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The prcscnt rcport contains scientific and technical papers presented at the Third and 
Final IAEA Rcsearch CQ-ordination Mccting (RCM) on "Activation Cross Scctions for thc 
Gcncration of Long-lived Radionuclidcs of Importance in Fusion Reactor Technologyw which 
was hosted by the V.G. Khlopin Radium Institute and held in St, Petcrsburg, Russia, from 
19-23 June 1995. The papers, collected in the report, contain results of rncasuremcnts, model 
calculations and evaluations of cross sections for 16 activation reactions of special importance 
to fusion reactor technology leading to long-lived radionuclides, 
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FOREWORD 

Tllc present report cantiritu scientific and technical papers presented i \ t  the Tllird and Fitr;rl 
IAEA R C S C ~ I ~ C ~  Co-ordination Mccting (RCM) on "Activation Cross Sections for t l~c  Gcncrr~tion of 
Long-lived Radionuclides of Importance in Fusion Reactor Technology" which was hosted by thc 
VaG, Khlopin Radium Institute and held in St, Petcrsburg, Russia, from 19-23 June 1995, For a 
summary report of tlie meeting containing thc tcch~~ical conclusions and rccommcndations for spccific 
CRP reactions and the fill1 lcxt of thc meeting conclusions and recommendrrtions, agcndi~ sntl tlic 
list of participants see the report INDC(NDS)-340, 

Activation of reactor materials due to the ncutron field gcncrated by thc 14 McV tlcuteriurtl- 
tritium ncutrons is il principal issue concerning the development of fusion as a long-term encrgy 
source, It will impact the dcvclopment of reactor technologies relevant to safety, maintcnancc, and 
waste: disposal. Availability and quality of kcy activation data arc vcry important for thc asscssmcnt 
sf solutions to the various activation concerns, Considering the current needs and original requests 
of the fusion community to meet die design requirement the IAEA formed a Co-ordinatcd Researcl~ 
Program (CRP) entitled "Activation Cross Sections for thc Generation of Long-lived Radionuclidcs 
of Importance in Fusion Rcaetor Technology" with the purpose to obtain reliablc information 
(cxpcrirncntill and cvaluatcd) for 1G long-livccl activation rcactions of spccial importnncc to fusion 
rcsctor technology and succccdcd in obtaining thc participants of 18 laborrtorics from ninc nrc~nt~cr 
countries in this vcry specific task, 

The first Research Co-ordination Mccting (RCM) was held in Vienna in Novcmbcr 1991. In 
April 1993, the sccond RCM took ptace in Del Mar, California. 

Thc purpose of this mceting was to report, discuss and evaluate the results of the research 
carried out by each participating laboratory under this CRP, to review the status of cross sections 
for 16 activation reactions of spccial importance to fusion reactor technology leading to long-livcd 
radionuclides and to preparc thc Final Rcport summarizing the results of the CRP to the IAEA, 

At the two previous CRP meetings most of the discussion was centered on preliminary values. 
Thc 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 199G Anatoly Pashchenko 



NEUTRON ACI'IVATION CROSS SECTIONS FOR COPI'ER, 
EUROI'IUM, I-IAFNIUM, IRON, NICI<EL, SILVER, 
TERBIUM AND TITANIUM FROM TI-IIC AARGONNE, 
LOS ALAMOS AND JAERI COLLABORATION 'J 

J.W. Mendows, D,L, Smith and L,R Greenwood ' 
Argonnc National Laboratory 

a Argonnc, Illinois 60439, USA 

RC, Haight 
Los Namos National Laboratory 

Los Alamos, New Mexico 87545, USA 

Y.  Ikedn and C. Konno 
Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-kcn 3 19- 1 1, Japan 

I ABSTMCT 

Sevcrd fast-neutron activation reactions for copper, europium, hafnium, iron, nickel, silver, 
terbium and titanium that are important to fision energy have been investigated in thrce distinct 
neutron fields gcnerated by accelerators at Argonnc National Laboratory and Los Narnos 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 Bc(d,n) thick-target spectrum produced by 
7-MeV deuterons are reported here. Data have also been acquired for neutron energies near 10 McV. 
I-iowcvcr, these latter results will be made available d e r  problems associated with determining the 
neutron-encrgy scale and interpreting the quasi-differential cross-sections measured near threshold 
arc resolved, 

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

*) Thc complctc rcsults from this project arc givcn in thc official final report "Meilsurcmcnt of 
Fast-Ncutron Activation Cross Sections for Copper. Europium. Hafnium, Iron, Nickcl. Silver. 'l'crbium 
md Titanium at 10.0 and 14.7 McV and for thc Bc(d,n) Thick-Tcrrgct Spectrum" which was crcccptcd 
for publication by 



Thc motivation fbr undcrtaking an lAEA Coordinated Rcscarch Program (CRP) on 
"Activation Cross Scctions for the Generation of long-lived Ihdionuclidcs of Irnportancc in Fusion 
Rcactor Tcchnoloby", and thc conduct of this cxtcnsivc international project, arc discusscd in two 
conference papers [Von92, SP941, Argonrie National Laboratory (ANL) a d  Los Alamos National 
Lnboratory (LANL), USA, and Japan Atomic Energy Research Institute (JAEN), Tokai, Japan, 
joined in collaboration to cxDminc scverd neutron-induced reactions under the auspiccs of this CRP. 
Progrcss in this particular collaboration hs bccn rcportcd in three carlier reports [Mea+90, Meai-92, 
Mcat.93 1. Thc purpose of the prcscnt report is to providc final cross-section rcsults relevant to those 
aspccts of this work which are considcrcd to bc complctc, namcly, the differential measurements at 
14.7-MeV (irradiations at JMRI) and the integral measurements in the Be(d,n) thick-target spcctrurn 
produced by 7-McV deuterons (irradiations at ANL), Data have also becn obtaincd for ncutron 
cncrgics near 10 McV (irradiations at LANL). However, it has becn discovered quite reccntly that 
intcrprctation of thcsc latter results for somc of the cxamincd reactions is very sznsitivc to 
determination of thc cncrgy scale and to dctdlcd definition of the quasi-monocnergctic spectrum from 
thc LANL H(t,n) neutron source reaction. Thc reason is that for thcsc reactions the incident-,neutron 
cncrgics arc rather close to threshold where the differential cross sections vary rapidly and non- 
linearly with cncrgy. 

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS 

Thc cxperirncntd procedures and data analysis methods uscd in this work have been dcscribcd 
in thc earlier progress reports mentioned above. There have been no hndamental changes in the 
approach uscd in analyzing thcsc experimcntal data. However, much of the preliminary numerical 
information which appcared in these earlier documents had to bc revised due to minor changes in 
radioactive dccay parameters and to recent modifications of the data correction procedures. 
References to other literature pertinent to this experimental work (c.g., radioactive dccay parameters, 
Q-valucs, ctc.) also appear in the carlier documents so they need not be repeated here. Finally, it is 
intended to prepare completc documentation of the ANL/LANL/JAERI collaborative project, 
including all rclevnnt nurncrical 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 pfogfess f e p o ~ s  £?om the ANULAMlJAERl collaboration. Table 1 lists the reactions 
which have been examined and Table 2 summarizes the relevant radioactive decay data. The 
"Ni(n,p)"~*"Co reaction served as a primary reference standard whilc the 9JNb(n,n')9t"Nb reaction 
served as a secondary standard only for the irradiation and data analysis canied out at JAERI. All the 
measurements utilized elemental samples so thc activation cross-section results must be interpreted 



accordingly, The intcgral cross scctions obtaincd from the Bc(d,n) spectrum mcasurcmcnts appear 
in Tablc 3,  Thc corresponding total crrors arc rcproduced from Tablc 4 whcrc the various partial 
crror components arc exhibited cxplicitly, Various rcprcsentations for the Bc(d,n) spcctrum that arc 
rcquircd to intcrprct thcse cross-section results arc ctiscussed by Meadows et al, [Mea+94], The 14,7- 
MeV diffcrcntial cross scctions obtaincd from thc parallcf ANLNAERI mcosurcmcnts and nnnlyscs 
appear in Table 5, The conresponding total errors come from 'Fablcs 6 and 7. These tables also show 
the various partial errors components for thesc measurements, Not all of thc rcactions considered arc 
represented in each category of rnc~urcments. As discussed in previous progress reports, this is due 
to the influence of various cxpcrimental conditions such as insuficicnt ncutron fluence or interfering 
(n,y) reactions. A complctc description of thcsc issues will appear in the forthcoming journal article 
mentioned above. 

SUMMARY 

The ANLLANLIJAERI collaboration has provided cross-section results in three distinct neutron 
ficlds for scvcral rcactions of interest to the CRP. The final values from measurements in two of these 
irradiation environments (ANL and JAERI) arc reported herc for consideration during the third 
coordination mccting of the CRP at St. Pctcrsburg, Russia, Junc 1995, Results from the LANL 
mcasurcmcnts will be available later when the above-mcntioncd problcrns are rcsolvcd and propcr 
interpretation of these data is assured. 
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Trrblc 1: Reactions involvcd in thc prcscnt investigation 

'I'nrgct Isotopc 
Abundance (%) Reaction 



I'nhle 2: Decay propcrtics of thc radionctivc nuclci involvcd in t l~c  prcscnt investigation 

Dccny Mcclsurcd Rclcvant y -ray 
Activity Hnlftifc' Modc Y Ray (MeV) Brarich (%) 

EC, P* 
IT 

's (srcond),m (minute), h (hour), d (day), y (yea) 
'Not applicable. 



Tliblc 3: Bxpcrimcntol intcgrnl cross scctions obtained from tllc prcscnt investigation for tl~c 
Dc(d,n) ncutron spcctrum 

Intc~ml Cross Scction (millibarns) ' 

3G.3 (kG.G%) 

174 (&7.4%) 

3,52 (&7,9%) 

2,11 (&6.9%) 

1.01 (*12.9%) 

14.8 (k9,3%) 

27'5 (*12,1%) 

39,4 (*9,5%) 

3.08 (*9,9%) 

' Absolutc cross d o n s  based on reference value of 23 1*14 millibarns for the "Ni(n,p)"~'"Co 
standard reaction in the Be(d,n) ncutron spectrum [Mea+94]. Errors obtained from Tablc 4. 



Tnhlc 4: Error sources for thc Bc(d,n)-spectrum ncutron cross-scction mcasurcrnents 

Estirrlntcd Etlor Cattipcrncnt (%) 
y -rny Half y-ray Activ, Ncut, fsot. Total 

Reaction Meas.' Life Bmch. Decay N S A ~  Scat.' Abun. ( n , ~ f ) ~  Error ' 

"Cu (n, U)@'~CO 

"OHf(n,2n)'7'h"'~f -t 

179~f (n ,  n') '*tlf 

2,l Negf Neg 

2,O Neg Neg 

2,s Ncg Ncg 

2,2 Neg Neg 

2,3 0.1 3.0 

4,O 2,8 3 , l  

6,8 G,1 3,O 

2.1 2.9 0.4 

5.5 1,2 5.2 

0,1 0,7 0.6 1.3 NAg G .Ci 

0,s Ne8 1,2 3.4 Neg 7,4 

1,4 2,3 0,3 3,4 NA 7,9 

0,1 2,3 0.3 Neg NA 6.9 

4.2 9,s 0,7 Neg NA 12,9 

Ncg 3,9 0,4 1,O NA 9.3 

Ncg 4,O 0,4 Ncg NA 12,1 

Ncg 5,3 0,3 Neg 3.4 9.5 

1.0 1,2 0,3 Ncg Neg 9.9 

' Includes errors due to statistics, detector eficiency and sum-coincidcncc effects. 

I 
' Combined error for geometric effects and neutron-source anisotropy. 
Includes errors due to perturbation of primary neutron spectmm by scattering and absorption. 

* Uflccftdnty in the estimated concction for neutron-capture activation. 
' Includcs nn error of 6.1% due to use of the "Ni(n,p)"a*rnCo standard for determining neutron 

fluence. 
'Negligible (c 0.1 %). 
Not applicable. 



Trrblc 5: Expcrimcntnl diffcrcntinl cross scctions at 14.7 MeV obtaincd from thc prcscnt 
invcstigntion 

Crooa Section (ttlillibnrns) ' Rntio 
Reaction ANL JAERI " (JAEIWANL) 

(n, p)'68m~ c + 306 (k5,5%) 3 1 1 (;t;7,5%) 1 ,€I2 
'7~i(n,n'p)4Qbm~c 

"Fc(n,p)j4~n 280 (&6,4%) 288 (&7,0%) 1,03 

"Fc(n,a)'l~r 87,9 (W%) ND ND 

%i(n,p)*"Co ND 137 (15.5%) ND 

"Cu(n, a)@'"Co 4 1.6 (&5.4%) 40.2 (&5.5%) 0,97 

'mAg(n,2n)'0gm~g 628 @G.7%) G82 (k7.296) 1,09 

'S'.Eu(n,2n)'J"%~ 1214 (&7.7%) 1258 (k6,9%) 1,04 

1'9Tb(n,2n)lJ'g'm~b 1981 (k9,3%) 2072 (k8.6%) 1.05 

"bHf(n,2n)'7'~f 19 15 (&7.0%) 2057 (&6.2%) 1.07 

'7PHf(n,2n)r7'*Hf + ND 7.2 (&9.0%) 
1 7 r ~ f ( ~ , ~ f ) 1 " " 2 ~ f  

ND 

1 8 0 ~  ,, I 7 M  
f( ,2 Nf+ 21.8 (i8.6%) ND ND 

17PE~n,n')17A"'~Lf 

'Absolute cross scctions arc based on 2W14 millibarns for the "Ni(n,p)"L"Co standard cross 
section at 14.7-MeV. 

JAERI irradiation. Sample counts and analysis conducted at ANL. Errors obtained fiom Table 6. 
' JAERI irradiation. Sample counts and analysis conducted at JAERI. Errors obtained fiom Table 7. 
Not detcrrnined in the present investigation. 

- 



Tlrblc G :  Error sourccs for the 14,7-McV ncutron cross-scction mcnsurcrncnts (ANL set) 

Estimated Error Cornponcnt (%) 
y-my Half y-ray Activ, Ncut, Isot, Total 

Reaction Meas,' Life Brnch, Decay Geom.  eat.' Abun. (n,y) ' Error 

2,2 Ncg Neg 

2,s Ncg Neg 

2,2 Ncg Ncg 

2.2 3,G 0,7 

2,1 2,8 3, l  

2.1 6.1 3,O 

0,2 0, l  0.4 3.4 NA 

0,2 0,l 0,2 3,4 NA 

0.2 0.1 0.4 Neg NA 

0,3 1,3 0.4 Neg 0.7 

0,2 3,4 0.7 1.0 NA 

0.2 3.4 0.5 Neg NA 

0.6 3.4 0.3 Neg 0.1 

0.5 3.4 0.3 Neg Neg 

'Includes errors due to statistics, detector efficiency and sum-coincidence effects. 
bIrtclude~ errors due to pertutbatian af primary neutron spectrum by scattering and absorption. 
'Uncertainty in the estimated correction for ncutron-capture activation. 
dIncludcs an error of 4.9 % due to use of the s'Ni(n,p)''F"Co standard for determining ncutron 

fluencc. 
"Negligible (< 0.1 %). 
'Not applicable. 



Tnblc 7: Error sourccs for thc 14,7=McV neutron cross-section rncasurcmcnts (JUIU sct) 

I 
I Estimated Error Component (%) 
I y-my Wnlf y-my Ncut, Isot, Total 
I 
t 

Reaction Meas.' Life Bmch, ~ c a t , " A b u n ,  Error ' 

5,5  Ncg Ncg 

2.1 Ncg Neg 

2,3 Ncg Neg 

2.3 Ncg Ncg 

3.7 3,G 0.7 

2,3 2,8 3 , l  

2,O 6.1 3.0 

2.4 2.9 0.4 

6.8 3.2 0,2 

'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 ncutrons. 
'Includes an error of4.9 % due to use of the "Ni(n,p)"gY"Co standard for determining neutron 

flucnce, 
"~egligible (< 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 dcduccd at JAERI for the calculated 
correction to the 5'Ni(n,p)"P"Co reaction yield. These two reactions have sirniIar low thresholds 
and corresponding sensitivities to low-encrgy neutrons. 

NEXT PAQE(S) 
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SUMMARY OF ACTIVATION CROSS SZCTfON 
MISASUIt~MlZN'l'S AT IJNS 

Y, Ikcda, C, Konno, A, Kutntlr* nnd Y .  Kasugni 

Jupm Atomic Encrgy Hcscxch Institute 
'l'okni=tnurr\, Ibnruki*kcn 3 19- 1 1 Japw 
* Universily of California, Los Angclcs 
LO$ AI~~cIcs,  CA 90024-1597 U, S. A. 

Presented at 
Third IAEA-RCM on "Aciiv;ition Cross scctions for thc Generation of Long-Lived 

mdionuclidcs of Itnportmce in Fusion Rctlctor Tcchnology" 

St, Pctcrsburg, Russia, 
19-23 Junc, I995 

Neutron activation cross sections around I4 MeV for scvcntcen reactions hrlvc 
bccn measured at the FWS facility in JAERl in order to provide cxpcrimentd data mccting 
thc rcquircmcnt in rile radisactivc wastes disposal asscsstrlerlt 11) (llc D-T fusion rcirctor, 
This report summurjzc contributing datu rncasurcd in scvcrd pliascs of cxpcrinlcnts to tlic 
IAEA-CRP 011 "Activation Cross sections for thc Generation of Long-Lived rndionlrclidcs 
of Importance in Fusion Rcactor Technology". 

Cross scctions for thc long-lived radioactivity production in structural materials with 
14 MeV ncutrons arc of kcy imponance from the w s t c  management point of vicw in the 
D-T fusion reactor dcvclopmcnt. An cndcavor of experimcntd mcmurctncnt for long-lived 
activation cross scctions was initiated in an IAEA-CRP[I -31 to respond to thc nuclear data 
rcquircmcnt, and significant efforts havc bccn dcvotcd to expcrimcntal mcasuremcnts, 
thcorctical predictions and cvaluations. However, still thcrc is need to measure morc 
systematic data from thc fusion reactor application point of view. In this context, 
expcrimcntal mcmurcmcnts of activation cross sections for reactions of conccrn at 14 MeV 
havc bccn conducted at Fusion Ncutronics Source (FNS) facility [4j at Japan Atomic 
Energy Kescarch Institute (JAERI) since 1989. The major objective was to providc 
expcrimental data for vcrifying sys~cmatically the induced radioactivity calculation codes 
and activation cross scction data libraries currently availablc[4-61, This report summarize 
the cxpcrimcnts at FNS and gives results for seventeen reactions cross sections around 14 
McV. 

Dccay data werc taken from thc Tablc of Radioisotopcs.[S] The long-lived radio- 
activities with half-lives from 5 to morc than 106 y c m  wcrc studied in this cxpcrinlcnt. 
Only thc mdioactivitics associated with y-ray emissions wcre dcdt as the objccts. 

(a) 1989 Irradiation 
Smplcs  of AI, slNi, Cu, Nb, Mo, Ag, IslEu, 153Eu. Tb, Dy. Hf. W. Rc, and Bi 

wcrc irradistcd with D-T neutrons for 4 days (8 hours irtndiation pcr day), which wcrc 
generated at FNS [4] by bombarding 3T target with 350 keV deuterium (d+) bean). I t  



rcsultcd it1 1.1 x 1 0 i f  ncutr0n.s of tot111 ncutron yicltl nt tlrc tnrgct, Four sets of foil 
p:lckngcs wcrc j~luccd : ~ t  :~nglcs of O", 450, 90" ;~tlrl 135(1 with rcapcct to tlic jtlcitlcrlt (I+ 
bcrlrtl, the distr~rlccs of wliicl~ wcrc aboul 50 111ti1 ~ ~ ' O I I I  fllc 1)-T SOU~CC,  l'liis cu r~f ig~~r r~ l io~  
was nssutlicd to provirlc cross scctiotl tl:~frr ill tlic ctlcrgy rrltlgc fro111 13,s to 15.0 MeV, 
Sitlcc tlie stuckccl silr~iplc p:lckqc WIN cotisiderr~bly thick iititl sigttific~lil ~Iclllrotl f lux  
dcprcssior~ wus cxpcctcd 111 tlic sntiiplc, rtlnltiplc thin Nb fuils wcrc itlscrtcd bctwcc~l 
romplcr for the ncutron flux monitor, Neutron flux at cnctl sample was determined will1 
tllc JJNb(t1,211)~21nNI, rcnctiorl rate, Tlic tlcutrolr fluctlcc at tltc fiut~~plcr; wus cstitl~atcd lo 
bc 0.8 -2.0 x 10151cm2, 

Morc thnn 1.7 year uftcr y-ray counting wtrs str~rtctl using rr high dctcction cfficicricy 
Gc dctcctor ( I  15% rcfntivc to 3" x 3" NnI(TI)), Gt~rnrnn-ray spcctrultl wrts nnrllyzcd by n 
GENIE systcrn providcd by CANBEl<[<A. Tllc dc(cctor cfficicncy was calibrncctl liy 
scvcral stundud prny sources, tllc unccrtuir~ty or wliicl~ was cstin~:lted to bc about 3% 

(b )  1992 Irrntllatiorr 
In rcsponsc to the firrthcr data riced it1 the surrltnary docurt~ctit of the first I(CM [2] 

in ~ o v c t n b c r  199 1 + cross scctions for ' ~ d ~ o ( n , ~ ) ' % b  ulid Y S ~ o ( n , t i ~ ) v ~ ~ - b ~  
15Hl)y(n,p)l5HTb, IH2W(n,n'a)l7Hm2llf rirld 1H7ltc(n,2n)lHfimI<c reactions at 14 MeV 
cncrgy rcgion have bccn rrlcasurcd by pcrfortning rr new irrudiation cxpcrirricnt in 1991 
using cnrictlcd isotopes or rc-counting of s:rtnplcs which wcrc irrndintcd in 1989, 
Although thc sutntnary docurticnt gave rr status for "Mo(n,p)y4Nb as adequate ant1 no 
rtlorc data rccluircd, contribution of gsMo(n.np) rc;tction for ""Nb production is of' 
itriportarit and no cxpcrirncntal data has been reported so far. In thc present rncwurcrncnt 
airr~cd rrt discriminating contributions from both rcnctions of Wo(n,p)"Nb arid 
vsMo(n,np)ydjNb by using isotopic cnricl~cd ~ [ i ~ t ~ p l c s .  For ~ I I C  ftwtsurC[llcnt of [ I ~ c  
1~2W1n,n'a)17Hm2J.lf reaction, WI c11rj~~lcd S U J I I ~ J ~  was :IISO user1 I~ecause of low ilctiviry 
yicltl, the cross scction of which was cxpcctcd to bc lcss thnn scvcral tens micro barn 
irccording to thc previous invcstigntion.[2] For tlic rcaction of Is"y(n,p)tsxTb and 
l"f<c(n,2n)lHOmHc, we huvc tried to dctcrrtrlinc thc cross scctions by counting the sarriplcs 
irrrldiatcd in 1989, putting longcr cooling tittic, Thc lo~;gcr cooling tir~ie morc than 3.5 year 
cnablcd us to count y-ray lines fro111 I5HTb dccay i n  t tic Dy sarnplc sufficiently. The new 
~ncusurcmcnt, howcvcr, gave unrcasonably largc cross scction valuc of morc than 500 
rrlb. Possible source of this extrcnlcly dubious data was investigated. On the othcr hmd. 
we found that additional cooling tiriic of 2 to 3 years is still nccdcd for activity 
rncrsurcmcnt of l86mKc in ordcr to reducc interfering radioactivity in the Rc satnplc. 

The ncutron source of FNS and irrudiatiot~ configuration in 1989 wcrc dcscribcd 
sotiicwhcrc i n  detnil.[2] Thc new irradiation in 1991 lasted for 288,000 seconds with total 
11-T ncutron yicltl of 2.74 x IOl7  at the target. The Mo sarnples werc plrrccd at 100 md 900 
wit11 respect to incident d+ beam direction. The 182W sample was placcd at I@), The 
ncutron flux was rr~onitorcd by using thc "Nb(n,2n)"2mNb rcaction with 459 f 10 rnb at 
I4 MeV region. 

(c) 1993 Irradiation 
Activation cross scctions for the rcaction of I~7Kc(n,2n)lH"Re [Tllz=2.0 x I05 y] 

at 14.9 MeV . and for the rca~tion of jv3lr(n.2n)lgzm2lr [TII2=241 y] at 14.3 MeV, were 
measured by using FNS facillty .Cotnmonly for both rcaction products, thcrc is strong 
intcrfcring radio;lctivitics with medium long half-livcs. Still aftcr one to two ycars cooling 
tirnc, considerably largc aniounts of y-rays gives a high background for low cncrgy 
photon dc~cction. As a frar~lcwork of activation cross scction around 14 MeV at FNS, the 
cross scctions of those reactions wcrc mcnsurcd to provide tlie cxpcri~rlcntal data to rllcct 
tllc initial purpose of the fusion rcactor rcquircmcnt. 

As reported previously in thc IAEA-CUP niceling [2], thcsc cross scctions are of 
significant difficult to rrlcnsurc due to inhercrit low dccay ratcs with low cntrgy y-nys to 
bc detected. and cxistcncc of large intcrfcrcncc activities. AS rcg;lrd to the it~ipoic;~ncc of 



duta for fugion npplic~ltions, cffort~ II:LV(: beerr placed 011 the reduction of background to 
crllcrgc weak y-r:ly lilles iflcorj,or:rted will1 :I Compton supprcssion y-rny spcctromclcr. 
Tliis paper tlcscribetl the rcccnt rcsults for the nctivation cross scctiorls of to rcucliotis of 
collccrn in  t l~c lotig-livctl rtidio:~ctivc r~uclidcs production, 

Tlic su~rl Ics of Kc with tinturril nl~\~n~laticc tlr~d 1% wit11 98 O/a ct~ricl~~i~ctlt  wcrc f irradiated will1 4 McV tlcutrons ;rt FNS firsility for 32 h and 40 h, respcctivcly, Ncutron 
fluxes at tllcsc srr~rlplcs wcrc dcrivcd from the activutioti rutc of ~t~onitor rcuction, 
gjNb(n,Zn)LJ2mN b. 

The Cornplon supprcssion spectrornctcr cotlsisting with 11"  x I I "  NIII(TI) 
sup rcsser and a Gc dctcctor, This dctcctor configuration cnablcd signific:int rcductiotl of I: bnc ground in t11c law cncrgy rcgion of intcrcst. Thc ordinary first~slow coincidcncc 
tccllniquc wrrs adoptcd, Tllc cffcctivc supprcssion ration in thc Compton scattering 
component was around 5 to 8, I t  was found that for the y-ray sources with higlicr cncrgy, 
the sdpprcssion ration increased very much. This w ~ s  due to the detccror arragctncnt with 
supprcsscr covering backward of tllc tilain Gc dctcctor, Thcrc was, us :I result, 
rc~narkrrblc supprcssion of background for tllc low cncrgy ngion. 

The activities of intcrcst werc so wcA that the samplc Iiad to k placed in the close 
vicinity of the Gc dctcctor to increase thc detector cfficicncy, Sincc cnch radioactivity of 
interest emits low cncrgctic singlc y-rays, thcrc was no nccd to correct thc su~nriiitlg 
counting loss. f-fowcvcr, dctcctor efficiency calibratiori was csscntiul, For this purpose, 
scvcrrll radionctivitics, 47Sc157Co and "Mo, which crnit low cncrgy g-rays associating 
with no cascade y-rays, wcrc prcpnrcd by irradiating sarnples of Ti, Co, Mo, By using 
thcsc ?ray sources, the clclcctor cfficicncy for 120- 1GO kcV wils dctcrmincd. 

Aftcr 3,7 year :lnd 1,s year cooling tirncs for Kc ant! Ir snrnplcs, rcspcctivcly, 
i~ctivi~ic's were rnc~surcd with thc Compton supprcssion spcctronlcter. 
The cross sections were dcrivcd by using riicasurcd decay y-ray counts, neutron flux and 
othcr ncccssq  correction Pdctors. As noticed, the largest cxpcrinlcntal error was due to 'p 
ray counting statistics, being f 35 8. 

1994 lrrniliatiorr 
Onc of most intcrcsting rcnctions arc the 17Wf(n,2n)17*m2Hf from the niodcf 

celculation point of view because of high spin state of 16$ for 17"*Hf4 SO far, scvcril 
cxpcrimcntal data wcrc presented and they seemed reasonably consistent each othcr. Thcrc 
arc thrw reaction channels for 17Hm2Hf production in Hf, i.c., 17YHf(n,2n), 17Hflf(n.n') 
nod 1771-Ir(1i.y). However, as thc data wcrc given as the production cross section i n  Hf 
xssutning all 178m2Hf arc products of thc 17QHf(n,2n)178m*Hf rcaction, In this irradiation, 
the cnricllcd isotopes of I79Hf and 178Hf wcrc used to identify the contributions of 
diffcrcnt rcactions. Unfortunately, 177Hf samplc was not available, so still there was 
uncertainty in estimating the 177Hf(n,y) rcaction contribution. 

Two sct of samplcs of 17HHf and I79Hf wcrc placed at 00 and 900 anglcs with 
respect to the incident d+ bcsm of FNS. Ncutron flux of cnch sample was Jctcrmincd by 
the same manner with thc 93Nb(n,2n)Xm~b rcaction ratcs. Thc total ncutron flucnccs 
wcrc in a r;lngc from 4.9 to 7.5 timcs I O'sJcrn'. 

Thc rcnction ratcs of conccrncd mdioisotopcs wcrc dcrivcd fro111 y-ray pcak counts 
with rlcccssary corrcctions, i. c. dccny constant. cooling titile, collection timc, dctcctor 
cfficicncy, natural abundance of the target material, y-ray bnnching ratio, satnplc weight, 
self-absorption of y-ray, neutron flux fluctuation during irradiation, and so forth. 

The cross sections werc obtained from the rcac~ion ratcs divided by ncutron f lux  
dctcrtnincd by using n cross scction value of 459 mb for y3Nb(n,2n)')2mNb roactiotl 



sroulrd 14 MeV. 111 'Sal~lc 1, cxpcriti~cr~tt~l dntn nrc sumtnnrizcrl nlong with cjnttl avtlilnblc 
in thc litcrilurc ruld IAEAaCItI'. 

27Al(n,2t1)2dA I 
Tl~c prcscnt dutu wcrc closc to tlic d:rtu rcportcd by lwr~sr~ki [GI arid slightly higher 

tllu11 dnbi rcportcd by S~ISUO [7], 7 h c  drrtti in Kcf. [g] of ECN cvaluntion ut 145  McV 
~ ~ f t l s  I O W C ~  than othcr cxpcrirncntnl data, 

6iNl (t~,tlp)fiOnl+Wo 
Prcscnt mcmurcmcnt gavc considcrdbly largcr cross scctions than datu in JENDL-3 

[a]. Howcvcr, from tlic rcaction systematics, our data sccnicd rcusonablc. 

G3Cu (11,a)I'O'"+fiC 0 
For the common reaction, many data havc been rcportcd, Thc prcscnt data wcrc i n  :r 

good agrcctncnt with the rcccnt ti1c:~surclncnt by Grccrnwood [lo], 

!J3Nb(n,n1)~3nlN b 
Due to the low threshold energy bclow 0,l McV, a precise cvaluntion of tlic rcaction 

cross scction hrrs bccn rcquircd, The prcscnt rncnsurcmcnt is in cxccllcrrt agrccmcnt with a 
rcccnt cvaluation by Odnno [ l  11, but is slightly largcr than the d:lta by Kyvcs (121, which 
wcrc so far the only nvaila5lc cxpritncnt:d dntrl in tllc 14 MeV region. 

