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ABSTRACT

Measurements of long-lived radioactivity are required to generate
reliable data-base for qualifying fusion materials for reactor
applications. However, long half lives necessitate intense 14 MeV
neutron source, long irradiation time, long cooling time, and long
counting time under low background. A 32h12m long irradiation,
at mean source neutron intensity of 1.13 x 1012 n/s, was carried
out on a number of foil packages kept near rotating neutron target
source at FNS under USDOE/JAERI collaborative program in
June 1989. Four identical foil packages were kept at 0, 45, 90,
and ~115 degrees to the d* beam. Each package contained foils of
Ag. Al, Dy, Hf, 131Ey, 153Ey, Hf, Ho, Ir, Mo, Re, Tb, and W.
The objective was to measure decay y radioactivity from 108mag,
26A), 158y, 152Ey, 150Ey, 94ND, 186mRe, 178m2yf, 192mye,
and 166mHo, among others. The half lives of these products range
from 13.3y (}52Eu) to 0.72My (26Al). These foils were
interspersed with dosimetric foils of Nb and Zr. An estimated
average fluence of ~0.83 x 1015 n/cm? (range: 0.47-1.65.10!$
n/cm?) was obtained for the foil-package at zero degree. Afier

cooling times ranging from 1.3 to 2 years, Y-spectroscopy of
some of these foils has been completed. Analysis of
measurements, done on foil package at zero degree, has been
carried out using four radioactivity codes, REAC-2, DKRICF,
ACT4 (THIDA-2), and RACC. REAC-2 is the only code that has
data for most of the observed products: RACC has data for Al,
Mo and W products only. Ratio of computed to experimentally
measured activities varies from 4.10'5 to 377. Major update of all
four cross-section libraries is recommended as waste classification
of many fusion specific matenals is likely to change dramatically.

I. INTRODUCTION

Materials in fusion reactors will generate a variety of long-
lived radioactive isotopes due 10 their exposure to high 14 MeV
neutron fluxes. These long-lived isotopes raise serious concem
regarding waste disposal, maintenance, and safety!-6. Nuclear
data base for these isotopes is scarce. Calculations by theoretical
models have not either been anempted frequently enough or are
not very satisfactory. They are subject to many uncertainties as
even basic nuclear level properties are not available for many long-
lived isotopes. Hence, measurements of long-lived radioactivity
are required to generate reliable data-base {or qualifying fusion
matenals for reactor applications. However, long half lives
necessitate intense 14 MeV neutron source, long irradiation time,
long cooling time, and long counting time under low background.

Requirements for activation cross section data for fusion
reactors were outlined recently by Cheng®?. Among the cross
sections recommended to be measured included: 95Nb(n.20)%4Nb
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(t1/2%20.3Ky), 109Ag(n,2n)108mAg(127y),
151Eu(n,2n)150Eu(35.8y), !33Eu(n,2n)}52Eu(13.3y),
158Dy (n,p)158Tb(150y), 1931¢(n,2n)192m1r(241y),
182W(n,n'a)! 7$m2H{(31y), !87Re(n,2n)!86mRe(0.2My),
179H{(n,2n)1 78m2H1(31y), 185Re(n,y)!86mRe(0.2My),
151Eu(n,y)!52Eu(13.3y), 165Ho(n,y)!66mHo(1.2Ky), and

1911r(n,y)!92mIr(241y). Only, recently, there has been a
coordinated effort by an IAEA CRP (Coordinated Research
Brogram) to get these and other cross sections measured. Prior
work in this area has been reviewed by Qaim$, and is mostly
available in references 8 through 13.

