum percentage difference between runs with and without SCPR at
cooling times from 10 to 10° years,

Material Activity Activity 1eat Heat Dose rate | Dose rate
No With No With No With
Impurities | impurities | impueities | bmpueities | Impurities | impurities
Li,SiO;4 0.13 0.01 0.17 0.03 7883 5.90
Be 0 0 0 0 0 0
316 0.01 0.01 0.18 0.15 0.23 0.19
Manet 2 0.01 0.01 0.35 0.34 041 1040
OPTSTAB | 0.04 0.04 0.07 0.07 0.09 0.09
Inconel 600 | 0.06 0.06 0.03 0.03 0.04 0.04
V-5Ti 95 0.70 76 0.45 350 1.03
V-3Ti-1Si | 1.28 0.80 1,21 1,11 650 20.20
V-4Cr-4Ti | 5452 1.59 4120 0.93 112 5.0
Lead 0.04 0.02 2.0 0.3 4,11 0.37
EP305 0 0 0.05 0.05 0.11 0.10
CuCrZr 0.07 0.07 1.63 1.03 349 2.11
FLiBe 0 0 0.03 0.03 4.75 10° {2541
SiC 0.01 0 0.1 0.04 0.67 0.1
1.00E+02 1
1 —— No Impurities, no SCPR
1.00E+01 1 — No impurities, with SCPR|™
— Impurities, no SCPR
g 1.00E+00 ~— impurities, with SCPR
2 1.00E-01
8
C 1.00E02
o
©  1.00E-03
1.00E-04
!
1.00E-05 .
1.00E+400 1.00E+01 1.00E+02
Cooling time (years)

Figure 1, Detail of dose rate cooling curve for V-3Ti-18i.
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Dose rate (Svih)

1.00E+04

|
— No impuritios, no SCPR
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Cooling time (years)

Figure 2. Detail of dose rate cooling curve for FLiBe.

1.00E+01

The SCPR effect is most noticcable in FLiBe, and as it possible to reduce impurity levels
if special care is taken in materials processing, two additional runs were carried out in
which the impurity levels were reduced. In the first the amount of Fe was reduced from
177 ppm to 17 ppm and in the second the amount of Ni was reduced from 26 ppm to 3
ppm. The results are shown in Figures 3 and 4 and in the case of reduced Ni impurity it
can be scen that the SCPR contribution is larger than the estimated uncertainty between

cooling times of 1 - 10 years,

Dose rate (Sv/h)

1.00E+04

1.00E+03

1.00E+02

~—No impurities, no SCPR
~—No impurities, with SCPR ||
~—Impurities, no SCPR

-~ |mpurities, with SCPR

1.00E+01

1.00E+00

e,

1.00E-01 4

1.00E-03

1.00E-02

1.00E-01

Cooling time (years)

1.00E+00

1.00E+01

Figure 3. Detail of dose rate cooling curve for FLiBe with reduced iron impurity.
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é
a
& 1.00E+01
[\{]
8
a 1.00E+00
1:00E‘01 \
T
1,00E-02 \

1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02
Cooling time (years)

Figure 4, Detail of dose rate cooling curve for FLiBe with reduced nickel impurity.

The graphs illustrate the point that even if all impurities could be reduced in materials the
dosc ratc would be reduced, not to the extremely low level without SCPR, but to the
higher value with the SCPR contribution. The results in Table 2 for 316 stainless steel,
Manet 2 and OPTSTAB show that with or without impurities the contribution from SCPR
is negligible.

The conclusions from this survey can be summarised as:

e It is cssential to specify correct impurity levels in materials when considering
activation propertics.

e For the rcalistic fusion relevant materials studicd here the effect of SCPR is
unimportant compared to the estimated uncertainties on the dose rate.

e If special carc were to be taken with impurity control in structural materials such as
vanadium alloys and breeding materials such as FLiBe then it would necessary to
include SCPR in inventory calculations for accurate predictions,

e In the case of iron based alloys the contribution from SCPR is negligible even when
no impurities are included.
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I. Introduction

Bascd on recent calculations for the ITER EDA investigations [1] and previous studics
(2,3], principal neutron induced activation products were identified for the following candidate
fusion structural materials; 316 Stainless Stecl, Vanadium-alloy, Ferritic Steel (HT9), Reduced
Activation Ferritic Steel (9CrWV), Inconel 625, Titanium-alloy (Ti-6Al-4V), and SiC.* The
identification of these principal activation products was based on calculations performed with
these structural materials in a commercial or ITER - like experimental power reactor. All
calculations were conducted with the REAC code and its associated cross scction and decay
libraries [4]. The important concerns for the activation products are: (a) safety related
radiological hazard potential such as early dose during a reactor accident; (b) safety related decay
heat; () maintenance related biological dose rate after shutdown, and waste management related
long-lived radioactivity.

Neutron activation cross sections for which there are data deficiencies were reviewed
[3,5,6], and highlighted.

II. Results

Table 1 shows the detailed list of contributing activation products for cach alloying
element constituting the respective fusion structural materials, Also listed are the compositions,
abundance of isotopes in each natural element, main activation reactions leading to the production
of contributing activation products, half-lives and decay modes, and corresponding activation
related concerns,

Table 2 displays only the major contributing activation products for the respective fusion
structural materials.

Table 3 shows the list of neutron activation reactions identified in Ref. 5 as those having
cross section data deficiencies, Note that Table 3 lists only those relevant to fusion structural
materials. Complete lists involving structural, breeder materials, and materials for general fusion
applications were obtained in previous reviews [3,6]. The list concerning structural and breeder
materials is given in Ref. 3 and reproduced as Table 4 in this report.
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Table 1 Page 1

D-T Fusion Activation Products from Neutron

Table 1

Interaction with Fusion Materials

Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance Decay Safety Safety: Maintenance: Waste:
Mode Radiolog. Decay Heat  Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
SS316 Fe FeS4 Fe55 Fe56(n,2n) 2.73yr¢e Low Low - -
(66.2) (5.9) MnS54 Fe54(n,p) 3124;¢e Low Low Low -
Fe56 Mn56 Fe56(n,p) 2.58h;B- Low Low Low -
(91.7)
Fe57 Co60 FeS8(n,g)* 5.27y;B- - - Low -
(2.1) MnS3 FeS4(n,n'p) 3.7x10%;¢ - - Low -
Fes8 Fe60 Fe59(n,q) 1.5x10% y;p- - - - Low
{0.28) Co60(n,p)
Ni Niss Cos8 Nis8(n,p) 70.8d;¢c Low Low Low -
(13.9) (68.1) Cos7 Niss(n,n'p) 272d;e Low Low Low -
Ni60 Co60 Ni6O(n,p) 5.227y;B Low Low Low -
(26.2) Fess Nis8(n,a) 2.73y;¢e Low Low - -
Ni61 Nis9 Nis8(n,q) 7.5x10%;¢e Low - Low Low
(1.14) Ni60(n,2n)
Ni62
(3.63) Fe60 Niéa(n,n'a) 1.5x10%y;B- - - - Low
Ni64 Nie3 Ni6é4(n,2n) 100y;B- - - - Laow
(0.93) Ni62(n,q)
Mo Mo92 Nb94 Mo94(n,p) 2.0x10% p- - - - Low
(2.5) (14.8) Mo95(n,n'p)
Mo94
(9.25)
Mo95

(15.9)
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Table 1 Page 2

D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Patential Disposal
SS316 Mo Mo96 Nb9s Mo95(n,p) 35.0d;pB- Low - Low -
(cont.) (2.5) (167) Tc99 Mo98(n,q)* 2.1x10%y;B- Low Low - Low
(cont.) Mo97 Mol00(n,2n)*
(9.55)
Mo98 Tc98 Tc99(n,2n) a.2x10%y;B- - Low - Iow
(24.1) Y8s Mo92(n,a)* 1074;p- - Low - Low
Mo100 Mo93 Mo94(n,2n) 3.5x10%;¢e - - Low Low
(9.63) Mo92(n,g) - - Low,_ Low
Nb Nb93 Hbg2m Nb93(n,2n) 10.24;¢ Low Law Low -
(0.05) (100) Nb94 Nb93(n,q) 2.0x10%;B- Low Low Low Low
Nb92 Nb93(n,2n) 3.5x10°y;e Low Low Low Low
Nb93m Nb93(n,n') 16.1y;1IT - Low Low -
Y88 Nb93(n,n'a)* 1074;¢ - Low Low -
Cr Crs50 Cr51 Cr50(n,q) 27.74;¢ Low Low Low -
(16.3) (435) Cx52(n,2n)
Cr52
(83.8)
Cr53
(950)
Cr54
(2.37)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerms
Material Elements Isotopes Activated Activated Life
{welght {poercent Nuclides Reaction and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
"Radiolog. Decay Heat Shutdown Recyclle
Hazard Dose Rate and
Potential Disvosal
SS316 Co Co59 Co60 Co59%(n,q) 5.27y:B- - - Low -
(cont.) (0.05) (100) CoS58 Co59(n,2n) 70.8d;¢e Low - - -
Fe60 Co60(n,p) 1.5x10%y;p- - - - Low
Mn MinSS MnS4 MnS55(n,2n) 3124;¢ Low - - -