"Mo(11,p)v4N 1) 
Thc contributions of thc *Mo(n,np)"Nb reaction to tllc ""Nb productisrls wcrc 

subtrnctcd cvcn though thc cnriclled isotopcs wcrc used, Insufficient y-ray countitlg 
statistics tfominatcd cxpcrimcntill crrors for cach tnca~urctncnt. This was due to the use of 
srllall anlourits of sarnplcs being about 50 to 60 trig, The uncertainty of half-livc (f 6.1 90) 
was thc sccondly large crror contributor. The prcscnt data arc in good agrccmcnt within 
cxpcrirncntnl crrors with data prcviously rcportcd [I31 as shown in 'I'ublc 1. Thc data 
measured at FNS arc uscd as the cross scctions for 95996+97+9RMo. The systematic trcnd 
support thc adcquucy of prcscntly mcasurcd cross section values. As noted in the last 
surnrnary document of the RCM, it is confirnicd that thcrc is no urgent need for this cross 
scction nt 14 MeV, 

gsMo(n,np)gjN b 
The contributions of 94Mo(n,p)"Nb were subtract from the "Nb production 

usirig isotopic abundance data as in thc g4Mo(n,p)v4Nb case. Also data othcr than 
"Mo(n,np)g4Nb arc rcfcrretl from datrr at FNS. Thc lr~rgc crror is duc to the y-ray 
counting statistics. However, the systematic trcnd suggests that thc prcscnt data gives the 
rcnsonablc range of cross scctions. The prcscnt results dcmonstratcd that due to ttic 
appreciably large cross scction at 14.8 MeV, the 9SMo(n,np)9jNb rcaction should be taken 
into account for the long-lived activity produclion as well as g4Mo(n,p)"Nb. 

loYAg(n,2n)10"A g 
No cxpcrimcn tal data for thc cross scction lo'-'A g(n ,2n) logm Ag (Tvz=4 18 y) was 

rcporlcd bcforc IAEA-CRP strutcd. As long as the old half-life of 127 f 7 year was uscd, 
thc present cxpcrimcnt gave cross scction of 212 + I I rnb. This valuc was vcry close to 
thc othcr cxpcrimcntclt valucs, whereas i t  was three tirncs srriallcr than that of an evaluation 
by IRK. This large diffcrcncc between cxpcririiental data and thc evaluation should bc 
attributed to thc wrong half-lifc data for tfic dcduclion of cxpcrinicntal data. After rcvising 
half-life of 127 y to 418 y, the cxpcrimcntal data ~ C C O I I I C S  vcry consistent with thc 
cvaluation at IKK. The cxpcrimcntal data at 14.1 and 14.7 McV along with data at 14.9 
McV arc given in Table 1. 



~ J ~ E u ( I I , ~ ~ I ) ~  sOfllJ3 u 
Otlly two cross scction dnta hnvc bccn rcportctl previously by Q:iirtl [14] and 

Nctllawlry [14], Along with duiu rcportcd in  tile first IAEA-CllI'[l], tllc cross section 
sccttlcd sotticwl~u~ convcrgcnt uround 1,2 b, Thc prcserit datu wcrc also it1 n good 
rrgrccrlrcnt within cxpcrialcntul crror with thosc rcportcd. 

JSaEu(n,zn)152mtg~ u 
Sitlcc dlc iso~tlcric stutc of 96 r l~ in .  de-excites with 100 O/o isotncric transitions to t l~c 

ground state, the cross scction was obtaincd for thc IJ3Eu(n,2n)152m+gEu, Only one data 
was avnilrrblc for this production (T1/2=13,2y) by Qaim 1141 bcforc IAEA-CRP report 
~ppcucd ,  In the report of IAEA-CIlP, wc found the data of 1,544 rnb at 14.77 MeV by 
Bcijing rind 1,740 nib at 14,7 MeV by KRI Leningrad. The IRK Vicnna gave an 
cvnluntion of 1,442 mb at 14 - 15 McV, Ttrcsc were rather scattered around 1,500 mb, 

l'hc prcscnt mcnsurcmcnt gavc cross scction about 1 .G being the middle valuc among 
the other data, Howcvcr, thc status of the cross scction sccmcd n little bit controversial, 
bccausc of, as mentioned, rather scnttercd dnta different with each othcr cxcccding tlic 
cxpcrimcntal crrors. 

Aftcr 3.6 year cooling, y-lines of 15Qb wcrc clearly obscrvcd in a g-ray spcctrurn 
shown in Fig. 3. Thc cross section for the 15HDy(n,p)lsn~b reaction was dcrivcd from 
the y-ray peak counts mcasurcd. The rcsult howcvcr, gave unrcasonabjy Iargc valuc Inorc 
than orlc order of magnitude, From the rcaction systematics, thc cross scction should be 
around 10 rnb. The IRK evaluation also indicated that cross scction shol~ld be lcss than 
I00 i t ~ b .  Tlic previous mcasurcmcnt at FNS gavc cross scctions of 100 -1: 80 ~ n b .  The 
value was still vcry tcntntivc bccausc of extremely poor counting statistics. Thc prcscnt 
new measurement gave much bcttcr counting statistics with k 1 1  %. Wc concluded tlint 
therc niust bc sornc crror source in thc present mcasurcmcnt, This situation could bc 
explained by thc impurity of Tb in the Dy sample. Assuming thcrc was somc amount of 
impurity of Tb in n Dy sample and 10 mb for isxDy(n,p) rcaction cross scction, a1 least 
200 ppm of Tb should bc thcrc to givc thc l58Tb activity corresponding to the count ratc, 
Unfortunately, there was no data for thc impurity composition in the Dy material used, A 
data of 250 ppm of Tb in Dy, which was available in sornc literature, wa.. remarkably 
consistent with the estimation. If the sample constituent is carefully measured by sornc 
chemical analysis, wc would say that therc is no nccd to havc cxpensivc enriched IsnDy 
sarnplc any more a long as this aqsumption is true. Ncvcrthclcss, it is still recommcndcd to 
pursue a nicasuremcnt with enriched sample of 15xDy. 

lsy'rl)(n,2n)lSam+fiT b 
Tcrbium-158 has two statcs, one isomeric statc dcexciting 100 % isomeric 

transition with half-life of 10.5 sec and the ground statc dcca ing with 150 year half-life. 4' The isomcr is so short-lived that the cross scction is sum of 1 gTb(n,2n)ls8m+gTb, 
Two experimental data have bccn rcportcd by Qaim [14] and Prcstwood [16] bcforc 

IAEA-CRP report. In the IAEA-CRP report, one cxpcrimcntal data and one evaluation 
wcrc given by IAE Bcijing and IRK Vienna, respcctively. Those data scemcd very close 
each other to bc around 1950 mb, The measurement at FNS through tlle inter-laboratory 
collaboration among ANL, LANL and JAERI gavc a cross scction of 1,600 mb at 14.8 
McV. Thc value was considerably lower than those previously rcportcd even though the 
cxpcrimcntal crrors were taken into account. Recently, the half-life of 150 y for I58Tb was 
rccommcndcd to bc rcviscd to 180 y. According to this revision, the cioss scction 
becomes around 1.9 b. 

Cross sections of 1944 +, 83. 1932 + 82. and IS37 -4 82 mb at 14.9, 14.7 and 14.1 
MeV wcrc obtained by the measurement at FNS, which arc consistent with data reponcd 
by othcr participants of CRP. The cncrgy depcndcncy of thc cross section sccms flat in 
t hc 14 MeV region. 



As notcd, two set of isotopically er~ricl~etl s a r ~  ICS of 17Wf al~d 1781-If were used e to idcntify the cnch rcaction contribution to forr~iing 1 Hm21.if, Thc cross scctions for tllc 
reilctior~ of 17HIlf(11,11')17Hr112I-If wcrc tentatively dcduccd by solving cquutiotls which uscd 
in the I7~l-Jf(n,2n)l7flfi121-ir cross scctiorl dctcr~ilitlntiorl, In  illis study, we t~cglcctcd the 
contribution fro111 1771.If(n,y) l7H11121-Jf because tllc nbulldancc of 1771-If W ~ I S  s111:lll 
cornpared to other isotopes in the snr~~plcs, Tllcreforc, thcrc! is still Inrgc uncertainty in the 
data. Thus note illat the present data give :ur upper l i t u i t  6f cross section, 

17911 f(n,2n)j7an1211 f 
No data hns bccn rcportcd so hi bcforc IAEA-CRP summary, In the inter-laboratory 

collaborution work, the cross scction of G,G k 0,3 mb was given, Ilarwcll [I] reported rul 
cxpcrirnel~tnl dnru of 5,9 f 0,6 tnb a( 143 MeV, One calculatior~ llas been giver) by 
Oxfor.&LANL to Lx: 2,9 111b at 14 MeV. 

The final data showed the value of 6.82 f 0.38 md 5.83 f 0.36 mb at 14.9 and 14.1 
MeV, which was very closc to thosc rcportcd rccently. 

182W (n,n9a)17d1112H f 
Using enriched snmplc, still very poor counting strrtistics for the y-ray line of 

17"2Hf, This is simple due to the cxtrcrncly low rcuction cross scction being less than 
0.1 mb, Nevertheless, slight irtlprovctnent was ac hicved in thc mcasuremcnt with the 
enriched srtrnplc in comparison with the last onc using samplc with natural abundance, 
Thc cross scctions determined in thc prcscnt mcasurcrtlcnt agreed with in cxpcrirnental 
crror with the previbus data. 

lM71<c(ll,2,1)18(i~r~~{ e 
The cross scction for 187Re(n,211)l~Gn]lie reaction was obtained for the first titrle 

with thc dircct rncnsurement in this work, Thc measured cross scction of 445 f 156 mb 
was cornpared with a calculation by Yamamuro [I71 with SINCROS-11 [18] as well as 
the IRK Evaluaiion [I]. The measured cross scction was agreed within cxpcrimcntal error 
though it was large with the calculation and thc cvaluation. As a whole, i t  could be 
concluded that there is no serious inconsistency among data. Still morc accurate 
cxpcrinlcntal data are strongly requested to give bctter evaluation. 

1"3Ir(n,2n)192"121 r 
The half-life of 241 year seems not so long for the activation cross scction 

mcasurcmcnt if the emission robability of y-ray is reasonably large. However, thc spin of 
the second isomeric state of L21r is hindering the deexcitcment with isomeric transition. 
resulting in very low Tray emission probability. Only one cxpcrimcntal data was rcportcd 
by China, IAE [3] for this particular rcaction. Surprisingly, thc data of 147 -L 52 rnb 
rncasurcd at FNS was in good agreement with that data of IAE. Although cxpcrimcntal 
crror was reduced significantly in thc present experiment, still morc accuratc data arc 
nccdcd. 

209U i(n,2n)2"8B i 
Although thc error was Ixgc, thc present mcasurcmcnt gavc a data reaonably close 

to thosc in currently available cvduatcd cross sections within the error. 

Summary  
Under the framework of the IAEA CRP. seventy reaction cross scctions of concern 

were measured in the 14 MeV region st FNS. sonic of them were derived by using 
erlriclled isotopes to identify the contribution of different reaction channel. In gcncral, i t  
t d c s  considerably long cooling timc to reduce interfering activity. Elliphasis should bc 
placed on our patient in tcrms of long waiting time, long counting timc. Finally we can 
cover almost dl reactions a$ far a% 14 MeV neutron energy is concerned. We hope that our 
cxpcrimcntal effort could makc a substantial contribution to this CRP. 
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MEASUIEI), ESTIMATED AND CALCULA'~EI) cnoss SECTIONS 17012 T ~ IE 
GENEIZA'I'ION 017 LONG-LIVEI) IUDIONUCLIDES 1N FAST NEUTItON 

INDUCED REACTIONSn 

J, Csiltni 
lnstiutc of Expcrimcntal Physics, Kossutli University, H-4001 Dcbrcccn, PC 105, Hungary 

Research Agreemefit Ns. 4882/CF 

Abstract: Activation crosss sections have been measured in n Gccsthacht-Dcbrcccn 
134 cooperation for 109~g(n,2n)10nm~g,  6 '~u(n,a) 'o~o,  13413a(n,?n)'33~a, ~ a ( n , ~ ) " ' ~ s ,  

13'~a(n,p) '37~s reactions at (14.5f0.3)MeV ncutron cnergy. Excitation functions of 
I33 IS2m24g G'~u(n,p)6'~i, '09~y(n,2n)10'm~g, I'I~u(n,2n)l'~*~u, Eu(n,2n) Eu, 1'9~b(n,2n)"'~b 

reactions wcrc investigated in the 7-14,7 MeV range in a JOlich-Debrccen collaboration, High 
purity C, Al, KHCO,, Zn, Cu, Ni, Mo, Si3N,, SiO,, Dy, Elf and Re samples wcre irradiated 
with 14.6 MeV neutrons in Debrccen to produce the following long-lived mdionuclidc~: I3c(n, 
oc)"~e, (1.6 x 10'~); ' . '~ (n ,~) 'y ,  (5730y); ' " "~ (n ,xc r ) '~~  , 27Al (n ,~n)26~~  , (7.16 x I o ' ~ )  ; 
"CI(~,Z~) '~CI ,  (3 x 1 bly); '?K(II,~)'~AA~, (269~) ; 3 9 ~ ( n , a ) 3 G ~ ~  , (3 x idy)  ; " ~ e ( n , a ) " ~ n ,  
(2 x 1 o6 ) ); '~n(n,cr)'~~i, (1 00y); G0~i(n,2n)"~i ,  (7.5 x 1 ody); 1 ' 8 ~ y ( n , p ) 1 3 ~ d ,  ( I  80y); 
"'~e(n.?n)"%e, (2 x 10'~) ;  i79~-11(n,?n) + i77~f(n,y)  + "'HQI,~') -t 17 'm2f~~ (3 Iy). 

The dctcrminations of the reaction products are in progress by using either the 
radiochemical scparatiot, method or the classical and accelcrator m a s  spectrometry in 
collaboration with JOlich KFA and Cologne University. Properties of cyclotron D-D neutron 
sources wcre studied 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 dctcctor and the physical integration methods 
rendered it possible to determine thc volume averaged flux density spcctra for extended 
samples. On thc basis of a systematic measurement for 30 a,,, and 27 a,, data at 14.6 MeV 
bombarding ncutron cnergy in Dcbrccen the trends were improved and the cross sections for 
" ~ u ( n , ~ ) ,  " ~ o ( n , a )  92~o(n ,p) ,  "~o(n ,p ) ,  and " ' ~ ~ ( n , ~ )  reactions have been estimated. 

Results obtained by experiment for the excitation functions and the encrgy dependence 
of the isomeric cross section ratio were compared with the calculated data from the thrcshold 
to 16 MeV using the STAPRE and EXIFON codes, Cross sections wcrc calculated around 14 
MeV by the EXIFON code for 29 reactions resulting 1ong.lived (T,,>IQy) radionuclidcs. 

*This work was supported by thc Hungarian Rcscarch Foundation (Contract no. 1734191, T 
016713/95) and the International Atomic Encrgy Agency, Vicnna (Research Contract No. 
6971/RB, 7G87/RB, 4882lCF). 



Meuurcments, evaluatior~s nrid calculations of activation crass scctions for production 
of long-iivcd isotopes at around 14 MeV ncutron encrgy nrc of primrrry importnnce for 
radioactive wastc cstimatcs as well as for tcsting nuclear reaction modcls in addition to the 
cosrnocl~crnical investigations, Cross section data available for such rcactions are vcry scarcc 
and contradictory avcn in the vicinity of' 14 MeV. Tlie exciration functiotls of the dosimctv 
rcactions rcquirc morc prccisc data cspccially bctwccn 5 and 12 MeV, A systematic 
investigation has been started in Dcbrcccn to complctc the cxperirncntal data bctwccn 2 and 15 
MeV and to chcck the diffcrcnt trcnds in the cross sections. Precise knowledge of the 
systematics is indispcnsnblc for the estimation of thc unknown data, Thc low yiclds of the long. 
lived isotopcs produccd in diffcrcnt rcactions rcquirc to use cxtendcd samples in which thc flux 
dcnsity spcctra O(E) can changc significantly, Therefore, the rncthods used for thc 
dctcrmination of volume avcragcd @(E) functions should have bccn improved, This report 
describes the prcscnt status of the rcsults achicvcd. 

High purity samplcs (Goodfcllow) of diffcrcnt dimcnsions and oxydc powders pressed 
in disk-shapcd pellets were irradiated with 13,s-14.8 MeV ncutrons in a low scattering 
arrangerncnt at thc ncutron generators of the Institute of Experimental Physics, Kossuth 
University, Dcbrccen. Neutrons wcrc produccd via the ' ~ ( d , n ) ~ ~ c  reaction using 180 kcV 
magnetically onalyscd dcutcron bcam. T l ~ c  foil staks were placed at different angles to the D'- 
beam to changc thc incidcnt neutron cnergy, A special irradiation gcometry was assurcd at 
(143 f 0.3) MeV ncutron energy by using thc KORONA gcncrator of thc GKSS in 
Gecsthacht. Neutrons in thc cncrgy range of 5-12.5 MeV werc produced by variable energy 
cyclotrons in Dcbreccn (MGC-20) and Jiilich (CV28) using D, gas target. Special attention 
was paid to the determinations of the average ncutron energy, the encrgy spcad, the flux 
density spcctra, the effect of low cncrgy neutrons and to suppress thcir contribution to the 
activities of the samplcs. In the casc of absolute intcrfcring (n,y) and (n,2n) rcactions the Cd- 
difference method was used. 

The absolutc activity of the irradiatcd samples was dctcrmincd by using Gc(Li), HPGc 
and Nal detectors. Thc peak arca analysis was based on thc program ACCUSPEC dcvclopcd 
for IBM compatible personal computers. 

Thc neutron flux density and its variation in time wcrc dctcrmincd by foil activations, a 
fission chambcr, a Pulse Height Rcsponsc Spcctromctcr and a BF, "long-counter*', 
rcspectivcly. For the dctcrmination of the flux dcnstiy spcctra of neutrons in cxtcndcd samplcs 



by activation unfolding mctl~od, thc cress section curvcs wcrc takcn from t l~c  IRDF-90 
dosin~etty file, 

Corrcctions wcrc madc for thc following cffects; variation of thc flux in timc, gnmmn- 
ray sclf-nbsorption, trua coincidcncc, dead-timc, irradiation and mcasuriny gcotnctrics, ncutron 
attenuation in the sample, Thc errors of the cross sections contain thc following principal 
sources: counting statistics, detector cfiiciency, sample muscs, decay constants, energy and 
fluence uncertainties, reference cross scctions, 

10 In the case of low threshold reactions e, g. B(n,p), '4~(n,p) ,  170(n,a), "~(n,a), 
breakup neutrons produced in both tho Coulomb-field and the 'II(d,np) rcactions arc present in 
the spcctrum with a high yicld at E,210 MeV, These ncutrons can contribute significantly to 
the total activity of thc samplc. In the knowledge of thc cncrgy dcpcndcncc of the reaction rate 
[b(E)a(E)], this contribution can be takcn into account. The $(E) functions were determined 
by the activation unfolding method while for a@) the evaluated data bascd on previous 
measurements or on thc calculatcd values havc bcen acccptcd. For thc dctcrmination of the 
cross scctions for thc 21~1(d,n)3~~1c rnonoenerge~ic ncutrons, thc reaction rates intcgmtcd aver 
thc group of low energy neutrons were subtracted from the total valuc obtaincd by cxpcrirncnt. 
Details of thc investigations related to the characteristics of neutron fields, the irradiation and 
measuring procedures havc bcen described clscwhcre [I-101. 

I 3. Rcsults and discussion 

109 130 m Details of cross section rncarurcments on ~~(n,?n)lO%g"', '"Jiu(n.?n) Eu , 
" ' ~ u ( n , ? n ) " ' ~ u ~ ' ~  and 157~b(n ,?n) l '~b  reactions at different energies are discussed by Qaim 
[ I  I]. Corrcctions for the effect of scattered neutrons on the activity of lo '~g""  produced via thc 
" '~g(n ,~ )  reaction havc given consistent results with other experiments. From two sets of 
mcasurcmcnts a value of (71 1 f 44) mb was found at En = 14.5 MeV accepting TI, = 433y. 

High purity C, A, KHCO,, Zn, Cu, Ni, Mo, Si,N, and SiO, samples were irradiated 
with about 5 x 10"n/cm2 flucncc of 14.6 MeV neutrons in Debrecen to produce long-lived 
radionuctides in fast ncutron induced rcactions. The sample preparations are in progress at 
Cologne University for the determination of the production cross sections by using the 
accelerator mass spectrometry. 
Reactions to be studied in the first sct of rncasurcrncnts are as follows: 

" ~ ( n , a ) ~ ~ ~ e  1.62 x 106 y ; 17 ~ ( n . a ) " ~  . " ~ ( n , n a ) " ~  5.73 x 10' y ; " ~ i ( n . 2 n ) ~ ~ ~ l  
s 39 7.2~10 y; ~ ( n , a ) ' ~ ~ l  3 x 10'~ 

I4 Rclativc data will also be given for thc production of 'OBC, C and 3 6 ~ 1  isotopcs using a 
WCO, complex sample for testing the measuring methods. 



Prccisc knowledge of tllc systematics in thc o(n,a) and a(n,p) data 113, 143 at around 
14 MeV rcndcrcd it possible to cstimatc somc data for production of Iqng-lived isotopes by 
intcrpolation and extrapolation mcthods. Thcsc data nrc indicntcd in Table 1 together with 
somc m c ~ u r c d  cross gcctions, It was found that the cKccts of (N-Z)IA nsymmcty parameter 
as well ns thc isotopic, isotonic an odd - even propcrtics of nuclci arc prcscllt in thc (n,cc) cross 
scctions cspccially in thc Coulomb sub-barricr region [IS, 1 GI, 
Studics on thc excitation functions of (n,p) and (n,u) rcactions can give information on the 
eKeet of Coulomb sub-barrier, thcrcf'orc o systematic investigation on tl~csc rcactions is 
rccommcndcd. 

Excitati~n functions of neutron induced rcactions wcrc calculated for somc rcactions 
from the threshold to 18 MeV by the STAPRE and thc EXIFON codes. It was found that the 
STAPIiE codc can give more realistic results for both thc total cross sections and thc energy 
dcpcndcnce of the isomeric ratio than thc EXIFON modcl [9,19], It should bc notcd, however, 
that in general, thc EXIFON codc can bc uscd for the estimation of the data for (n,p), (n,a) 
and (n,2n) rcactions around 14 McV [14, 17, 181, As indicated in Tablc 1 ,  a numbcr of 
rcaction cross sections for the generation of long-Iivcd radionuclides wcrc calculated [I81 by 
this inodcl bctwccn 13.5-15,O MeV, 

Figure 1. shows typical exarl~ples for the measured and calculated energy depcndcncc 
of the isemetic cross section ratios. Thc significant change in the ~ , / O ~ E ,  function at around 
14 McV could not be rcproduccd by modcl calculation 

A comparison of neutron flux density spectra from D, gas target dctcrrnincd by 
diffcrcnt methods is given in Fig. 2. The average cncrgy of the rnonocnergctic peak is 
consistant but the retativc yiclds of low encrby neutrons depends on the applied method [20], 

Tablc 1. Somc measured, estimated and calculated cross scctions for thc generation of long- 
lived isotopcs 
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EXIFON calc, 
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Fig. 1. Measured and calculated isomeric cross section ratios vs. neutron energy for ' ' ~ i ( n , ~ )  
and 6 5 ~ u ( n , a )  reactions. 



fig. 2. Spectral yields of neutrons from D, gas target at Ed = 9.7 MeV. 
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Abstract-This paper is a summation of activation cross section 
measurements for generation of long-livcd radionuclides o f  importance in 
fusion reactor technology. The measurements were performed by Institute 
o f  Atotnic Energy(lAE), Lanzhou Univcrsity(LU), Peking University(PU) 
and Sicliuan University(SU) in a period from 1989 to 1994, The cross 
sections were ~lleasured for reactions o f  1u9Ag,(n,2n)1f'"vAg, 15iEu(n,2n) 
I!(JIIIELI, l$JEu(n,2n)l?!~Eu, I$'Tb(n,Zn)l>HTt), 17~Hf(11,2n)l7~1112tI~ lX2W(n, 
n'~t)1~~1112Hl: lX7Re(n,2n) IWhlllRe and l')Jlr(n,2n)l~2l~l~lr nt 14 MeV, IOgAg(n, 
2n)Iobu1Ag, ~ ~ ~ E u ( n , Z ~ i ) ~ ! ~ ~ ~ ~ E u ,  127Tb(n,2n)l-'XTb and 177Hf(n,2n)17un12Hf af 
9.5 and 9.9 MeV, and "Mo(n,y)gWo(P*)+!"Tc, ~ ~ ! H o ( n , y ) l ~ ~ ~ H o  and 
15iEt~(n,y)152gEu in Ell 20-1 100 kcV. Some o f  them were calculated by 
systematic and WTT code, which was based on the compound nucleus 
evaporatioii and the preequilibriurn excition model. 

a 

t .  Introduction 

Investigation o f  activation cross sections needed for waste disposal assessnient of fusio~i 
reactor tnaterials was by ~ . ~ . ~ h e n f  in the MDC meeting(1987). A l is t  o f  
i~nportant reactions selected on long-lived nuclides for fusion technology was ~ i v e n  i r r  
Research Coordination Meeting, Argonne(l989). For t i is  reason, a cooperation group of 
CIAE. LU, PU and SU was organized in China. Up to now, a lot o f  results were obtained 
by this group and the measuretnents were greatly improved for t i le nuclear data rsed in 
fbsion energy applications. 

2. Experiment 

Tlie irradiations were carried out using the neutrons frotii T(d,n)JHe, D(d.n)'He. 
T(p.n)IHe and 7Li(l~.n)7Be reactions in neutron energy ranges - 14 Me\'. 9- 10 Me\'. 200- 



1100 keV and 20-250 keV at Jntcrlsc Ncutron Gcncrator(LU), Cockcrofl=Walton arld 
T;lntlcrtl accclcrtrtor(lAE) and Van-dc-Grnnff'accelcrntors(SU and I'U). 

Tlic activities o f  tllc investiyilfed products wcrc dctcrrilincd in four laboratories. And tlic 
same standard y-ray sources were ~lset l  lo c;llibrate tlic cflicicncics of Gc or Gc(Li) 
dctectors. 

I~ccornmcnded &cay parilnjetcrs for thc Iinlf-lif~(T~,~), pl~oton encrgy(E,) and photon 
e~nission probability(1,) arc given in table I 

I'nblc I. Decay da ta  of  protlucts 
1.----------.-----1.-..*-.-.-**------------.------......--.---..----.-------.---*.-*-.----"-------- 

I I.((JIIIE~ I.C1gEL1 1 17Kt11lHf 19211121~ IG~IIIH~ 09Mo 
--1-1-.--*1-.---111--11-1----*-----.-------*.-....-.-.-.-.*-----..-.".*-..........-.......-.... 

TI,, (Y) 418 35.8 13,54 IS0 3 1 24 1 12000 2.7477d 
E,, (keV) 434 334 344 944 574 3 16 772 140 
I ( %  90,s 94.0 26.6 43 83 8 8 3 *  54 7 90 7* * 

* from clecay o f  192glr 

* *  witli "IIITC in cquilibriu~n 

'Slic "Nb(n,2n)"21j1Nb, I"Au(n,211)1"Au a~rd l q 7 A ~ ~ ( n , y ) 1 9 % ~  reactio~ls were used :IS [Ilc 
neutron fluerlce n~onitors Tlie values of  t l re cross sectiorls were raker) fro111 evaluated data 
o f  Lu  Hanlinll[, H Vonaclll2l and ENDFIB-VI 

3 Correction 

A main correction canie from the conta~nination of tlle neutron field Tlie neutron field 
o f  T(~l,n)~He source i s  always contaminated by d-D neutron and scatlcred neutrons For 
cxarnplc, in the liieasllrelnents o f  l~~Eu(n ,211)~ !~~Eu reaction, the corrections were about 4- 
20%, wliicli calile from tlie contribution of l!lEu(n,y)l~?~Eu reaction for low encrgy 
ncutrons 

Using, tl-D neutron source at 9 5 a~i t l  9 9 Me\/. [here are several kirids o f  low cncrgy 
ncutrolis in tlie field. They came fro111 breakup neutron, self-buildup solid D target in 
window and backing, structure riiaterial bo~nbarded by deuteron and ~nulti-scattering 
neutrons. In present work, the ratios o f  netltron fluence measured by the monitors 01' 
?BNi(n,p)$8Co and 1''7Au(n,2n)1~6Ai~ are a b o u ~  2 3 and 1.8 at 9.5 and 9 9 MeV respecti\*ely 

I n  the 20- 1 100 keV neutron energy range for (n,y) reaction, the effect o f  scattering 
neutrons from target stn~cture and cooling niaterials. room background i s  very large So 
the samplc groups are wrapped by cad~iiiurll and gold foils to  reduce tlie inflt~cnce o f  lot\r 

% 

cnersy neutrons bc lo~v 0 6 cV and -5 eV(gold resonant absorption) 

For the correction in activity determination, the effect o f  surn peak was about 470h in 
tlie nlcasureliients o f  177Hf(n.2n)1781"1Hf slid IP!W(~~,n1a)17Rt~~2Hf reactions 



Otllcr corrections wcrc also 1n;ltlc for tlic fluctufition o f  ncutron flux, y-ray self- 
absorption in tlic s:11ti1~le, in~ourity nctivities, wliicli Ilavc y-rays wit11 energies close to tlic 
audycd oric, tlie c f i c t  o f  low cncryy ncul;ons(wbicli have energies lower t l ia~i 111aitl 

ncutron cncrgy and ovcr tlircshold), owing to diffcrcnt cxcitation function sllapcs o f  
st andaud and investigated reactions, 

4.  Results 

The cross scctions o f  al l  reactions wcrc sulnlnarized in tables 2-4, pcrformcd by IAE. 
LU, SU and PU. A consistcnt results wcrc obtained for la%g(n,2n)10R~t1Ag, 
1~1Eu(nI2n)~~O~~~Eir, IsJEu(n,2n)ls2sEu, lVTb(n,2n)lJ8Tb and 179I-If(n,2n)l78nl2Hf reactions a1 
14 MeV. 

Tlie cross sections o f  IXZW(n,n'a)~7~fl~21if and ~H7Rc(n,2n)lK6~~~R~ reactions at 14 McL' 
appear big scattered and uncertainties, Tlie cross section o f  lR7Re(n,2n)le'lllRc may bc 
improved wlien the reaction will bc measured aftcr anotlier two ycars cooling. 