A long irradation for decay y radioactivity measurements
was carried out at fusion neutronics source facility of JAERI in
June 1989, under USDOE/JAERI collaborative program, to
respond to the pressing need for providing activation cross
sections for long-lived isotopes. on one hand, and validation of
existing data -bases of leading radioactivity-calculation codes, on
the other. Preliminary data on measured activation cross sections
was recenly reported clsewhere!4. This complements our
concurrent program on shon-lived isotopes, within the same
framework, that has led us to uncover large discrepancies on
activation cross sections and decay data for a number of materials,
¢.g.. Ni, Mn, Mo, Ti, Zr, W, Ta, Zn, Sn, Cr, Pb, V, and Co!$:

17, Here, we present and discuss measured decay y radioactivity
data for 11 materials irradiated at zero degree orientation with

respect to d* beam axis. Results of analysis using four leading
radioactivity codes are subsequently discussed.

II. EXPERIMENT

Figure 1 shows experimental arrangement of four foil
packages near rotating neutron target (RNT) of fusion ncuuoniq .
source(FNS) facility of JAERI. Arrangement of foils inside foil
package#1 (0 degree) is provided in Figure 2. Irradiation data is
summarized in Table 1. 14 McV neutron flux inside each foil
package was monitored through 93Nb(n,2n)2™Nb reaction by
placing 10 Nb foils , a Nb foil separating two main foils. Z¢ foils
were also kept , only 5 of them per package. The objective behind
the latter foils was to monitor neutron energy spectrum through
Zr/Nb  activity ratio. However, 90Zr(n,2n)8%megzy
(t12=78.4h) reaction rate could not be measured due 1o strong
interference from longer half life isotopes from the same material.
The first Nb foil (Nb-1 in Fig. 2) is deduced 10 be at 2.51 ¢m
from the source point (inside target ) from the measured 92mNp
activity. Mean 14 MeV neutron fluence over package#], spread
over a distance of 2.5t to 4.69 ¢m from the source point, is
estimated to be ~0.83.10'5 n/ecm?, for irradiation of 32h12m
duration at averaged source intensity of 1.13x10'2 n/s. The
fluence over this package is deduced to range from 1.65.10!3 t0
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TABLE1

Long-lived Radioactivity Experiment: Inradiation Data

14 MeV Source: _
Fusion Neutronics Source (FNS) at JAERI
D-T Neutrons via. 3T(d,n) 4He Reaction
Deuteron energy: 350 keV
Average d* beam current: 20 mA
Typical Sampie size:
10 mm in dia x 1-2 mm in thickness
10mmx 10mmx ) mm
Sample position:
0. 45, 90 deg. with respect to d* beam
at3 -5 cm from the target
Flux Monitor: 93Nb(n,2n)92MNb
Irradiadon tme: 32 hours
Average Neutron Intensity: 1.13 x 1012 ps

Large volume germanium detector, with 115% efficiency

relative to Nal(TI), was employed for y-spectroscopy after an
inital cooling period of more than 1.4 y. Long cooling times are

needed for elimination of strongly interfering decay s from

short-lived isotopes. 184 KeV y from 166mHo (1) »m1200y) was
nnt nheacved dne to its decay rate being quite low: quite
possibly, it is overwhelmed by much higher background count
rate. Typical cooling and :counting times for eleven foils of
package#1 are displayed in Table 11. Cooling times varying from
1.47 10 1.99y and counting times varying from 103.8 m 1o
13945.8 m are involved. Major impurities are also listed in the
same table. Hafnium and dysprosium have largest impurity
contents, The count data was analyzed using spectroscopy
application package, of Nuclear Data § rstems, ‘which was

talled on newly introduced Vax station 3100M48-based data-
acquisition system (including ND556 acquisition interface
. module) at FNS. This gave peak energy, counts, and standard

deviation on counts. As expected, large number of pdaks are due
to background. Visual peak identification is a must.