{2.0) (100}
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Ectivation Product Concerns
Material Elements Isotopes Activated Activated Life
(weight (percent Ruclides Reaction and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
‘Radiolag. Decay Heat Shutdown Recycle
Hazard Dose Rate and
__Potential Disposal
v-alloy v vs0 Sc48 vs51({n,a) 43.7h;B- Low Low Low -
(90) (0.25) va9 V50(n,2n) 338d;e Low Low - -
Vsl Sc4a7 v51i({n,n'a) 3.35d4;:8- Low Law Low -
(99.75) Sc46 v50(n,n'a) 83.8d;B- - Law Low -
Ca4ss v51(n,t)* 164d; - Low - - -
Cr Crso Crsi CrS0(n,q) 27.74;¢ Low Low Low -
(5) (4.35) Cr52(n,2n)
crs52
(63.8)
crs3
(9.5)
Crs54
(2.37)
Ti Tige Ca4s Ti48(n,x) 164d;P0- Low - - -
(5) (8.0) Scas Ti48(n,p) 43.7h; B~ - Low Low -
Ti47 Sc46 Ti46(n,p) 83.8d;B- Low Low low -
(7.3) Caj? Ti50(n,a) 4.544d;p- Low - - -
Ti48 Ar42(K42) Ca4S5(n,a) 32.9y;p- - - Low Low
{73.8) Sc47 Ti&7(n,p) 3.35d;03- Low Low -~ -
Ti49
(5.5)
Tiso
(5.4)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Hal f- Activation Product Concerns
Material Elenents Isotopes Activated Activation Life
{weight {percent Nuclides Reaction and
percent) abundance) Decay
Mode Safety: Safety: Mainenace: Waste:
Radiolog. Decay Heat  Shutdown  Recycle
Hazard Dose Rate and
Potential Disposal
Inpuri- Ag Agl07 Agl08nm Agl09{n,2n) 4Bly;:c Low - - Eow
ties for (300ppb) (51.8) Ag107(n,qg)
V-alloy Agl09
(48.2)
Al Al27 Na24 Al27(n,a) 15h; (- Low low low -
(200ppm) (100) Mg27 Al27(n,p) 9.46m;f3- - lLow - -
Al26 Al27(n,2n)  7.4x10%;e - - Low ELow
Na22 Al27(n,n'a)* 2.6y;e Low - Low -
ca cd106 Agl08m Cd108(n,p) 481y;¢ - - - low
(200ppb) 01.25)
cdios
{0.89)
cd1lio
{12.49)
cdi11
{12.8)
cdi12
{24.1)
Cd113
{12.2)
Ccd114
{28.7)
Ccd116

(7.49)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

{continued)
Fusion Alloy Natural Major Main Half- Activation Product Concermns
Material Element Isotopes Activated Activation Life
{weight {percent Nuclides  Reaction and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay H=at Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Impuri- Co Co59 Co60 Co59(n,qg) 5.27y:8- - - Low -
ties for (200 ppb) (100) Co58 Co59(n,2n) 70.8d;e Low - - -
V-alloy Fe60 Co60(n,p) 1.5x10%;B- - - - Low
(cont.)
Cu Cu63 Ni63 Cub3(n,p) 100y;B- - - - Low
(5.0 ppm) (69.2) Cu6S(n,t)
Cu6s Cu64 Cu65(n, 2n) 12.7h;e/B- - Low - -
(30.8) Cu63(n,q)
Cu66 Cu65(n,g) 5.10 min;p- - Low - -
Co60 Cu63(n,a) 5.27y;B- - - tow -
Cu62 Cu63(n,2n) 9.74nm;¢e - Low Low -
Ni65 Cu65(n,p) 2.52h:f~- = Low - -
Dy Dy156 Tb158 Dyl58(n,p) 180y;e/B- - - - Low
(300 ppb) (0.06)
Dy158
(0.10)
Dy160
(2.34)
Dy161
(18.9)
Dy162
(25.5)
Dy163
(24.9)
Dyl164
(28.2)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Matural Major Main Half- Activation Product Concerns
Material Element Isotopes Activated Activation Life
(weight {percent Nuclides Reaction and
percent) abundance) Decay
Mode _ Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Impuri- Eu Euls1 Euls2 Euls3(n,2n) 13.5y;e/B- - - - Low
ties for (100 ppdb) (47.8) EulSi(n,q) - - - Low
Vv-alloy Euls3
(cont.) (82.2) Eul50m EulSl(n,2n) 150y;e - - - Low
HE Hf174 Hf178m2 Rf179(n,2n) 3ty;IT Low Low Low Low
(5.6 ppm) (0.16) Hf178(n,n'a)
Hf176 HE177(n,q)
(5.21)
Hf177 Hf177m Hf178(n,2n) 51.4m; IT - Low Low -
(18.6) Hf180m HE179(n,q) s.sh; IT - - Low -
Hf178 Hf181 H£180(n,q) 42.4d;B- - - Low -
(27.3)
Hf179
(13.6)
Hf180
(35.1)
Ho Ho165 Hol66m Hol65(n,g) 1.2x107y;p- - - - -
(100 ppb)  (100)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Element Isotopes Activated Activation Life
(weight (percent Nuclides Reaction and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
"Radiolog. Decay Heat Shutdon Recycle
Hazard Dose Rate and
Potential Disposal
Inpuri- Mo Mo92 Nb94 Mo94(n,p) 2.0x10%;B- - - - Tow
ties for (150 ppm) (14.8) MoSS(n,n'p)
V-alloy Mo94
(cont.) (9.25) Tc99 MoS8(n,p)* 2.1x10%y;B- - - - Low
) Mo95 Mo93 Mo94(n, 2n) 3.5x10%;e - - - Low
(15.9) Mo92(n,q)
Ho9%6
(16.7)
Mo97
(9.55)
Mo98
(24.1)
Hol00
(9.63)
Ni Nis58 Co60 Ni6éO(n,p) 5.27y:B- - - - Low
(3.0 ppm) (68.1) Ni6él(n,n'p)
Ni6O Ni59 NiS8(n,q) 7.5x10%;¢€ - - - Low
(26.2) Nié0(n,2n)
Ni61l Ni63 Ni62(n,q) 100y;B- - - - Low
(1.14)
Ni62 Ni6é4(n,2n)
(3.63) Fe60 Nié4(n,n'a) 1.5x10%;B- - - - Low
Ni64
{0.93)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Element Isotopes Activated Activation Life
{weight {percent Nuclides Reaction and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycla
Hazard Dose Rate and
Potential Disposal
Impuri- Nb Nb93 Nb94 Nb93(n,q) 2.0x10%y; B- - - - Low
ties for (50 ppn) (100) Nb92m ¥Nb93(n,2n) 10.15d;s Low - - -
V-alloy
(cont.) Tb Tb159 Tb158 Tb159(n,2n) 180y;B- - - - Low

(100 ppb)  (100)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Element Isotopes Activated Activation Life
(weight (percent Nuclides Reaction and
percent) abundance) Decay
Mode Safety: Safetys: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Ferritic Fe FeS4 Fe55 Fe56(n,2n) 2.73y;¢E Low Low - -
Steel (85.0) (5.9) Mn54 Fe54(n,p) 3124;e Low Low Low -
{HT9) Fe56 MnSé6 Fe56(n,p) 2.58h; B~ - Low Low -
(91.7)
FeS5? Co60 FeS8(n,g)* 5.27y:B- - - Low -
(2.1) MnS3 Fe54(n,n'p) 3.7x106y;e - - - Low
Fes8 Fe60 Fe59(n,q) 1.5%10%y;p- - - - Low
(0.28) Co60(n,p)
Cr Crso Crs1 Cr50(n,q) 27.7d;¢e Low Low Low -
(11.5) (4.35) Cr52(n,2n)
Crs52
(83.8)
Crs3
(9.5)
Cr54
(2.37)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight {percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat  Shutdown Recwcle
Hazard Dose Rate and
Potential Disposal
Ferritic Ni Nis8 Cos58 Nis8(n,p) 70.8d;e Low Low Low -
Steel (0.5) (68.1) Co57 Nis8(n,n'p) 2724d;e Low Low Low -
(HT-9) Ni6o Co60 NiéO(n,p) 5.27y;B Low Low Low -
(cont.) (26.2) FeS5 Nisg(n,) 2.73y;¢ Low Low - -
Ni6l Ni59 NiS8(n,q) 7.5%10% ;¢ Low - Low Low
(1.14) Ni60(n,2n)
Ni62
(3.63) Fe60 Ni64(n,n'®) 1.5x10%y;B- - - - Low
Ni64 Ni63 Ni64(n,2n) 100y;B- - - - Low
(0.93) Ni62(n,q)
Mo Mo92 Nb94 Mo94 (n,p) 2.0x10%;B- - - - Low
(0.99) (14.8) Mo95(n,n'p) .
Mo94
(9.25)
Mo95
(15.9)
Mo96 Nb9s Mo95 (n, p) 35.0d;B- Low - Low -
(16.7) Tc99 Mo98(n,g)* 2.1x10%y; B~ Low Low - Low
Mo97 Mol00(n,2n)*
(9.55)
Mo98 Tc98 Tc99(n,2n) 3.2x10%y;B- - Low - Low
(24.1) Y88 Mo92(n,a)* 107d;p- - Low - Low
Mo100 Ma93 Mo94(n,2n) 3.5x10%y;e - - Low Low
(9.63) Mo92(n,qg)
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D-T Fusion Activation Products from Keutron Interaction with Fusion Materials