Thcrc are larse discrepa*icics between t l ie data o f  IAE, and ANLILNJAERI, as wcll as 
JiilicWDebreccn collaborations, near tlircsliold in the reactions o f  1~1E~(n,2n) l~O~~~Eu,  
1"Tb(n,2n)lVb and HJ9Ag(n,2n)108"1Ag. Tliercfore, precise ~ncasure~nents arc necded for 
obtaining reliable data, 

I~JJr(n,211)1921"21r: T t~e  first valite of ttrr cross section was 134580 ~ n b  \vit l l  a large 
statisticfil error, about -50%. tile y-iay o f  155 kcV wit11 I.,=0.097%, was ~iicasured iri 1992 
In G ycars later after irradiation, tlie activities o f  the short-lived iso~ner(nil) and the 
~nedium-lived sround state(@ of l92Ir decayed to a neglected level relative to that of 
isorner(m2). The 3 I 6  keV y-ray (I,=S3%) o f  ground state, to wliicli isonier m2 stale onl!. 
decays, was ~tieasured with a liigli count rate(abou1 eight hundred times higher than beforcj 
and a srnall statistical error. Therefore the second value o f  167+24 mb for this reaction i s  
sreatly improved. 

5 .  Work plan in f i~ turc 

A. ~neasurerncnts in progress: 

IX7Re(n,2n)lxG~~Re. lgJRe(n,a)l~Ta, l"W(n,p)lVa, '84W(n,a)l"Hf, I"Pt(n,p)l"flt2Ir 
at - 14 M e V  
Ix7Re(n.p)1wW. 1X7Re(~l.u)18JTa at - I 0  MeV 
6JZn(n,p)G-'Cu in tl ie 3- 10 MeV region 
'JZn(n.~)flZn in  the 150. I I00 kcV region 
1311r(n,~)1''211121r ;it 0.0253 eV 

B. A effort will be considered in tile neutron energy range o f  7- 12 M e V  The elelnents o i  
Mo. Ti. Fe. Co and Ni will be selected to measure first. 

C. On-going nieasurelnent in 0.03-7 MeV and 14 MeV will continued 



Tablc 2 ,  Mcasurcd Cross Scctions (rnb) [CIM] ................................................................................................................................. 
RC;ICI~OII O,Sf(J.S !J.0%Ut0,5 IJ,I!J10,23 14,28&0,24 I4,4JiU,26 1J.7710,J8 14.8310.34 ................................................................................................................................. 

1 0 9 ~ g ( ~ ~ , 2 ~ ~ ) f f J H ' 1 t ~ g  45, I f J ,  1 737k2tl 707f3tl 734k3.1 757k2.1 767i2.I 
1 5 1 u ( n ~ ~ ) f J 1 i ~ ~ ~  S07f.75 J96IJU 1 l90f27 1215f36 1219228 
153~t~(~t,2n)152~&tr 156Of 70 
15%(~~,2~~)15mTb 49IJrGL gOJk76 lO8Uf5G 19G8k58 
179tIf(~1,2~~)17H1t11 tlf 0..12idl.09 (r.Gi{l.6 ?,OKl,G 
IR2 W ( n , ~ i ' a ) l ~ ~ ~ ~ ~ ~ H f  0.0lG~Ot0,10 
1931r(~~,2~~)19211'21r l(i7f24 
1S7~c(n.2~~)  Iw611'Rc 310f I92 .................................................................................................................................. 

Tnble 3 ,  Measured Cross Scctions (mb) [LU] ................................................................................................................................. 
Rci~clioll 13,SJ 13.64 13.72 13,7!, 14,03 IJ,33 14.35 14.60 I4.80 

Tnble 4 .  Meast~red Cross Sections (mb) [SU, CIAE] 

[ I ]  Zllao Welirong. LII Hanliti. Yu Wcisiang, "Compilation o f  nlcasuremeats and c~,~,ilunrlons of 

nuclcar activation cross scctio~is for nuclcar data al)plicntio~~s". INDC(CPR)-10. pj5.50.  1989 

121 H.Vonacl~ ct 31.. "Evaluario~i dcr \\irkungsquerscluiittc: dcr rccL2ioncn 1 9 7 A ~ ~ ( ~ i . 2 ~ ~ ) 1 y G A ~ .  
39Co(~~ .2~~ ) 'Vo  u ~ ~ d  "'Nb(1i.21i)'?"~Nb". Diploniarbc~t. drc zur Er l~ngun~ dss nkadsni~schc~i 

Gradcs. \L'icn Apr~l .  I000 



C ~ ~ o s s  Sect iu l ls  o f  lfi"g(11,211)l~)HnlAg, 151 15t1(11,211)15fif"Eu, 

l5"J'b(11,2n)~S~tI'b rtntl 1791-1 f ( ~ ~ , l t ~ ) l ' ~ " ~ l . l l  Jlenctiolls nf 1.5 rt11tl 9.9 M e V  

Abstrn~f=~l ' l ie cross scctions for tlle formation sf  Isng=livcd products 
lUHll1Ag(6+,433y), 150111~u(5',3 0 0y), 15KTb(3', 1 80y) and 17All0l-lf are 
~ttcasurcd in the (n,2n) rcncfion on tlic clcnlcnts o f  109Ag, IjlEu, I59Tb nnd 
1991-lf nt ncutroti encrgics o f  9 5 MeV nnd 9'9 McV, respcctivcly. Thc 
ncutrott fltrcncc is  obtniricd t l i r o u ~ l ~  197~u(n,2n)l"~u rcaction Thc 
D(d.n)'lle rcactiori is  ~rsed as rieurrsrt source at the ratidern accclerafor o f  
CIAE, Deijin_u The prcscnt rcstrlts arc cotnpared with tlie valucs of 
nveragcd tlicorctical cross scctions ant! tlic cxpcrimcntal data 

Tlic Ntrcle;~r Data Sectioll uf In~crnational Alornrc Energy Agency (IAEA: cstablrshcd 
a Coordtr~nrc licsctlrcl~ Pro~t.ati1111c (CKI') a11 act~vation cross sections for the gcncrattotl 
o f  long-lived radionuclides of' iriiportancc in lilriori rcactor teclinology 111 1988 Five years 
liltcr, nbotrt 20 laboratories from 9 co~~ntrics jlartieipated iri this CRP Since tlicn. Srcal 

progress has bccn lnadc iri cxpcri~ncntill rtwasurerncn!s, thcorctical calculatiot . ,qd 
c v a l u : ~ ~ i o n s ~ ~ ~ ~ ~ ~ l  I-lot) ever, all r l ~ c  rlrcorctical calculationsldl are larger thari r l ~ e  

cxpcrimcnral data below neutron 'cncrgy I I MeV, measured by JulicIi~Debrecctd4l 
colfaboration and Argonne-Los ~ I f i r n o s I ~ l  collaboration rcccntly Dr M l3 Cllad~vlck, cr 
rl strggcstcd tlrar tlic lnryc discrcl~ancics between theory and cxperimentncar thrtsltold 
in tlic 1!1Eu(~l,2n)1!"f11&i~. l ~ ' ~ ~ b ( n , l 1 i ) l 5 R ~ b ,  17~Hfin.2n) 17Xll12Hf and 1~7~y(n,Zn)l ')Sfl l~g 
rcac~ions sliould be ittidcrstood 

Irradiation: 

Thc irradiations were carried or11 a! CltlE t;lndc~ti a:celcraror (HI-1.3) Approsi~~iarcl\ 
~ ~ ~ o n o e ~ ~ c r g c t ~ c  ncrlrron5 ol' 9 5 and 9 1 hit\' ~ c t c  prodrlccd by rl~c D(d,n)'lIe rtacrlur\ 
usins a gas t;lrget, wllicli Ii;ld n Icngtli o f  3 5 cln and a ptcsstlre o f  0 75.0 80 hIPa The 
tntrnncc turrrdow of  tllc carget bob IS a 50 Ilrt, hio foil and bornc 4-5 5 ~ I A  dcr~tcron 
c t ~ t r c n ~  Tlic ncrtrroli cncr_cv and rcsol~~r~ori  tvcre dcterrn~ried Ityo c a l c ~ ~ l n ~ ~ o ~ i i  anit 



rwuxmm.!rlts using tinicaor41igllt ~t~ctlrotl, T l ~ c  s;~rliplc pnckct of' 2 clil in diamctcr ntid 
I 45 cm in tlriekncss was plnccd on t l ~ c  bcalli linc at zero degrcc and irradintcd Fur shout 
34 and 21 liours rcspcctivcly for ctlcli rut1 'rlic tnrgc~=ssniplc distances wcrc 0.8 crn atid 
1 2 cln, rcspectivcly Tllc salnplcs for irrndiation wcrc nrrangcd in the following 
ordcr(sliowri in Fill I) Au(0. I tnril, 1 5 g), Ag(0 5 Iirm, I S g), Au. f-ITO,(S I rrtrri, 8.2 g), 
Au, Tb2QJ(2.0 rnm, 2.58 g), Au, Eu2Q3(2 45 mm, 2 2 g), Au, Ni(0 2 rnrn, Q 5 g), AI(Q 4 
Inm, 0.34 g), Au, Ni, Itc(0. I mtn, 0.G g), Ni, Zn(0 45 mm. 1.0 g), Ni Thc powdcr of 
Eu2Q3, TbZOJ and HfD1 wns prcsscd into tnblcts find packcd by nylon film Thc Au foils 
wcrc placed in different positions in thc sarnple packet to tneasurc thc total neutron 
flucncc gradients, and tlic ncutron flucncc ns a function o f  reaction tlircsliold was obtaincd 
by thc monitor reactions of'~%li(n,p)5~~a, 27~l(n,c() J4Na and ~ 9 7 ~ u ( ~ 1 2 n ) ~ 9 ~ ~ u  

The neutron flucriccs werc determined by the monitor rcactions o f  197Au(n,2n) 
1'J(1~u(T1,2=6 I83 d,  Ey=355.G keV, ly=87%), ~')Ni(n,p)~~Co(TIII=70.5, I 6  d. Ey-8 10 8 
kcV, Iy=99.5%) and ~7Al(n,a)~4Na(Tr,2=14 965 11, Ey=13G6 kcV, Iy=99 9936%) 'rlic 
average cross section valucs o f  IgfAu(n,2n)l')"u are 991 4 mb at (1 9 MeV and 700 mb at 
9 5 MeV, wl~icl i  wcrc takcn from thc cvnlutttcd data o f  H V o n a ~ l i ( ~ 1  atid Lu  HanlinlHl The 
accumulated ncutron t~ucnccs at tltc samplc arca arc (0 71- 1 GI ) x  101' at 9 5 McV and 
(0 82-1 4 7 ) ~  I O l f  at 9 9 McV. rcspcctivcly 

The activitics o r  investigated products were dctermincd witti a well calibrated Gc(Li) 
spectrometer systcrn 'Tlic activities o f  Ij('lllEu, lrrslllAg, IjKTb and 17"112Hf were rneasurctl 
in about 2-12 nronths after tllc irradiations Tlie ~neasurenicnts lasted 3- 15 days for eaeli 
sample 

EfTcct o f  low energy nciltrons: 

When thc D(d,n)!He rcaction i s  used as a neutron sourcc, tlierc arc several kinds o f  
low energy neutrons in [lie neutron spectrum They bean1 stop, from the breakup ncutron 
of dcutcron, from [lie A(d,n)f3 rcaction when the target structtrrc materials arc irradiated 
by the d beam arid fro111 t i le multi-scattering o f  rhc main neutrons Tlrc cffcct o f  tlrc low 
criergy neutrons depends on thc irradiation time, dclcction distance, detection angle, 
incident d beam energy, site o f  beam spot and strongly depends on [ l ie thresliold o f  the 
specific reaction 111 ~ l i c  present work, differences o f  130% at 9 5 MeV and SO% at 9 9 

M e V  were found between the lowes~ and t l ~ c  liighcst neutron fluences lneasurcd by [ l ie 

monitors with different threshold, as sllown in Table I And siniilar resulrs can also be 
found in J lit Meadows' reponl" For ac~ivation cross section lrlcasurclilent of long-111 cd 
radionuclidcs. tlic ~iioriiror reaction selcctcd niust be ~iearly tllc saliic in tlircshold and be o f  
very similar slialje In e\citation frrnction ~virl, rlls i~ivesti~ated reaction In  tlris way, t l ie 

cffcct o f  the low cncrgv netltrons can bc rcduccd strongly Our cross scctions for the 
r ~ l ~ ~ ~ ( ~ , 2 ~ ) 1 l ~ ~ l 1 1 ~ ~ .  I ' 1  EU(n,2n)l!fli~~~u l ! ' ) ~ b ( ~ , ~ ~ ) l ! " b  and I ~'IH~(~.z~)~~sII~'H~ 



rcaclions wct8c dc r i vcd  frotn t l ic  ncu l ran  f lucncc of t l ~ c  l g7~u (n ,2n )  n lon i tor  reaction, 
bccnusc t l lcy l lnvc n s i rn i l i~r  threshold nrld n sit l i i lar slinpc o f  excitation function. 

'I'ablc 1 .  Mcasutcd  flucticc by 1nor1itor.s (101) ncutrorl pcr sntllplc area) 

3 RESULTS 

Tl ic  cross scctions o f  t l ic  (n,2n) react ion for IU')Ay+ I5IEu, I jgTb and 1 7 " ~ f  at ncut ron 
' 

energies o f  9 5k0.5 and 9.9%0,5 M c V  arc  sunimrirized i n  'Sablc 2 ancl plotrcd in Figs 2-5 
T l l c  figures s l iow tllat [ l ie  average t l lcorct ical  values cttlculatcd by M. B Chlrdiuick agrcc 

w i t h  our  measured rcs i~ l t s .  

Tlic ttnccrtaintics o f  the tncasurcd cross sections wcrc as tbllotsls t l ~ c  monitor(&GYo), 
thc cffcct sf low ct lc rgy ncut rons (+G%, -3%, k2%, +S%), the y yieltl(1 G*25%), rl~e half- 
l i fc(3 5%. 2 4%. G I % ,  3.2%), t l le y branel1(0.6%, 3 ,  I%, 3 O?G, 2 0x9, f he efl'cct by the 
(n,y) rcaction(<l0/0, 0, 0, CO I%), 11ic i r radiat ion geometry (0 I%, I%, I%, 3%). and the 

pur i ty  and weis l i t  fo r  the As, Eu, Tb and I-If saliiples(0 I%, 0 ~ O / O ,  0 5% 0 5%) The  total  

unccl tainty i s  ;rbout 8.28% 
Table 2. Measured  cross scctions be low 14 hlcV (mb) ................................................................................................................................. 

At~rlrors Prcscr~~\\.ork j. W.Mcndo\\s S M Q;~IIII* M B Cll;rd\\ lck" 
€11. McV  0 .5 t0 .5  9.9rt(1.5 10.3 9 ,G3 lo.10 10 59 9 5  l U 0  I05 ................................................................................................................................. 

1 1 ' 9 ~ g ( ~ r . 2 ~ ~ ) 1 0 w 1 1 ' ~ g  45 .  lid. 1 38.5kIO.6 7 5 77 17 152 
1 ' 1 E ~ r ( r ~ . 2 ~ ~ ) 1 . " J 1 1 1 E ~ ~  307tl5 J9tf.lb 215f 17 1SSf26 270k30 380237 384 6 562 S 732 
'?"T~(II.~II)~!'TII 4 c ) l t f r l  80.lk76 S75f.57 373f36 SY8t65 94321 1.1 680 9 105') 1745 
1 7 ' ) t ~ r ( ~ l . ~ ~ ~ ) 1 7 ~ ~ * * ~ ~ r  0.~2 to .u9  u 12 (1 t l  o6!  
1 ' ) 7 ~ t ~ ( ~ ~ , 2 ~ ~ ) l ' ) ( ' ~ ~ ~  7tIOk42 1191 kC(1 ................................................................................................................................. 
Cross sccl~ot~s ~ ~ o r ~ ~ r i r l ~ ~ c d  lo l l lc rlcw Ilalf-I1fc of IS0 ! for I j X ~ b  

'* Avcrilgcd Il~corclic;~l cross scclior~s (fro111 Cllnd\\ rck. I~II;II!~I~. Mci~dous. Gardllcr i11ld Y i l ~ ~ ~ ~ ~ l ~ ~ t t r o )  
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S.M. Qairnl, F. Cserpiik* atrd J, Csikai2 
llnstitlrt fiir Nul<lcarchcmic, KFA Jfilich, G e m a n y  

2lnstitutc of Expcrimcntal I'l~y~ics, ICOSSU~II Ullivcr~ity,Dct)r~ccn. I-1u11gary 

Within the last two years following truclenr reactions were investigated, 

l og~g(n ,2n )108m~g  [Tx = 433 y; ys: 434 keV (90.5%), 
G 14 kcV (89,8O/0, 723 kcV (90.8%)] 

lligllly cnricl~cd 1 0 9 ~ ~  (99.26%) powder was pressed nt 10 t cm-2 to obtain o lllin 
pcllct of 13 mm diameter (wt, r 1GO mg). Three suclr pellets were prepared, Eaclr 
pellet was sandwiched between two Al monitor foils and irradiated for about 25 h with 
neutrons from a dd gas target at the variable encrby compact cyclotron CV 28 at KFA 
Jiilich. 12 one case the primary deuteron energy was 8.25 MeV and in the other 9.62 
MeV. The third sample was irradiated with background neutrons (Ed = 8.94 MeV arid 
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. Thc 
areas under the above mentioned three peaks were determined (and agreed within = 
8%). The activation through background neutrons was found to be < 5%, i.e. within 
the error limits of the measured peak areas. The t)th was determined via the 
1 0 9 ~ g ( n , ~ ) l  I O ~ A ~  process and amounted to < 1% of +fast. The interference from the 
1 0 7 ~ g ( n , ~ ) l 0 8 m ~ ~  process to the 1 0 9 ~ g ( n . ? n ) l O 8 m ~ ~  reaction was found to be 

'The measured results are given in Table 1 and the excitation function in Fig. 1. Besides 
our own data, the evaluated valuc at 14.5 MeV [Ref. I] and a recent expcrimcntal 
value (Wcixiang ct al. [Ref. 21) in the low encrby region are also shown. The averaged 
calculatcd curve [Ref. 31 is reproduced for comparison. The experimental and 
thcorctical data nppcar to agrcc wcll. 
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'I'nblc 1, Mcnsurcd cross scctions ncnr rcriction thrcshalds 

loy~)~g(n,2n) 1 0 8 m ~ ~ 4  15 1 ~u(n,?n)l5Om~u? 15.7 b(n,2n)158~bt 

E ,  (McV) a (mb) El, (McV) a (mb) 

9,18&0,14 1G4kZ3* 9,18f0,14 333f32" 

9,60&0,14 250&28* 9,GOfO, 14 547&60* 

10,1OfO,14 335&32* 10,1OfO.14 828&99* 

10.8Gf 0,27 276f 36 10,83&0,30 849k102 10,83f0,30 1410f 145 

1 1,20f 0,20 952k142 

12.175 0.30 45 l f58  12.14&0,30 982f127 

Ncw mcasurcmcnts, unlcss otl~cnvisc stated. 
Recalculated neuiron energies and cross scctions, 

0 Eval. 14,SMcV 
700 8 This work 

A Wc~xiang 

1 . L  . . . , . .  . I 6  . .  . . .  I . . . .  . . I .  . . . . .  1 .  . . . . . , , , 1 .  . , . .  I .  . . , . . . ,  

10 11  12 13 14 15 
Neutron energy [MeV] 

Fig. 1 Excitation function of 1 0 9 ~ ~ ( n . ? n ) l ~ g m ~ ~  process 



This rcaction wns investigated by us p~.evioitsly war  its threshold [Rcf, 41, 1-lowcvcr, 
tlicrc appcarcd to bc some discrcpnncy betwceh thc exgcri~ncntnl nnd tllcorcticnl dutn. 
Since the primary dcutcron energies at the compact cyclotroti CV 28 wcrc rcccntly 
rcdctermincd, we recalculated the older data and the results arc givcn in Table 1, In 
addition, thrcc new Eu203 samples in t l ~ e  folm of 2 cm O x 0,4 cm thick pcllcts, each 
placcd in an Al-capsule and sandwicl~cd betweell two A1 foils, wcrc irradiated for 
about 25 11 with neutrons produccd via deuteron beams from t l~c  cyclotrorls CV 28 at 
JUlicll and MGC-20 at Dcbruccn. Thc radioactivity of 1 5 O m ~ u  was dctcrrnit~cd via y- 
ray spectrometry. In the present case, i t  was casicr to measure the activity since tile 
samples had better ditncnsions tl~an t l~c previously uscd cxtcnded samples 141. Tlie 
results of these new rncasurcmcnts arc also givcn in Table I .  All the rcccnt 
cxperirnental results in thc cnerby regio~l up to 12 McV (this work and [Ref, 23) as 
wcll as the evnluated value at 14.5 MeV [Rcf. I ]  arc rcproduccd in Fig. 2 togetl~er with 
the avcmgcd calculated curvc [Rcf. 31. Tlierc is still some dis:~greetnur~t between the 
cxpcrirncr~tal and tiicoretical data in the low enerby region but, in gcncral, now thcrc 
apl)ealXs to be no serious discrepancy. 

Tliis reaction was also investigated by us previously [Ref. 41. However, similar to the 
151~u( t1 ,?n)15~m~u reaction discussed above, there was some uncertainty in tlie 
primary deuteron encrby, resulting in some discrepancy between the experirnentai and 
tlleorctical cross sectiori data, I'hc older data, except the lowest enerby point, wcrc 
tl~erefore recalculated and the results arc given in Table I .  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 tlie older measurements, a new Tb4O7 
sample in the form of a 2 cm 0 x 0.4 cm thick pellet was placed in an Al-capsule and 
sandwiched between two Al foils. Irradiati~n was done for about 26 h with neutrons 
using a primary deuteron enerby of 8.25 MeV. The measurement of radioactivity via y- 

ray spectrometry was again easier than in the case of extended samples used earlier 
[Ref. 41. Thc result of the new measurement is also given in Table 1. All thc recent 
experimental results in the encrby region up to 12 MeV (this work and [Ref. 21) as 
well as the evaluated value at 14.5 MeV [Ref. 11 are reproduced in Fig. 3 together with 
thc averaged calculated curvc [Ref. 31. The experimental and theoretical data appcar to 
bc in good agreement, though below 10 MeV some deviation still exists. 
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MEASUREMENT OF CROSS SECTIONS OF SOME REACTIONS 
OF IMPORTANCE IN FUSION REACTOR TECI-INOLOGY 

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

Abstract 

Tllc Ag- 109(n, 2n)Ag-108tn, Eu-15 1(n, 2n)Eu-150 ilnd Eu- 153(n, 2n)Eo-152 cross sectiorls 
lluvc been t~lcusurcd in tllc ncutron ctlcrby interval of 13,7 14.9 McV. Thc mc;~surcnrctlts 
werc pcrformcd tlt the neutron gcncri~tor NG-400 of thc Rudium lnstitutc using (D-T) 
ticutrons, At the same facility, the W-182(n, n'u)Hf0178m2, Bi-209(n, 2n)Bi-208 r~nd Bi-209(11, 
31l)Bi-207 cross sections have been measllrcd at the nel~tron cncrgy 14,8 McV. Thc isomeric 
rl~tios for the reactions Eu- 151 (n, 2n)Eu 150m,g, Ea- 153(n,2ti)Eu-I52rn,g und Rc-185(nI2n)Re- 
I84tn,g wcrc obtrlincd ut neutron cnergics oround 14 MeV, Neutron cupt~uc of the Mo-98 
that lcad ultimutcly t o  the production of the long-lived Tc-99 llus bccn studied ut naltron 
eticrgics 0,7 - 2.0 McV. For these ptuposcs, tllc Van dc Graaf uccelcrutor (EG-5) was 
cmploycd that produccd monocluomntic ncutrons in thc (p-T) rcuction, Dot11 ut HO.5 utld 
NG-400 n~c:lsurctnents, speci;ll efforts wcrc m:lde to minimiu: neutron spcctnlm impurities. 
Thc neutron spectra inside the samples wcrc calculatcd taking into nccount thc real geometry 
of tllc cxpcrimcnt. 

* This work wus camcd out under IAEA scientific ugmmcnt No, 5677 

A growing social thrill for ecological problems demands an especial attention 
to tllc disposal of radioactive waste, among which long-lived radionuclides are of great 
importance [I] ,  Recently, an IAEA CRP was established that is dcvoted to 
cnlculations and meastirements of long-lived radioactivity produced in the fusion rcactor. 
In view of the high complexity of similar investigations, the needed data were extremally 
poor up to the ;..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 activitv 
measurement, and besides, allow to diminish to some extent uncertainties caused by finitk 
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 t o  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 o r  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 dimcult to correct for. In the similar situation. the low 
current accelerators sllould be prefered wherc rather pure neutron ficlds can bc 
generated. 



Aino~~g d ~ c  crow aactione mcnsurcd by us in tlic finmc of tllis ngrccrncut, two 
werc cxjjcctcd to Ilnvc Iligl~ scr~sitivity to col~tarl~ir~ntio~is s f  fleutrsn spectra, nanlcly, tile Eu- 
153(11, 2a)Eu-152 ,sad Mo-98(11, y)Mo-99 cross sectiotls. To tileasure t11ct11 correctly, wc uscd 
thin wall co~lstructions nnd air cooling of thc target, 'I'he special computer codes were created to 
cnlculntc real parntneters of t l ~ c  neutrolr field during i r r~~dint io~~,  

2,Expcrjmct1lnl proccedures 

2, I .  Samplc preparation 

In our n~casurcu~cnts wc used various fonl~s of samplcs assembled in packages of 
several types, In tlle Mo-98(n, y) reaction study, metallic disks of tlic natural molybdenum 0.3 
mm thick and 14,1 mm in diameter wcrc used. Eacl~ of them was installed in tlic tniddte of 
nn assembly which also contained pairs of the Au- and In-foils used as neutron flux monitors. The 
total tllickr~css of the assembly was 1,5 mm, 

The Ag-109(n, 2n)Ag108m cross section were measured wit11 two types of sample 
packages, Tlie first used the enricl~ed Ag-109 (99.4%), This was a metallic powder 
ericapsulated in a lavsan packet and arranged in a thin-wall plastic tube together with two similar 
packets containing tllc cnricl~ed europium isotopes (see below). In front nrld in the back of the 
packets, the niobium foils were mounted to determine tlic neutron flux, Typically, such a sample 
package was 14.5 mm in diameter and 7 mm in llid~t. 

'l'hc other type of samples used in the Ag-109(n, 211) cqerimctit was a metallic foil of 
natural silver santlwiched between the niobium foils. This sandwicl~ was 0.7 mm thick ant1 
14,l mtn ill diarncter, 

For the Eu- 15 l(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- 
15 1 (973%) and Eu-153 (99.2%) as well as the enriched metalic Ag-109 (see 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 tlic niobium oxide, The use of a homogeneous mixture of the studied and reference 
nuclei reduced considerably tlic uncertainties connected with tlie geometrical factor in 
irradiation and activity measurement. Each sample weighed about 1 g. The ratios of the Eu- 
153-, Eu-15 1- and Nb-93-nuclei werc 4.63 : 4.24 : 1. 

Since the W-182(n, n1a)Hf-178x112 cross section was expected to be very small, the 
close geometries of irradiation and measurement are 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 naclei 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 used to obtain in the same experiment the W-182(n, 2n)W-18 1 cross 
section, rclative to  which the W-182(n, n'a) cross section could be determined most convenient. 
The siie of each W-foil was 1 1 rnm *0.1 rnm. 

The Re-1 87(n, 2n)Re-186m and other reactions on the Re-isotopes were measured with 
samples prepared by pressing the powder of the &ReCI, salt under tlie pressure of 200 
atmosphere. This procedure was used also for preparation the Bi-samples from the oxide B40,. 
The samples were 14.1 mm in diameter an about 2 mm in thickness. 



2.2, Irrndintion conditions 

Tlic Mo-98(1i, y)Mo-99 rcectioti wns stlldicd ill tlic 0,7 - 2,O McV tlcutron cncrgy 
mngc, lrrt~diatiot~s wcre conducted usitlg tnor~ocl~ronintic ticutroils of t l ~ c  "1-1(p, tt)"l-Ic 
rcnctiorl. Tlic protott bcarn diamctcr of tlic Vnri dc Graaf nccclcrntor wns nbout 2 tntn, D ~ ~ r i i ~ g  
ifritdii~tjon the bcnm was rotntcd drawit~g a circle with tllc diamctcr up to 8 tntn on tllc 
titntlium-tritium targct. Since tlic target was cooled by at1 air jet, the bcam currcnt was 
rcstrictcd by tlie magtritudc of 8 pi. 

The samplc packagc contained tllc Mo-, Au- and In-foils was locatcd at 0 dcg wit11 
rcspect to the i~lcidetrt beati~ direction aud 23 mm Rom the tnrgct, Tile irradiatiot~s wcrc 
perfontied at proton encrgy of l.G, 2,1, 2.3, 2,6 and 2.8 McV that correspot~dcd to tllc mean 
ncutrot~ alergy of 0.74, 1.26, 1.46, 1,76 and 1.97 McV. The neutron cncrgy sprcad ( W H M )  
rcsulted from protoil slowing-down in tllc targct and arigular dcpct~dcncc of ncutron encrgy w:~s 
0.12, 0. I I ,  0.10, 0,10 and O.O9MeV, respcctivelly, Tllcsc qwantitics werc calculated using the 
rccommct~dcd c.m.s. data on t l~c  (p-T)-rcaction kinematics [ I ]  and t l~c  sl~ccts of chargcd 
particlc cncrgy losscs in materials [2]. 

Tllc samples wcrc irradiated usually 12 hours, accumulating neutron flucncc (3 - 
5)*10'2 n/cmz. Small ncutron flux variations wcrc registered by means of a long counter. 

Tllc Ag- 109(n, 2n)Ag-108m, Eu- 15 l(n, 2n)Eu-150, Eu- 153(1i, 211)Eu- 152, W- 182(n, 
n'a)I-If- 178m2, Re-187(n, 2n)Rc-l86m and Bi-209(n, 2n)Bi-208 cross scctions wcrc measured at 
thc neutron generator NG-400 using the H-3(d, n)Hc-4 reaction neutrons,hadiations wcrc 
carricd out at tlic accclcrating voltage varied f ~ o m  220 to 280 kV, T11c mcon neutron cncrgy 
determined mainly by the angle relativc to t11c deuteron beam line was rangcd from 13,G to 14,') 
MeV. 

At tlie study of tlie Ag-lO9(n, 2n), Eu-15l(n, 211) and Eu-153(n, 2n) rcactions, 
samplc packages were placed at different angles at the distance of 3 - 4 cm from tlie targct. Tllc 
total tlcutron flucncc collected by a samplc was (2 - 5)* 10'2 dcm2. 

In the case of the W- 182(n, n'a), Re- 187(n, 2n)Re- 186x11 and Bi-209(n, 2n)Bi-208 
cross sectiorl mcasurcmcnt, the samplcs occupied a position close to the target at 0 degccs 
relative to the beam. Thc water cooling of the target was used. The mean valuc of the neutron 
flucncc rccicvcd by the samplc was - 10'4 dcm2. 

2.3. Activity mcnsurcmcnt 

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 conljdence probability 
of 0.99. Tllc calibrations wcre pcriodicatly repeatet showing constancy of the efficiency valuc 
in bounds of 0.5% for the gamma-ray energy range 200-3000 keV. 

Corrections for gamma-ray self-absorbtion and the change of the effective distancc 
bctwccn the sample center and the detector center were measured experimentally. Besides, 
we were able to deduce tliese corrections using the code aimed to the volumf gamma-activity 
nieasurcment that yielded fairly close results. Typically, those were of order of several percent, 
thoudl in individual cases they could excccd 40% (the large homogenious tuagstcn samplc). 