The Identified peaks with their percent decay yield and
half life data , from references 18 and 19, are shown n

able 1.
A large number of genks are observed for “°'M§. 134py, 152,
150py, ”3Lu. §78m2yy (from HD), 192"' 134Re, llz'r.'
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TABLEII
Cooling and Counting Times for Foll Packet
at Zero Degree
Mamrial Ms endfier Coolin Couming
(Mn.:nw«'ml Time Tire
of ppra)
Ag «0.01% (Au: 10ppm) AGLL1 L83y 436.76m
Al <0.01% ALLLZ 199 1M63Ma
Dy  OC6NTWOOISTWHWOAE: Dy 182y TR TS
91IRIE, 18%18g, EUS1) 1.8y 9%7.03m
$9.2% 1315y 0.4%!3py EUS)? 188y 4411.93m
Hr <3%. 2+ 8%/ T LOO/Fe: 1O/ .
AL HFLLY LMy 158840
r 0.1 9 RA:200/Pe 30/Ph: .
$:300M i%www MRLLY 182y 243.10m
Mo 1% Pe:
9 % m.w MO 152y 13043.%m
Re D01%:Fed ; 3
P msMoz Weo¥  rmry 147y 19410
™ CINTLOOINEWDY DALY TRLLL 1.02y 103,42
w <0.03%:0.008031 WILLY 1.5y 2430.20m
184mRe¢, 19T (Tb & Dy), and 1S5TH(TY). However, no peaks

were observed for 192mir(2a1y), 186mRy, ang 178m2py 31y,
from W). Probabie reason lies in their Jow activation cross
sectionis and decay ¥y yields. Nuclear reactions considerad
respongible for these observed peaks are summarized in Table IV,
T stands for jsomeric fransition. *4mNb is not listed in Table
IV. It has a half life of 6.26m and defiils into S4Nb via IT with
99.53% branching ratio!8,
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TABLE Il

Radioactive Products and Prominent y-ray Peaks Observed in Experiment
on Long-lived Isotopes Production in Fusion Neutron Environment

ad: - 19774, 26.
299/2/0% 765/29.8% 879/9.8% 962/25%
966/15.2% 1178/1.5% 1272/2.9% 1312
150y 458Tb: 43% 944

996/17.9% 1005/35.5% 127

13.3y 153Eu; 28.4% 122/7.5% 245/26.6%
344/13% 779/4.2% 867/14.5% 964/9.9%
1086/13.6% 1112/1.6% 1299/20.8% 1408
35,8y 150Bu: 94% 334/78.7% 439/4.7%
505/51.5% 584/9.4% 737/5.1% 748/5.2%
1049/1.9% 1247/2.5% 1344

Tradiared T
: Mlzﬁal - Prix utie.l_ 4& '_: _.: (Ke M‘Mo Proc;meld & y-ray gnergy (KeV) !
6.4% 687/16.4% 707/4.7% 744/22.3% 457550D; S p 0 30% 266
764/1.3% 818/72.7% 885/34.4% 937/ 4 S1MND: 0.56% 1 :
24,3% 1384/4.0% 1476/13% 1505 624 7 ™Nb: 0.56% 10S/~4% 1205
121y 108mAg: 0.5% 434/0.3% 619/1.8% :;dé’gir“g’;;ﬁgg-ﬂ 757
237m 198A5: 90.5% 434/89.8% 614/ 203Ky $4Nb: 99.8% 703/99.9% 8§73
| | Re'  T38dT8Re: 17,1% 111/3.0% 253/1.9% 643
A 0.72My 25AL: 93.76% 1609 [37.5% 192/15.5% 895/38.1% 90310.5%
By ' 75.14 185W: 0.019% 125

T 8.8y VS9Eu: 19.7% 733 /‘11.55%"873_0‘5/1 3% |

{15 |72.3d 0To; 36.8% 39950 .8% 879/9.8% |

244 25.18 TMINY;: 65% 454 ReV
42.44 8VHE: 80.6% 482
70d 11SHf: 87% 343/1.6% 433

31y \78m2Hf: 81,19 213/63.8% 217/
16.6% 258/94.1% 326/97.1% 426/ 68.9%
495/ 83.7% 574

From Zr impurity:
64d 95Zs: 44,1% 724/54.5% 757

I 73.83d 92Ir: 3.2% 3% 296/29.
308/83% 317/47.7% 468/3.1% 485/4.5%
589/8.2% 604/5.3% 612