{continued)
Fusion Alloy Ratural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdaown Recycle
hazard Dose Rate and
Potential Disposal
Ferritic v V50 Sc4s vsi{n,a) 43.7h;pB- Low Low Low -
Steel (0.3) (0.25) v49 v50(n,2n) 338d;e Low Low - -
(HT-9) Vs1 Sc4? V51(n,n'a) 3.354;pB~ - Low Low -
(cont.) (99.75) Sc46 V50(n,n'a) 83.84;8- - Low Low -
Ca4s V51(n,t)* 1644; - Low .- - -
Mn Mn5% Mn54 Mn55(n,2n) 312d;e Low Low Low -
(0.55) (100)
W w1lgo wl85 Ww1l86(n,2n) 75.14;83~- Laow Low - -
(0.5) (0.12) W184(n,q)
wig2 Talsg2 w1i82(n,p) 114d;p~ Low Low ow -
(26.3) W183(n,n'p)
w183 Hf178m2 Wig2(n,n'a) 31y:;1T Low - Low Iow
(14.3) Hf182 W186(n,n'a) 9x10%y; 8- Low - Low Low
wig4 wlsl wi82({n,2n) 121d;e Low - - -
(30.7) W180(n,q)
wiss w187 W186(n,qg) 23.7h; 8- Low - - -
(28.6)
Nb Nb93 Nb94 Nb93(n,g) 2.0x10%y;B- - - - Tow
(500 ppm) (100) Nb9o2m N¥b93(n,2n) 10.154;¢e Low - - -



yal

Table 1 Page 13

D~-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Reduced Fe Feb54 FeS5 Fe56(n,2n) 2.73y;¢ Low Low - =
Activation (88.0) (5.9) MnS4 Fe54(n,p) 3124d;e Low Low Low -
Ferritic FeS56 Mn56 FeS6(n,p) 2.58h;B~- - Low Low -
Steel (91.7)
(9C\WV) Fe57 Ca60 Fe58(n,g)* 5.27y;B- - -~ Low -
(2.1) Mns3 Fe54(n,n'p) 3.7x10% ;€ - - - Low
FeS8 Fe60 Fe59(n,q) 1.5x10%;B~ - - - Low
_(0.28) Co60(n,p)
Cr Crso Crs1 Cr50(n,qg) 27.74;¢ Low Low Low -
(8.94) (4.35) Cr52(n,2n)
Crs52
(83.8)
Crs3
(9.5)
Cr54
(2.37)
Ni Nis8 Cos8 Ri58(n,p) 70.84;¢ Low Low Low -
(100ppm) (68.1) CoS7 Nis8(n,n'p) 2724d;¢€ Low Low Low -
Ni6O Co60 Ni60(n,p) 5.27y;B~ Low Low LOow -
(26.2) Fes5 Ni58(n,a) 2.73y;¢ Low Low - -
Ni6l Nis59 Ni58(n,q) 7.5x10%;¢ Low - Low Low
(1.14) Ni60(n,2n)
(3.63) Fe60 Ni64(n,n'a) 1.5x10%y;B- - - - Low
NiG4 Nié3 Ni64{n,2n) 100y;:B- - - - Low
{0.93) Ni62(n,qg)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
9CIWV Mo Mo92 Nb94 Mo94(n,p) 2.0x10%;B - - - Low
(cont.) (10ppm) (14.8) Mo95(n,n'p)
Mo94
(9.25)
Mo95
(15.9)
Mo96 Nb95 Mo95(n,p) 35.04;B-~ Low - Low -
(167) Tc99 Mo98(n,g)* 2.1x10°%y;B—- Low Low - Low
Mo9? Mo100(n,2n)*
(9.55)
MoS8 Tcos Tc99(n, 2n) 4.2x105¢;B- - Low - Low
(24.1) Y88 Mo92(h,a)* 1074; B~ - Low - Lowr
Mo100 Mo93 Mo94(n, 2n) 3.5%10%y;¢e - - Low Low
(9.63) Mo92(n,q)
v vs0 Sc48 v51(n,x) 43.7h;B- Low Low Iow -
(0.25) (0.25) V49 v50(n,2n) 338d;e Low Low - -
Vsl Sca7 V51(n,n'a) 3.354p~ - Low Low -
(99.75) Sc46 Vv50(n,n'a) 8.38d;B- - Low Low -
Ca4s VS1(n,t)* 164d;p- Low - - -
Mn Mn55 Mn54 Mn55(n,2n) 312d;e Low - - ~
(0.44) (100)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
9Crwv Ta Tals8l Tal82 Tal81l(n,qg) 1144;p Low Low Low -
(cont.) (777ppm) (100)
W Wwigo wig5s Ww1l86(n,2n) 75.14;f Low Low - -
(1.97) (0.12) W184(n,q)
w182 Tal82 w182(n,p) 114d;B Low Low Low -
(26.3) wW1l83(n,n'p)
w183 Hf178m2 wig2(n,n'a) 31y;IT Low - Low Low
(14.3) Hf182 W186(n,n'a)  9x10%y;B Low - Low Low
wis4 wlg1l wi182(n,2n) 1214d;e Low - - -
(30.7) W180(n,q)
. Wi1sé6 w187 w186(n,qg) 23.7h;B~ Low - - -
(28.6)
Nb Nb93 Nb94 Nb93(n,q) 2.0x10%;p- - - - Low
(<10ppm) (100) Nb92m Nb%3(n,2n) 10.15d;e Low - - -
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Life
(weight {percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat  Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Inconel
625
Ni Nis8 CoS8 Nis8(n,p) 70.8d;s Low Low Low -
(62.0) (68.1) Co57 NiS58(n,ntp) 272d;e Iow Low Low -
Ni60 Co60 Ni60(n,p) 5.27y;B~ Low Low Low -
(26.2) FeS55 Nis8(n, ) 2.73y;¢€ Low Low - -
Ni61 NiS59 Nisg8(n,q) 7.5x10% ;e Low ~ Low Low
(1.14) NiéO(n,2n)
(3.63) Fe60 Nié4(n,n'a) 1.5x10%y;B- - - - Low
Ni64 Ni63 Ni64(n,2n) 100y;B- - - - Low
(0.93) Ni62(n,qg)
Cr Cr50 Cr51 Cr50(n,q) 27.7d;e Low Low Low -
(21.5) (4.35) Cr52(n,2n)
Cr52
(83.8)
Crs3
(9.5)
Cr54
(2.37)
Nb Nb93 Nb94 Nb93(n,q) 2.0x10%y;p- - - - Iow
(1.8) (100) Nb92m Nb93(n,2n) 10.15d;e Low - - -
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D-T Fusion Activation Products from deutron Interacticn with Fusion Materials

{continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements  Ismotopes Activated Activation Life
(weight (percent Ruclides Reactions and
percent) abhundance) Decay
Mode Safety: Safety: Maintenance: Wastes:
Radioloqg. Decay Heat Shutdouwn Recycle
Hazard Dose Rate ard
Potential Disposal
Inconel Mo Mo92 Nb94 Mo94(n,p) 2.0x10%y;8 - - - Low
625 (8.99) {14.8) Mo95(n,n'p)
(cont.) Mo94
{9.25)
Mo95
(15.9)
Mo96 Nb9S Mo95(n,p) 35.09;B~ Low - Low -
(167) Tc99 Mo98(n,g)*  2.1x10°y;B- Low Low - Low
Ma97 Mo100{n,2n)*
{9.55)
Mo98 Tcog Tc99(n,2n)  4.2x10%y;B- ~ Low - Low
{24.1) Y88 Mo92(n,ax)* 1074;p~- - Low - Low
Mo100 Mo93 Mo94(n,2n)  3.5x10°y;e - - Low Law
(9.63) Mo92(n,q)
Ta Talgl Talg2 Tals8l(n,qg) 1144;p Low Low Law -
(1.8) (100)
Fe Fe54 FeSS Fe56(n,2n) 2.73y;¢ Low Low - -
(2.5) (5.9) MnS4 FeS54(n,p) 312d;¢ Low Low Law -
Fe56 MnS6 Fe56(n,p) 2.58h;p- - Low Low -
(91.7)
FeS? Co60 FeS8(n,g)* 5.27y;B- - - Law -
(2.1) MnS3 FeS4(n,n'p) 3.7x10%y;c - - - Low
FeS8 Fe60 Fe59(n,qg) 1.5x10%;8 - - - Law
(0.28) Co60(n,p)
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D~T Fusion Activation Products from Neutran Interaction with Fusion Materials

(cantinued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements  Isotopes Activated Activation Life
(weight {percent Nuclides Reactions and
percent) abundance) Decay
Mcde Safety: Safety: Maintenance:  Waste:
Radiolog. Decay Heat Shutdown Recyclle
Hazard Dose Rate and
Potential Disposal
Inconel Co €059 Cob0 Co59(n,g) 5.27y:B- Low - - -
625 (0.5) {100) CoS58 CoS59(n,2n) 20.8d;e Low - - -
(cant.) Feb60 Co60(n,p) I.leosy;ﬁ- - - - Low
Mn Mn55 Mn54 MnSS5(n, 2n) 3124;¢e Low - - -
(0.27) (100)
Si si2s Na24 Si28(n,np)* 15h;B- Low Low Low -
(0.25) (92.23) Na22 Si28(n,np)* 2.6y;p- Low - Low -
si29 A126 Si28(n,np)* 7.4x10°y;e - - - Law
(4.67)
si3o
(3.1)
Ti Ti46 Ca45 Ti48(n,a) 164d;/- Low - - -
(0.25) (8.0) Sc48 Ti48(n,p) 43.7h;B- - Low Low -
Ti47 Sc46 Ti46(n,p) 83.8d;p- Low Low Low -
(7.3) Sc47 Ti47(n,p) 3.354;p- Low Low - -
Ti48 Ar42(K42) Ca45(n,a) 32.9y;:B- - - Low oW
(73.8) Caq? TisO(n,a) 4,54d;B- Low - - -
Ti49
(5.5)
Tis0
(5.4)
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements  Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay H=at Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Inconel Al Al27 Na24 Al127(n,o) 15h;B- Low Low Low -
625 (0.2) (100) Mg27 Al27(n,p) 9.46m;B- - Low - -
(cont.) Al26 Al27(n,2n) 7.4x10°y;e - - Low Low
Na22 Al27(n,n*a) 2.6y;t Low - Low -
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elenents Isotopes Activated Activation Life
{weight {percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Wastes
Radiolog. Decay Heat Shutdown Recycle
Hazard Daose Rate and
Potential Disposal
Ti-6A1-4V Ti Ti46 cais Ti48(n,a) 1644;p~ Low - - -
(90) {8.0) Sc4s Ti4g(n,p) 43.7h;p- - Low Low -
Ti47 Sc46 Ti46(n,p) 83.8d;f~ Low Low Low -
(7.3) Sca? Ti47(n,p) 3.354;p- Low Low: - -
Ti48 Ara2(K42) Caas(n,a) 32.9y;B~ - - Low Low
(73.8) Caaz TisO(n,a) 4.544d;B- Low - - -
Ti49
(5.5)
Tiso
(5.4)
Al Al27 Na24 Al27(n,x) 15h; 8- Low Law Low -
(6) (100) Mg2? Al27(n,p) 9.46m;P- - Low - -
Al26 Al27(n,2n)  7.4x10%y;e - - Low Low
Na22 Al27(n,n'ac) 2.6y;c Low - Law -
v VS0 Sc48 V51({n,a) 43.7h;B- Low Low Low -
(4) (0.25) va9 vs0o(n,2n) 338d;=e Low Low - -
Vsl S5c47 vsl{n,n'a) 3.35d;08- - Low oW -
(99.75) S5c46 v50(n,n'a) 83.84;p- - Low Low -
Ca4s VSi(n,t)* 1644;- Low - - -

—-—— -

*indicates multi-step neutron reactions to reach the final activation products.
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials

(continued)
Fusion Alloy Natural Major Main Half~ Activation Product Concerns
Material Elements  Isotopes Activated Activation Life
(weight (percent Nuclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenpance: Waste:
Radiolag. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
sic Si 5128 Si28(n,n'p)Al2?
(70) (92.2) Na24 Al27(n,) 15h;B- Low Low Low -
Al26 Al27(n,2n) 7.2x10%y;e - - Low Low
Na22 Al27(n,n'a)* 2.6Yy;E - - Low -
Alz2s 5i28(n,p) 2.24m; Q- Low Low - -
Si29 Al29 Si29(n,p) 6.56m;f3—- Low Low - -
(4.67)
Si3o Mg27 8Si30(n,a) 9.46m;B- Low Low - -
(3.10) Mg28 $i39%(n,He3l) 20.9h;B- Low Low Low -
C
(30)

*indicates multi-step neutron reactions to reach the final activation products.
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Table 2 page 1

Table 2
D-T Fusion Activation Products from Neutron Interaction with Structural iaterials
Fusion Alloy Major Main Half- Activation Product Concerns
Material Elements Activated Activation Life
(weight Nuclides Reactions and
percent) Decay Safety Safety: Maintenance: Waste:
Mode Radioclog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
§8316 Fe MnS4 Fe54(n,p) 312d4;e Low Low Laow -
(66.2) Mn56 Fe56(n,p) 2.58h;p- Low Low Low -
Ni Co60 FeS8(n,qg)* 5.27y;B~ - - Low -
(13.9) Cos58 Nisg8(n,p) 70.8d;¢e Low Low Low -
Mo Co57 NiS8(n,n'p) 272d;e Low Low Low -
(2.5) Co60 Ni6O(n,p) 5.27y;B Low Low Low -
Nb Nb94 M~~4(n,p) 2.0x10%y; B- - - - Low
(0.05) Mo>5(n,n'p)
Cr Nb93(n,q) 2.0x10%;p- Low Low Low Low
(16.3) Cr51 Crs50(n,q) 27.7d;e Low Low Low -
Cr52(n,2n)
Co Co60 Co59(n,g) 5.27y;B- - - Low -
(0.05)
Mn MnS6 MnsS5(n,g) 2.58h;P Low Low Low -
(2.0) MnS4 Mns55(n, 2n) 312d;e Low Low Low -
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D-T Fusion Activation Products from Neutron Interaction with Structural Materials

(continued)
Fusion Alloy Major Main Half- Activation Product Concerns
Material Elements  Activated Activated Life
{weight Nuclides Reaction and
percent) Decay
Mode Safety: Safety: Mainhtenance: TWaste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
v-alloy v Scas Vv51(n,o) 43.7h;B- Low Low Low -
(90) Sca47 Vsi(n,n'a) 3.35d;B- Low Low Low -
Cr Sc46 vso(n,n'a) 83.84;p- - Low Low -
(S) Cr51 Crso(n,qg) 27.74;¢ Low Low Low -
Cr52(n, 2n) .
Ti caa? Tiso(n,x) 4.54d4;8~ Low - - -
(5) Ar42(K42) Ca4sS(n,a) 32.9y;8- - - Low Low
Sc47? Ti47(n,p) 3.35d;p~ Low - - -
Impurities Ag Ag108m Agl09(n,2n) 481ly;e Low - - Low
for v-alloy (300ppb)
Al Al26 Al27(n,2n) 7.4x10%y;e - - Low Low
(200ppm) ’
cd AgloOg8m cd108(n,p) 481y;¢€ - - - LOw
(200ppb)
Co Co60 Co59(n,q) 5.27y;B- Low - - -
(200 ppb)
Cu Ni63 Cu63(n,p) 100y;f~ - - - Low
(5.0 ppm)
Tb158 Dy158(n,p) 180y;e/B~ - - - Low

Dy
(300 ppb)
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D-T Fusion Activation Products from Neutron Interaction with Structural Materials