111 work [S], nti exnct ~nnlyticnl expressioa of the gco~netricnl cfliciel~cy of a pnrnllcl 
disk t~cutron producing targct ntld satnplc system lias beeu dcduccd, 111 this work tllc expression is 
presented in more geometrically clear f o n ~  with the furllier sin~plifications 

mo where -(O) = 271 sin O is tllc gcornctricnl cfIicicl~cy for thc point tnrgct geometry; St., is t l~c  do 
area of covering surfncc of the target al~d sample circles wlien one of them sl~ifted from t l~c  
central axis by the distance equal to r = 11 atg0 nnd projected on the opposite plane (a schcmntic 
drawing of the geometry for parallel-disk coaxial target and sample system is sl~own in Fig, 1.). 

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

wlicre O(a )  is the part o f  tile circle with tile radius R, itltercepted by the sample disk (see Fig, 2), 
Usiag the differetltial cross sectiotl of neutron producing reactiotr it car1 be written as 

wlicrc fr(0) is the factor for transferring cm-cross-section into 1s-one. Parnmeters in equation 
(3) as fuaction of E,, and Ed can be deduced with the well-known relations of tlie relativistic 
kincmatics. 

Modeling the realistic primary neutron spectra it is necessary to  take into account thc 
dcptl~ distribution of neutron producing nuclei in target layer, tlie processes of slowillg down and 
scattcri~ig (straggling) of initiate particles depending, in turn, on the depth composition of tlie 
target layer. 

Thc depth distribution of tritium in the absorption layer of the targct 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 fiom 0.5 to 1.1 mg/crnf and was proportional to  x3 -e-" 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 Nortl~cliffe- 
Schilling [9] are widely used at the slowing down calculations. The stopping power data fiom 
these tables are quite good compatible in thc proton cncrgy rangc 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 f?om [S] are higher than values from 191 in several times for hydrogen and 
on 30% for titanium. 

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

and 
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2 m 1 - ( 1 - ) ~  1 
G&(x)= E; -2. .- 

md 2(1-5) Lion 



wlrcrc 8;' is tlcutcrolr etrcrp,y or~ tlrc tnrgct surlhcc; rn ,  ntrd ltld nrc ttlnsscs of clectrot~ irrrtl 
dcutcrorr, rcspcctivcly; 6 = x/l td,  Rd is ~ C I I ~ C I O I I  rslrgc ir r  ilbsutptiurr lnycr of tlrc tntgct: L,,, is 
the ionization logarithm (in this work it is tfctluccd with tnblcs frottl [8,9] ntid well-ktrowtl Ilcthc 

formula for stopping power); rc" (2 + I)..  mch- 9 Lk = 111[2 1 OI(A .z)-'"] ig tlre C O U I U I ~ I ~  
1% L l W  

logaritlrm, 
811 t l ~ c  basis of calculations of'ncutrotl q~cctrn fro111 tltc T(d,n)"Ic renctiorl ttl~tlc wit11 

SIWXKON ccrmputcr cadc wc can do follotving cor~clusions: 
I )  tllc dcptlr distributioti of' tritium csscntinlly influerlces on stlape ofneutrorl spectra; 
2) if difI"rcr1t tablcs nrc t~scd for tlrc stopping powcr tlrcn ttrc nvcragc valuc of ncutrotr Iluctrcc is 
cllar~gcd ollly (tlrc diRcrcllcc bctwccll tllc avcrngc tleutrotl crlcrBy is lcss tllnn 5 kcV fijr lo tllc Of' 
and 180 samplc position); 
3) takirlg itrto nccoutlt of thc relativistic cffccts gvcs nhout 50 kcV dccrcnsirig of'rlctrtrotr ctlcrgy; 

4) straggling cffccts lcad to tlrc stnal increasing of thc low (higll) cncrgy "tail" of f~cutron spectra 
if the samplc positioa is c900 ( >9O"), 

2.5, Cross scctiori compu~ntio~~ 

Expcrin~ct~tal dntn wcrc processed by nn 1DM PC using GAMANAL and AC'I'ICS 
codes, 111c last was specially written to treat tllc ncutron activation itlformatioe, It includcti 
various libraries, sucll as cncrpics and yiclds of the induccd gamma-activity, gconlctrics and 
histotics of tlrc conducted irradiations, nlasscs and shcs of tlrc available samples, ctc, Thc cross 
sections wcrc c~lculated by ttic fotm\llas taking into account two generations of tile induccd 
radioactivitv: 

\vhere Nn0 - tllc lotd number of D  nuclci produced during thc imdiation; ?.D and I . ,  are 

decay constants of D and Um uuclci, rcspcctivcly; (t;,ti) - the coullting interval; ( t l , t \ )  - drc 
inadialio 
h one; Qn - intcptcd flucncc of ncurrons; CQ and or nrc cross sections o f  nuclcar reactions 
Acn, x)U and A(n, x ) W ,  tcspcctivcly. 

In order to dcctcasc tlic crrors duc to poor statistics of thc trcatcd gamnla-spectra, t l ~c  
ftlcan tveigl~tcd valrlcs o f  t l~c  cross xctions wcrc obleincd using data on all the sb~rvable 
gamma-peaks. Thc nlain crrors of tllc c?cpcrimcntal rcsults wcrc tlrc folloting: tlrc unccnaintics 
of the flucncc mcasurcmcut - (2 - 5)Rli and thc unecnsintics of thc ir~duccd activity dctcn1rirtatiotl 
(2 - 40)?b. 



Ti~c  fiillowit~t: icnctio~is wcrc studicd i n  tllc prcsc~it work: 

Rcnct ion Ncutran c n c r ~  

Tlie rcfercnee data otl the studied reactions and associated dccny clntn of products nrc 
prcsctltcd in Teblc 1. Tlle results of thc cross section mcasurcments arc given in Fig. 1 - 6 and 
in Tnblcs 2 - 5, 
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Fig I .  Geometry for conxinl p~rnllel-disk target and sample system. 
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1 I 
Fig 2. Geometry for non-coaxial disk target and sample synea 



Neutron Energy (MeV) 

Fig. 3, Cross-section dntn for q8Mo(n, Y)~~MO, 
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Fig. 4. Cross-section data for lWAg(n, 2n)loBmAg. 
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Fig. 5. Excitations functiorls of tile 131Eu(t1, 2n)l5OEu r111d 

ljJEu(lj, 211)lS2Eu rc:~ctions in the 14 MeV rcgion. 
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Fig. 6. Isomeric ratios for the 0- states of the Eu-isotopes. 
The straight lines wcrc drawn through the data by 
means of the lcast square method. Their parameters are: 



Tabla 1, Daeay data usad in this wcitk, 

Nuclear reaction 

WMo(n, y)mMo 

lwAg(n, 2n)lmmAg 

ISlEu(n, 2n)laEu 

153Eu(n, 2n)l52m2+gEu 

loZW(n, na)l7am2Hf 

mBi(n, 2n)mBi 

=Bi(n, 3n)207Bi 

185Re(n, 2n)lBhRe 

lfiRe(n, 2n)lesJRe 

le?Re(n, 2n)leQRe 

la7Re(n, a)1a4Ta 

387Re(n, p)lB'rW 

Ev 
(keV) 
140.5 

433.9 

614.3 
722.9 

334.0 

439.4 

121.8 
244.7 

344.3 
778.9 

1112.1 
1408.0 

3256 

426'4 
495.0 

574,2 

2614.5 

569.7 
1063.7 

104.7 
161,3 
536.7 

920.9 

111.2 
641.9 
894.8 

137.2 

414.2 

479.6 

685.7 

Brancing 
ratlo(%) 
89,4(2) 

90,5(6) 
89.8(19) 

90.8(19) 

96,0(30) 

80.4(34) 

28,40(23) 
7.51 (7) 

26.58(19) 
12,96(7) 
13,54(6) 

20,85(8) 

94,1(18) 

96,9(20) 

71,4(22) 

89,1(20) 

100.0 

97.8(4) 
74,08(25) 

13.3(4) 
6,64(22) 
3.37(11) 
8.30(30) 

17.1 (7) 
1.94(5) 

15,6(4) 

8.6(3) 

73.9(9) 

21 .I (9) 

26.4(11) 

Q-value 
(MeV) 
t5925, 

-9.1 86 

-7.935 

-8.553 

-1,773 

-7.453 

-14,35 

-7.87 

-7.68 

-7.371 

7.102 

-0.529 

Half-l tfo 

65,94(1)h 

433(15)y 

35,80(10)y 

13,54(1)y 

31 ( 1 ) ~  

368000(4000)y 

32,2(9)y 

165(5)d 

38,0(5)d 

90.64(9)h 

8,7(l)h 

23,9(1)h 

Init, 
spin 
0+ 

112- 

512) 

512+ 

0' 

912 

912 

512' 

5/2* 

512' 

512' 

512' 

Final 
spin 
112' 

6+ 

5. 

3- 

16' 

5- 

912. 

8' 

3. 

1- 

5- 

312- 



w 

Cross Section 
(m b) 

0,74 
1.26 

32(2) 

1.46 
W) 

1.76 
14(1) 

I .Q7 
13(1) 
9(1) 

. 
E , Cross Section 

(MeV) (mb) 
13.7 634(39) 
14.1 682(40) 
14.5 695(40) 
14,9 709(4 1) 

Table 4, Activation cross sections and isomeric ratios 
for thei5lEu(n2n)i=Eu and I%Eu(n2n)l52Eu reactions. 

E, I Cross Section (mbl 

- - 

En Isomeric Ratio 
(MeV) 151Eu(n,2n) (0.) is3Eu(n,2n) (0.) 
13.52 0.316(20) 0.166(4) 



Table 5. Other activation cross sections measured In this work, 

Cross soction (mb) 

32.2(9)y 0,55(5) 14.74 

1sRe(n, 2n)lehRe 165(5)d 356(33) 14,74 

fesRe(n, 2n)18*Re 38.0(5)d 1484(90) 14.74 

'87Re(n, 2n)fBQRe 90 -64 (9) h 1670(100) 14.85 

187Re(n, a)la4Ta 8,7(l)h 0.59(7) 14.85 

187Re(n, p ) W V  23.9(1)h 3.96(43) 14.85 
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INTRODUCTION 

A recent interest in low-activation materials for fusion reactor technology has stimulated the 

dcvclopmcnt 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-I (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 phenomcnological 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 



the neutron cnpturo cross scctions bmcd on BftBNb or EAF-2 evaluations were added to the library, 

This vcrsion contained morc than 5000 reactions. 

3)  It was shown througli the activation cross section intcrcomparision that r~~os t  of tl~c old 

evaluations based on simplified approacllcs like the TMRESI-I do not guarantee u rcquirc accuracy of 

recommended cross sections, Wc found that many evaluations bascd on the Wciskopf-Ewing model 

arc not rather accurate too, So the new version ADL-3 was produced on the basis of the consistcnt 

Hauser-Feshbach approach. The neutron induced reaction cross scctions for all stable and unstable 

nuclei with half-lifc exceeding ,5 day were cvaluatcd. The total number of reactions included in 

M L - 3  is above 33000. The catalog of this library is published in Ref, 111 

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

considered and compared with other evaluations available, 

MAIN FEATURES OF ADL-3 EVALUATIONS 

To take into account thc angular momentum conservation on all steps of the particle emission 

we used the modified version of the S'I'A131G code /2/ in which thc 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 

propcrl y. 

The gamma-ray transmission coefficients were defined by means of Brink-Axel approach in 

which for the strength functions of the El transitions the standard two-hump Lorentzian was used for 

deformed nuclei and the generalized Lorentzian of Kopecky-Uhl was adopted for spherical ones 141. 

In addition to the El 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 151. 

For the last years the statistical approach has been applied to the isomer yield calculations by 

many authors 16-9/. 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 tnust prepare marc ~smplc tc  scherrks of possible gamma- 

transitions based on theoretical niodcls or realistic en~pirical systetnatics of gamma-transitions in 

neighboring nuclci, 'Thc number of lcvcls wllicll I~avc to bc addcd to the obscrvcd ones is cspccially 

largc for thc odd-odd nuclci whcrc the long-lived isomers exist as a rulc, Thc important condition of 

such level schcrncs is thc corrcspondencc of thc cumulative numbcr of levcls and their spiri 

distribution to the well known level density laws, The branching ratios for a11 constructed lcvels may 

be calculated on the basis of the same model of thc radiative strength functions that are used for the 

description of gamma-transition in continuum, Wc understand that such an approach does not 

guarantee the correct description of the individual transition bctwcen discrete lcvcls but we hope i t  

could be accuratc enough for calculations of gamma-transition integrated charactcristics which 

define the isomer yields. Thc models proposed in Refs,lG-91 give gcnerally very similar schcmes of 

gamma transitions and the discrepancies bctwcen the models mainly relate to different 

approximations of the MI 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 arc dernonstratcd in Figs. 1 - 11, Tile agreetiletit of our evaluations and 

other ones is rather good only for reactions with the adequate experimental data. For the reactions 

with inadequate expcrimental 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, lo), 

SUMMARY 

We suppose 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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Fig. 1, Evaluations available for the "~l(n,2n)  cross sections in cornparision with 
experimental data. 
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Fig. 2. Evaluations available for the "~l(n,na) cross sections. 
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Fig. 4. Evaluations available for the 158~y(n,p)  cross sections. 
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Fig. 7. Evaluations available for thc '6'llo(n+y) crass scctions in cornparision with 
cxperiment~l data, 

Fig 8 Evaluations available for thc isomer ralios of '6'~o(n,y) rcaetion 



Pig. 9. Bvnluations nvnilablo for tho '9'~r(n,y) cross scctions in compnrision wit11 
cxpcrimcntnl dntn. 

Fig. 10. Evaluations available for LC isomer ratios of 1911r(n.y) reaction 
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Pig. 11. Evaluation of thc " '~r(n,~) cross sections for thc rcsonnnco rcgion. 



Chlculntcd cxcitntion filnctions of llcl~trorl itlducctl rcrlctiorls on 
G 3 C ~ ,  Y 4 ~ o ,  15HDy, nnd 159'I'b from 1-20 McV incidcnt cncrgy, 

I-I, Msrsli:111 I3lann 
Nuclcrv Data Clroup 

Lrlwrcncc Livcrmorc Nutionul Ll\hari~tory 
P.0. Box 808, L-294 
Livcrmorc, CA 94551 

Wc usc the ALICE codc to calculntc cxcitation functions for tlic G ~ C U  (n, p) 
f i 3 ~ i ,  9 4 ~ 0  (n, p), ' J d ~ r ,  1 5 8 ~  (n, p) 158Tb, and 159'I'b (n, 2,) 158T b 
rcactions. The example of thc 154% (n, Zn) cxcitation function folded ovcr a 
calculated t ( l ~ ,  3 ~ c ) n  neutron spcctrum for nominal 10 McV ncutrons is 
used to discuss diffcrcnccs bctwccn calculatcd and cxpcrimcntal results, in 
particular for incidcnt cncrgics near reaction thresholds. The importnncc of an 
accurate knowlcdgc of thc incidcnt ncutron spectrum in this rcgimc is 
cmphnsizcd. 

At cnrlicr rncctings of tho IAEA-CRP on nctivation cross scctions of inspor[aacc t6 fusion 
reactor materials, mcasurcrncnts at 14.7 MeV ncutron cncrgics wcrc rcportcd for a dozen or so 
rcsctions.lOf Scvcral mcasurcrncnts wcrc also reported for incident neutron cncrgics bclow 14 
McV, and Cdculakrf cxcitation functions were provided by scvcral authors using scvcral codes. 

Onc point of conccrn was a very significant diffcrcncc bctwccn mcasurcd and calculatcd 
l 5 9 ~ h  (n, 2n) cross scctions at incidcnt neutron cncrgics hclow 11 MeV. In this work wc 
~ i l l ~ ~ l i l t ~ d  tlicsc cxcit:ltion functions ovcr n fine energy mesh. Wc thcn invcstigatcd the relationship 
of an cxpcrimcntal yield mcuured with n bcam which is distribukd ovcr a f'iiirly broad interval and 
calculatcd yiclds. Wc will prcscnt these results and discuss thcm with rcspcct to the 
cxpctimc~~t~lUcalcul;~tion~l diffcrcnccs obscrvcd. Wc also present calculatcd excitation functions for 
MCu (n, p), 'JdMo (n, p) and 1 5 8 ~ ~  (n, p) reactions, and compare these with the cxpcrimcntal 
rcsults prcscntcd at carlicr rncctings of this C~p.1-3 

Results 2nd discussion 

The ca1culntcd cxcittltion functions and mmsured cross scctions arc summarized in tables 1- 
5. In particultlr, tahlc 5 gives the l5c)Th (n, 2,) cross scctions calculatcd in 0.1 MeV increments 
from 8- 1 to 10.2 MeV. All results were run with the ALICE codc with default panmctcrs cxccpt 
invcrsc cross scctions were calculatcd using the nuclear optical modcl suhroutinc. Thc experimental 
yiclds rcportcd at carlicr rncctings of this CRP are included in thc tnhlcs 1-4. The extrcmcly largc 
discrcp;~ncirs htwccn thc 15'9Tb (n, 2n) calculated and cxpcrimcntal yiclds arc obvious for incidcnt 
neutron cncrgics bclow 14 MeV. Valucs rcponcd at 14.7 McV arc in reasonable agreement for all 
four excitation functions. 



Onc point which nceds to he addressed, particularly for yields near tlircsliold, is tlint tile 
cxpcrinicntal neutron ircnt~ls will nlwnys lievc a distribution In energies, wt~ilc cdculakd rcsul~s arc 
gct~erally m:~dc at n sitigle energy, 111 fig, 1 we reproduce l l~e energy spectrll clllculatcd by 1.laiglll 
arid aaribaldi4 for the 11-1 (1, n) reaction cell uscd for the ANULANL rncnsurcmcnt reported nt 
10,3 MeV in tlic Dcl Mur muting summnry.213~5 The 1:lrgest solid angle in lig. 1 is for h e  case of a 
6 m m  disp];~,!smsnr from [llc hwrn  axis ;It a 20 mm Jislatlcc! bcliind tl~c gas cell. (scc fig.1) Wc 
took lhc rcstllts givcn in Tahlc 5, r~nd foldcd tlicni ovcr a beam wcigtitcd according to the y = 046 
crn distribution of fig.1 (wlrich has bccn rcproduccd from rcf. (4)). If this is donc, thc nominal 
1702 mb yicld cnlculntcd at 10,3 MeV bccomcs 131 1 rnb. If, to demonstrate sensitivity to mean 
cncrgy, wc nssumc that the cxpcrimcntal cncrgy distribution is actually 0.5 MeV lower than tl~c 
cn1cuJ;ltcd resujt of fig,l, thcn the culculotcd yicld, nvcrngcd ovcr the distribution of incidcnt 
cncrgies, would t ~ !  850 mtl, just one-linlf of the nomin:il 10.3 MeV incidcnt cncrgy villuc. 

Thc culculatcd cxcitution functions prcscntcd by Ch;ldwick in the ctlrlicr CRP were re- 
normalized to a 1930 mb evaluated yield at 14.7 MeV @, If we do this, Ihc nominal calculatcd 10.3 
MeV yicld is 1410 mb; the rcsult using the y = 0.6 cm distribution of fig, 1 is 1086 rnb, and i f  the 
ncutron distribution is shifted downward by 0.5 MeV, tlic 'cffcctivc' cnlculnted cnjss section, 
rcnormalizcd, is 704 mh. This rcsult is not in  good agrccmcnt with tlic 528 k 73 mb of 5), but i t  is 
acccptublc. 

We Iiave also investigated sensitivity of results to parimctcr changes in the ALICE codc. If 
A A 

tlic lcvcl density paramear is changed from the def;lult o = ;; to (I = - 1 1 '  tlie (n, 2n) cross 
;I 1 1  

scctions dwrcasc at most t)y 20%. Similarly if the geometry dcpndcnt hybrid model option is uscd 
to slightly increase prccompound decay, thc rcsult is at most a 20% dccrcasc in thc (n, 2n) yiclds 
r~cnr tl~~~csl~old. I t  is very djfficult to ottributc 1l1c huge differences bctwcct~ 'nominal cncrgy' 
cnlculatcd ~ u i d  experimcntnl cross scctions nt  14 McV to model paramctcr unccnaintics. 

For 63Cu (n, p) and g d ~ o  (n, p) reactions, the agrccmcnt hctwccn calculatcd and measured 
cross sections tlt 14.7 MeV (see Tables 1 and 2) is excellent. This is ncar the peak of thc cxciution 
functic~ns, whcrc heam cncrgy spread would havc a minimal effect. Even so, the cross r,:!ctions of 
around 50 mh arc but 2.5% of the rcaction cross scction. Small hranchcs of this magnittldc arc 
difficult to calculate accumtcly, and this degree of agrccrncnt is rather surprising to us. 

Conclusioris 

Wc Iiavc presented calculations of some ncutron induced rcaction excitation functions using 
the ALICE codc. Large discrepancies wcrc observed for thc 159~b  (n,  2n) excitation function for 
incidcnt ncutron energies below 14.7 MeV, i.c. hclow thc peak of thc excitation function. These 
discrcpancics could not be attributed to unccrtaintics in  calculational parameters. If calculatcd 
results were averaged ovcr estimates of the incidcnt neutron spectra, much of the discrepancy could 
he rcsolvcd. The sensitivity of the calculated cross section to the incident ncutron spectrum makes 
clear that comparisons bctwccn calculation and expcrimcnt, cspccially ncar threshold, require a 
good knowlcdgc of the incidcnt spectrum. Thc catculation must bc appropriately weighted for thc 
comparison to bc valid. This is not a new conclusion, hut ;I point which sometimes nccds to hc 
rcfrcshcd. 

Tlic auttior is grateful to Dr. Donald Smith for many ticlpful comments and suggestions, 
without wl~icli this work wauld not havc bccn concluded. 



Tublc 1, Ncutron induccd rcuctions on 63Cu: ALICE culculutions vs. cxpcri~ncnlul rcgullu. 

a) ANL (Grccnwood)/INCD (NDS)-288, p18 (1993) 
h) JUlich (ncw mcasurcmcnt in  progrcss), INDC (NDS)-288 p18 (1993) 



'I'ablc 2. Ncutron induced ~nc t ions  on 9 4 ~ 0 ;  ALICE calculntions vs, cxpcrirncnul rcsufts, 



Tibla 3, Ncutron induced rcnctions on 1 5 3 ~ b ;  ALICE calculnlians vs. c~pdrimcntal rcst~lts, 

a) Qaim 111, Jiilich; scc ref. 7. 
h) ANULANL c 10.3 McV nominal, INDC (NDC)-288 p.20 and 5). 
c) Bci-jing; Wcixiilng, Manlin and Zhno, from 5 )  
d)  IRK evaluation (1989), JNDC (NDS)-288 p i 8  (1993) 
e) JAERIIANL, INDC (NDS)-288 p. 18 (1993) 



Tabic 4, Ncutron induccd rcnctions on I53Dy; ALICE cnlculations vs, cxpcrimcnti~l 
rcsults. 

a) IRK cvaluntion /INDC (NDS)-288 



Tublc 5. (n, 2n) cnlculakd cxcililtion furiclion wit11 
finc mesh. 



Fig.1. Calculated neutron energy spectrum 2 crn 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 moclel calculations 
for the IAEA Coordinatcd Rcscarch Programme on 

activation cross sections for fusion reactor technology 'I 

M.B. Chadwick(') and P.G. 
( l ) tawrcncc Livcrrnorc National la lor at or^, Livcrrnorc, CA 9dti60, USA 

(2) LOB Alarnos National Laboratorp, Los Alamos, NM 87545, USA 

We describe researcli performed for the International Atomic Energy Agency 
(IAEA) Coordinated Rcsearch Programme on activation cross sections for fusion re- 
actor technology. Using the GiVASEI nuclear modeling code, we have investigated: 
(1) production cross sections of isomeric states, and isomer ratios, for the reactions 
'%~(n,p)~"Nb,  1ogAg(~~,2n)108mAg, 1b1~~(n,2n)150m Eu, 163~~(n ,2n)162g tm2E~,  
lGDT b(n,2n)lG8Tb, '*'lle(n,2n) l"O"llle, 17glIif(n,2n)17"2Hf , lg31 r(n,2n)1g2m21r.; (2) 
systernatical depender~ce of jsameric ratios on isomer spin and incident-cncrgy; (3) 
preequililrriurn spill effects on calculated isomer production; and (4)  intercompari- 
son and evaluation of nuclear model excitation functions of isomer production cross 
sections. 

'I presented by M. Blann 



'f'lrc! Itilcr~rrttiotrnl At,c,tt~ic lltrcrgy Agctlcy (IAISA) Nuclcllr Dnttt Scctiotr lrtttl U.Y. 

tnl~lisliccl it Coorditrntc(l llcscnrcl~ IJrogrnrtltric! (CIll') orr i~ctivntit~tl cross sc*ctiorrs for 
thc gct~cfittiotr of It~tig-liv~11 r t~ ( l i~ t t t~c l i t l ~~  oi itrir~ortnticc itr rttdiutlctive w t ~ t c  18roI)a 
lcnis 111 fusion reactor tcclltlology, A t~ t r t t j t , c*r  of rf*rcetiutrrc of j~itrtict~lrir i l t l f r t l r l h l l ~ ~  

WCPU tlclce~cd, and ~ I I P  CIt1' organized tot11 cxl~crittrcrrtr~l and tlrc!orctical ctfilrl~ to 
tictcrttlitic prad~rctiatr cross scctiotrs far tlrcse rchctiotrs, 'l'hc ftrdt ficscnrclr ~ o o r d i -  
natiotr Illccti~rg (lI.C!il) wrls Ircld itr  Vicr~trrl it1 Novcnrtcr lYDl clt~d cxpcrirrtcrltill and 
bhroretkrtrl r c ~ r d b ~  wrrr f,rrsrt~f.rd, (It) f h c *  bn.sis nf t1ri.r first rrrc*ctitrg, priaritii*.s f o r  
futurc work tvcrc cstnllishcd, I;urthcr mci~aurcttrctrts rltrrl ctilc~rlntiotrg wcrt! prc,.rctrtc+tI 
~t tfrc sccotrd 1tCM of t t ~ c  CfItI', hcltl at 1)cl Mar, California, April 2(3.30, 11193, 'I'lir 
firrat flCM wirrt trcld i t1  St l'ctcrsburg, Jrrnc 1C3-23, 19!% 

Iti this rcport we sritrlrnarizc thc truclcitr tllcory rirrd tnotlcl citlct~latiorrs per- 
furttrcd fur tht: C'ltI' usirrg the GNASII cotlc, fur tllc* rt:nctiotrs "'Mo(tl,p)'''Pc'b, 
r"Ay(tr,2r~)1unm~g, 1"1E~(ti,2ti)1LUtn 1 r5~Cn(t1,2t~)'"~+mlEl~ 9 rfi9'l'l)(t~,2t~)1~N'~l), 
1 A ' t ~ ~ ( t ~ , 2 t r ) r R G m l ~ ~ ,  1 7 y I I f ( t ~ , ~ t ~ ) 1 7 R ~ ' I I I f ,  rY:~~r(t~,2t~)1Y2m21r, jjeIow wc* list t l rc* ;~~c:IR 

we stti(licd: 

Cnlctrlntcd ibotr~cr procluctior~s Usitrg thc CNASfI rnodclirig codc, wc cnlct~lilt.ctf 
isarricr prodttctiorr crclss scctiarra arrd isotrlcr ration for trutncratts rcactiotls of 
~ ~ f l j ~ b f ~ k l l l ~ 4 !  i l l  tCllC~(>t b:~fhl16lb~)'. set! k f ! + ,  [l-G/. 

Evnl~~nbccJ t.)ieorct+isn) cxcitntior~ frtnctions 1% normalixcd t hc  bhc:orc:t3icn! rc= 
,stllt.s frorrr ;I rntlgci of cnlctllntiotls to tlrc cvnllrntcd cxpcritncntal (lati1 iit l l l , T ,  

hloV, ntrd tt~ok ttrcir nvcragc. 'f'lris yield3 ~ v c r ~ g c d  thcorcticnl cxcitatinri futrc- 
tiotrs fo r  tlrc pratluctiutr of the varicltts ra(lio~r~rclidcrs at tiorrtrotl ctrcrgics rntrgitrg 
Ctotrt tl~rcshalrl to 14.5 hfr?lr. Our ttlcurclicai rcvufts rnay bc uccd i n  cot~junc- 
tior1 witl~ cxp~ri r t~~ntaf  (Iata t o  prot111ce ~ v a l ~ ~ a t c d  rrlcliori~~clidc prodt~~l ior~ cross 
scctiot~s for trc!rtron ctrcrgics lowcr ttran 14.5 h1cV. Scc f k f ,  [:J] 

Systctlrhtics of  isottrcr rtltios Ily c;llc~~lalitlg isottrcr riitios for a ratlg-! of rtr;lctioris 
wc* \*;c:rcl i r t ~ l t .  t o  ir,vcr~til;at~ t h ~  vitIi(1ity of the liapccky ntrd Gruppcl,iar systctrr- 
:rlirs ['t, I I] .  

Invcstigtltctl ttrcorctichl spitr-cffcets U'c irtvcstigetcd tlrc rolc of atlgulnr tnortlctl- 
tutti cotiscrvntiun irt scmicl,lssictrl nrrd qurrnturn rnccirrrnical prcc(1uilibriutn rrrod- 
cls, ant1 i t s  it~flttctlcc on isortier prodtrction [ e l ,  5j. 

f i t  t t l r  follorvirrg sccliori tc-c? dcacribc tlic C;h'hSli nuclcar rt~odcling coclc, nnrl tvc* 

give ?i&l t!acriptic-ins sf our r~sults  fronr czcii of fhc attove are&= of ctt~dy- firrthcr 
cfctni1.s of orrr work can i)c foutld in Itcfs, 11-51. 