171d 14mir: 93% 328/57% 483/59%
688/3.6% 1012

115d 182Tq: 34.7% 1121/16.5% 1189/
27.3% 1221/ 11.6% 1231/ 1.4% 1289
165d 184mRe; 13,3% 105/5.9% 111/6.6%
1612.8% 215/9.6% 217/1.5% 227/10.9%
233/ 5.9% 318/3.2% 384/3.4% $37/3.8%
'1:'?_%2.8% 895/3.8% 903/8.4% 921/1.2%

0.2My 186mRe: not seen (1.19% 99.39)

962/25% 966/15.2% 1178/7.5%
1272/2.9% 1312

150y 158T: 5.6% 99/9.2% 182/0.93% 218
19.3% 780/4.3% 944/ 19.8% 962/2.1%
1108/1.7% 1187 ‘

137y 18Lu: 3,1% 101/1.8% 171/0.83%
é;gll&!% 272/0.35% 285/0.3% 557/0.87%

w 75.1d 185W; 0.019% 125
115d 183Ta: 34,7% 1121/16.5% 1189/
27.3% 1221/ 11.6% 1231/ 1.4% 1289

121.24 181w: 0,032% 136/0.084% 152
31y 178m2Hf: not seen

241y 192mIr: not seen (0.097?6 115)

Il HIGHLI’GHTS: OF MEASURED AND
TREATED DATA

Foils were weighed before irradiation, and their masses
were determined within 0.1%. Foil mass and count time are used

as input for obiaining the decay y emission rate from measured

counts, The peak-wise counit data was treated to obtain decay y
emission rate per g for & normalizing source neutron:intensity of

2182

101215, Figure 3 shows total, integrated (100 KeV to 3 MeV
energy) vemission rate as a function of Z of irradiated material for
cooling times listed in Tab.1l. Note that EU1 and EU3 stand
respectively for 97.7% 131Eu enriched and 99.2%!52Eu enriched

europium. It is interesting 1o observe that decay ¥ rate is quite low

for Al'and it hits a peak, for a value of ~10* ys per g, for EU3,
and then suans dropping and hits minimum at Dy. It swns rising
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TABLE IV '
Reactiohs Contributing to Observed ¥-Ray Peaks
TR il S Resctons Rencucrs
113
A 100Ag “"'Aau-;"'m L' RARINN U Witorn 102y, 020, 2 "y,
:"‘“M %A gtn,20) 1005 g; T Ap 00 p g a1 Wietn p194my, Wy
Omag 108 A sty L )
: Mo | nepy Mo
Al %, DaAKaInMAL . .’I:‘NN: ”WM)”M%'%’mm;mu‘pm
Oy ::1': VDI EOTE: 161Dyt N AT, Moyt A MOTYS M*mmm
[ T L ”M«MW ' :
Hooraitme O0rnINeTy 1941y hi¢ Mo 1N MM Sy ms 34N bt
'“Drtn.wlu’,.mm 1m-¢,?iun . Motn)MNE Sorn,ng)Mr,
. L)
. o t :’m.p) y | Ra :m’, mmm,u:s::‘unm;mhmm
. ‘
10, Untnpie T ’,".;r? '“mu.;:))l“ﬂm
U3 u(n2n) 3Ry, BiRutayISigy; 1520y, - 18p, Wikaina)itar,
96
1%p, H1Bu(n 201908, ™ o, 19 Thnp M0y
197y 19002801 50T BA=TWIT/10 34301507
Mt INE | isopg g HINIHL, 1¥pata 0 Pdpy, 1Ay Pimayr 1S 4tn 1000, by 2]
Miye " mm(m)m;: I'M"ﬂ‘.”’l”ufn' v I':,n’ mwe..p:mr.;u"iamwn'r"ﬂwxmvm
1MLy :‘HNM’ pld)ml-u iy l&w;m,lllw;|W¢._”lalw
n
tHmdnt {Mttn 20y 1 ey, 0 ) TIMIRE: ETTpepn a1 POty
[LHTS : m"gn n'm!!
dominates the decay rate. It accounts for ~76% of total, .
;_ Measured Dacay Gamma Emission Rates TILB. Molybdenum
«f Codling time: 1.3 . 20 y . The dominant isotopes are 95Nb, and 952r. The
i 1o L. . isotopic activities are for 91mnp, 802, ang S4megNy, 93N
F : secounts for $8.9%, %5Zr for 26.3%, and, MNb for 0.8%. The
i R . total emmor on M4m+END decay raze is ~22%.
10 r * * II.C. Dysprosium & Terbium
E ] * ) Only two isotopes have been identified in dysprosium,
10% . i ¢.§., 1Tb, and 158meaTy, 1607 acoounis for as much as 96%
g E of towal decay rate. Also, counting statistics for 150TY are quite
r - _ poor, the net emor being ~67%.
10 2L e S — . Terbium too has two products, i.e., 158Tb, and 1601y,
2 2§ 2 33 P& xza . However, 16T dominates by far and accounts for as much as
Matetial Bsub ‘g; the tota‘ln die:aydm Moreofv_erinthe &unting error is quite
. . w, almost on all iden peaks for both the isotopes.
Fig. 3. Measured Yenergy integrated (100 Kev- IMeV)
decay y-emission rates as a function of miateria), IILD. Europium