(continued)
Fusion Alloy Major Main Half- Activation Product Concerns
Material Element Activated Activation Life
(weight Nuclides Reaction and
percent) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Impurities Eu Euls2 Eul53(n,2n) 13.5y;¢/B~- - - - Low
for v-alloy (100 ppb) EulS50m Eul51(n,2n) 150y;¢ - - - Low
(continued) HE Hf178m2 Hf179(n,2n) 31y;IT Low Low Low low
(5.6 ppm)
Ho Hol66m Hol65(n,g) 1.2x10%y;B- - - - TLow
(100 ppb)
Mo Nb94 Mo94(n,p) 2.0x10%; B~ - - - Low
(150 ppm) Mo95(n,n'p)
Tc99 Mo98(n,p)*  2.1x10°y;B- - - - -
Ni Co60 Ni60O(n,p) 5.27y:B~- - - - oW
(3.0 ppm) Ni61l(n,n'p)
Nis9 NiS8(n,q) 7.5x10% ;¢ - - - Low
Ni60(n,2n)
Ni63 Ni62(n,q) 100y;B- - - - T.ow
Ni6é4(n,2n)
Fe60 Ni64(n,n'a) 1.5x10%y;B- - - - Low
Nb Nb94 Nb93(n,q) 2.0x10%y;p- - - -~ Low
(50 ppm) Nb92m ¥b932(n,2n) 10.15d;e Low - - -
Th Tb158 Tb159(n,2n) 180y;B- - - - Low
(100 ppb)
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D-T Fusion Activation Products from Neutron Interaction with Structural Materials

(continued)
Fusion Alloy Major Main Half- Activation Product Concerns
Material Element Activated Activation Life
(weight Nuclides Reaction and
percent) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Jisposal
Ferritic Fe Fe5S FeS56(n,2n) 2.73y5¢e Low Low - -
Steel (85.0) MnS4 FeS4(n,p) 312d;e Low Low Low -
(HT9) MnS6 Fe56(n,p) 2.58h;B- - Low Tow -
Co60 Fe58(n,qg)* 5.27y;B- - - Low -
Cr Cr51 Cr50(n,q) 27.74;¢ Low Low Low -
(11.5) Cr52(n,2n)
Ni Co58 Nis8(n,p) 70.8d;¢ Low Low Low -
(0.5) Co57 Ni58{n,n'p) 2724;e Low Low Low -
Co60 Nieo(n,p) 5.27y;8 Low Low Low -
Mo Nb94 Mo94(n,p) 2.0x10%y; B~ - - - Low
(0.99) Mo95(n,n'p)
v
(0.3)
Mn
(0.55)
W
(0.5) Tal82 W182(n,p) 114d;p- Low Low Low -
HE178m2 wis2(n,n'a) 31ly;IT Low - Low Low
wlsl wW1lg82(n,2n}) 121d;e Low - - -
W180(n,q)
wis?7 W1B6(n,qg) 23.7h;p- Low - - -
Nb Nb94 Nb93(n,g) 2.0x10%y;B- - - - Low

(500 ppm)
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D-T Fusion Activation Products from Neutron Interaction with Structural Materials

(continued)
Fusion Alloy Major Main Half- Activation Product Concerns
Material Elements Activated Activation Life
(weight Nuclides Reactions and
percent) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat  Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Reduced Fe Fe55 Fe56(n, 2n) 2.73y;e Low Low - -
Activation (88.0) MnS54 Fe54(n,p) 312d;¢ Low Low Low -
Ferritic MnS6 Fe56(n,p) 2.58h;B- - Low Tow -
Steel Co60 FeS8(n,qg)* S.27y;B- - - Low -
(9Crwv) Cr Crs51 Cr50(n,qg) 27.74;¢ Low Low Low -
(8.94) Crs52(n,2n)
Ni
Mo Nb94 Mo94(n,p) 2.0x10%;p - - - Low
(10ppm)
v
(0.25)
Mn
(0.44)
Ta
(777ppn)
W w185 w186 (n, 2n) 75.14;8 Low Low - -
(1.97) W184(n,q)
Tal82 wis2(n,p) 1144;8 Low Low Low -
w183(n,n'p)
H£178m2 wig2(n,n'a) 31y;IT Low - Low Low
wisl Wwis82(n, 2n) 121d;e Low - - -
w180(n,qg)
w187 w186(n,q) 23.7h;p- Low - - -
Nb Nb94 Nb93(n,q) 2.0x10%;p- - - - Low
(<10ppm)
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D-T Fusion Activation Products from Neutron Interaction with Structural Materials

(continued)
Fusion Alloy Major Main Half- Activation Product Concerns
Material Elements Activated Activation Life
(weight Nuclides Reactions and
percent) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiclog. Decay Heat  Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Inconel
625 Ni Co58 Ni58(n,p) 70.8d;e Low Low Low -
(62.0) Co57 Ni58(n,n'p) 272d;e Low Low Low -
Co60 Ni6é0O(n,p) 5.27y;B- Low Low Law -
Cr Crs1 Cr50(n,qg) 27.74;¢ Low Low Low -
(21.5) Crs2(n,2n)
Nb Nb94 Nb93(n,g) 2.0x10%y;p- - - - Low
(1.8) Nb92m Nb93(n, 2n) 10.15d;€e Low - - -
Mo Nb94 Mo94(n,p) 2.0x10%;p - - - Low
(8.99) Mo95(n,n'p)
Ta Talg82 Tal81l(n,q) 1144;p Low Low Low -
(1.8)
Fe MnSé Fe56(n,p) 2.58h;p~ - Low Low -
(2.5)
Co Co60 Co59(n,q) 5.27y;B- Low - - -
(0.5)
Mn
(0.27)
Si
(0.25)
Ti
(0.25)
Al
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D-T Fusion Activation Products from Neutron Interaction with Structural Materials

(continued)
Fusion Alloy Major Main Half- Activation Product Concerns
Material Elements Activated Activation Life
{weight Nuclides Reactions and
percent) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Disposal
Ti-6A1l-4V Ti Ca4s Ti48(n,x) 164d;p- Low - - -
(90) Sc48 Ti48(n,p) 43.7h;B- - Low Low -
Sc46 Ti46(n,p) 83.84;0- Low Low Low -
Sca47 Ti47(n,p) 3.35d;8- - Low ‘Low - -
Ar42(K42) Ca45(n,x) 32.9y;B~ - - Low Low
Ca4? TisO(n,a) 4.544;B- Low - - -
Al Na24 Al27(n,a) 15h;B- . Low Low Low -
(6) Al26 Al27(n,2n)  7.4x10%y;e - - Low Low
v Sc48 V51(n,a) 43.7h;PB- Low Low Low -
(4) Sc47 v51(n,n'a) 3.35d;p- - Low Low -
Sc46 vs0(n,n'a) . 83.8d;B- - Low Low -

*indicates multi-step neutron reactions to reach the final activation products.
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D-T Fusion Activation Products from Neutron Interaction with Structural Materials

(continued)
Fusion Alloy Natural Major Main Half- Activation Product Concerns
Material Elements Isotopes Activated Activation Li
(weight (percent Ruclides Reactions and
percent) abundance) Decay
Mode Safety: Safety: Maintenance: Waste:
Radiolog. Decay Heat Shutdown Recycle
Hazard Dose Rate and
Potential Dispesal
sic Si Si2s Si28(n,n'p)Al27
(70) (92.2) Na24 Al27(n,a) i5h;p- Low Low Low -
Al26 Al27(n,2n) 7.2x10%;e  ~ - Low Low
Na22 Al27(n,n'a)* 2.6y;€ - - Low -
Al28 8i28(n,p) 2.24m;B~ Low Low - -
si29 Al29 8i29(n,p) 6.56m;B- Low Low - -
(4.67)
Si3o Mg27 8i30(n,x) 9.46m;B- Low Low - -~
(3.10) Mg28 §i30(n,He3) 20.9h;B~ Low Low Low -
C
(30)

*indicates multi-step neutron reactions to reach the final activation products.



Table 3
List of Neutron Reactions with Which there are Cross Sect’ on Data Deficiencies
for the Determination of Activation Concerns in Fusion Structural Materials

. Fe58 (n,g) Fe59
Needed for all iron-based structural materials, The energy range is from thermal to 1 MeV,

. Cr50 (n,g) Cr51 7 _
Needed for structural materials, such as 3168S and ferritic steel, containing significaut amount
of chromium. The energy range is from thermal to 1 MeV.

. Ti50 (n,a) Ca47

Needed for structural materials, such as vanadium-alloy and titanium-alloy, containing
significant amount of titanium, This reaction is particularly important for early dose
assessment. The energy range is from threshold to 14 MeV,

. Ti48 (n,a.) Ca45 and Cad5 (n,0.) Ard2
This 2-step reaction is important of V-5Ti-5Cr alloy. The energy range is from threshold to 14
MeV,

. W(nx)Wisg1

Production cross section for W181 from natural tungsten is needed for early dose analysis of
the reduced activation ferritic steel. Two reactions are involved: W182 (n,2n) and

W180 (n,g). The energy ranges are from threshold to 14 MeV, and from thermal to 1 MeV,
respectively,

. WI186 (n,g) W187
Production cross section for W187 from natural tungsten is needed for the reduced activation
ferritic steel. The energy range is from thermal to 1 MeV.