11, DESCRIPTION OF GNASll MODEi, CALdUbATiON 

'J'lre GNASH nuclcar theory codc (71 ia bnscrl on the tfnl~acr=Fcshl)ncl~ ~t.nt,iat.in 
cul tlrcory wi th  full atrguliir ttrotrrctttuttt eot~scrvatiot~, wit11 ~~rccqtrilibrit~tt~ corrcctiotrs 
cnlcrrlntctl with tlrc cxcitotr tnodcl of f{tlll~hth, or wit11 tlrc qunr~ttrttt tnccl~rttlicnl rr1111. 
tistclr thcory of l~cslrI,ncll, licrttlntr, urrd Jiootlitl (81, 'l'rhnsrnissiot~ cuoflicicrllv fur 
dcformcd nuclei nrc ot~tnincd Erorrr tile co~r~rl(~d-clr~~rtrcl codc ECIS (91, nr~t l  fur R J I ~ I ~ ~ -  

icul tluclci frorn SCAT2 (1Uj.  The optimt pcitc!iitials tisccf to obtain tlic trannrnission 
cocfficictjta dct)cttdcd otr tllc rcactiotl cot~~itlcrccl, fir nartlc cwcrs, yratcrrtiril~ wcrc! ul)- 
tairlccf far a pnrtieullzr tnrgct ttuclcus by fit  t i t ~ g  cxpcritrrcntlil clnstic nr~d trotrclnstic 
d ~ t 8 ,  ~ f i d  { i t  c,ll~er citscs gIobi\i optical potcr~tials wcrc u tilizcd, 'I'rnnsrnissiorl coclIi- 
eictits for gntnnrrl=ray cttlisfiiot~ rlrc utiually attairlcd lrorrr tltc gcncrnlizctl Lorcrrtzi:rr~ 
trloc.lcl of Kattecky utrd Uhl (61, r~ormalizcd to cxl~critrioritnl tpalucs of 2 x r , / l l u  for 
rr=wavc trcutrotrs, 

'I'ltc lcvcl dcrrsity ttrodcl of Igttntyuk, or i r ~  sutt~c cctses Gilbert tlrlti Cntrlcrorr, 
WM used atld tt~~'ltclrcd at1 to the curt~ultltivc trurnbcr of ~ x p c r i ~ i l ~ t ~ t d  ICVCIJ kt low 
cticrgics. 111 tire c u e  of tlrc fraftriuttr ~(alculatiotrs, wllcrc tllc iaotrrctic lcvcl is at n vcry 
I~igh cxcitnbiot~ ctrcrgy (2,447 hlcV), u discrctt! band of rotaliotral lcvcls w;u Itlilt otrto 
lllis slate atld cttrhcddctl into thc c~trtinunrn~dcscrih!d stales [ I ,  21, 

111, SYS'I'I.;!vIATICS OI: 190ME11 IM'I'IOS 

?'hc syhtcmatics of t~cutrot~=iticiuccd isorrlcrie cross scctiolr tab-ib~ at l f i ,h  h!cV 
fravc hccn studicd Ly Kopccky and G'ruppclaat f l  I ] .  Tl~cy used i\ sirnplificd vclr9inr1 
of tile CZNASII codc to rlotc:rrni~~c tlrc ratio of cross rrcctior~ to tlrc isott~cric stnte rlrltl 

grolltl(1 stntc itt (ti, t i ) ,    TI,^), (11, I ) ,  (ta, a), hrrd (11,211) rcrrctiotis, rcplncit~g tllc real- 
istic nrrclciir lcvcl structure by two discrcte stntcv (the grollnd statc and tfrc isotlrcric 
statc) plt1.9 a cotrtir~uurr~ of statisticn11y~dcscribcd states, Their approach is, thcrcforc, 
considcr:il~ty sitrit)lcr tllatt our calculations and so wc have compared our results wit11 
the f<ol)ccky~C;rt~y>pclaar systctnaties. 

fn ftcf, [2] wc stlowcd that whilc such systcttrtltics arc very uscful, i t t  nlany cnsca 
a full calculntiot~ (wi th  n rcatistic dcscriptioo of tl~clciir structurc) i a  irnpottiit~~ i t r  
accurntclg dctcrtt~itritlg isortlcr ratios, Also, liopcckp and Gruppclanr point otrt ;frat 
bllcir calcuftltiorr is particularly acngitivc to the airnj)!c! ~rlotlcl ptirnrnetcrs that thcy 
adopt for thc (n,2n) reaction. Our itlvcstigtrtions i7to at1 ~nalogous sirnplc tr~odcl 
confirtrlcd this, and indicatc t l~a t  for ccrtain reactions otrc sl~ould be wary of usirrg 
sirrlplc systcrnat ics predict iorrs, 

Our c;rlculations gcnc:ally support ptcdictiotls from thc systctnatics at 14 hlcV, 
cxccpt for isomct spins abovc about 12. Thc agrlrcnleni is f16t as good lot (n,n') rcac- 
tions, thotlgh thc systcmdlics may still be good cnougb to t)c of use whcn dcvc!upil~g 
large actimtion librarks, \Vc also provided thcorcti~al result!: lor iwrncric ratios it1 

neutron capture rcnttians, where cxpctitnctttal results arc H ~ ~ P C C .  

I:rrll details of ttvar invcgtigrrtions can bc foutrd it1 Ilcf. 121 



IV, PIIYSlCS OF SPIN EII'FECTS 

A 1)roj)cr tr(:attr~(!~t. of ang~lnr rrltrrlrcr~tlltr~ cotr.lcc~rvwt.iotr i t r  ~)rcc!cj~riliI)ritr~t~ rtrrtl 

cclt~ilitritrrn rcrlctiotr proccs.rcH is ittlportt~tit wllctl cl(~t,ctrt~ritrir~g tllc j~rodtlctiotr cross 
~cctiarrs of isorncrrr, wllicl~ arc oftctr of lriglr-~j~itr, 

'So lwvcsy tllc llroductioll of tllc 1G.l  17uf112~lf isorrlcr i l l  the 17'11f(~~,2~~)'7H""1~f 
r~izctibtr, botlr c~1)c!rittretrt~l trreilstlre~rlctit~ ittlcl tlrcnrcticnl crt.lctl1ntiotin llrtvc l)cc!ri 
~,efforrrrcd, I r r  11190 wc I,r:rfor~t~cd ci~lculatiorls of tjiis isorrler [ I ]  with thc UNASl l  
rluclcar ttiodcl catlc befarc t~xpcri~ric!titnl trrrr~~trrcrricnts wc!rc tnndc, nrld ol,tainc!tl rc!- 
~u1t.u wllic11 ilgrcccl to withit] il filctor of two with tlrc later rncil~rrrcttlctrt l ~ y  I'ntrick 
ct  oL (i'L1, 'hlii11~ into nccour~t thc vcry errlull cross scctiony for iaomcr productiotr 
(due lo tlrc high spin), rlrrd tlrc unccrtaintics in tile tlrcclrcticnf r~rodcli~~g (1);~rticul:~rly 
i f 1  the tlrlclcar .rtructtrrc i~rrd ~ j ) t i~ i i l  j)otcrrti:~Is) our rcsufts Were very c ~ I c o u ~ ~ I ~ ~ I ~ ~ ,  
Sitlee tlrcrr, ttiorc trrcirsurcfrrcats (131 1r;rvc bc*ctr trrad~ which hilvc vcrifictl l'i~trick c t  
crl,'~ irritifil rcsrrlt, b'urthcrrnorc, rr truttil~cr of dcvcloptt~crrts to the (1NASlI cotlc llavc 
1)ecri rrrildc which Iccl uu to rccnlcrrlirtc ivorncr productiotl cross scctio~~, Eve11 tfrorrgh 
cxpcritrrct~tal data exists i ~ t  14 MeV, thcg do trot at lowcr cncrgicu, tuld t11u ~,lrc!arcli- 
c:rl eirlc~~lntiot~s ;tat of irtrj)ortritlcc aitrcct ttrcy c;tti Lc tlorrtrcilizcd tu thc* rrrc!astrrcrrrcrrts 
at 14 hlcV atid u?~.lcd to provide cross scetiotrs for lowcr trcutrorr clicrgicu, 

Wt! npplicd tfrc irnprovcrl ONASII code aystctti to cnlculi~tc 14 hlcV tlctrtrolr rc- 
actiotrrr oti "fjIIf  lo \ ,otl~ the l G S  itcots~cr i n  ""If nticl tlrc l'L,tim isorrlcr in I7"If. 

'I'wo celculiltiorls wcrc c~rr~parcd which utilize dificrcrlt riiudificntioris to tlic code: 
firstly, tilt! (!XC-~\O!I f110dr:l pr~~t~quilibriusn cil\cuf;~ti~n was l~lodjficd fro that, thr! spin 
tlist.rit)ttt.ior~ of rcuiclual tiuelci aftcr prccquilibriunt dccay is obtained frorr~ tllc cxciton 
spiti-fff:pcadctit 1cvc.l density [IB],  nrtd riot frotr~ thc curnpouricl~nuclct~u spill diatrihtr- 
tion; arid st:corrdly, a vcrsiot~ of tlrc co(le, 1:lili.C;NASfI [ 5 ] ,  which uscu tllc (ltli~t~ttttt~ 
trlc!cliiltiicnl I~csl~bach-licrmatr-1i00r1in (1Xli) [8) prccquilibrinni model. 

\Villi t11c rclcctrt modifications to thc cxcibon rnodcl calcnlationr; in GNASII wc 
ohtnitlcd high-spitr isorrrcr production cross scctior~s that arc i n  good agrccrricrrt with 
~rt(~;i.qurc!ti~~rr~s, arid ilgrcc rriorc cloucly wit11 tnciuurctrictit: tlran thosc! wc pul)lishcti 
in 1!J91 111. Ilo~r.cvcr, our calculations wtlicti rrtilize tllc FKK tllcorp yicltl stnilllcr 
Iriqh-s~)itr-tri~t~~fcr tri~tlsitiolls tllntr forlrlrl wilt1 tlrc c*xciton rrro(Ic1, ntirl ~r~itlcrprc~tlic~ 
1liglu-sl)itl isotrlcr prod~tctiotr. \\i! doubt that this ~rr~(lcri~rcclictiot~ rcprcscrlts a frr i l -  
irrc* of tlrr* I~asic f)trpsics of LI I (*  r;lf<li thcory, b t~ t  rattler tlrc inntlcquacp of its prcacrrt 
itrry)lctrrcrltntit~rl. Our formalism fur irnplctnctlting tllc 1:KK tlreory Ira beet1 sncccus- 
f111 it1 cfcscribitrg trucltorl crrlissiott cross scctiatis and angular distributiotrs, i i t l ~ l  ttris 
irrvcstigation 1s the first to be scnsitivc to the ttarrsfcr of large dtll;~Iiir rr l~rt~ct~ta.  

For ftrrtlrcr details, sce Refs. [ d l ,  51, 

A nl~tnbcr of diffcrctrt groupa bnvc pcrfortilcd thcorctical cross scction ci~lculations, 
and at tilt* l!)!l:J lt\Etl Dcl Xlar mccting n recornmendation was rnstfc to ~)crrclrttt lztr 



intcrcornpnrison of the thcorctic:tl wbrka, 'I'his intcr~om~nrison wm 11,crfortncrl at 
Lilwrcncc Livcr~l~orc Natiot~al I,al,oratory. 

A cornl~nrisotr of thcorcticnl ctllctiltitccl cross ~cctiorie for tllc protftictiot~ of rh- 

dior~uclidcs sliould l~luy it nurntcr of uacful rolcu: it idctitifics cltaes wllcrc rliscrcp- 
ntlcioe (:xist bctwccrl calcultttiotis c l r ~ c l  tllcrcforc stirrru1:rley lurllier thcorcticill worl; 
to understand (and I~opefully tcnro~c) diffcrcnccs; thc comparison yields ~prcr~rls i t 1  

tlreorcticsl c:rlculakitr~~rr which curt be intcrprctcd ac unccrtninticts it1 tlic cnlcul&tior~s; 
nrld thc avcragcd theorctical rcsults car1 IJC uscd, with data wlicrc it cxiuts, to provjdc 
cvldulttccf cross sections nt cr~crgiev lower ttlrirl l 4 ,b  MeV, 

A s  thcrc is oftctl orlfy sparse cxperirrientaI inlorrrlatin~l on production cross scc- 
tiorle of radioactive nuclidcg at  cticrgicg lowcr than 1 4 3  MeV, thcorcticnl cillculirtiorl 
of tlrc yhapc of thc cxcitntio;i frrtl~tior~s for the ~>raduction of thcsc nuclides car1 Irc! 
very uscful, Such calculatiorls arc oftcr~ nortr~alizcd to tlrc cxpcrirtlcn till valuo at 14,s 
MeV, and thc11 used to attsitl cross ~cctiorls at lowcr ir~cider~t rlcu troll clrcrgic~, 'IL 
fi~cilitntc this proccdurc, wc cornparc all thcorctical calculirtior~s for tllc cxcilatiorr 
functiot~s of the vario~ls rc!nctions considered it1 this 1lCM irrld dctcrrnirlc ;~vcriigcd 
thcorctical cxcittttiari lunctiotls for circt~ reaction, For some rcactiorle tllcrc docs exist 
cxt~crirrrct~ti~l data at lowcr ncutror~ cncrgicu, Apart frorn corr~mcrltir~g on how tllc 
calculatiorls cornparc with the data, wc do not iricludc this irlforrnatiorl in our work. 
t ?  Ilit~!r, in cases where thcrc is data irt tleutrotr crlcrgicv lowcr than 14,6 MeV, fur- 
thcr cvaluiltior~ work is nccdcd bcf'orc ;r rcsotrrrricnd~!t1 oxcitiltioti furtction for fuviorl 
technology npplicirtions eat1 t c  provided. 

t 1  I trc various groups who have calculated radionuclidc prodr~ct,ion cross scctiorln 
arc ils fr,llo\vs: M.U. Clladwick and P,G, Young (GNASII code systert~); A.V. Ig- 
natyuk, O.'r', Clrudzcvich, arld A. E'ashchcnko (STAPKE codc system); N,  lbnlarnuro 
(SJNCItOS-I I codc systcrn); J.W Mcadows (CjNASII codc systcrn); arld M,  Cardrrcr 
atld I). Cardncr (S'L'AI'LUS codc systcrn). All tlrcsc calculationv arc based on Jtnrrsc!r- 
Fcshbach cornpound nuclcus theory with prccquilibrium cmiusion, and in  sonlc cases 
include direct rcilctioas wit11 a I)\YDA or couplcd~chanmcls approach, 

Virrious groups have dctcrrnincd thc radionuclidc production cross scctior~s wit11 
diffcririg rnettlods, ;inti consc<lucntly obtain differing rcsults. tVc decided to cornl~inc 
these c;llculiltions by normalizing each calculcltion to the cvaluatcd 11,s hlcV ~i~lt lc! .  

ar~d dctcrrninc tllcir zlvcragc. This produces arr evcragc theorctical cxcitatiorl ft~rrctiotl 
for tritch of thc reactions, frorrl threshold to 14.5 Me\.'. Onc coultl cxarnirlc t l ~ c  various 
asaurnptiotls rrladc i n  the calculatior~s (optical potentials, lcvcl dcnsitics, prtrcquilil. 
riurrl rnodcls, ctc) and assess tire accuracy of cach calculation, This would be a uscful 
task to perform in thc future. But for thc rnomcnt we have used equal wcigtltings tor 
all calculations whcn ottait~ing the average. Our proccdurc is thus: 

Xormiilizc theorctical calcufatior~s to thc. 11.5 hIcir cvaluatcd valucs of Vonaclr 
cl a/. [13,14]. 

a J'rocfuce splincd fits of cacll set of calculatcd cxcitrrtiotl futtctions ntld ot~tilin 



tllcoretical values on n cornrnorl O , t  MeV-spi~ce(1 grid 

0 Avcrbgc the vilrioua tl~cclrclicitl curvcu or] this Y W I I C  C O I I ~ ~ I I O I I  grid of cllergy vi~lucs 

111 figures 1-8 we show tllc vilriuus tl~corcticnf ci~lculatiot~a ilrld tllc avcr;~gcd tllc. 
orcticrll vrrlue, far t11(? proclt~ctic>rl crostt sc!ctiot~a of tl~c* 41iarious radionuclidcs, In cascu 
wllcrc cxpcrimctittll tluth cxiata nt cr~crgicv I~clow 14,t MeV, wc il~cludc tllctlc 111c~1- 
surcrncnts in tllc figures, Tfic avcrilgctl tl~carcticul vtllucv urc ~ h o w t ~  iri llutncrical form 
i tl l'atlc, 1, 

Otr tire basis of ttrcsc cortlprrrisor~s wc m:~kc! tlrc followitrg ol~scrv n. t '  ~otls: 

c l  IOllS 1, Wtrilat tllcrc arc SOI~IC  reactiof~s for whicll the virriouv tl~csrcticill cillculr t' 
agrcc closcly, in arany cnscv ilgrccrncnt bctwccr~ cirlculiltiorlv is poor. C~~lculntior~s 
vary cor~vidcrably for thc reactions 1uQg(rr,2r~) 'c"Ag, 1G3Eu(r~,2n)1"~f'n21r3u, 
1H71te(t1,2r~)1HG'nItc, 1v31r(r~12r~)1vZrnZfr (Figs, 2,4+6,8), 

2, Exl)crimct~ti~l dilts i~clow 10,7 McV rlcritror~ energy has hccn rcccrltly rnci~~tlrc:d 
by tllc Juliclr-Ilc!brcccrr 1151 collal~orcrtion, for tllc rcirctions 'G'Eu(~~,2t~)1"'f'I~u 
and 1GoTb(~,2t~)11"W~. I:urthcrrnorc, cxpcrirncnt;ll data has rccctltly bccri o t -  
tairrcd at 10,3 McV lrcutrori crlcrgy for thcsc two rcactiot~s, as well as for the 
rcactiorr 10%g(n,2)10HmAg by thc Argonr~c-Los Alamos-JAEItl collaborntiorl 
[ICi]. 1x1 all thcsc cwcs the theorctic;rl c;llculntiorr.u consist,cnt,ly cxcc:c!d t h o  rrlca- 
surcrr~ents. M. I3larlri addresses possil>lc cxperirr~cotal unccrtainticu i n  tircsc mcil- 
surcrncnts in flis col~tributior~ to tile 19!)5 IAEA Pctcrsburg rnecting. 

3, It is irltcrcstirlg to r~otc thc vcry diffcrcrlt shnpc of thc 17DIlf(n,2a)178w'21.1f corn- 
j>i~rctl to the othcr (n,2n) excitation functions, This is duc to the cxtrcmcly high 
spin ( 1 6 ~ )  of the isomer, and the calculatioris of Clladwick cl  al, and Igriaty~~k 
ct al, agrcc closcly. 

'S11t1 tt~corctical calculatior~s of production cross scctions of the r:~diorruclides dc- 
scritotl can I c  tlscd to obtain cvaluatcd cross scctions for ncutrotl energies below 14.5 
Mc\'. 

This work was pcrforrr~cd under thc auspices of thc U.S. Department of Energy by 
Lawrcncc Liverrr~orc National Laboratory ttrldcr contract No. W-7405. Eng-48, and 
tlndcr ttrc International Atomic Energy Agency Research Agrccnlcnt No. 50G2/CF. 
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Fig. 1 .  Tlleorctical cross sections for (n,p) productiorl of g"Nb, x~ormalizcd to a valuc 
of 54.5 mh itt 14.6 MeV (131, 
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Fig. 2. Theoretical cross sections for (n,2n) production of loBmAg, normalized to a 
value of 708 mb at 14.5 MeV (131. AIso shown is thc cxpcrimcntal result from thc 
Argonnc-Los tllamos-JAERI collaboration 1161. 
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Fig, 3, Tl~corctical cross scctions for (11,211) productior~ of l G o m E ~ ,  norrnali~~d to a 
value of 1282 mb at 14.5 McV [13], Also yhown arc cxpcrimcntal rcsults from tlrc 
Argontic-Los Alarnou-JAEIZI (lG] and Julicli-Dcbrcccn (15] collatorationu. 
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Fig. 4. Theoretical cross scctions for (n,2n) production of s529tm2E~, normalized to 
a value of 1568 mb at 14.5 MeV (131. 
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1 5 Tl~coretieal cross sections for (n,2n) production of lS8Tb, nornlalizcd to a 
value of 1929 mb at 14.5 McV [13]. Also sl~owrl are experimental results from thc 
Argonne-Los Alamos-JAERI [16] and Julich-Debrecen [15] collaborations. 
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Fig. 6. Tllrorctical cross sections for (o,2n) production of 186mRe, normalized to a 
value of 502 mb at 14.5 MeV (141. 
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Fig. 7, Tlicorctical cross scctioris for (n,2n) production of ""-If, normalized to a valilc 
of 6.29 mb at 14.5 McV [13j, 
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Fig, 8, Theoretical cross sections foz (n,2n) produztion of 102m21r, normalized to a 
valuc of 184 rnb at 14.5 MeV 1141. 



Table I, Numerical vnlucs for averaged theoretical cross sections (mb). 

l'uble 1: 

Reactions are labelled as follows:- 

#1 109~g(n.2n)1"m~g (&) 

#2 '51~u(n,2n)150m~u (5) 

#3 153~u(n.2n)152~tm2~u (? ,8-) 

#4 159~b(n,2n)158~b (3-) 

#5 1s7~e(n,2n)186m~e (8+) 

#6 179Hf(n,2n)178m2~f (I&) 

#7 193~(n,2n)192m2~ (9-1-1 

#8 94~o(n,p)94Nb (M, 
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DVALUATION OF SOME ACTIVATION CROSS-SECl'IBNS F6Ii 1:ORMA'I'fON 01: LONG- 
Lf%b AmNITZES IMPORThNT FOR FUSION TECI-WOLOGY *) 

14. Vonach and Maria Wagncr 

Institut fiir Radiumforschung und Kcmphysik, 
Univcrsitit Wicn, 
Vicnna, Austria 

Abstract: Thc cross-sections for the rcactions 94Mo(n,p)94Nb, logAg(n,2n)lo8mAg, 
1slEu(n,2n)l5omEu, 153Eu(n,2n)152s+m2Eu, 15gTb(n,2n)I5gTb, 179Hf(n,21!)1781112Hf, 
182W(nn'a)178m2Hf, 187Rc(n,2n 1gmRc and 193Ir(n,211)192m2Ir wcrc cvaluatcd at En = 14.5 McV. 
Evaluatcd cross-sections and t 1 cir uncertaintics wcrc clcrivcd as wcightcd avcragcs of all accepted 
and if necessary rcnormalizcd cxpcrimcntal data. Corrclations bctwccn different rcsults duc to usc 
of comrnon dccay data wcrc taken properly into account. 

Introduction 

Following thc rccommcndations of the Intcrnational Nuclcar Data Comrnittcc (INDC thc 
IAEA Nuclcar Data Scction has established a Coordinated Rcscarch Programme ((CRP 1 on 
activation cross-scctions for the generation of long-livcd radionuclidcs of importancc for 
radioactive wastc problcms in futurc fusion reactor tcchnology. Fiftccn rcactions of special 
irnportancc for this purpose wcrc idcntificd by the INDC and selcctcd as thc main task of thc CRP. 
For a part of tllc rcactions this task had bccn solvcd alrcady at thc timc of thc 1. Rcscarch 
Coordination Mccting (RCM) in Vicnna in Novcmbcr 1991 in thc scnsc that scvcral reliable 
mutually consistcnt mcasurcmcnts had bccn pcrformcd by CRP participants ~ W a n g  Da Hai 1992/, In 
orJcr to obtain final rcsults for thc uscr community it was dccidcd at that mccting to combinc thcsc 
mcasurcmcnts by mcans of a carcful cvaluation into a sct of uniquc rccommcndcd cross-scction 
valucs and corresponding unccrtaintics for each rcaction for the important neutron cncrgy range 
around 14 McV, This work was donc at IRK Vicnna and is prcscnted in thc following. A 
prcliminary cvaluation covering thc data obtaincd until 1993 has alrcady bccn published in thc 
procecdings of thc last RCM rVonach 93/. At thc last CRP - mccting in St. Pctcrsburg 1995 a 
numbcr of participants prescntcd slight revisions of thcir previous data and ncw rcsults which allow 
to cxtcnd thc cvaluation to two additio~lal rcactions. For this reason the whole cvaluation was 
rcpcated and thus this work supcrscdcs and rcplaccs thc cvaluation Nonach 93/. 

Evalualion Method 

The cvaluation was donc in thc following stcps 
1) Sclcction of data 
2) Rcnorrnalization of data to a common set of decay data and rcfercncc cross-scctions and to a 
nominal ncutron cncrgy of 14.5 McV 
3) Calculations of thc cvaluatcd cross-scctior.~ and thcir unccrtaintics from the renormalized input 
data. 

In dctail the following proccdurcs were used. 
Expcrirncntal rcsults wcrc obtaincd from thr CRP-participants in form of formal papcrs prcprints 
and private communications. In addition the data compilations CINDk and EXFOR wcrc scarchcd 
for additional mcasuremcnts. From this data basc a fcw results were not includcd into the cvaluatioc 
bccausc they dcviatcd strongly from thc mutually consistcnt bulk of the data or bccausc 
cxperimcntal conditions sccrned unsatisfactory. Thus the rcsult of Akcda 921 for the rcaction 
I53Eu(n,Zn)lSZs+m2Eu was not used as the rcsult suggcsts that it contains an appreciable contribution 

') was presented after completion of the meeting and distributed by 8 August 1995. 



fro111 tttc I5lEu(11,y 152rn2rgEu tcactioi~ duc to modcrntcd sourcc ncutronsl 9'hc cross-scct ion data for 
1111 aeccptcd cxpcr I rtret~ls :ire fifvcti I r t  f:rblc I ,  

A11 cross-scctians lr~rvc tjcctr nictrsurcd by y-spcctroscc~ y, t t ~ n t  fs 1) dctcrrrlit~:ltiotr of tllc S i ititcrisity of spccltfc y-lincs of tllc lotlg-livcd tlctivitics fortirc it1 thc stuc icd rclrctlotls, Ncurrotl 
fluetlcc 11:is l~cctr dctctmincd from tlic y-activities lorltlccl in  rno~litor foils by n ~ c c ~ t ~ s  of rsactions 
wit11 ~ c c ~ I ~ ~ I I c I  known cross-sections, 

Accor 1 Itlgly :dl cxprrrittrc~rfiil rssults wctc rcnotnralizcd to t l~c nlosl rcccnt decoy d:~ to  (li:ilf- 
iivcs nnd crnissiot~ probabjlilics for lltc y-lincs uscd it] thc trrc:rsurcn~cnts) and cross-scction v:~lucs 
for tllc nranitor rcactfons, T h c  decay data uscd in the prcsent evsluatiot~ arc shown In tablc 2. In 
gctlcrillly tllcy wcrc lakcn from tlrc ti~osl rcccnt issuc of Nucl.Dnt:! Shccts, in n fsw c:~scs, whcrc 
fccent fe~ul(s of' precision mcasurcmcnts bccamc availnblc tl~c Irttlcr llttvc l~cctl uscd, Thc nlost 
i l ~ ~ p o r t u ~ ~ t  wsc ~ J I  this rcspccll Is I ~ C  11:rlf-lifc of jogfirAg which is givcn as 125 ycars i r r  tlic Nuclear 
Data Shccts, whcrcas a rcccnt rncasurcrrrcr~t at fYr3 Urrr~rnschwcig /Schradcr 93/ rcsultcd in a half- 
lifc of 433 t 15 ycnrs. Usc of tl~is lattcr valuc rcnlovcd thc ctlrlicr largc discrepancy bctwcctl 
cxpcrinlcntal and t hcorct ial val ucs for I ~ C  logAg(n,2n)losmAg cross-scct ions, Far tllc Iltil f-Iifc of 
1samEu tllc ncw rcsult of 36,') 2 3 ycars /Iihornpson 931 was used, For lszp,Eu thc carcful rcccrrt 
cvalutltion of decay-d;~ta pcrforttlcd withitt r CRI' on X-ray and gamma ray stand:~rds for dctcctor 
ct~libration W:IS uscd /IAEA 911, 'rltc ttlonitor rcactions uscd in tllc various cxpcritncats 3rc listcd i n  
tablc 3. Most cross-scctions wcrc tiic;lsurcd rcl;ltivc to thc cross-scctions for thc fcilctiot~s 
s%Ni(n,p)sgCo and gWb(n,?n)*mNl). For tbc 58Ni(n,p)59Co tllc cxpcrimcnts wcrc rcoornmlizcd to 
t t~c  prccrsjon rcsults of I'avlik ct al. /I1i1vlik 85/, for ~ J N b ( n , 2 n ) ~  tl~c cross-scction is ktiown to 
IIC constant to bcttcr 1% in  thc 13.5 a- 15 McV rtlngc, 'Tl~clcforc a vuluc of 
400 2 5 mb, thc rcsult of ttic wrcful cvalu:ltion of T,D. Ryvcs lnyvcs 89/ at Ell = 14.7 McV was 
uscd for all neutron cncrgics. 

'I'hc cxisting cross-sccfion n1c:lsurcntctits wcrc pcrfotn~cd for ncutron cncrgics in tllc r:it~y,c 
13.7 - 14.8 MeV (see ial~lc 1) whereer thc cvalustions rcfcr to one specific neutron escr8y C ~ O S C I I  
as 14,5 McV. Tllus in principle it is nccessnry to rcnofmalixc all cross-scctions to t h ~ s  cncrgy. 
Actually this was otlly ncccssary for thc reaction loMg(n,2n)lusfnAg. For tllis rcactiotr thc rcsults of 
Ulinov 91, Lu f Ianlin 90 and Wang 91 do show 3 small, but well cstablishcd incrcasc of thc cross- 
scctions with ncutron cncrgy and all cross-scctions wcrc rcnormalizcd from thc mcasurcd cross- 
scctions using fhc avcragc valuc of thc slopc (45 mbIMcV) dcrivcd from thc tlircc nlcntioncd 
cxpcrimcnts, For all othcr rcactions fhc cncrgy dcpcndcncc was ncglcctcd as for thc rcn~aining 
(n,2n) rcnction wc arc in thc flat rcgion of thc maxinlum of thc cxcitation function, whcrc any 
chtlngc of tlic cross-scction with ncutron cncrgy is much srnallcr than thc rcportcd cross-scction 
uticcrtaintics. For thc ')~~Mo(n,p)')~Nb reaction the two rcportcd mcasurcmcnts arc inconclusive cvcn 
concerning thc sign of thc slopc of thc cxcirtltion function in thc 14 - 15 McV rangc, thus - as also 
supported by tlicorcfical calculations - we arc probably also in thc maximuni of tllc cxcitation 
function and thus also tttc cncrgy dcpcndcncc of t h ~ s  cross-scction was ncglcctcd. For thc 
I~3V(nn'u)l7~mzflf rcncfion thc gradicnt of thc cross-sccfion is probably quitc Iargc, howcvcr vcry 
badly known. On tllc othcr hand a11 rncasurcmcnts wcrc pcrfornlcd in thc narrow ncutrotl cncrgy 
rangc 14.8 - 149 McV. Thcrcforc in this a s c  no atfcmpt was rnadc to rcnormalizc the data to 1.15 
McV and in this one casc 3 ncutron cncrgy of 14.85 McV is assigned to thc cvaluatcd cross-scction 
(SCC tablc 4). Thc concltltions duc la use of common rofercncc cross-scctions wcrc ncglcctcd as 
thcy arc vcry small duc 10 the vcry low unccrttlintics of thcsc standards (1 - 2%). By ntcatts of thc 
dcscribcd proccdurcs all cross-scction valucs have bccn rcnomalizcd to common nuclear data and 
3 common ncutron cncrgy sf 146 MsV, For those cxpcrimcnts giving rcsults for scvecaI ncutron 
cncrgics thcsc rcnorrnalizcd cross-scctions wcrc furthcr combincd to onc valuc by sirnplc ;~vcraging 
all cross-scctions and corresponding unccrtaintics of thc rcspcctivc data sct. This proccdurc is 
sorncwhtlt conscrvativc IIS i t  assumcs that Ihc unccrt~intics within cach data scts arc mostly 
systcnrrrtic and ttius highly corrclatcd. Probably our proccdurc thus ovcrcstimatcs somcwhat thc 
unscr~aintics of thc final rcnorrnalizcd cross-scctions for thosc data scts giving scvcral cross- 
scctions;. 

l l rc  final rcsults of tllc Jcscribcd proccdurcs onc rcnormalixcd cross-section vnluc for thc 
nominal cncrgy of 14.5 McV for cach data sct arc also shown in tablc 1. 

Thc unccrtaintics of thcsc rcnorrntllizcd cross-scction vrrlucs include all thc unccrtaintics 
cxccpt thosc of the dcay  data. 

Evaluated cross-sections wcrc ~31cuItltcd 3s ~ c i g h t c d  a v c t a g ~ ~  of Ihe rcnomatixcd input 
cross-scctions givcn in thc last column of tablc 1. 