the larter being arranged in order of increasing 2 For 97.7% 151Eu-enriched foil, only two products were

observed, e.g., !30Ey, ang 152m2+ggy 150g, decay rats
;smdu%ﬁi:f:m ;‘,{,‘,;‘,‘;,"‘u‘;,"‘a’,’,‘;” g'},?.‘::b;':}'&:; dominates the towl, being as much as 75%. However, ~25%
poak. It is to be stressed ithat this behavior 1s essentially contribution by 192Bu is alamming as it highlights the effectivencss
characteristic of cooling times covered, of softer component of the neutron energy spectrum during
_ ' . radiative capture, i.e., 151By(n,y)!52Ey, By the same token,
Material-wise highlights are summarized as follows: tnalytical modeling of the experiment will have 1o try 10 sccount
: for all sources of neutron slowing down.
IILA. Aluminum & Silver
99.2% 1338u-enriched foil brings out three identifiable
i oM one isatope, e “Mi' has been 'déﬂﬁﬂ‘fhin contributors, e.g., 132m2+4Ey, 154Ey, ang 130my, i82g,
dluminum. The decay rate is one of the lowest, Even afier . 154 s
counting time of 13946.m (9.78), net error on decay rate is dominates with 95.2%, and 134gy ':":4 %Eu follow up with 4.1
~25%. Two isotopes, 198mAg and 108A¢, have been identified and 0.7% respectively. 153Eu(n,y)!$4Eu appears 1o have less
for silver. All prominent peaks have low statistical error. 108mg effective cross-section as compared to that for 151Eu(n,y) 152y,
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IILE. Hafnium

1I3HY dominates epergy-intograted decay rase. It accounts
for almost §1%. omer.eog':nnbum sre: 1Ly (12%), 178m2p¢
(54%), and 952r (1%), 179mIKf contributss ~0.25% only, Note
um;:a {ti;a=064d) results from 2.8% Zr impurity in hafnium
sampie. .

IILF. Rhenium & Tungsten

In thenium, 134mRe accounts for as much as 95% of

total, followed by 184Re (1.6%), and 82Ty (0.2%). However,

0.2My 186mRe dacay v's &t 99.4 KeV were not obssrved.

Leading contributor in decay rase of iadiated tungsten
sample is !82Ta, giving as much as 86.4%. Most of the
remaining contribution comes from 185W, One of the counting

runs saw faint twin peaks of 11w, i, at 136 and 152 KeV.
The counting error is more than 30% at each of these twoipeaks,
however,

HLG. Iridium

Only two comnbv.:ltors were identiflable, These are }921¢
and 194myr, However, 1%mIr accounts for only 1.8%, as aguinst
98.2% for 1921r, This kind of trend is expected in & hard, 14MeV
dominatad neutron energy $pectrum. No trace of 115 KeV peak of
241y 192mIr was 1o be found in the measured Y-spectium,