. Production cross sections for long-lived radioisotopes from alloying elements and impurities:

Agl09 (n,2n) Agl08m Hf179 (n,2n) Hf178m2
Al27 (n,2n) Al26 Mo9%4 (n,p) Nb9%4
Cd108 (n,p) Agl08m Mo98 (n,g) M099
Co059 (n,g) Co60 Ni (n,x) Ni59

Cu63 (n,p) Ni63 Ni (n,x) Ni63

Eul53 (n,2n) Eul52 Ni64 (n,n'a) Fe60
Eul51 (n,2n) Eul50m Tb159 (n,2n) Tb158
Ho165 (n,g) Ho166m W182 (n,n'a) Hf178m2

Energy ranges: (a) threshold reactions - from threshold to 14 MeV; (b) capture reactions -
from thermal to 1 MeV.

n
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Table 4

IList of Neutron Activation Reactions
Whosa Cross Sectlons are Consldered Inadequate
(Reproduced from Ref. 3)

Ag~109(n,2n)Aq=108m; Ag=107(n,g)Ag-108m; Al=27(n,2n)Al-26;
Al-27(n,nfalphajNa-23; Bi-205(n,g)Bi-210;
B1~209(n,n'alpha)T1l-205; T1-205(n,2n)T1-204;

Ca=-44(n,g)Ca~45; Ca-42(n,alpha)Ar-39; Ca-43(n,n'alpha)ir-39;
Ca~40(n,2p)Ar~39; Co-59(n,g)Co=-60; Cr-50(n,g)Cr-51;
Cu=-63(n,p)Ni~63; Cu=~65(n,t)Ni-63; Fe~58(n,qg)Fe~59;
Fe~59(n,g)Fe=60; Fe=54(n,np)Mn=~53; HEf=178(n,2n)Hf=177m;
HE£=177(n,qg)Hf=178m2; Hf~-179(n,q)Hf=-180m; HE=-180(n,q)HEf=-181;
Hg~204(n,2n)Hg~203; T1-203(n,qg)T1=-204; Hg=198(n,2n)Hg=-197;
Hg=198(n,2n)Hyg=197m; Hg~-200(n,2n)Hg-199m; Hg-198(n,g)Hg=199m;
Hg~200(n,p)Au=-200m; Hg=-196(n,p)Au~196; Hg=196(n,n'p)Au~195;
Hg=196(n,alpha)Pt=193; Mg~25(n,np)Na=24; Mg-24(n,t)Na=-22;
Mg=-24(n,n'p)Na=-23; Mg-26(n,g)Mg=27; Mo=95(n,p)Nb=95;
Mo~96(n,n'p)iib-95; Mo-97(n,t)Nb-~95; Mo-33(n,g)Mo-99;
T¢-99(n,2n)Tc~98; Tc~-98(n,2n)Tc~97; Mo-92(n,alpha)yY-88;
Mo~92(n,g)Mo~93; Mo-94(n,2n)Mo-93; N-14(n,n'alpha)B~10;
Ni=60(n,t)Co~58; Ni~58(n,q)Ni~59; Ni~60(n,2n)Ni-59;
Hi=62(n,lHe~3)Fe~60; Ni=G4(n,n'alpha)Fe=60; 0=17(n,alpha)C=14;
0-18(n,n'talpha)C-14; Bi-209(n,2n)Bi=208; Pb=204(n,t)Tl=202;
Pb=-206(n,alpha)Hg~203; Pb~207(n,n'alpha)lg~203;
Pb=204(n,p)T1-204; Pb-206(n,t)T1-204; Re-185(n,g)Reld6m;
Re~187(n,2n)Re~186m; Re~187(n,p)W-187; Re-~187(n,alpha)Ta~184;
Re~185(n,alpha)Ta=182; Si-28(n,n'p)Al=-27; Si-28(n,alpha)Mg=-75;
8i~-28(n,n'alpha)Mg~-24; Ta-180(n,t)Hf-178m2; Ti-48(n,alpha)Ca~45;
Ti-46(n,n'alpha)Ca~42; V=-50(n,n'alpha)Sc~46; V=51(n,t)Ca~45;
Sc-45(n,n'alpha)K=-41; K=41(n,t)Ar-39; W-163(n,n'p)Ta=-182;
W~184(n,t)Ta=182; W-182(n,n'alpha)Hf=178n2;
W~186(n,n'alpha)if-182; Zn=64(n,g)2n=65; 2r=-90(n,t)Y=-88;
2r-94(n,q)2r-95; 2r-92(n,q)2r=-93; 2r-94(n,2n)2r-93
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1. Introduction

Fusion reactor systems operating on the (dt) reaction will produce large numbers
of neutrons which will, through nuclear reactions, produce activation products in
material subjected to the neutron fluence. In particular, the irradiation by
neutrons of the first wall of a power reactor system and structural materials in
that vicinity could give rise (o Intense radioactivity. This is expected to result in
radiation damage to the extent that the wall will probably have to be replaced
every few years. There is clearly a great incentive to minimise the activity and the
aount of radioactive waste generated. Also, If it can be reduced to a low level
nfter a reasonable cooling time, the first wall material could be reused, with
obvious economic benefits.

To address these problems the UK Fusion Programme [nitiated a search for
suitable engineering materials for use in the first wall of a fusion power reactor.
As activation would be an important criterion in selecting suitable elements, part
of that Programme {s devoted to the establishment of a nuclear data library and
associated inventory code to enable activation to be calculated with sufficient
accuracy. The neutron flux in a reactor will be such that sequential reactions in a
given nucleus will be possible, driving the products well away from the stable
region of the chart of the nuclides. For this reason, such a library must contain
cross-sections for reactions in unstable isotopes as well as stable ones. To enable
the search for low activity materials to be as comprehensive as possible, the
nuclear data library also needs to be essentially complete; missing cross-sections
could terminate a particular reaction path in calculations of activation, causing
misleading conclusions to be reached regarding the suitability of some elements.

In studies of potential first wall materials, it was suggested that an alloy
containing small quantities of tungsten and tantalum might have suitable
activation properties. From an inspection of the chart of the nuclides in the region
of these elements (see Figure 1) a possible problem was identified due to the
presence of the 31-year isomeric state, 7*™Hf. The production of significant
nimbers of nuclei in this state could lead to the first wall being active for many
years, making reuse difficult to achieve and therefore raising a potential waste
disposal problem. The situation is further complicated by the presence of a 25-day
isomeric state, *»™Hf, This state could live long enough for an (n,2n) reaction to
take place leading to the 31-year state in ®Hf, This latter reaction is expected to
have quite a high cross-section, consequently any ™Hf formed would have a
significant probability of being transformed into *™H(,

A scazch of the literature yielded no relevant measurements or theoretical
calculations of cross-sections leading to the isomeric states in ®Hf and '®Hf, and
the question then arose as to how reliable data could be derived. A solution to
this problem came when the Lawrence Livermore National Laboratory (LLNL)
offer=d to irradiate a package of materials, including tantalum, tungsten and
hainium, on the intense 14 MeV neutron generator, RTNS-II, to enable activation
cross-sections to be measured.
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2. Procedure
2,1  Sample Irradiation on RTNS-II

A package of 15 mm diameter folls of varlous materials was {rradlated on the
intense (d,t) neutron generator, RTNS-11, at LLNL in March 1987, on the x=0 axls
close to the tritlated target. The accelerator produced 360 keV deuterons giving a
maximum neutron energy of 15.6 MeV. The mean neutron energy was 14.8 MeV.
The package was subjected to a fluence of about 10'* neutrons/ecm? over a period
of 11 days.

The materlials conslsted of one foil each of hafnium, tantalum, tungsten, titanium
and a low-activation stainless steel, together with neutron fluence monitor foils of
nickel, cobalt, gold, manganese and copper, the entire package being wrapped in
thin aluminium foil. The package was approximately 6 mm thick, so that there
was a significant flux gradient from front to back. Details of the materials are
given in Table 1. The monltor foils were chosen because under irradiation by 14
MeV neutrons they produce, with accurately known cross-sections, y-ray emitting
isotopes with suitable half-lives. The package was to be returned to the UK after
irradiation and as it was not clear how long shipment would take, short half-lives
were ruled out as inappropriate. Care was taken to prevent any possibility of
cross-contamination of the folls for which cross-sections were to be measured by
ensuring that the foils of these materials were sandwiched between monitor foils,

As an independent check on the fluence, niobium foils were placed on the front
and back of the package during the irradiation. The activity in these was
measured at LLNL before the package was returned to the UK and the estimated
neutron fluences were found to be in agreement with subsequent measurements
using the monitor foils (see Section 4.1).