130f11 tllc cxtcrnal arld (lie ii~tctnal crror of the uncertainty of thc cvoluntcd cross-scctions 
wcrc mlcultltcd utrd tllc lor fer of thc two is uscci us cvulutr~ion rcsults, that is in a s c s  sf slidit 4 incorrsistct~cy all utlccrtrint cs wcrc Iticrcfisccl until u vr~luc of chi-squrrc equal to ulilty was 
rc:lchcd, Pjntllly thc unccrtuiritics of tlrc d c a y  data (scc tablc 2) wcrc addcd qu:idr:iticnlly to tllc 
uaccrtaintics caleul:~tcd bcft~rc ns thcy arc conintor1 to all nicusurcnlctits. 

Evaluation utrd rcsulls 

Tlic rcsults of thc cvrluation arc showti in tablc 4. Thc second column shows thc svaluatcd 
crass-seetiofis derived from thc cxpcrimcntal data givcn in tablc 1 and thcir uncert:~in~ics, calutnt~ 3 
sllows t l~c  chi-square vrlucs pcr dcgrcc of frccdom, indicating satisfactory consistency lletwcerl tllc 
diffcrcnt cxpcrirncnts, In  parcnthcsis (in column 3) also thc unccrtaintics arc givcn which rcsult 
from thc unccrtaintics of thc d c a y  drtn, As thc lablc shows, this is now Ihc largcst sourcc of 
unccrtaint y for t hc lo~Ag(n,2n)l 'JccmAg, 15 1 Eu(nI2n)l5flmEu and 1srWb(n,2n)lJ~'I% cross-scct ions, I n  
colunin 4 wc givc for com arison rcsults dcrivcd by a complctely othcr mcthad, In his corltributioti 
to thc 1989 CPR Vonach ! crivcd cross-scction valucs for most of thc (n,2n) rcactiotis as diffcrcticc 
bctwccn total (n,2n) cross-scctians tokcn from systcmations and mcasurcd cross-scctiotls for thc 
short-livcd isomcr ~Vonach 891. As thc tablc shows, thcrc is good agrccmcnt bctwccn thc two 
rcsults for thc lu~Ag(n!2n)lofjmAgl ~~3Eu(n12n)l~2~+m2Eu, lsVb(n,2n)lscrI'b1 1H7Rc(n12n)l~GmRc and 
1~31r(n,2n)jr)2m21r rcactlons, whcrcas for only onc reaction, lslEu(n,2n)lJQs*m2Eu1 a discrcpancics on 
lhc 20 lcvcl cxists. Finally in thc last column tllc rcsults from thc dircct and indircct mcthod arc 
combincd to tl final evaluation rcsult, 

DtlNOV+ 91: Privatc con~munication 

ULINOV+ 95: M.V, Dlinov, Contribution to this mccting 

C S I U I  93: Privatc communication giving rcviscd valucs for thc lo9Ag(n,2n)losmAg 
cross-sect ions 

GREENWOOD 87: L,R, Greenwood ct al., Phys,Rcv,C35,7G (1987) 

IAEA 91: X-ray and Ganrmtl-ray Stanclnrds for Dctcctor Calibration + IAEA-TECDOC (119, 
IAEA, Vicnna 1991 

IKEDA 91: Y. Ikcda ct al., Proc.lnt.Conf. on Nuclcsr Data for Scicncc and Technology, Julich, 
May 1991, cd. S.Qairn, Springer 1992, p. 364 

IKEDA 95: Y. lkcd;l, Contribution to this mccting 

LU f M L I N  95: Lu Hantin ct al., Contribution to this mccting 

MEADOWS 95: J. Mcadows ct id., Contribution to this mccting 

NETHAWAY 72: D,R, Ncthaway, Nucl.Phys. A190,635 (1972) 

PAVLIK 85: A. Pavlik ct al., Nucl.Sci.Eng. 90, 186, (1985) 

PATRICK 90: B.H. Patrick ct al., Rcport INDC(NDS)-23'A, (1990) IAE3, Vicnna, p. 09 
and privatc communication 

PRESTWOOD 84: R.J. Prcstwood ct al., Phys. Rcv. C30,823 (1984) 

QAIM 74: S. Qaim ct al., Nucl.Phys. A224,319 (1974) 
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ICYVES 89; rt lH,  Kyvcs, A slmultancous Evaluation of Somc Important Cross-Seetiotts at 
14,7 McV, Eurapcnn App41tcs,ltcp,, Nucl,Scj,'l'cchnol, Val, 7, 1241 (1989) 

SCI-IlZADElt 93: 11, Sclirrrdcr, 11'rf3 Uraunscliwcig, privntc cotti~~lurlicrrtiot~ 

VONACI-I 89: 11, Vontlch, Can~ribution to CRIj-Mccting on Activatfon Cross-Scctions for thc 
Oerieratiot~ of long-lived Radiurluclides of In~portancc in Fusion Rcactor Technology , 
Argannc 1989 (unpublishcd) 

WANG DA 1-lAt 92: Rcport INDC(ND5)-2G3, IAEA, Vict~tla 1992, cd, Wang D:I I-lai 

VONACtl93: 14, Vonach and M, Wagncr, Rcport INDC(NDS)-286, IAEA, Vicrlna (1993), p, fi7 
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Tnl~lc 1: lrtput data uscd for thc cvalustlon 

Hcilctf on Rcfcrcncc Mcasu red Cross-Sect ion Rc~omalixed C,S, 
En(McV) ~ ( ~ l l b )  at Etl 14,s McV 

(mb) 

04Mo(n,p)Wb GREENWOOD 87 

IKEDA 91 

IKEDA 95 

1wAg(n,2n)loflmAg BLINOV 95 

MEADOWS 95 

LU HANLIN 95 

IslEu(n,2n)lsomEu NETHAWAY 72 
QAIM 74 
LU HANLIN 95 

GGG 2 2G 
723 2 33 
7G7 2 29 



'l'ublc 1 (conlltiucd): Input dr~ta uscd for t l~c cvnluatiotl 

BLINOV 91 

LU HAN LIN 95 

MEADOWS 35 

IKEDA 95 

IKEDA 93 A 
SMITH 93 
MEADOWS 92 

l~Eu(n,2n)l~2(m?+~)Eu QAlM 74 

LU 1-IANLIN 90 
BLlNOV 90 

IKEDA 91 



'I'nblc 1 (continued 2) Input data used for the evaluation 

Reaction Rcfcrer~cc Mcasurcd Cross-Section Rcnormcllizcd C.S. 
En(McV) a(mb) at En = 14.5 McV 

(1nW 

Is3Eu(n,2n)152(m2*g)Eu lKQDA91 

BLINOV 93 

QAIM 74 
MEADOWS 95 

LU HANLIN 95 

IKEDA 95 

179Hf(n,2n)178m?Hf PATRICK 90 

IKEDA 91 
MEADOWS 95 

LU HANLIN 95 

IKEDA 95 

LU HANLIN 95 
182w(n,n1a ) 178m2Hf LU HANLIN 95 

IKEDA 95 
BLINOV 95 



Input data usctl far thc cvaluatist~ 

ltcfcrcncc Mcasurcd Cross-Scction #cnorn~nlizcd C.S, 

W4(n,n1a ) 17Bm21-If 1 KEDA 91 
187Rc(n,2n)186mRc IKEDA 95 

LU HANLIN 95  
193Ir(n,211)192m2lr IKEDA 95 

LU HANLIN 95 



'r:~lrle 2: Dccay data used for t l~c cvaluat ion 

Activation I'roduct I-la1 f-li fc By (kcV) Iy 
(yeafs) 

from subscqucnt dccay of 193gIr " from subscqucnt dccay of 18GgRc 



Ncutron Flucncc Monitor  uscd i n  thc var ious  cxpcrimcnts 

Flucncc Mani tor  

27A1(11,a)2~Na 

various 
IG9Tn1(n,'l,n)lGBTrn 
93Nb(n,2n)92mN b 

various 
93N b(n,2n)QzmN b 
93Nb(n12n)92mNb 

93Nb(n,211)92mNb 
93Nb(n,2n)92mNb 
Q3Nb(n,2n)Q2tnNb 
s8Ni(n,p)saCo 
93Nb(n,2n)9zmNb 



Table 4: Evaluation licsults, Cross-Scctions ot Ell = 1.4,s McV 

Rcuction Ovel,Cross-Scctton Chi-squ, ~val,Crtrss-~,3) Finill Eval, 
from dircct cxp. from indircct dct, Cross-S, 

(mb) (mb) (mb) 

1) Uncertainty contributions from dccay data 
2) Cross-scctian at En = 1485 McV 
3) Valucs from Nonach 89/ cxccpt for 153Eu(n,2n)lS2&+m2Eu and 187Rc(n,2n)18GmRc, whcrc thc 

rcsults of Nonach 89/ wcrc updatcd. 





Report to Third Rcscnrch Co=ordination Meeting on 
"Activation cross scct;ions for the Generation of Long-lived 

Rutlic~nuclldcs of lr~~portancc in Fusion Kcactor l'cchnnlogy." 
St, Pctcrburg , 19 to-23 Junc 1995. 

Eval&jon of 2 7 m n )  2 6 ~ l .  rcaction cross 

In  this work the systematics and systematical trends irr bchaviour of 
(n,2n)-rcaction cross sections wen used for evaluation of 27~l(n,2n)26A1 
rcilction as far as nvnilntlc experimental data arc scanty, mctlsurcd near the 
rcaction threshold and do not allow to make reliable extrapolation on high 
energy region. 

Analysis of a grcat amount of cxpcrimcntal data /l/shows that (n,2n)- 
rcaction cross section tn the maximum of excitation functions(lf Qn12a<Qn,np) 
depends as follows: 

amax = 64.4A2'3 mb (A=50+210) ( 1 )  
A further analysis showed that this dcpendencc takes place also in thc 

mass number rcgion A=35-50. 
For Qn,2n>Qnlnp the cross sections of (n,2n) - reaction in the maximum 

of excitation functions lie below and the difference is equal to contribution of 
thc (n,np) - reaction. 

From the relation (1) the 27Al(nt2n)2G~1 cross section must be-590 mb. 
The data for the (n,np) - reaction cross sections on 27AI (see Fig.) are 
contradictary, however a grcat (ntp) - cross section on ~ ' A I  (-100 mb) makes 
preferable for the (n,np) reaction cross section the values, measured by 
S.Grirncs/ 2 /(-400 mb) or R Glover/ 3 /(-300 mb) a t  14.8 MeV,as far as 
thcsc values give more great (n,np) - reaction cross section, that is typical for 
Qn,2n>Qn,np. 

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

For more reliable conciusions one can pay attention on the following 
systematic trend in behaviour of (n Jn) reactions for W ~ a t  2 7 ~ 1 ,  3lP, 3sCl, 
39K, having the same (N-2). 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 2 3 ~ a  and 
6,4 MeV for 39K). That explains a clearly observed decrease of the maximum 
of (n12n)  - rcaction cross sections in the chain of isotopcs rncntioned above, 
Thc 23Na (n,2n) - rcaction cross section near the maximum of excitation 
function is about 110-120 mb, the (n,2n) - reaction cross sections (also a t  the 

'I presented by A.V. Ignatyuk 



maxlmutn of cx~itation function) can bc cvaluatcd about (70-80 ) mb for alp, - wll l~ln .-(5040 ) tnb for 35Cl find ~(10 50 )nt for 34K+ IInvlng In mind 
this trend onc can cstilnntc thc 27~1(1i,2n) - reaction crass scctlon within ( 90 - 
110 )mb, 

In  thc works / 1,1 / it wm showed that the (n,2n) = reaction 
cxeihlion functions nermnlizcd to rnnxirnum cross section we sfrnilnr in thc 
neutron cncrgy region from reaction tllresl~old up to tbc energy al' which 
maximum cross scction Iics, Calculations made on the bast: of using the 
normalized (n,2n)-reaction excitation function give more low cross sections in 
comparison with cxpcrimcntnl data of S,Iwaaki ct at/ 5 /( rcsulb of which 
are in agrccmcnt with the ADL-3 cvnlutlon), 

As a result sf all tbosc considcrtltfons thc value 100 mb at  thc 
maxitnum cxcrtation function(at -20.22 McV) onc sllould considcr as n law 
limit. In any case there are no strong arguments to cvaluatc the %l(n,Zn)- 
reaction crass scction in thc msxlmum of cxc i~ t ion  function morc than -150 
mb, I t  is possible to use the ADL-3 cvrluatfoa but marc prcfcrtlblc to 
rcnsrmtllized it to the value -100 mb at  20 McV. 

Problem of cross section to isomer statc is more difficult because of lack 
of rcliablc cxpcritncntsl dab but it sccms that  cross sectfons for ground state 
in  ADt-3 and EAF-3 tlrc too high. Available dab of the work by M.S:uao ct 
rrl / 6 /shows mure law eras sectlasa. 

The cxpcrimcntal data by Nskarnura at al , reported at Juellclr (1991) 
cunfcrcncc / 7 /, give rnaxlmurn value of 2 7 ~ l ( n , 2 n ) 2 G g ~ l  rcactlon cross 
scction bclow 90 mb a t  20 MeV, It leads to conclusion that the 
2 7 ~ l ( n , 2 n ) 2 G m ~ l  - reaction cross scction is within 10-20 mb a t  20 MeV-This is 
reasonable value having in mind high spin of sound statc(5+).Thc ADt-3 
evaluation may be recommcndcd, 
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Evalutlon of G3cu (n,p) G 3 ~ i  icilction cross scction.'' 

It. is very difficult to evaluate the G3Cu (n,p)mNi reaction cross section 
using expcrimental data as far as thcrc arc only two experimental points at 
about 14,s MeV, whlch differ by factor more two, Available calculated data 
from the libraries ENDF-6, JENDL-3, EAF-3 and ADL-3 in the rcgion of 
maximum of tile excitation function essentionally differ as well (by factor 2). 

In this case to cvnlutltc this rcaction cross scction onc should use the 
systematics of maximum cross sections of (n.p) - reactions. An analysis of 
cxpcrimcnhl  data sllows that the (n,p)-reaction cross sections in the maximum 
of cxcihtion functions (at lea$t for A = 10-100) far isotopes of a givcn clement 
dccrcascs cxponcntionally as a funellan of (N-2) or A. In Fig,i the 
dcpendcnces of lnamax(n,p) for isotopes of Ca, Ti, Cr, Fe, Ni and Zn are givcn 
as a function of (N-Z),One can see thc linear dependences within uncertclintics 
dcterrnincd from the spread of experimental data in the region of maximum of 
cxcitation functions, Thcsc lines are practically parallel and equidistant. 

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

The value hamax h , p )  increases also 'practically linearly for isotopes 
with the same (N-Z), 

These trends allow to evaluate G3Cu(n,p) - rcaction cross scction in the 
maximum of the excitation function on the base of (n,p)-reaction cross scction 
dependences for Ni and 20. Parallel and equidistant exitapolation from Inomax 
for bSCu(n,~) reaction to that for 63Cu(n,~) gives (105 ~ I O )  mb for omax of 
GJcu(n ,~)  reaction. For 6SCu(n,p) - reaction cross section the value (23 k2)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. 
I. D.Gar?rdner.Nucl.Physics,20( 1962)373. 

*';rcscntcd ' J, A.V. lgnrrtyuk 
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Abstract 

Activation of reactor materials due to the neutron field generated by the 14 MeV 
deuterium-tritium ncutrons is a major issue concerning the dcvclopment 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 idcntify deficiencies. A list of neutron 
reactions for which cross section measurements are needed is presented based on recent 
reviews. 

A tokamak based, deuterium-tritium (D-T) fueled, itlternatisnal tiiertnsnuelear 
experimental reactor (ITER)', which is being designed by an international cooperation 
effort, is proposed to be constructed and operational at the beginning ofthe 21st century. 
Prototype D-T hsion power plants based on the tokamak concept are being investigated 
aiming at the demonstration of hsion power in the early half of the next century. Duc 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 shield 
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 experimental 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 regianal nuclear data centers have 3so 
collected the respective most up-to-date evaluations needed for the design of f'usion power 
plants. To efficiently improve the nuclear data base in order to meet the design 
requirement, it is important that all these experimental data and evaluations bc made 
available to all concerned parties. For the design of ITER, it  is also desirable to use an 

Work supported by the U.S. D c p m e n t  of Energy, OfIicc of Fusion Encrgy, under Grant No.: DE- 
FG03-92ERS4 137. 



internationally acceptable nuclear data library for all transport and activation analyses, 
Thcrc have bcen rr number of coordination activities to support thc measurements of 
fusion spccific cross scctionv and thc estublishmcnt of an international nuclear data Iibrnq 
sir~cc t l~c  carly 1980s, Two of thc notilblc activities, by far the most successful, arc (1) 
coordinatcd rcscarch program on the measurements of activation cross sections lcading to 
thc production of long-livcd radionuclides of importance to fusion reactor tcchnol~gy,~ 
and (2) international fusion evaluated nuclear data library (IFENDL)?~~ both are under thc 
coordination of the International Atomic Energy Agency, 

This paper diseusscs thc role of activation cross scctions in fusion rcactor technology. It 
summarizes the results obtaincd from recent reviews of the activation data base, in which 
dcficiencics were idcntificd. Based on these reviews, a list of nccded cross scction 
measurements is prcscntcd. 

11. Activation Concerns 

Activation of reactor materials due to thc neutron fluxes induced by the 14 McV D-T 
neutrons is one of the most important issues relevant to the development of fusion cnergy, 
It plays a kcy role in the decision of making fusion an ultimate cnerby source for mankind. 
It dictatcs thc choice of reactor materials. The activation characteristics of chosen rcactor 
materials are important in determining proper rcactor tcchnologics to bc dcvclpcd for 
future power plants. 

Activation of fusion reactor materials, particularly those for the first wall, blanket, and 
shield components, causes concerns in the following areas:"' 

( 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, 

Kcy ncutron activation reactions have bcen 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. sa From these 
investrgations, 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 (3 12 d), Co-58 (70.8 d), Co-57 (272 d), and Cr-5 1 (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 ( I  5 h), Al-28 (2.24 m), Al-29 (6.56 m), Mg-27 (9.46 m), and Mg-28 (20.9 h) 



for On thc ather hand, long-lived radionuclides are considcrcd important for the 
long-term disposal of waste materials, Activation cross sections leading to thc generation 
of long-Iivcd ri~dionuclidcs are a subjcct of coorclinatcd rcscarch proBram sponsored by 
tlic IMA, as nlentioncd Mcdiurn-livcd radionuclidcs such ns Co-GO (5.27 y), 
trowever, may plny n very important rolc during the storage find transpot-tiltion phnscs of 
the waste mamgement scenario, and in some cases for safety and maintenance assessment, 

111, Iicccnt lieviews nnd Activation Data Needs 

Accuratc asscssmcnt of the various activation conccrns is very important during the 
reactor development stage, and depends mainly on the availability of reliable key neutron 
activation cross sections, Several reviews of the status of cross sections for the activation 
reactions werc performed recently, and deficiencies in the activation data base werc 
identified.31"l'01" 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 
measurements 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)TI-202 

Sic blanket 

Si activation: 
[Si-28(n,n'p)A1-27JAI-27(n,n'a)Na-23 [Na-23(n,2n)Na-221 

Tritium production in Si: Si-29(n,t)AI-27 

2. Waste manegement related concerns: 

Storage. transnor;ation. and materials recvcle 

Co-60 production reactions in Fe and Ni: Fe-58(n;/)Fe-59(P-)Co-59(n,y)Co-60, 
Ni-60(n,p)Co-60, and Ni-6l(n,n'p)Co-60 

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



Alloying clcmcnts in structural matcrinls, Impurities in structural and brccdcr 
materials, MI-TT) coating materials f ~ r  liquid metal blanket, and magnet: 
N= 14(n,p)C- 14, Si-28(njn'p)A1-27(n12n)AI-26, Ti-48(n,a)Cn-45(n,a)Ar-42, 
Ni-G3(n,a)Fe-GO, Ni-G4(n,2n)Ni-63, Cu-GS(n,t)Ni-63, Mo-94(n,p)Nb-94, 
W- 1 82(n,nia)I-Ifl 78m2, W- 18G(n,n'a)Mf- 182, Sn- 120(n,y)Sn= 12 1, and 
Sn- 125(n,y)Sn- 126 

3,  0 t her Concerns; 

,Reactor design 

Nuclear heating in thc superconducting magnet (copper stabilizer): 
Cu-63(n,y)Cu-64 and Cu-GS(N,y)Cu-GG 

3 1GSS and Inconcl625 decay heat in the ITER shielding blanket and vacuum 
vessel: Mn-55(n,y)Mn-56 and Ta- 18 1 (n,y)Ta- 182 

Neutron Diagnostics 

Dosimctcr cross section: Zn-64(n,p)Cu-64 (5% accuracy) 
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Tnblc 1 
List of Neutron Rcrlctions for Wllicll Cross Scctiorl Mcnsurcnlcnts arc Nccdcd 

- Expcrimentul data nccdcd with 20% accuracy unlcss othcrwisc specified 

1. N-14(n,p)C-14 
Encrby rangc: 10 - 1 5 MeV 
Comment: Waste disposal concern for nitrogen containing structural materials, 

Measured data above 10 MeV very sparse, 

2, Ti-48(n,a)Ca-45(n,a)Ar-42 
Energy rangc: 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)V149 
Energy range: Threshold - 15 MeV 
Comment: Materials recycling conccrn for the V-alloy. 

4. Fc-58(n,y)Fe-59 
Fc-59 (p-) -, Co-59(n,y)Co-60 

Energy rangc: Thermal - 1 MeV 
Comment: Waste storage and transportation concerns for stnrctural materials, Note that 

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

5. 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, 



Tuhlc 1 (cont.) 
List of  Neutrot~ Rc:~ctions for WIlicJr Cross sect lot^ Mcnsurett~eals rrre Nccded 

9, Mo-94(11,p)Nb-94 
Encrgy rangc: 10 = 15 McV 
Commcnt: Wnstc disposal canccrn for etructurnl materials, Satisfied - IAEA CIW 

Reports, 

10. W-l82(n,n'a)Hfl78m2 
Enerby range: 10 - I5 MeV 
Comment: Waste disposal concern for tungsten, Measurements performed, Preliminary 

results reported (IAEA-CRP), 

11, W-186(n,n'a)Ilf-182 
Enerby range: 10 - 1 5 MeV 
Comment: Waste disposal concern for tungsten. Measurements p ~ ~ r m e d .  Preliminary 

results reported (IAEA-CRP), 

12. Pb-204(n,p)TI-204 
Energy range: 10 - 1 5 MeV 
Commcnt: Dccay hcat and radiological hazard conccrns in lcad. 

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

14. At-27(n,n1cx)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 AI. 

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

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

17, Sn-ltO(n,y)Sn-121 
Energy range: Thermal - 1 MeV 
Comment: Waste disposal concern for the superconducting magnet. 



Tnblc 1 (estlt,) 
List of Ncutrot~ Itcnctloag for Wlrich Cross Scctiotl Mcnsurct~~crrts nrc Ncctlctl 

i a, ~ n - l i ~ ( n , y ) ~ n - i i ~  
flnerby rangc: Thcrrna! = 1 MeV 
Comment: Wustc disposal conccrn for thc supcrconducting rnagnct, 

23. Si(n,x)Al-27(n,2n)A1-2G 
[Si-ZB(n,n'p)N -271 
Encrgy rangc: Threshold - 15 McV 
Comment: Needed for the dcterminatisn of wastc classifica~ion for Sic. 

19.6~-63(1i,y) fi~id C\i-65(ii,y) 
Encrgy rnnge: thcrmd - 1 McV (10% ntlcuracy) 
Comment: Ncedcd for ITbR and f i ~ ~ ~ ~ r c  power rcactars to detcrminc thc nuclcar hcating 

ratc in the supcrconducting toroidal field rnagnct. 

5 28. Mn-55(n,y)Mn-5G 
Encr8y rangc: thermal - 1 MeV (10% accuracy) 
Comment: Needed for ITER to dctcrrninc the decay heat in the shielding blanket. 

2 1, Trr-l$l(n,y)Tn~l 82 
Energy rangc: thermal - 1 MeV (10% accuracy) 
Cornment: Decay hcet in ITER blsnkct and vacuum vcsscl, 

22. Ni(n,x)Co-60 
mi-6O(n,p) and Ni-6 1 (n,nfp)] 
Encrgy rangc: Threshold - 15 MeV 
Comment: Needed to determine the required cooling time for the decommissioned 

: cactor components before transporting to the waste buriaVrccycling sitc. 
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of lml~orrrmrc in Ft~sion Rracror ~ec/mo/ogy', $1, P C I C ~ J ~ / I ~ ~ ~  ~rraslrr, IY-i?f dare f 9 9 ~  

Developmen t of' EASY to include sequential cllarged pilrticle 
renctior~s ilrld cxrlnlples of' its use wit11 rcalistic rnntcrinls 

ILA, lrorrtfit 
UKAEA Governn~cnt Division, ITusion 

Culhilm, Ablngdon, Oxfortlslrlrc OX14 3L)B, UK 
(UKAEAlUurutortl I~uslon Associutlon) 

It~troductlon 

The European Activation Systctn (EASY) includes the Europcnn Activation Pilc (EAP) 
and the inventory code FISPACT. A ncw version (4.0) has rcccntly bccn devclopdd, and 
onc of thc mnin ncw fcnturcs is ttic ability to calculate tllc cffcct of scqucntial chnrgcd 
particle rcnctions (SCPR). Such rcactions have been shown in thc past to bc significant 
when considering purc materials, A qucstion has rcmaincd over thc importnncc of thc 
cffcct in realistic alloys which contain reprcscntntivc impurities. This papcr dcscribcs thc 
ncw fcatures in EASY4 and rcpons results of cnlcufations on n scrics of fusion rclcvant 

1)cvclapmcnt of EASY4 

Thc FISPACT inventory code has been developed for ncurron nctivotion errlculntions of 
fusion devices. Details of thc usc of this codc and background about the approach uscd to 
solve thc sct of diffcrcntinl equations arc given in thc User ~ n n u a l ' .  FlSPACT uscs 
external libraries of reaction cross scctions (e.8. thc Europcan Activation ~ i l c '  EAF) and 
dccay data for all rclevnnt nuclidcs to calculate an inventory of nuclides produced as a 
rcsult of the irradiation of a starting marcrial with a flux of ncutrons. 

Tllc nctunl outpu~ quantities include tllc amount (nurnbcr of atoms and grm~s). Lhc uc~ivity 
(Bq). a-, P- md y-energies (kW). y dose-rate (~vh"), ingestion and inhalation doses (Sv). 
Icgal transport limits (A2 value) nnd thc hdf-lifc for each nuclidc. Amounts and hcat 
outputs arc also givcn for thc clcmcnts and thc ?ray spcctrum for thc mntcrinl is listed as 
well as various summed quantities, such as total activity and totel dosc rare. At the end of 
each timc intcrval thc dominant nuclidcs (in tcrms of activity, hcat, y dosc ratc and 
biological hazards) and the pathway data for the production of thcse nuclidcs can bc 
shown. The unccrtaintics in the five total radiological quantities can be calculated and 
output. As nn option, data filcs con bc produced for subsequent usc by other programs to 
plot graphs of thc activity, hcat output, Y dosc ratc and biological hazards as n function of 
thc cooling timc and sclccted blocks of output may also bc wrinen to cxternal data files. 

An important god of the currcnt work is to cnsurc that FISPACT' 4.0 rcmains compatible 
with the EAF 4.0 library dcvclopcd by ECN Pcttcn. I t  is vital that the cross section library, 
decay ds13 library, asso~ia~ed libraries (biological hazard and legal transport) and thc 
codc constilutc an intcgratcd psckagc for use in thc calculation of fusion activation. 

Sc(lucntial chnrgcd particlc rcactions 

The inventory codc FlSPACT uscd for ctllculalions of activation in fusion devices is 
nlainly conccrncd with thc interaction of neutrons with materials. This mode of activation 
is thc dominant process in nia~critlIs exposcd to the high nculron fluxes found in DOT 
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fusioti devices, flowever, i t  wl~s lroit~tetl out some yeurs ugu"by workerg at IZK Ksrlsrulm 
t h a t  nn atlditionrll tt~cch:rnistii of nctivatiati would involvc tllc intcrnction of chrrrgcd 
p:rrticlcs (resulting fro111 the prittlrlry tlclrtron itltcrnctions) wit11 thc tnutcriul; possibly 
lcnding to n ncw set of rndionuc1idc.s. 'I'his mcchnnisrn is dsscribsd as tlis sf'fcrt of 
'.r;ccjuct~tinl cllargcd pflrticlc rencti~t l~ '  ~ t ~ d  c o ~ ~ ~ i l j e r ~ b l ~  work to ijclerttli~~c its itnp~rtllricc 
tu fusion devices has bccn carried out nt FZK', This work has involved tlic production of 
libraries of data deseribitlg tile energy distribution sf tlrc cllarged particles (p, oc, d, t, h) 
procltrccd in thc nctrtron intcmstion.t;, thr: rangc: of thcac: chnrgcd pnrticlcs in motcrinls untl 
tllc cross ficctions for tllc rcactions of thc cllargcd pnrticlcs with nuclci. 

Por a pmicular neutron spcctnrtri i t  is thcn possible to usc thcsc libraries to cnlcul:~tc 
'pscudo cross sections' which describc thc two-step proccss of thc production of chargcd 
pnrticlc and thc subscqucnt rcnction of it with thc niatcrial, Thcsc pscudo cross scctions 
can be uscd in  n similar way to the cffcctivc (or 'collapsed') cross sectiorls used in 
FISPACT, Thc code devclopcd by FZK to calculate tlicsc pscudo cross scctions 
(YCKOSS) works in conjunction with FISPACT, howcvcr to tnakc full  use of cnlculations 
involving this niechanis~t~ it is udvantagcous to fully iricorporatc this in MSI'ACT and 
rrcccss i t  us an additional option, 

Cltrragcs to t t ~ c  dccuy dutu library t 

T11c inclusion of scyucndnl cl~tvgcd psrticlc rcuctions on tllc tnrgct nuclidcs co~~sidcrcd in 
EAF 3.1 lcads to production of n set of nuclidcs that are not produccd by any neutron 
induced reactions. An example is 'UC (53.3 days) which was not considered in  EAP 3.1 
bur can bc produced by (p,n) reactions on ' ~ i .  I t  is found tlint an additional 231 new 
nuclidcs arc rcquircd in thc dccny data library, bringing thc total to 18G7 (including 
stables). Evalucltcd files for thcsc nuclidcs havc bccn used whcrcvcr possiblc from JEF2.2, 
othcnvisc filcs from ENSDF, or filcs bnscd on rcfcrcnccs such as Browne and ~ i rcs tonc~  
havc bccn created. 

Clmages to t l ~ c  cross section Ilbrury 
EAF4.O contains dotn for fivc nclditional targcls that can bc formccl by scqucntial chnrgctl 
aniclc rcactions. The fivc ncw nuclidcs that have bccn includrd tnrgcts arc: 'BC. " ~ r ,  

'fir. '(Zn and " ' ~ n .  