IV, ANALYSIS

As described in Ref. 16, analysis involves a multi-step
procedure. Neutron energy spectrum was computed for all foils
in foil package#) with MONP20 for irradiation geametry shown
in Figs.1 and 2. Wherever possible, RMCCS svaluation wis used
for transpon cross-secriions. Energy-dependent branching ratio
between 92mNb and 92Nb was used to obiain correct
#INL(1.,20)92mND reaction rate. Figure 4 dlsplﬁn a typical
MCNP evaluated neutron:energy spectrum , for first Nb foil,

0
10 .
Neutron Energy Spectrum at Nb#)
101 '
10°
10°

10°

10°

Spectrum per unit lathargy

T L S e I e S SR
21 A 1 10 100

Energy (MsV)

Fig. 4. Computed neutron energy spectrum, by MCNP, at
first Nb foil location in package#l

Also, INb(n.2n)92mNb reaction rates were computed at all ten
Nb foil locations. These computed 72mNY production rates were

compared 10 measured rates and a correction factor was obtained
for computed neutron energy spectrum for each foil location. The
corrected neutron energy spectra were then used 10 gensrute: multi-
group fluxes for each of four leading radicactivity codes. e.g.,

2184

DKRICF2!, REAC-2%2, RACC?, and ACT4 (cenral THIDA-2
modils)?4. Overall neutron flux conservation was gove
criterion for this transformation. Discrepancy between
transformed and original flux was computed to be negligible.
Othet input paramoters for these codes included sample
composition, irradiation and cooling times. Decay and activation
crosssection libraries form part of each code used.

The decay data and cross-section Libraries of these foqr
codes were searched to find the existancs of data for all nuclides
of intarest for the reported measurements, Only REAC-2 contains
mogt: of the data, There is no data for 158Dy reactions. It is for
this reason that 158Dy(n,p)158meeTy reacrion for 1547y ‘rlvdw _
of Dy has been enclosed within square brackets in Tab, v,
RACC libraries were the most deflelent of the remaining three.
RACC has no data for Ag, Dy, Eu, HY, Ir, Re, and Tt led
(or, mentioned interchangeabiy , DKR) has no data for Dy, Ht,
Ir, and Tb. Also, 2 number of times, data is incomplets even for
the cases where it exists, ¢.g.. there is no data for
185Ré(n.y) #6mRe, 183Re(n,cx)82Ty, and 187Re(n.2n)\06mRe,
THIDA-2 has no dats for Dy, Ir, and Tb. Also, it is not as
compiete.as REAC:2 libraries for other materials,

We have followed two-pronged approach during analysis,
Evaluated specira of decay y emission rates were compared to

‘those:messured, on one hand, and deduced experimental reaction

rates (by using published decay y-yields from Ref. 18) were also
compared to thoss computed by thess codes, on the other hand, A
number of these calculations were cross-checked by an
independent calculation using all required data from data librarles
of each code. Good agreement was found between the two, In
what follows, an attempt has been made to compare reaction rates
rtther than decay 1-raites. This is to avoid pitfalls related to
glementary errors committed by the people typing in the decay daw
llbnms-or these codes. In fact, we‘:ioseovemd quite a numzcr of
such instances during our concurrent work on shont-lived

15:16, Correct decn{‘dan was assured for all calculations for same
targel+product combination in the current analysis.

V. RESULTS AND DISCUSSION

Figures S through 14 show ratio of computed (C) to
experimentally (E) measured reaction rates for the identified
produgts for all eleven foils of package#l. Each figure displays
C/E's for all codes having nuclear data for the products involved,
Name of each isotope is eniered close 1o one of the CEs.

ling time is also mentioned.