The time distribution of the neutron fluence during the 11-day irradiation period
was measured at LLNL by recording the counts at regular intervals in a fission
chamber placed some distance from the package. This enabled corrections to be
made for decay of activation during the irradiation.

2.2  Mecasurement of Foil Activity

The activity of each foil was determined at intervals over a period of time using a
Ge(Li) detector connected to a 4096-channel pulse height analyser system. The
resulting (dead-time corrected) spectra were stored on a local VAX computer from
which they were transferred to an IBM-PC compatible computer for subsequent
data analysis.

The detector was mounted inside a lead castle into which the foil samples were
placed for measurement. The distance of a foil from the detector was varied
depending upon its activity to achieve a suitable count rate. The detector
efficiency as a function of y-ray energy had already been determined using
standard sources mounted at 75 mm from the detector. When used with a foil
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mounted at a distance other than this, an inverse square correction was applied to
the efficiency data.

Detector energy calibration was carried out prior to spectrum collection using
standard sources but, as will be explained in Section 3.2, independent energy (and
resolution) calibration was carrled out during later analysis of the spectra using
the y-ray lines produced by the foil samples.
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3. Data Analysis
3.1  Spectrum Analysis

The stored spectra were analysed using the SABRE software package”. This suite
of programs works by {dentifying y-ray peaks in a spectrum. The intensity (I) or
area of a given peak above the continuum background is proportional to the
activity (a) of the isotope responsible according to the following expression:

s (1)
cB B
where:
e = the efficlency of the detector at the energy of the y-ray
peak
B = the fractional abundance of the y-ray line from the isotope

The SABRE software uses a peak search algorithm to‘locate all peaks above a
predetermined threshold, determines the energy of the peak, its area and width.
A gaussian fit is performed on each peak located in the spectrum to determine
these three parameters; this technique even enables overlapping peaks to be
measured.

3.2  Isotope Determination

Isotope identification is carried out with reference to a comprehensive y-ray
library. This computerised catalogue of y-ray isotope lines is based on the
GAMDAT-78 library?. It contains 2000 y-emitting isotopes and lists over 12000 /-
ray energies. In the SABRE package there are two programs which use different
approaches to carry out this type of analysis. The first of these, SPAN (SPectrum
Analysis of unknown Nuclides), makes a general search of the y-ray library for
each peak it finds in the spectrum. Certain constraints may be applied to the
candidate isotopes (e.g. half-life lower limit, atomic mass range etc.) but apart
from this ro other assumptions about the isotopes present are made. SPAN was
therefore found to be useful when analysing the early sample foil spectra which
contained large numbers of unknown y-emitting isotopes.

The other program, SPIC (SPectrum analysis of Identified Components), performs
a library directed search for peaks in a yray spectrum. This was found to be most
useful for analysing spectra for which the main isotopes present were well known.
It works from a list of the isotopes of interest; each peak found is then compared
against library entries for these few isotopes.

Both SPIC and SPAN require an energy calibrated y-ray spectrum. The SABRE
program, ENCAL, determines the calibration function. A rough energy calibration
for the detector was carried out using standard sources (**Ba, ’Co, %Co and
Mn). ENCAL was used to obtain a more accurate calibration for each of the foil
spectra in turn. Using the rough calibration as a starting point it searched the foil
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spectrum for y-ray peaks known to be present, and used these to determine the
cnergy calibration, ENCAL also determined the resolution calibration (peak width
versus energy) using all peaks in the spectrum; the resolution as a function of
energy Is used to help carry out the peak fitting in SPIC and SPAN,

Having located a peak in an energy (and resolution) calibrated spectrum, SPIC
and SPAN calculate, for cach candidate isotope assigned to the peak, the amount
of the isotope present (expressed as an activity) using equation (1), When more
than one Isotope has been assigned to a given peak, selection of the correct one is
often possible by looking for the presence of other y-ray lines emitted by those
isotopes (if they exist), Because each foil had been measured a number of times at
intervals since the irradiation, confirmation of the identity of candidate {sotopes
could also be performed by determining the half-life from the rate of decay of the
actlvity calculated from peaks In successive spectra.

This method was also used to combine the results of the successive measurements
to obtain a more accurate overall determination of the activity of the isotope
originally produced; a weighted least squares fit was performed on the activity
versus time data to determine the activity produced at the time of the irradiation.

3.3 Fluence Determination

The neutron fluence was determined from measurements on the monitor foils of
the activity of specific reaction products, the production cross-sections for which
are well known. As detailed in Section 3.2, the amount of each reaction product
in a given foil at the end of the irradiation was calculated from the successive
measurements made on the foil by least squares fit and extrapolation.

Because the irradiation took place over a prolonged period (11 days) a correction
was made for decay during the irradiation. Knowing the relative intensity of the
neutron beam as a function of time throughout the irradiation (from half-hourly
fission chamber measurements) it was possible to calculate in each half hour
period, how much of a given isotope produced would have decayed (from
knowledge of its half-life). Successive calculations of this kind were summed over
the entire irradiation period to calculate the fraction that would have decayed by
the end of the irradiation.

Having made the decay correction it was possible to calculate the neutron fluence
(F) seen by each foil from the expression:
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To obtain the neutron fluence seen by each sample foil, the mean of the fluences
seen by the two adjacent monitor foils was used.

3.4 Cross-Section Determination

Having determined the neutron fluence measured by the monitor foils, a similar
method was used to calculate the cross-sections for the reactions producing the
isotopes seen in the sample foils, As for the monitor foils, all isotope activities
were exirapolated back to the time of the end of the irradiation from the several
measurements that had been made on the foils. The same correction was made
for decay during the period of the irradiation. The production cross-section was
then calculated using the inverse of equation (2):

g = Jad (3)
mNF

It should be noted that, as natural elements were used in the experiment, it is not
strictly possible to obtain unique cross-sections in many cases as there are a
number of reactions which could lead to the production of a given isotope.
However, using a priori knowledge of 14-MeV cross-sections and being guided by
theory, it is sometimes found that one cross-section dominates the route to a
particular activity and it has been assumed that all the activity arises from this
reaction.

3.5 Self-Absorption Correction

In addition to the correction for decay of the reaction product isotopes during the
irradiation of the foils, a further correction factor was applied to the thicker foils
(thicknesses 1 mm and above) to take into account the attenuation of the emitted
y-rays within the foil material. This (y-ray energy dependent) correction factor is
as follows:

119



c.F, = 1n1E (4)

1-TE)
where:
TE) = ™

and:

E = the y-ray energy

u = the linear absorption coefficlent for the foil material (at

energy E)
X = the foll thickness

The linear absorption coefficient for the foil material in question was obtained
from standard data tables®.
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4, Results
4,1  Neutron Fluence Measurements

Table 2 shows the reactions in the monitor foils that were used to determine the
neutron fluence, Nickel was the primary monitor material; the fluence results
obtained from the 9 nickel foils distributed throughout the package were those
used in all subsequent calculations of cross-sections in the main sample foils. The
fluence measurements from thee other monitor materials were used simply as a
check on the nickel results.

The fluence results are given in Table 3(a) and plotted as a function of position in
the foil package in Figure 2. As expected, they show a gradual reduction in the
fluence from the front to the back of the package. The results from the other
monitor foils, including the two external niobium foils, generally agree with the
nickel measurements.

To determine the fluence seen by a particular sample foil, the mean of the fluences
measured by its two neighbouring monitor foils was used, Table 3(b) lists the
fluence value used for each sample foil in the package.

4,2 Hafnium Foil Measurements

The activity of the hafnium foil was dominated for the first year after irradiation
by the decay of "’™Hf and of Hf (half-lives 25 days and 70 days respectively).
Only after this activity had largely decayed away did the yrays from the 31-year
isomeric state, ®*™Hf begin to show clearly. Figure 3 shows a spectrum taken
several weeks after the irradiation and Figure 4 is one taken two years later. Note
particularly the spectra in the region 500-650 keV. In the earlier one, there is
virtually no sign of peaks, while in the later one several peaks from the decay of
178m2Hf are prominent.