Cl~tlngcs to tlic other data librarics 
Thc 231 new nuclidcs introduced in the decay data library d s o  nccd to have entries in tile 
biological hazard and A2 libraries. These cnluged librarics havc also bccn constructed for 
use in EASY. 

hlodifications to FISPACT 
Thc rnodificarions to FISPACI' to allow the inclusion of scqucntial chargcd p h c l c  
rcac~ions have included the addition of ncw subroutincs to FISPACT, broadly bawd on 
subroutincs takcn from PCROSS but with diffcrcnt comnion blocks. Thcsc subroutincs 
arc callcd from otllcr FISPACT subroutincs rathcr rhan from the organisational suhroutinc 
in PCKOSS. Tiicrc is a ncw code word 'SEQUENTIAL' which nctivntcs thc option. Thc 
COLLAPS and ARKAYX filcs remain unch3ngcd, so that there is compatibility with 
prcvious versions of FISPACT; the ncw pscudo cross sections nrc calcultltcd and mcrgcd 
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with thc existing ~ol1:rpscd cross scctiolls ih the main storngc array A(), but they arc not 
storcd in n frlc. 'Illis nppronch is rlcccssrlry us tllc pseudo cross sections t~ccd to bc 
rccalculatcd citllcr for each titnc intcwul wit11 tllc flux vuluc greater tllun zcro or for cncJt 
subinterval i f  tllc LEVEL paralltctcr N is grcntcr 111ntl 1 ,  

111 order to follow thc culculationrrl rnctliod of PCIIOSS as closcly as possiblc i t  is 
necessary ((i know the density of thc rnatcrial, If thc uscr has includcd this informntion in  
the input file thcn this vnluc is used for all cnlct~lntions (note that i t  is assunled that the 
density of thc material remains uncllangcd during exposure and trunsmutntion), If tlic 
density is not input thcn thc dcnsity is cstimnk:d using tllc input masses rrntl the clctttcnlnl 
dcnsitics, 

Thcse modifications arc included in FISPACT 4, and sitnilnr results to lhosc found by 
FZK for cxposurc of various elerncnts have bee0 found, The pathway nnnlysis method 
works with very few ctlcrngcs (ncw reaction labels for thc two step proccsscs arc dcfincd) 
since this relics only on thc pucnt and daughtcr identifiers, 

There are further inodifications that can bc considcrcd in the futurc; thcsc include tile 
treattricnt of uncertainty data since the sequential chugcd partielc reactions libraries 
contain no uncertainty information. At present i t  is assu~ncd that thc unccrtainty for thcsc 
two-stcp processes is zero, but this will nccd to be itnprovcd in tllc future if thc cffcct of 
SCPR is significant. Anothcr omission in tl~c current chnrgctl particle librruy is thc 
splitting of cross scctions bctwccn ground states :rnd isotncrs, At present only thc ground 
stntc nuclide is produced. 

Culcultltions on rculistlc materials 
Enrlicr cnlculntions have shown that thc cffcct of SCPR on single clcmcnts can be 
dramatic. The largcst effects wcre found in thc light clcments N, F, Na nnd V although 
cffccts were also sccn in Au and Pt. In materials containing these elcmcnts i t  is possible 
that similar cffccts would also be sccn. 

Tuhlc 1, Elcmcntal composition of studicd motcrials. 
h.lutcri:il 

LijSiOJ 
Bc 

3 16 stsinlcss steel 
_Manet 2 
OPTSTAB 
Inconcl600 
V-5Ti 

Impurities (ppm) 
A1 1580, C 1040, C:I 200, K 200, No 850 
Cu 50, Cr 50,O 4500, Si 300, Al200, Fc 600, Ni 90, Zn 600, Pb 200, 
Mn 50, Sb GO 
Ta 500, Nb 100, Cu 2000, Ti 50, Al50, Co 900, Ag 400, Sb 10, Sn 10 
Cu 100, Al 100, Co 50, Ag 50, As 100, Sb 4, Sn 10 
Ni 50.Mo20.Nb0.2,Cu 100,Ti 10,Al 10,Co lO,ApO.S,Sn 10 
Mo 100. C GO. Nb 300, Sn 100. Co 500, Cu 600. Mg 300, Pb 10, N 50 
Si 400, A1 50, Fc 10, Ni I ,  Co 0. I ,  N 180, Mo I, C 60, W 232, Nb 50, 

h a d  
EP305 +R Glass 
CuCrZr 

Cu 2, N3 20 
Cu 20.Sn70, Al I ,  Co I. Fe20, Ag 6, Bi l00.Pd I 
Cu 32, La 12, G3 13. Ba 160, CC 32. As 10. Sb 0.8 
Sn 2, Si 1, A1 3, Fc 10, Ag 915, Ni 10, Zn 15, As 5, Bi 1, Pb 2, Mn 2, 



To test this a sct of materials rclcvant to fusion technology ilrc chosen, Thc materials and 
the dctr~ils of thc impurities considcrecl for each matcrinl arc listed in Tablc 1 ,  Most of the 
elcmcntd compositions u c  token frotn nn ITER study6; wliere not nvailoblc. other 

4 8 sourccs arc used, 

For eucll nlaterial four FISPACT runs wcrc curicd out, Tlicsc arc dcscribcd as: 

No itnpurity, no SCPR 
No itnpurity, with SCPR 
Impurity, no SCPR 
Impurity, with SCPR 

By comparing the runs with and without SCfJK thc cffcct of thc clixgcd particles can bc 
sccn. A first wall spectrum calculated prcviously for a Europcan Safcty and 
~nvironmcntnl' study was uscd for all FISPACT calculations. Thc cffcct of the SCPR is 
cxpcctcd to bc most noticcablc in such n hard ncutroll spccmm wlicrc high cncrgy 
chlugcd particles will bc produced. For ttiis survey thc cxnct details of thc irmdintion 
conditions me not important, a flux of I .O 10" ncn1'-s" for n tirnc of 2.5 ycars is nssumcd. 

The pcrccntclgc difference bctwccn the runs with and without SCPR arc ctllculated at each 
tinic interval. At most timcs thc diffcrcnccs arc small, and for cat of prcscntation only thc 
tnnximum diffcrcncc over the time rmgc from 10') to 10' years is summxiscd in Tablc 2. 

Tablc 2 shows that in the c u e  of L4Si04, vanadium nlloys and FLiBe thc effect of SCPR 
is vcry significant in materials with no impurities, Howcvcr, when the rcprescntotivc 
ir~~puritics listcd in Tablc 1 arc included, thc cffccts of SCPR arc Iargcly masked by thc 
impurity contribution. To illustrate the SCPR contribution further, graphs rue plotted for 
V-3Ti-1Si and FLiBc. Figures 1 and 2 focus on thc tirnc rcgion of grcatcst diffcrcncc and 
i t  can bc sccn that although there is a diffcrcncc bctwccn the impurity curves with and 
without SCPR, the diffcrcncc is well within thc cstimntcd uncertainty (due to errors in the 
ncutron induced cross sections) of the curvc without SCPR. 



1 .OOE+Ol 

Cooling time (years) 

Figure 1. Detail of dosc mte cooling curve for V-3Ti-1Si. 



- lmpuriti~s, no SCPR 
- Irnpuritlas, with SCPR 

Cooling time (years) 

Pigurc 2. Detail of dosc rate cooling curve for FLiBc, 

Thc SCPR effcct is most noticcablc in FLiHe, and as it possiblc to rcducc impurity lcvcls 
if special care is taken in materials processing, two additional runs were carried out in 
whiell tile i t~~purity levels were reduced. 111 the first tile a t~~oun t  of Fe was reduced fro111 
177 pprn to 17 ppm and in the sccond thc amount of Ni was reduced from 26 ppm to 3 
ppm. The results arc shown in Figures 3 and 4 and in thc case of reduced Ni impurity i t  
can be sccn that the SCPR contribution is largcr than the estimated uncertainty between 
cooling timcs of 1 - 10 years. 

I 

I 
-No impurities, no SCPR 
-No Irnpurltles, wlth SCPR - 
-Impurities, no SCPR 
-Impurities, with SCPR - 

- -- --- --- - ----.._ 
1-T- - -  

1.00E-03 1.00E-02 1.00E-01 1.00Et00 1.00E+01 

Cooling time (years) 

Figure 3. Detail of dosc ratc cooling curvc for Fl.iBe with rcduccd iron impurity. 



1,00E*02 
1.00E-03 1.00E-02 1.00E-01 1,00E+00 1.00E+01 1,00Et02 

Coollng tlmo (yoars) 

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

-No Impurltlos, no SCPR 
-- - No Impurltles, wllh SCPR - Impurltlos, no SCPR 

purltlos, with SCPR 

The graphs illustrate thc point that evcn if all impurities could bc reduced in matcrials thc 
dosc rntc would bc rcduccd, not to thc cxtrcmcly low lcvcl without SCPR, but to t11c 
higher valuc with thc SCPR contribution, Thc results in Table 2 for 316 stainless steel, 
Manct 2 and OPTSTAB show that with or without impurities the contribution from SCPK 
is negligible. 

-- 

- 

The conclusions from this survey can be summwised as: 

I t  is essential to specify corrcct impurity levcls in materials when considcring 
activation properties. 
For thc realistic fusion relevant matcrinls studied here the effect of SCPR is 
unimportant comparcd to the estimated unccrtainties on the dose rate. 
If special care were to be taken with impurity co:rtrol 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. 
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 

Based on recent calculations for thc ITER EDA investigations [ l ]  and previous studies 
[2,3], principal neutron induced activation products were identified far the following cmdidatc 
fusion structural materials: 3 16 Stainless Stcel, Vanadium-alloy, Ferritic Steel (f-IT9), Rcduccd 
Activation Femtic Steel (9CrWV), Inconcl625, Titanium-alloy (Ti-6Al-4V), b d  Sic,' The 
identification of these principal activation products was bascd on calculations performed with 
these structural materials in a commercial or I 'ER - lilte experimental power reactor, All 
calculations wcrc conducted with the REAC codc and its associatcd cross section and dccay 
libraries [4], The important concerns for the activation products arc: (a) safety related 
radiological haznrd potential such as early dose during a reactor accident; (b) safety related decay 
heat; (c) maintenance related biological dose rate after shutdown; and waste management related 
long-lived radioactivity. 

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

11, Results 

Table I shows the detailed list of contributing activation products for each alloying 
element constitutingthe respective fusion structural materials, Also listed are thc 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 I 
D-T Fusion Activation Products from Neutron 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 Shutdoha Recycle 
Hazard Dose Rate and 
Potential DisnosaL 

SS316 Fe Fe54 Fe55 FeS6(nt2n) 2.73y;E Low Low - - 
(66.2) (5.9) Mn54 Fe54 (n,p) 312d;c Low Low Low - 

Fe5 6 Mn5 6 Fe56(n,p) 2.58h;P- Low Law Low - 
(91.7) 
Fe57 C06O Fe58(n,g)f 5-27y;P- - - Low - 
(2.1) Mn53 FeS4(n,nwp) 3 - 7 1 ~ 1 0 ~ ~ ; ~  - - Low - 
Fe58 Fe60 Fe59(n,g) 1 .5x106 y;P- - - - Low 
(0.28) Co60(n,P) 

___________________---------------------_--I__ --- 
N i  Ni58 Co58 Ni58(n,p) 70.8d;E Low Low Low - 
(13.9) (68.1) Co57 NiS8(n,nwp) 272d;c Low Low Low - 

Ni60 C06O Ni60(n,p) 5.27y;P Low Low Low - 
(26.2) Fe55 Ni58(n,a) 2.73~;~ Low Low - - 
Ni61 Ni59 Ni58 (n,g) 7.5~10%;~ Low - i o w  Low 
(1.14) Ni60 (n,2n) 
Ni62 
(3.63) Fe60 Ni64 (n,nwa) 1 . 5 ~ 1 0 ~ ~ ; ~ -  - - - Law 

Ni64 Ni63 Ni64(n,2n) 100y;P- - - - Low 
(0.93 ) Ni62 (n, g) 

_ _ _ _ _ _ _ - _ _ C _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - _ - _ _ l _ e -  ----- 
Mo Mo9 2 Nb94 Mo94(n,p) 2-0x10% P- - - - Low 

(2.5) (14.8) Mo95(n,n8p) 
M09 4 
(9.25) 
M09 5 
(15.9) 



L L L (  L * I  
i-c E C I  2 2 c c  G I  
Y W V Y I  Y U Y Y W I  
m r u a ~ ~  m m m m m ~  
m m m m ~  m m m m m t  
U O O O I  A A A A a I  

b = = = l  Z z Z Z z I  



3s 
Table 1 Page 3 

LbT Fusion Activation Products from Neutron Interaction w i t h  Fusion Materials 
(continued) 

Fusion Alloy N a t  ural Major Main Ha19- Activation P r d u c t  Concerns 
Ua terial Elements Isortopes Activated Activated Life 

(weiqht (paarcent Nuclides Reaction and 
porcont) abiundanco) Decay 

Node Safety: Safety : Maintenance: W a s t e :  
' Radiolog. Decay Heat Shutdam Recycle 
Hazard Dose R a t e  and 
Potential Di m s a l  

55336 Co Go59 Cod0 Co59(n,g) 5.27y;f.l- - - L o w  - 
(coat. ) (6.05) ( 100 b Co58 Co59(ne 2n) 70.8d;a Low - - - 

Fa60 Co60(n,p) 1 . 5 ~ 1 0 ~ ~ ; ~ -  - - - t o w  --------------------------- --- - 
bin Hn55 UnS4 HnSS(ne2n) 312d;S Lou - - - 
( 2 . 0 )  ( 100) 
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0-T Fusion Activation Products from Neutron Interaction with Fusion Materials 
(continued) 

Fusion A l  loy Natural Ha jor Main H a l f  - Activation Pmduct Conce2m 
Material E l e m e n t s  Isotopes A c t i v a t e d  Activated Life 

(weight (percent Nuclides Reaction and 
percent) abundance) Decay 

node Safety: Safety : Maintenance: W a s t e :  
'Radiolag. Decay Heat Shutdown R e c y c l e  

Razard Dose R a t e  and 
Potential D i s u o s a l  

V-alloy V V50 Sc48 VSl(n,a) 43.?h;$- Low L o w  Low - - 
(90 ) (Q .25 )  V4 9 V50(n,2n) 338d;c Low Low - - 

V5 1 Sc47 VSl(n.n*a) 3.35d;fl- L a w  Lou L a w  - 
(99.75) Sc46 VSO(n,nla) 83.8d;P- - Lou Law - 

Ca4S VSl(n,t)+ 164d;fl- t o w  - - - 
C--*-"--*--*~------------C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_C_---- -- -w- 

Cr CrSO c r ~ l  CrSO(n,q) 27.7d;~ Low LQV l tor - 
( 5 )  (4.35) Cr52(n,2n) 

Cr52 
(a3-e)  
~ r 5 3  
(9-5)  
Cr54 
(2.37) 

C_-----C---C-----"------------------------UU-----__- ---- -- 
Ti Ti46 Ca45 Ti48 (n,a) l64d;fl- Law 
( 5  (a-0)  Sc4 8 Ti48(n,p) 43.7h;P- - 

Ti47 Sc4 6 Ti46(n,p) 83-8d;P- Low 
( 7  3 Ca47 Ti50(n,a) 4.54d;P- t o w  
Ti 48 Ar42(K42) Ca45(n,a) 32-9y;P- - 
(73.8) Sc47 ~i47(n,p) 3-35d; P- Law 

Ti49 
( 5 . 5 )  
Ti50 
(5t.4) 

- 
L O W  

Low - 
- 
Low 

- - 
L a w  - 
Low - 
- - 
Low Lou - - 
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials 
(continued) 

Fusion Alloy Natural Major Main Hal P- Activation Roduct  Concerns 
Material Element Isotopes Activated Activation Life 

(weight (percent Nuclides Reaction and 
percent) abundance) Decay 

Mode Safety: Safety : Main-tenance : Waste : 
Radiolog. Decay Heat Shutdown Recycle 
Hazard hose Rate and 
Potential D i s ~ o s a l  

Irnpuri- Co C059 C06O Co59(n8g) 5.27y;D- - - Lo% - 
t i e s  for (200  ppb) (100) C O ~  8 Co59(n8 2n) 70.8d;~ LOW - - - 
V-alloy Fe60 Co60(n8p) 1. ~ x l 0 ~ ~ ; f l -  - - - Lcrw 

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

Cu Cu63 Ni63 Cu63(n8p) 100y;P- - - - Low 
( 5 . 0  FPm) (69.2) Cu65(n8t) 

Cu65 Cu6 4 Cu65(n,2n) 12,7h;€/$- - Law - - 
(30.8) Cu63(n8g) 

Cu6 6 Cu65(n,g) 5.10dn;P- - Low - - 
Co60 Cu63(n8a) 5.27y;P- - - h v  - 
Cu62 Cu63 (n,2n) 9.7413;~ - Law Low - 
Ni65 Cu65fn.~l 2.52h:D- - Low - - 

DY Dy156 Tb158 ~ ~ 1 5 8  (n', p) 180y;&/p- 
- - - Low 

(300 ppb) (0.06) 
Dyl58 
(0.10) 
Dy160 
(2.34) 
Dy16 1 
(18.9) 
Dy162 
(25.5) 
Dy163 
(24.9) 
Dy164 
(28.2) 
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Dl-T Fusion A c t i v a t i o n  Products  from Neutron Interaction with Fusion Materials 
(continued) 

Fusion Alloy Natural Major Main Half - A c t i ~ a t i o n  Product Concerns 
Material Element I s o t o p e s  Activated Act iva t ion  Life 

(weight ( p e r c e n t  Nuclides Reaction and 
pe rcen t )  abundance) Decay 

Mado Safety: Safety: Mahtenance: W o s t e :  
Radiolog- Decay Heat Shutda-rn RecycJ!e 
Hazard Dose Rate w d  

Potential Distnolsal 
Impuri- Eu EulSl  EulS2 Eu153(nt2n) IT.s~;E/~- - - - Lor 
ties for (100 ppb) (47.8) EulSl(n,g)  - - - t o w  
V-alloy Eu153 
( c0nt . ) (82.2) Eulf Om Eu151(n, 2n) 1 5 0 ~ ; ~  - - - LQor ---------------------------------------------------------~-- - - 

H  f Hf 174 Hf 178n2 Hf 179(n, 2n) 31y; I T  Lou Lou Low Law 
(5.6ppm) (0.16) Hf 178(n ,nma)  

~f 176 Hf 177(n,g) 
(5.21) 
H f  177 Hf l77m Hfl78(n82n) 51.4111; IT 
(18.6) H f  l8Om Hf179(n,g) 5-Sh; IT 
H f  178 Hf 1 8 1  HflSO(n,g) 42.4d;P- 
(27.3) 
Hf 179 
(13.6) 
H f  180 
(35.1) 

LOW - 
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0-T Fusion Activation Products from Neutron In te rac t ion  with Fusion Materials 
(continued) 

Fusion Alloy Natural Major Main Half- Activation Pxoduct 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 a d  

Poten t ia l  Disposal 

Impuri- N b  Nb93 Nb94 Nb93 (n,g) 2 . 0 ~ 1 0 ~ ~ ; f l -  - - - LOW 
ties f o r  (50 ppm) (100) Nb92m Nb93(n, 2n) 10-15d;r L o w  - - - 
V-alloy ------------------------------------------------- ------ ------ 
(cont.) Tb Tb159 Tb158 Tb159 (n,2n) 180y;P- - - - Lou 

(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 Prcrduct Concerns 
Material Element Isotopes Activated Activation Life 

(weight (percent Nuclides Reaction and 
percent ) abundance) Decay 

Erode Safety: Safety: Maintenance: Waste: 
Radiolog. Decay Heat Shntdoun Recycle 
Hazard Dose Rate and 
Potential Disposal ................................................................... - --a 

Ferritic Fe re54 Fe55 FeS6(nr2n) 2.73~;~ Low 
Steel (85.0) (5.9) Mn5 4 Fe54(n,p) 312d;~ Low 
(HT9 Fe56 Mn5 6 Fe56(n,p) 2.58h;P- - 

(91.7) 
Fe57 C06O Fe58(n,g)* 5.27y;P- - 
(2-1) Mn53 FeS4(n,nmp) 3 . 7 ~ 1 0 ~ ~ ; ~  - 
Fe58 Fe60 Fe59(n,g) 1 . 5 ~ 1 0 ~ ~ ; ~ -  - 
(0.28) Co60 (n,p) 

Low - 
L o w  Low 
Low Lou 

Cr ~ r 5  0 C r 5  1 Cr50 (n,g) 27.7d;~ LOW 
(11.5) (4.35) Cr52 (n,2?) 

Cr52 
(83.8) 
Cr53 
(9.51 
Cr54 
(2.37) 

Low LOW - 
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials 
(continued) 

Fusion Alloy Natural Major blain 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 D i s u o s a l  

Ferritic Ni Ni5 8 C05 8 Ni58 (n,p) 70.8d;~ Low Low Eor - 
Steel (0.5) (68.1) C057 Ni58 (n,n8p) 272d;c Low Low Low - 
(HT-9 ) Ni60 Co60 Ni60 (n,p) 5.27y;P Low Law Low - 
(cont. ) (26.2) Fe55 Ni58 (n,a) 2.73~;~ Low Law - - 

Nidl N i 5  9 Ni58 (n,g) 7 . 5 ~ 1 0 ~ ~ ; ~  LOW - Law Law 
(1.14) Ni60(n,2n) 
Ni62 
(3.63) Fe60 Ni64(n,n8a) 1 . 5 ~ 1 0 ~ ~ ; ~ -  - - - Low 
Ni64 Ni63 Ni64(n, 2n) 100y;P- - - - Low 
(0.93) Ni62(n,g) -___--------------------------------------------------------------- -- -- 

Mo Mo92 Nb94 Mo94(n,p) 2 . O X ~ O ~ ~ ; P -  - - - Low 
(0.99) (14.8) Mo95(n,n8p) 

M094 
(9.25) 
M095 
(15.9) 
M096 Nb9 5 Mo95(n,P) 35,Od;p- Low - Low 
(16.7) Tc99 Mo98(n,g)* 2.lxl0~~;P- LOW Law - 
Mo97 Mo100 (n, 2n)f 
(9.55) 
Mo9 8 Tc98 Tc99 (n,2n) 4 . 2 ~ 1 0 ~ ~ ; ~ -  - Low - 
(24. 1) Y88 Mo92(n,a)* l07d;p- - Low - 
MolOO M09 3 No94 (n, 2n) 3 . 5 ~ 1 0 ~ ~ ; ~  - - Low 
(9.63) Mo92(n,g) 

- 
Low 

Law 
Low 

Low 
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D-T Fusion Activation Products from Neutron Interaction with   us ion Materials 
(continued) 

Fusion Alloy Natural Major Main Half - Activation Pmduct Concerns 
Material Elements Isotopes Activated Activation Life 

(weight (percent Nuclides Reactions and 
percent) abundance) D e c a y  

Mode Safety: Safety : Maintenance: Baste: 
Radiolog. Decay Beat Shutdown R e q c 1 e  
hazard Deose Rate and 
Potential D B s a o s a a  

Ferritic V V50 Sc48 VSl(n,a) 43.91138- Low LOW Low - 
Steel (0.3) (0.25) V4 9 vso (n, 2n) 338d;~ Low Low - - 
(HT-9 ) V5 1 Sc47 VSl(n,nla) 3.3fd;P- - LOW Low - 
(cont. ) (99.75) Sc46 VSO(n,nla) 83-8d;P- - Low Low - 

Ca45 VSl(n,t) l64d; p- Low - - - - -------------------------------------------------------------------- --- 
Mn Mn5 5 Mn5 4 Mn55(n,2n) 312d;~ Low Low Low - 
(0.55) (100 ------------------------------------------------------------------------------ 
W W180 W185 W186(n, 2n) 75.ld;P- Low LOW - - 
(0.5) (0.12) W184(n,g) 

W182 Tal82 ~182(n,p) 114d;D- LOW LOW LOW - 
(26.3) W183(n,n1p) 
W183 Hf 178m2 W182(n,n1a) 31y; IT Low - Low Low 
(14.3) ~f 182 W186(n,n1a) 9 x 1 0 ~ ~ ; ~ -  LOW - LOW m w  
W184 W181 W182(n,2n) 121d;~ Low - - - 
( 3 0 . 7 )  W18O(ntg) 
W186 W187 W186(nt g) 23-7h;P- Low - - - 
(28.6) 

Nb Nb93 Nb94 Nb93(ntg) 2- 0~10'~; P- - - 
(500 ppm) (100) Nb92n Nb93(nt2n) 10.1Sd;~ 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 a d  
Potential D i s m s a l  

Reduced Fe Fe54 Fe55 Fes6 (n, 2n) 2.73~38 Low Low - L 

Activation (88.0) (5.9) Mn54 Fe54 (n,P) 3 12d; E Low Low Law - 
Ferritic Fe5 6 Mn56 ~ e 5 6  (n,~) 2.58h;p- - Low Law - 
Steel (91.7) 
(9CrWV) Fe57 C060 FeS8(n,g)* 5.27-y;Q- - -. Low - 

(2- 1) Mn5 3 FeS4(n,n1p) 3 . 7 ~ ~ 0 ~ ~ ; ~  - - - LOW 
Fe5 8 Fe60 Fe59(n,g) 1.5x10~~;p- - - - Low 
(0.28) Co60tn.w) 

Cr Cr50 ~ r 5  1 cr50(n,g) 27.7d;~ LOW LOW LOW - 
(8.94) (4.35) Cr52(n,2n) 

Cr52 
(83.8) 
Cr5 3 
(9-5) 
Cr54 
12.37) 

Ni Ni5 8 Co5 8 Ni58(n,p) 70.8d;~ Low Low Low - 
( 100PPm) (68.1) C057 Ni58(n,nfp) 272d;~ Low Low Low - 

Ni60 C060 Ni60(n,p) 5.27y;p- Low Low L6w - 
(26.2) Fe55 Ni58(n,a) 2.73~;~ Low Low - - 
Ni61 Ni59 Ni58(n,g) 7 . 5 ~ 1 0 ~ ; ~  Low - Low Low 
(1.14) Ni60(n,2n) 
(3.63) Fe60 Ni64(n,nta) 1 . 5 ~ 1 0 ~ ~ ; ~ -  - - - Low 
Ni64 Ni63 Ni64(n,2n) 100y;p- - - - Lox 
(0.93) Ni62(n,g) 
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D-T   us ion Activation Products from Neutron Interaction with Fusion Materials 
(continued) 

Fusion Alloy Natural Major Main Half - ~ctivation Product Concerns 
Material Elements Isotopes Activated Activation Life 

(weight (percent Nuclides Reactions and 
percent) abundance) Decay 

Mode Safety: Safety: Maintenance: Wasse: 
Radiolog- Decay Eeat Shutdown R e c y d e  
Hazard Dose Rate and 
Potential D i q o s a l  

- - - - -  - - - - - - - - - - -- - 
9crw MO M092 Nb9 4 M094(n,P) ~ . O X I O ~ ~ ; ~ ~  - - - LOW 
(cont. ) ( 10PPm) (14.8) Mo95(nIn'p) 

M094 
(9.25) 
M095 
(15.9) 
M096 Nb95 Mo95(n,P) 35-0d;P- Low - LOW - 
(167) Tc99 Mo98(nIg)* 2 . 1 ~ 1 0 ~ ~ ; ~ -  LOW Low - Low 
Mo97 Mo100(n12n)f 
(9.55) 
M098 Tc9  8 Tc99(n,2n) 4 . 2 ~ 1 0 ~ ~ ; ~ -  - LOW - L O W  
(24.1) Y88 Mo92(hIa)* 107d;fl- - L o w  - Low 
MOIOO ~ 0 9 3  Mo94(n12n) 3 . 5 ~ 1 0 ~ ~ ; ~  - - LOW LQM 
(9.63) Mo92(n,g) 

--------------------------------------------------------------------.-____--, -- 
V V50 Sc48 VSl(n,a) 43 -7h;P- Low Low Low - 
(0.25) (0.25) V4 9 V50 (n, 2x1) 338d;~ Low Law - - 

V5 1 Sc47 V51(n,nta) 3.35dP- - Low LosJ - 
( 99.75 ) Sc46 V50(n,nta) 8.38d;P- - Low Law - 

Ca45 VSl(n,t)* 164d;P- Low - - - ___------------------------------------------------------------------- --- -- 
Mn Mn5 5 Mn54 Mn55 (n, 2n) 312d;~ Low - 
(0.44) ( 100) 
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D-T Fusion Activation Products from Neutron Interaction with Fusion Materials 
(continued) 

Fusion Alloy Natural ~a jor Main Half- ~ c t i v a t i o n  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 Ta181 Ta182 Tal8l(n,g) ll4d;p Low Low Low - 
(cont. ) (777PPm) (100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 

W W180 W185 W186(n,2n) 75.ld;P Low Low - - 
(1.97) (0.12) W184(n,g) 

W182 Ta182 W182(n,P) 114d; fl Low Low Low - 
(26.3) W183(n,n1p) 
W183 Hf 178m2 W182(n,n1a) 31y;IT Low - Low LOW 

(14.3) Hf182 W186(n,n1a) 9 x 1 0 ~ ~ ; ~  Low - Low Low 
W184 W181 W182(n,2n) 121d;~ Low - - - 
(30.7) W180(nIg) 
W186 W187 ~186(n',g) 23.7h;P- Low - - - 
(28.6) --_---_-_----------------------------------------------------------------- --- 

Nb Nb93 Nb94 Nb93(n19) 2, 0~10~~;fl- - - - Low 

(<lOPPm) (100) Nb92m Nb93(n12n) 10.15d;~ Low - - - 
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D-T Fusion Activation Products from deutron Interaction w i t h  msfon mterinls 
(continued) 

N a f  on A 1  loy Nklturnl Ha jar Main flal f- Activation Product Cmncerns 
Material Elemonts laotopos Activated Activation Life 

(weight (prcont  Nuclides Reactions nnd 
percent) abundance) Becay 

Etsde Safety: Safety: Maintenmce: Waste 2 
Radiolog. Decay Heat Shutdawn R e c y c l e  
Razard Dose Ratte acd 

P o t e n t i a l  D i s w s a X  
Inconol Mo Rlo 9 2 Nb94 Mo94(n,p) 2.ox~opt;fS - - - Law 
625 (8.99) 414.8) No9S(n,nbp) 
(cont . ) Mo94 

49.25)  
kf095 
qlS.9) 
Ma96 lib95 Mo95(n,p) 35,0d;$- Low - Low - 
(167) Tc99 M098 (n,g)+ 2 a lx10~~;f3- Low Loor - Low 
~ 0 9 7  ~0100(~1,2n)* 
49.55) 
kb90 Tc9 & Tc99(n,2n) 4 a 2x1 O=~;P-  - Law - Low 
424.1) Y88 Hog2 (n,a) 1Q7d;B- - Low - Law 
MOXOO no93 No94 (n,2n) 3.5st10~~;e - - LOW LOW 
49-63] Mo92(h,g) 

Hll--t---l------l----------L---------------------------------,_- --- 
Ta Tal81 Tala2 Ta18l(n,g) 114d;P Loor Lor LQW - 
(168) q 100 
------_U--H_I------------------- -- -____I_------- ---- 
Fe Po54 Fe55 Fe56(n,2n) 2-73y;t Lw1 Low - - 
(2.5) Us-9, HnS4 FcSJ(n,p) 312d;e LWP Low Law - 