For 108mAg (56 Fig, 5), G/E's for different codes are:
REAC, 2.19 (6% emor); DKRICF, 2.19(6%); THIDA, 1.69
(6%). For 110mAg, C/E's sre: REAC, 0.39; DKRICF, 0.35;
THIDA, 1.85.10%, The cross-sections at 14 MeV in all the
libraries need major revisions for 198mAg production. Using
recently reported measured cross-section 4, one gets the
fouogni ratio of the llbru;-dau to the measurement at 14 MeV:
REAC, 1.9; DKRICF, 1.9; THIDA, 3.2. In this regard, it is
important to mention that recent PTB measurements yield 108mag
half life of ~300y2, Our analysis assumed half life of 127y, If we
accept new value of hatf life of ~300y, modified C/E ratios for
1°'mﬁeg are: REAC, 0.93 (6%); DKRICF, 0.93 (6%); THIDA,
1.36 (6%). This lcads to important inference that the cross-
sections in REAC-2 and DKRICF are within acceplable statistical
error. But one needs to modify 108mag half Life to ~300 y. Before
this inference is accepted by us, we will verify this by new

measyrements on Ag foil at zero degree in identical foil-detector
configuration.

For 36A1, C/E's are: REAC, 1.17 (26%); DKRICF, 0.62
(26%); THIDA, 0.19 (26%): RACC, 0.25 (26%). Dysprosium
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(see Pigure 6) has poor counting statistics, 158m+gTp ang 1601
yield C/E's of 7.78.10°2 (67%). and 2.91 (35%) respoctively, by
REAC-2, Main reason for low C/E for 138megTy {5 10 be found in

missing cross-section data on 158Dy(n,p)158megTy
mc!z _ ?( p) reactions in

151By.enriched europium has low C/E for 152By (goe

Figure 7). Partly, it might come from Lack of enough
for low energy neutrons as cross section for 151By(n, Y1828y
picks up rapidly at lower neutron energies. In fact, It is & oy
problem to accumulate acceptable statistics, with MCNP,
accounting for all details of the experimental seomeuy. Too many
feornet_ncal cells will exige exorbitant CPU Ume. C/E's for

%9Eu production are: REAC, 1.23 (4%); DKRICF, 0.81 (4%);
THIDA, 0.94 (4%). Discrepancy for 150Ey is trageable to
inaccurpie cross-section data in REAC-2 and DKRICE, Using
measuréd datal4 at 14 MeV as normalization, one obtaing the

followégg ratios for the library cross-sections: REAC, 1.42;
DKRICF, 0.85; THIDA, 0.99,

153Eu-enriched europium has low C/E for 154Ey (see
Figure 8). C/E for 1326+mEy product gives a ot of divergence
among different codes. C/E 's for this isotope are: REAC, 2.14
(7%): DKRICF, 0.79 (7%); THIDA, 1.10 (7%). The source of

- divergent C/E's for 152m+sEy lies in discrepant cross-section data

for all the libraries. Normatizing with respect to measyred data of
Ref, i4, one obtains the following ratios for the library cross-

. section ;t 14 MeV: REAC, 2.26; DKRICF, 0.79; THIDA, 1.11.
REAC-2 has

‘same cross-saction for metastable and I.ﬂﬂ:uml states
of the product, i.¢., 1.88b. But, THIDA shows o y 23.2% of
total crass-section of 1.85b being in the metastable siate. In fact,
REAC-2 has simplified 50%-S0% division into ground and
metastable states for almost all the radioactive products. The
presant case is no exception,

Hafnium results look ‘relatively good' for 179m2Hf and

VISHE only (see Fig. 9). C/E for 1M9m2H( is 1.21 (15%) by
REAC-2, Other codes do not have cross-section data for the
nersting reactions. C/E's for 17SHf are : REAC, 1,54 (S%);
HIDA, 1.88 (5%). There is no data in THIDA for prediction of
1T3Lu. REAC-2 does not do much better, C/E is just 4.51.10°
(2%)! Again, there is no explicis mention of data for 178n2Hf in
THIDA, REAC-2 yields a C/E of 377.42 (8%) for the same
product. In fact, cross section at 14 MeV for the reaction leading
10 the production of this isotope, in REAC-2 library, is 2.07 b,
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Iridium has large C/E for 194mir (see Big. 10). 1t is
103.52 (38% eror). D RICF lacks basic data for prediction of
this isotope. 192]r js prelgilgtcd preug closely bg REAC-2 and,
Dl_(.lg)CF; C/E's are: AC, 1.20 (2.6%): DKRICF, 1.26