Table 4(a) lists all of the significant y-emitting isotopes identified in the 10 hafnium
foil spectra that were taken. Some of these (éZr and Nb) originated from
reactions involving impurities in the foil samples and others were due to cross-
contamination from neighbouring (nickel monitor) foils, in spite of the precautions
taken. Cross-section results for reactions involving hafnium are given in Table
4(b). In deriving these, it has been assumed that the following cross-sections are
zero at a mean neutron energy of 14.8 MeV:

lﬂHf(nln')WBm!Hf
l?BHf(n/,Y)lﬁmsz-
lﬁHf(n’nI)lﬁmZHf

Cross-sections for the production of high-spin states arising from 14-Mev neutron-
induced reactions in hafnium have been calculated by Chadwick and Young®
using pre-equilibrium and compound nucleus theories. Considering the
difficulties involved in doing the calculations and the assumptions which had to
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be made, the agreement is remarkably good, as shown in ‘Table 4(b).
43  Tungsten Foil Measurements

Table 5(a) lists the y-emitting isotopes seen in the tungsten foil during the 9
measurements made on it since irradiation. Agaln, a number of these were due to
cross-contamination by neighbouring nickel folls. Table 5(b) gives the cross-
sectons calculated for the tungsten activation products. Two possible reactions
were identified as the potential source of both '®Ta and '™W. Because it was not
possible to say whether, in these cases, a particular reaction dominated, cross-
sections are given assuming that the stated reaction is solely responsible.

The isotope "*™Hf was not seen in any of the tungsten spectra, from which fact it
was possible to put the upper limit of 9.7 pb to the reaction:

182 (n,n o) VEm2EIf
4.4 Tantalum Foil Measurements

Table 6 gives the results for the tantalum foil. Only two isotopes were seen in this
sample and both of these were probably produced from reactions involving "¥'Ta,
The cross-section for the ®Ta(n,p) reaction is given in the table.

4,5 Titanium Foil Measurements

Table 7(a) lists the isotopes seen in the titanium foil. All apart from one of these
were due to contamination by the neighbouring nickel foil. As shown in Table
7(b), two possible reactions could have produced the #Sc. As in the case of the
tungsten foil reactions, cross-sections are quoted in each case assuming a single
production route.

4.6 Stainless Steel Foil Measurements

The results for the stainless steel foil are given in Tables 8(a) and 8(b). Cross-
contamination of “Sc is seen originating from the titanium foil, which was
immediately in front of the stainless steel foil in the sample gackage. Of the two
isotopes produced by reactions in the steel constituents, the *Mn could arise from
either of two reactions. Again, cross-sections are quoted assuming a single
production route.



5. Conclusions

A comparison of the measured cross-sections with the corresponding theoretical
ones shows a very good level of agreement. To calculate these small isomeric
cross-sections to within a factor of about fwo compared with the measurements
has to be viewed as remarkably satisfactory and provides some degree of
confidence that such calculations can be used to obtain cross-section data of this
type for improving fusion cross-section files.
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Table 1
Details of materials irradiated on RTNS-II

The foils, 15 mm diameter, were packaged in the order shown, sample number 1
being nearest to the neutron target.

Sample Material Thickness Mass
No. (mm) g
1 Ni 0.01 0.016
2 Cu 1.10 0.154
3 Au 0.005 0.017
4 Ni 0.01 0.015
5 Co 0.01 0.018
6 Mn/Ni* 0.05 0.060
7 Ni 0.01 0.016
8 Hf 1.00 2.386
9 Ni 0.01 0.017
10 W 1.00 3.170
11 Ni 0.01 0.016
12 Ta 1.00 2.884
13 Ni 0.01 0.015
14 Ti 0.10 0.075
15 SE#* 0.14 0.188
16 Ni 0.01 0.016
17 Mn/Ni* 0.05 0.063
18 Co 0.01 0.018
19 Ni 0.01 0.016
20 Au 0.005 0.017
21 Cu 0.10 0.154
22 Ni 0.01 0.014

* 88% Mn, 12% Ni
** stainless steel
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Monitor Foils -~ Reactions Used

Foil Material
Nickel

Copper
Gold

Cobalt

Manganese

Table 2

N
SSN i
Ni
8Cu

197 Au

59C 0
59C 0

SSMn

(n,p)
(n,pn)
(n,p)
(n,or)
(n,2n)

(n,p)
(n,2n)

(n,2n)

"Co
5Co
80Co
196 AU

59Fe
SSC o

Mn
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Table 3

(a) Monitor Yoils - Fluence Measurements

Nickel Foil Nudrﬁbe;

Measured Neutron Fluence
(n/cm?)

. e ———————

1,016 x 10"

1.038 x 10"

9.360 x 10"

6.885 x 10V

5,996 x 10V

5.673 x 10"

4.817 x 10V

5,053 x 107

li\om\lc\U‘AMN-‘

5.550 x 10V

“,_________.__J

(b) Sample Foils - Fluence Values Used

Material

— — T

Nettron Fluence
m/em?

Position of Material

| Hafnium (8.12 = 0.57) x 10" Between Ni folls 3&4

i Tungsten (6.44 = 0.45) x 107 Between Ni foils 4&5

| Tantalum (5.83 = 041) x 10 | Between Ni foils 5&6 |
ﬂ Titanium (5.39 = 0.38) x 10" Between Ni foll 6 & SS ]!
| Stainless Steel (55) | (5.10 = 036) x 10




Table 4

(a) Hafnium Poll « Gamma-emitting Isotopes

Isotope Li Orlgin
175[_“ ""Hf(n,Zn)"’Hf
17sm1f_“ ’”I‘If(ﬁ,Zﬁ)m’“sz
{Mm2 & le f(n,Zn )l79mlH f
B VAL{(n,20)Hf ~ PLu
Zr from Zr impurity in Hf foll
:Nb decay product of **Zr
Co
“Mn b contamination from Ni foll
“Co J

(b) Hafnlun Foll Reaction Cross-Sections

P — s — - s = =
Reaction Measured Cross-section | Theoretical Cross-secions®
(b) (b)
7eL1f(n,2n)SHE 2.25 + 0.25
WL, 20) () (6.75 + 0.80) x 107 2.95 x 107
L (0,0 ) P 2H )
19E1f(n,2n) PmIEf) (2,92 = 0.35) x 10?2 1.31 x 107
W (n,n) Pm2f)
e g e e e e e A e 00 b
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Table 5

(a) Tungsten Foll - Gamnma-emitting Isotopes

Isotope Likely Origin

LS (1 W (n,a) M HS

10277, 1247(n, p)'2Ta
or '"™W(n,pn)"*Ta

IBSW ‘“W(n,Zn)‘“W
or "“W(n, )IBSW

Co ]

%Co

“Co : t contamination from Ni foil

M |

¥fe J

(b) Tungsten Foll Reaction Cross-Sections

Reaction Cross-section (b)
W (neo) WHSf (1.02 + 0.12) x 10?
W (np) "Ta (7.21 £ 0.87) x 10°°*
W (n,pn)'*Ta (1.33 £ 0.16) x 10?°
W  (n,2n) "W 1.77 £ 021°

Assumes this reaction 1s the only one responsible for the production of the measured isotope
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Table 6

(a) Tantalum Foil » Gamma.cmitting Isotopes

Isotope Likely Origin
M,I‘If lBlTa (n’p) ISIHf
lﬂlTa ""Til (n”) IHZTa

(b) Tantalum Foll Reaction Cross-Sections

Reaction Cross-section (b)
"Ta (n,p) WHf (4.20 + 0.50) x 107
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Table 7

(a) Titanium Foll - Gamma-emitting Isotopes

Isotope Likely Origin
46G¢ “Ti  (np) “Sc

or “Ti (n,pn) 4Se
¥Co ]
Co } contamination from Ni foil
9Co
#Mn J

(b) Titanium Foil Reaction Cross-Sections

Reaction Cross-section (b)
*Ti  (n,p) *Sc 0.27 + 0.03°
“Ti  (npn) %S¢ 031 £ 004"

"Assumes this reaction is the only one responsible for the production of the measured isotope
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Table 8

(a) Stainless Steel Foil - Gamma-emitting Isotopes

Isotope Likely Origin
er Cr  (n2n) S'Cr
Mn SFe  (np) *Mn
or ®Mn (n,2n) ¥Mn
4g5¢ contamination from Ti foil

(b) Stainless Stcel Foil Reaction Cross-Sections

Reaction Cross-section (b)
ICr  (n,2n) 'Cr 0.42 + 0.05
“Fe (n,p) *Mn 0.41 £005°
$Mn (n,2n) %*Mn 2,60 £ 031°

Assumes this reaction is the only one responsible for the production of the measured isotope
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Fig 1. The chart of the nuclides in the region of tungsten, tantalum and hafnium.

192



Mean Neutron Fluence
Mecasured In Nickel Foils
and Other Monitor Foils

Mean Fluence (n/cm**2) (1E17)
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Ni Foil Number

— Nifoils .+ Cofoils % Mnfoilsi <
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Fig 2. Mean neutron fluences measured with Ni, Co and Mn monitor foils
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Fig 3. Hafnium foil spectrum taken six weeks after irradiation
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Fig 4. Hafnium foil spectrum taken two years after irradiation
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