FoS6 Hn56 Fe56(n,p) 2-58h;P- - Law Lnw - 
491.7) 
FeS7 C06a PeSB(n,g)* 5.27y;P- - - LOW - 
(2.1) Nn53 Fe54(n,nbp) 3-7x10~~;t - - - Lwr~ 
Fe5 8 Fed0 Fe59(n,g) 105x106y;f3 - - - Low 
C0.28) co60(n,p) 
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D-T Fusion Activation Products from Neutron Interaction with Fuaon Materials 
(continued) 

Fusion Alloy Natural Ha jar Hain H a l f -  Activatiaa Product Colncerns 
Material Elenonts Isotopes Activated Activation Life 

(weight (percent Nuclides Reactions and 
percent) abundance) Decay 

Mode Safety : Safety: Maintenance:  me: 
Radiolog. Decay Heat Shutdown Recyche 
Hazard Dose mte and 

Patential 
w-------------- ------------------- D i s p o s a l  ---- - 
Inconel Co CoS 9 Co60 Co59(n,g) 5.27y;Q- Law - - - 
625 ( 0 - 5 )  ( 1 0 0 )  Co58 Co59(n,2n) 70. ad;& Low - - - 
(cant. ) Fe60 Co60(n,p) 1. S X Z Q ~ ~ ; B -  - - - Law 

---------------------u-- - 
Hn M:n55 Mn54 Mn55(n, Zn) 312d;~ Low - - - 
(0.27) ( 100) ----------------------------------- -----------_I --- 
Si Sl28 Na24 Si28(n8np)* 15h;P- Law L C ~  t a w  - 
(0.25) (92.23) Na22 Si28(nDnp)* 2.6y;P- Low - Loiw - 

S 129 A 1 2 6  Si28(n,np)* 7 . 4 ~ 1 0 ~ ~ ; ~  - - - Car  
(4.67) 
9130 

-- (3.1) ........................... ------_U----U_-__U_ -- 
Ti Ti46 Ca45 Ti48 (n,a)  164d;P- Low - - 
(0.25) (8.0) Sc48 Ti48 (n,p) 43.7h;B- - ~ a w  Law 

Ti47 Sc46 Ti46(nDp) 83 -8d;P-  Low Law Lo'& 
(3.3) Sc47 Ti47 (n,p) 3.35d;P- Low Low - 
~ i 4 8  Ar42 (K42) Ca45 ( n , a )  32.9y;P- - - to\w 
(73.8) ~ a 4 7  Ti50 (n,a)  4. S4d;P- Low - - 
Ti4 9 
(5.5) 
T i 5 0  
(5 .4)  
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D-T Fusion Activation Products from Neutron Interaction w i t h  Fusion Materials 
(continued) 

Fusion Alloy Natural Major Main Half - Actiuation Product Concerns 
Naterial Elenents Isotopes Activated Activation Life 

(ueight (percent LIuclides ~eactions and 
percent) abundance) Decay 

Mode Safety: Safety: Haktenance: W a s t e :  
Radiolog- Decay Heat Shutdown Recyclte 
Hazard Dose R a t e  and 
Potential D i s p o s a l  __-------_-_-------"------------------------~----~- - 7 

Xnconel A l  A127 Na24 A127 (n,a) 15h;P- Lou Law Law - 
625 ( 0 - 2 )  (100 )  Ng27 A127(n,p) 9.46m;P- - Law - - 

A126 A127(n,2n) 7-4x10~~;~ - - (cont. ) L o w  Low 
Na22 A127(n,nga) 2.6y;E Lou - Lou - 

----------------------------------------- - - --- -- 
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D-T Fusion Activat ion Products from Neutron Interaction w i t h  Fusion ~ a t e r E a l s  
(continued) 

Fusion Alloy Natural Major Main Half- Activation Product Concerns 
Material Elements Isotopes Activated Activation Life 

(weight (percent Nuclides Reactions and 
percent) abundance) Decay 

Kode Safety: Safety: Maintenance: Waste: 
Radiolog, Decay Heat Shutdown Recycle 
Hazard Dose R a t e  and 
Potential D i s p s a l i  

------------------L--P-------------------------- - 
Sic Si Si28 Si28(n,n'p)A127 

(70)  ( 9 2 . 2 )  Na24 A127 ( n , a )  15h;B- LOW LOW LOW - 
A126 A127 (n, 2n) 7.2x10~y;~ - - t o w  Low 
Na22 A127 ( n , n m a )  + 2.6~;~ - - Low - 
A128 Si28 (n,p) 2.24n;$- Low Lou - - 

Si29 A129 Si29(n,p) 6.56n;@- LOW LOW - - 
(4 .67)  
Si3'0 Mg27 S i  30 ( n , a )  9.46n;P- Low Low - - 
(3.10) Mg28 Si33(n,He3) 20.9h;P- Low Low Low - 

C 

*indicates multi-step neutron react ions  t o  reach the f i n a l  activation products. 
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Table 2 
D-T Fusion Activation Products f r o m  Neutron Interaction with Structural ;:aterials 

Fusion Alloy Pfa jor Main Half - Activation Product Concerns 
Material Elements Activated Activation Life 

(weight Nuclides Reactions and 
percent ) Decay Safety Safety: Maintenance: Waste: 

Mode Radialog. Decay Heat Shutdown Recycle 
Hazard Dose Rate and 

Potential Disposal 

Low 
Low - 

Low 
Low - 

LOW 

Low 
Low 
Low 
Low 
Low 

Low 
LOW 
Low 

Low 
Low 

L a w  
Low 

LOW 

L o w  
Low - 

Low 

Low 
Low 

Low 
Low 

Low 
Low 
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D-T Fusion Activation Products from Neutran Interaction with Structural Materials 
(continued) 

Fusion Alloy Major Main Half - Activation Product Cabncerns 
Material Elements Activated Activated Life 

(weight Nuclides Reaction and 
percent) Decay 

Mode Safety: Safety : Mdhtenance: Waste: 
Radiolog. Decay Heat Shutdown Recycle 
Hazard Dose Rate and 
Potential Dliswsal 

V-alloy V Sc48 V5l(n,a) 43.7h;P- Low Low Low - 
(90 Sc47 V51(n,n8a) 3.35d;P- Low Low Low - 
Cr Sc46 VSO (n,n8a) 83.8d;P- - Low U w  - 
( 5 )  CrS 1 CrSO (n, g) 27,7d;& Low Low Low - 

Cr52(n12n) 
Ti Ca47 TiSO(n,a) 4.54d;P- Lou - - - 
(5) Ar42(K42) Ca45(n,a) 32.9y;fi- - - m u  Gaw 

Sc47 Ti47(n,p) 3.35d;P- LOW - - - -___-------__------------------------------------__--- - 
Impurities Ag AglOBm Ag109(n12n) 4 8 1 ~ ; ~  L o u  - 
for V-alloy (300ppb) 

A1 A126 A127(n, 2n) 7.4~10~~;s - - 
(200ppm) 
Cd AglOBm Cdl08 (n,p) 481y;~ - - 
(200ppb) 
Co C06O Co59(n,g) 5.27y;P- Low - 
(200 P P ~ )  
Cu Ni63 Cu63(n,p) 100y;P- - - 
(5.0 PPm) 
DY Tb158 Dylf 8 (n,p) 180y;&/P- - - 
(300 ppb) 

- Low 

Low La-& 

- Low 

- - 
- Low 

- Low 
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D-T Fusion ~ctivation Products from Neutron Interaction with Structural Materials 
(continued) 

Fusion Alloy Major Main Half- Activation Pmduct C o n c m s  
Material Element Act3 vated Activation Life 

(weight Nuclid-s ~ e a c t i o n  and 
percent) Decay 

Mode Safety: Safety : Maintenance: Waste: 
Radiolog, Decay Heat Shutdown Recycle 
Hazard Dose Rate and 
Potential D i s w s a l  

Impurities Eu Eu152 Eu153 (n12n) 13.5y;&/P- - - - Low 
for V-alloy (100 ppb) Eul5Om Eu151(nf2n) 150y;~ - - - W w  
(continued) Hf Hf178m2 Hf179(n12n) 3ly;IT Low L a w  L o w  Low 

(5-6 PPm) 
Ho Ho166m Ho165 (n, g) 1.2~10~~; P- - - - m w  
(100 P P ~ )  
MO Nb9 4 M094 (n,p) 2 . 0 ~ 1 0 ~ ~ ; ~ -  - - - &OW 

(130 PPm) Mo95(n,nVp) 
Tc99 M098 (n,p)* 2 . 1 ~ 1 0 ~ ~ ; ~ -  - - - - 

Ni C06O Ni60(n,p) 5.27y;P- - - - Low 
(3-0 PPm) Ni61(nrn'p) 

Ni59 Ni5B(nrg) 7 . 5 ~ 1 0 ~ ~ ; ~  - - - Low 
Ni60(n12n) 

Ni63 Ni62(n,g) 1OOy;P- - - - Low 
Ni64(n,Zn) 

Fe60 Ni64(n,nta) 1 . 5 ~ 1 0 ~ ~ ; ~ -  - - - Low 
Nb Nb94 Nb93 (n,g) 2 . 0 ~ 1 0 ~ ~ ; ~ -  - - - Low 

(50 ppm) Nb92m Nb93 (n, 2n) 10.15d;~ Low - - - 
Tb Tb158 Tb159(n,2n) 180y;P- - - - mu 
(100 P P ~ )  



Table 2 page 4 

D-T Fusion Activation Products from Neutron Interact ion with S t ruc tu ra l  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 

Poten t ia l  3 i s p o s a l  ........................................................................ -- 
F e r r i t i c  Fe 
S t e e l  (85.0) 

(HT9 1 

Fe56(n82n) 

Fe54 (ntp) 
Fe56 (n8p) 
Fe58 (n,g) * 
cr50(n8g) 
Cr52(n,2n) 
Ni58 (n, p)  
Ni58(n,n1p) 
Ni60 (n,p) 
Mo94(n,p) 
M095(n,n1p) 

2 . 7 3 ~ ; ~  Low 
312d;~ Low 
2.58h; P- - 
5.27~; p- - 
27.7d; E Low 

70.8d;~ LOW 
272d;~ Low 
5.27y;P Low 
2.0xxo4y;p- - 

W182 (n,p) 114d;P- Low 
W182(n,n1a) 31y;IT L o w  
W182(n12n) 1 2 1 d ; ~  Low 
W180(ntg) 
W186(n,g) 23.7h;P- Lob- 
Nb93 (n,g) 2 . 0 ~ 1 0 ~ ~ ; ~ -  - 

Low 
Low 
LOW 
- 

Low 

Low 
Low 
LOW 

LOW 
- 
- 

Low 
Low 
Low 
Low 

Law 
Low 
Low 

Low 
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 Activation Life 

(weight Nuclides Reactions and 
percent) Decay 

Mode Safety: Safety : Maintenance: Waste : 
Radiolog: Decay Heat Shutdown Recycle 
Hazard Dose Rate and - - 

Potential Dis~osal 
Reduced Fe Fe5 5 Fe56(n82n) 2.73~;~ Low Low - - 
Activation (88.0) Mn5 4 Fe54(n8p) 3126;~ LOW LOW LOW - 
Ferritic Mn5 6 Fe56(n,P) 2.58h; D- - Low Low - 
Steel C06O Fe58(n,g)* 5.27y;p- - - Low - 
(9CrW) Cr Cr5 1 crso(n,g) 27.7d;c I Low Low Low - 

(8.94) Cr52(n,2n) 
Ni 
MO Nb9 4 Mo94(n,J?) 2.0x10~~;p , - - - Low 
(10PPm) 
v 
(0.25) 
Mn 
(0.44) 
Ta 
(777ppmI 
W W185 W186(n82n) 7 5 .  ld; P Low 
(1.97) W184(n,g) 

Tal82 W182 (n,~) 114d;p Low 
W183 (n, n'p) 

Hf 178m2 W182 (n, nla) 3ly; IT Low 
W181 W182(n82n) 121d;c Low 

W180(n,g) 
W187 wlae(n,g) 23.7h;P- L o w  

Nb Nb94 Nb93(n,g) ~ . o x ~ o ~ ~ ; ~ -  - 
(<lOPPm) 

Low 

LOW Low - 

Low Low - - 
- - 
- Low 
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D-T Fusion Activation Products from Neutron Interaction with StrUctural Materials 
(continued) 

Fusion Alloy Ma jar Main Half- Activation Product Concerns 
Material Elements Activated Activation Life 

(weight Nuclides Reactions and 
percent ) Decay 

Mode Safety: Safety : Maintenance : Waste: 
Radiolog. Decay Beat Shutdown Recycle 
Hazard Dose Rate and 
Potential Disposal ........................................................ --- ----- 

Inconel 
625 Ni C05 8 Ni58(n,p) 70.8d;~ Low Low Low - 

(62.0) Co57 NiS8(n,nDp) 272d;~ Low Low Low - 
C06O Ni60(n,p) 5.27y;P- Low i o w  LQW - 

Cr Cr5 1 Cr50 (n, g) 27.7d;~ Low Low Low - 
(21.5) Cr52(n, 2n) 
Nb Nb94 Nb93 (n,g) 2 . 0 ~ 1 0 ~ ~ ; ~ -  - - - L o w  
(1-8) Nb92m Nb93 (n, 2n) 10.15d;~ Low - - - 
Mo Nb94 Mo94(n,p) 2.0x10~~;fl - - - Low 
(8.99) Mo95(n,ntp) 
Ta Ta182 TalSl(n,g) 114d;P tow Low Low - 
(1-8) 
Fe Mn5 6 Fe56(n,p) 2.58h;P- - Low Low - 

( 2 . 5 )  
Co C06O Co59(n,g) 5 -27y;P- Low - - - 
(0-5) 
Mn 
(0.27) 
Si 
(0.25) 
Ti 
(0.25) 
A1 
(0.2) 
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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 ............................................................................... - 
I---- 

Ti-6Al-4V Ti ~ a 4 5  Ti48(n,a) 164d;p- Low - - - 
( 9 0 )  Sc48 Ti48(n,p) 43.7h;P- - Low Low - 

Sc46 Ti46 (n,p) 83.8d;P- Low Low Low - 
Sc47 Ti47(n,p) 3 -35d;P- Low 'Low - - 
Ar42(K42) Ca45(n,a) 32.9y;P- - - Low LOW 
~ a 4 7  Ti50 (n,a)  4.54d; P- Low - - - 

A1 Na24 A127(n,a) 1Sh;P- - Low Low Low - 
(6) A126 A127 (n, 2n) 7 . 4 ~ 1 0 ~ ~ ; ~  - - LOW LOW 
V Sc48 VSl (n,a) 43.7h;P- Low Low Low - 
(4 ) Sc47 VSl(n,nla) 3.35d;P- Low Low - - 

Sc46 vso(n,nla) . 83.8d;~- - LOW LOW - __-_-_-_-_-_------------------------------------------------------------------.---- --- 
*indicates multi-step neutron reactions to reach the final activation products, 
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D-T Fusion Activation Prclducts from Neutron Interaction with Structural Materials 
(continued) 

Fusion 
Material 

Alloy Natural Major Main Half - ~ctivation Product Concerns 
Elements Isotopes Activated Activation L i  
(weight (percent Nuclides Reactions and 
percent) abundance) Decay 

Mode Safety: Safety: Maintenance: Wzste: 
Radiolog. Decay Heat Shutdown Recycle 
Hazard Dose Rate and 
Potential D i s p o s a l  

- 

Sic S i  Si28 Si28(n,ntp)A127 
(70) (92.2) Na24 A127 (n,a) 15h; P- Low Low Low - 

A126 A127 (n, 2n) 7 . 2 ~ 1 0 ~ ~ ; ~  - - LOW LOU 
Na22 A127(n,n8a)* 2 . 6 ~ ; ~  - - LQW - 
A128 Si28(n,p) 2.24m;P- Low Low - - 

Si29 A129 Si29(n,p) 6.56m;P- Low Low - - 
(4.67) 
Si30 Mg27 Si30(n,u) 9.46m;b- Low Low - - 
(3.10) Mg2 8 Si30(n,He3) 20.9h;P- 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 ore Cross Sect!~n Data Deficiencies 
for the Determination of Activation Concerns in Fusion Structural Materials 

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

2, Cr5O (n,g) Cr5 1 
Needed for structural materials, such as 316SS and ferritic steel, containing significal~t amount 
of chromium. The energy range is from thermal to 1 MeV. 

3,  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. 

4. Ti48 (n,a) Ca45 and Ca45 (n,a) Ar42 
This 2-step reaction is important of V-STi-5Cr alloy. The energy range is from threshold to 14 
MeV. 

5. W (n,x) W181 
Production cross section for W181 from natural tungsten is needed for early dose analysis of 
the reduced activation ferritic steel, Two reactions are involved: W 182 (n,2n) and 
Wl8O (n,g). The energy ranges are from threshold to 14 M ~ V ,  and from thermal to 1 MeV, 
respectively, 

6. W 186 (n,g) W187 
Production cross section for W187 fiom natural tungsten is needed for the reduced activation 
ferritic steel. The energy range is from thermal to 1 MeV. 

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

Ag109 (q2n) Agl08m FW79 (n,2n) W 7 8 m 2  
A27 (14219 A126 Mo94 (n,p) Nb94 
Cd108 (qp) Agl08m Mo98 (n,g) Mo99 
Co59 (n,g) Co6O Ni (n,x) Ni59 
Cu63 (n,p) Ni63 Ni (n,x) Ni63 
Eu 153 (q2n) Eu 152 Ni64 (n,nta) Fe60 
Eu151 (142n) Eu15Om TI1159 (n,2n) Tb158 
Ho165 (n,g) Ho166m W182 (n,nla) Hfl78rn2 

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

- - -- - - - - - - 



Table 4 

Ziet of Neutron Activation Reaotiono 
Whsne Crem SeekLons are Can~idered I n a d e q u d ~  

(Reproduced from Ref, 3) 

Ag-109(nt2n)Ag-100~; Ag-107(n,g)Ag-108m; A1-27(nt2n)Al-2G; 
Al-24(n,nfafpha)Ha-25; Bi-26§(ntg)Bi-Zi6; 
B i ~ Z 0 9 ( ~ , n ~ s 1 p h a ) T 1 - 2 ~  T1-205(fi,2n)Tln204j 
Ca-44(n,g)Ca-45; Ca-42(n,ulphn)Ar-39; Ca-4S(ntnlalpha)Ar-39) 
Ca-40(n,2p)hr-39; Co-59(n,g)Co-60; Cr-Sb(n,g)Cr-51; 
Cu-63(n,p)Ni-63; Cu-65(n,t)lli-63; Fe-50(n,g)Fe-59; 
Fe-59(n,g)Fe-60; Fs-54(n,np)Mn-53; 11f-170(nt2n)Hf-177m; 
Itf-l77(n,g);I£=170m2; Hf-179(n,g)Ilfm180m; IIf-180(n,g)llf-101; 
Wg-204(n,2n)Hgm203; TI-203(n,g)Tl-204; Hg-190(nt2n)Hg-197; 
Iig-190(n,2n)Ug-l97rn; Hg-200(nt 2n)tfg-199m: Hg-198 (n,g)Ifg-199m; 
ttg-206(ntp)Au-200mj Hg-196(n,p)Au-186; Hg-i96(ntnip)Au-195; 
Hg-196(n,alpha)Pt1193; Mg-25(ntnp)Nam24; Mg-24(n,t:)NnB22; 
Mg-24(n,nlp)Nam23; Mg-26(n,g)Mg-27; Mo-95(n,p)Nb-95; 
MQ-96(n,ntp)Nb-95; Ma-97(n,t)Nb-95; Ma-93(n,g)M~-99; 
Tc-99(nt2n)Tc-98; Tc-98(nt2n)Tc-97; Mo-92(n,algha)Y-88; 
Ma-92(n,g)Mo-93; Mo-94(n12n)Mo-93; N-14(ntntaL hn)D-10; 
N1-60(nt t)Co-58; tri-58(ntg)tli-59; tli-60(nt 2n)rl f -59; 
l1faG2(n,lle-3)Fe-GO! Ni-G4(n,nfalpha)Fe-GO; 0-17(n,alpha)C-14; 
0-lB(n,nfalpha)C-14; Ei-209(n,2n)Bi-208; Pb-204(ntt)T1-202; 
Pba206(n,alpha)Hg-203; Pb-207 (n, nf alpha)Hg-203; 
Pb-204(ntp)T1-204; Pb-206(n,t)Tl-204; Rs-185(n,g)Re106m; 
Re-187(nt2n)Ra-186m; Re-187(n,p)W-107; Re-187(n,nlpha)Ta-184; 
Re-105(n,alpha)Ta-102; 95-20(ntn'p)A1-27; Si-28(n,alpha)Mg-75; 
9i-28(n,ntalpha)Mg-24; Ta-180(n,t)Hf-l78m2; Ti-48(ntalpha)Ca-45; 
Ti-46(n,ntalpha)Ca-42; V-50(n,nfalpha)Sc-46; V-5l(n,t)Ca-45; 
SIC-45(n,ntalpha)K-41; K-41(n,t)Ar039; W-103(n,ntp)Ta-102; 
W-184(n,t)Ta-182; W-182(n,nIalpha)Hf-178~12; 
W-lOb(n,nfalpha)Hf-102; Zn-64(n,g)Zn-65; Zr-90(n,t)Y-08; 
Zr-94(n,g)Zr-95; Zr-92(n,g)Zr-93; Zr-94(n,Zn)Zr-93 
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1. Introduction 

Puslon reactor systcms operating on the (d,t) reaction will produce large numbers 
of neutrons which will, through nuclear reactions, produce activation products in 
material subjected to the neutron fluenee. In particular, the irradiation by 
neutrons of the first wall of n power reactor system and structural materials in 
that vicinity could give rise to 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 
anbunt of ld l~act ive  waste generated. Also, if i t  C a l i  bo reduced to a low level 
nfter a rea~onable cooling time, the first wall material could be reused, with 
obvious economic benefits, 

To address these problems the UK Fusion Programme initiated 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 is 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 ~ O V J  activity materials to be as comprehensfve as possible, the 
nuclear data librtiry 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 
prk-sence of the 31-year isomeric state, '''&Hf. The production of significant 
n..rnbers of nuclei in this state could lead to the first wall being active for many 
yexs, making reuse difficult to achieve and therefore raising a potential waste 
disyasnl problem. The situation is further complicated by the presence of a 25-day 
isomeric state, "Y"'Hf. This state could live long enough for an (n,2n) reaction to 
take place leading to the 31-year state in "Wf. This latter reaction is expected to 
have quite a high cross-section, consequently any ' " d ~ f  formed would have a 
significant probability of being transformed into lTEdHf. 

A scarch of the literature yielded no relevant measurements or theoretical 
calculntions of moss-sections leading to the isomeric states in '"Hf and lnHf, and 
the qurcjtion then arose as to how reliable data could be derived. A solution to 
t h i ~  probIem came when the Lawrence Livermo:e National Laboratory (LLNL) 
offi.~~:.~i to irradiate a package of materials, including tantalum, tungsten and 
hniniurn, on the intense 14 MeV neutron generator, RTNS-11, to enable activation 
cro5s-sections to be measured. 



2,1 Sample Irradiation on RTNS-I1 

A package of 15 rnm diameter hils of varlous materials was irradiated on the 
intense (d,t) neutron generator, RTNS-11, at  LLNL in March 1987, on the x=O ax19 
close to the tritlated target, The accelerator produced 360 keV deuterons giving a 
maxlmum neutron energy of 156 MeV, Thc mean neutron energy was 14.8 MeV, 
The package was subjected to a fluence of about lot8 neutrons/an' over a period 
of 4 4  days. 

The materials consisted of one foil each of hafnium, tantalum, tungsten, titanium 
and n 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 monitor foils werc chosen because undcr irradiation by 14 
MeV neutrons they produce, with accurately known cross-sections, yray 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 
werc ruled out as inappropriate. Care was taken to prevent any possibility of 
cross-contamination of the foils 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 bc 
made for decay of activation during the irradiation. 

2.2 Measurement 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 mrn from the detector. When used with a foil 





3, Data Analysis 

3, l  Spectrum Analysis 

Tho stored spectra were analysed using the SABRE software package"'. This suite 
of programs works by identifying yray peaks in a spechum, The intensity (1) 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: 

where: 
c = the efficiency of the detector at the energy of the ?ray 

peak 
B = the fractional abundance of the yray 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 libraryu'. I t  contains 2000 y-emitting isotopes and lists over 12000 y- 
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 i t  finds in the spectrum, Certain constraints may be applied to the 
candidate isotopes (e.g. half-life lower limit, atomic mass range etcJ but apart 
from this PO 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), perfonns 
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 yray spectrum. The SABRE 
program, ENCAL, determines the calibration function. A rough energy calibration 
for the detector was carried out using standard sources (lUBa, 51Co, 6 P C ~  and 
%~n). ENCAL was used to obtain a more accurate calibration for each of the foil 
spectra in turn. Using the rough caiibration as a starting point i t  searched the foil 



spectrum for yray peaks known to bc prcscnt, and uscd these to determine the 
cnergy calibration, ENCAL also dctermIned the resolution calibration (pcak width 
versus energy) using all peaks in the spectrum; the resolution a a function of 
energy is uscd to hclp carry out the pcak fitting bin SPIC and SPAN. 

Having located a peak in an energy (and resolution) calibrated spectrum, $PIC 
and SPAN calculate, for cach candidate isotope assigned to the pcak, the amount 
of the isotope present (expressed as an activity) using equation (I), 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 idcntity of candidate isotopes 
could also be performed by determining the half-life from the rate of decay of thc 
activity 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 horn 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: 



wharc: 
k = a (known) constant 
a = the activity of the re~ction product isotope, calculated at 

the end of the irradiation 
= the cross-section for the reaction producing the isotope 

N = Avogadro's number 
A = atomic mass of the target isotope 
m = mass of the target isotope in the sample 

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 extrapolated 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): 

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 I 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: 



whcrc: 
T(E) = e'p 

and: 
E = the y-ray energy 
P = the linear absorption coefficient for the foil material (at 

energy El 
x = the f;;il thickness 

The linear absorption coefficient for the foil material in question was obtained 
from standard data tablesi3'. 



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 flucnce 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 horn 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 lT9&I-If and of I7jHf (half-lives 25 days and 70 days respectively). 
Only after this activity had largely decayed away did the ?rays from the 31-year 
isomeric state, 17s"2Hf 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 peak, from the decay of 
178"2Hf are prominent. 

Table 4(a) lists all of the significant pernittin isotopes identified in the 10 hafnium 
foil spectra that were taken, Some of these ? j ~ r  and "Nb) originated from 
reactions involving impurities in the foil sampIes 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: 

Cross-sections for the production of high-spin states arising from 14Mev neutron- 
induced reactions in hafnium have been calculated by Chadwick and Y ~ u n g ' ~ '  
using pre-equilibrium and compound nucleus theories. Considering the 
difficulties involved in doing the calculations and the assumptions which had to 



be made, the ageement is remarkably good, as shown in 'I'ablc 4(b). 

4.3 Tungstcn Foil Measurcrncnts 

Table 5(a) lists the ?emitting isotopes seen in tile tungsten foil during the 9 
measurements made on it since irradiation. Again, a number of these were due to 
cross-contamination by neighbouring nickel foils. Table 5(b) gives the cross- 
sections calculated for the tungsten activation products. Two possible reactions 
were identified as the potential source of both '"Ta and le5W. 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 '78m2Hf was not seen in any of the tungsten spectra, from whicl~ fact it 
was possible to put the upper limit of 9.7 pb to the reaction: 

4.4 Tantalum Foil Measurements 

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

4.5 Titanium Foil Mcasurernents 

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 4 6 ~ ~ .  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 4 % ~  is seen originating from the titanium foil, which was 
immediately in front of the stainless steel foil in the sample ackage. Of the two E 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. 



I 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 two 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-I1 

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

Sample 
No. 

1 

* 88% Mn, 12% Ni 
** stainless steel 

Material 

Ni 
Cu 
Au 
Ni 
Co 
Mn / Ni* 
Ni 
Hf 
Ni 
W 
Ni 
Ta 
Ni 
Ti 
SS*" 
Ni 
Mn/Ni* 
Co 
Ni 
Au 
Cu 
Ni 

Thickness Mass 
(g) 

0,016 
0.154 
0.017 
0.015 
0,018 
0.060 
0.016 
2,386 
0.017 
3.170 
0.016 
2.884 
0.015 
0,075 
0.188 
0,016 
0.063 
0.018 
0,016 
0.017 
0,154 
0.014 





Table 3 

(a) Monitor Poils - fluenet! Meairuremer~tfr 

(b) Sample Fails - Flucnce Values Uscd 



(a) 1-lnf~~ium Poll G~mrna~ernitting lsotopcs 

17'Hf(n,2n)"JHf -r ImLu 
from Zr lmpudty in Hf foil 
decay product of ''Zr 
1 

contnmlnation from Ni foil 

(b) I-Iab\lurt\ Foil ncaction Cross-Scctions 

'.- 

Reaction Measured Cross-section Theoretical Cross-sections'" 
(b) @) 

'76Hf(n,2n)1'5Hf 225 k 0.25 
w 

' % ~ f ( ~ , 2 t ~ ) ~ ~ ~ " ~ ~ f )  (6.75 A 0.80) x 10" 2.95 x lC3 
''Hf(n,n')""'H fj 

w 

'MHf(n,2n)1nm'wfl 
b ( n , n ' ) i h 2 H !  

(2.92 r 0,351 x lo2 



Table 5 

(a) Tungsten Poi1 Gntrima-emitting fsetspcs 

1 
) contamination from Ni foil 
I 

(b) Tungsten Foil Reaction Cross-Sections 

Reaction Cross-sect Ion (b) 

'Assumes this reaction is the only one responsible for the production of thc measured isotope 



(a) Tmtalurn Foil Cmnra-omittin& Isotopes 

(b) 'rantalum Foil Reaction Cross-Sections 

Reaction Cross-section (b) 

"'Ta (n,p) '"Hf (4.20 * 0.50) x lo3 



Table 7 

(a) Titanium EtoU - Gpmtna-cmfttftip, Isotopes 

57Co 
5 8 c ~  
T o  
"Mn 

) contamination from Ni foil 
I 
J 

(b) Titanium Foil Reaction Cross-Sections 

Reaction Cross-section (bl 

'Assumcs this reaction is the only one responsible for the production of the measured isotope 



Table 8 

(a) Stainless Steel Foil - Giunrna-cmitting Isotopes 

Likely Orinin 

"Cr 
"Mn 

52Cr (n,2n) '"Cr 
"Fe (n,p) YMn 

or 55Mn (n,2n) MMn 
contamination from Ti foil 

(b) Stainless Steel Foil Reaction Cross-Sections 

Reaction Cross-section (b) 

'?Cr (n,2n) s l ~ r  0.42 * 0,05 
"Fe (n,p) YMn 0.41 k 0.05 ' 
" ~ n  (n,2n) f i ~ n  2,60 * 0.31 

'~ssurnes this reaction is the only one responsible for the production of the measured isotope 



Fig 1. The chart of the nuclides in the region of tungsten, tantalum and hafnium. 



Mean Neutron Fluence 
Measured In Nickel Foils 
and Other Monitor Foils 

1 

-C Ni foils + Co foils 
/ * Mn'foils 

0 Cu foils . 0 ~b (RTNS-11) 

Mean Fluence (n/cm**2) (1E17) 

Fig 2. Mean neutron fluenzes measured with Ni, Co and Mn monitor foils 
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1 Fig 3. Hafnium foil spectrum takcn six weeks after irradiation 



I Fig 4. Hafnium foil spectrum taken two years after irradiation 
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