Molybdenum shows s big scatter in C/E's for 3 isotopes
out of 5 (Fig. 11). Closest agreement among codes is found for
952t (DKRICF: 0.87, THIDA; 0.94), and 95Nb (DKRICE: 092,
THIDA: 0.92). C/E's for 94Nb are: REAC, 2.62 21%);
DKRICF, 1.56; THIDA, 0.59; RACC, 0.59; Compared o
measured valuel4 at 14 MeV, one finds the same trends for the

library cross-section data for 94Nb production as for the v-decay
rates. '

Rhenium has comparable C/E's from REAC ahd THIDA
for 182Tq (Fig. 12). The O/E's are: REAC, 0.78 (26%); THIDA,
0.67 (26%). DKRICF dops not have !85Re(n,cx)!82Ta Cross-

section. 184mRe has C/E's varying as: REAC, 0.68 (2.6%);
DKRICF, 0.68 (2.6%); THIDA, 1.54 (2.6%).

Terbium has C/E's from REAC-2 alone (Fig, 13), as
nuclear data for it is missing in other codos. C/E's for 1$0Tb and
158m T are respectively 0.63 (11%), and 2.01- (3.2%). C/E
looks surprisingly respectable for 158mgTY t Hers again. the total
cross-section data at 14 MeV for 159Th(n,2n)!58megry, |
REAC-2, is overestimated by a factor of 2.19 vis-a-vig the
recently reponed measured:datal4,

Tungsten shows good agreement for 81w (Fig. 14)
among all four libraries. C/E's are: REAC, 2.79; DKRICF, 2.68;
THIDA, 2.68: RACC, 2.85. However, things get bad for 182Ty
and 185W, C/E's for 182T4 are; REAC, 1.02 (8%):; DKRICF,
0.74; THIDA, 1.01: RACC, 0.68. C/E's for !85W are; REAC,
ggg; (26%); DKRICF, 46.88 (26%); THIDA, 57.37; RACC,

Figure 15 is an attempt to summarize the. status of
evaluated versus measunied data, irrespective of any code In
particular, for products with half lives ranging from 0.68 y
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(110m 4 gy
nvaillbl'e C/E's for each isotope. Ten isowpes are included,
shown in the ﬂfun is C/E=1 line- a dcmd objective. OArllf;
1308y, 1538y, 94Nb, and 26A1 come closest to this line, even
though uncertainty on all data except for 50y is quite
staggering. Generally, the data falls on both sides of this 1
line, 178m2H s strongly overpredicied. 108mAg and 158megry
(from Tb) are significantly overpredicied, 1Ly and 156megyy
(from Dy) are sirongly underpredicied. Underprediction of
110mAg, and 154Eu might be panly due to possible
undersstimation of softer componens of the neutron
spectrum ‘used In the analysis. One needs to have in
veﬂﬂ:adonu-tm;oug? accumﬂl:‘;ion of arddltlonial experimentally
experime; ata is com , Onus for revision of

legd‘om ;lal.ls on shoulderspof the cross-section emnt:unlut‘;. orom

VI. CONCLUSIONS

_ Experimental measuremenis of decay ¥ activity from
long-lived products of eleven matorials, subjected to an average
fluence of ~0.83 x 10'S n/cm? at PNS, under USDOB/JABR]
collaborative program, have provided very valuable data for
validation of largely uniested, yet frequently used,
radioactivity calculation codes employed by fusion resctor
designers; Only REAC-2 has almost compiete data-bass, sven
though ratio of computed to measured activation faies depans

m 1.0 for many products. RACC code has the namowest data
base- data being present for Al, Mo and W only. DKRICF and
THIDA hive panially complete data bases. On average, none of

the codes: seems 10 outdo others. CVE's for all eleven materials
have beenipresented and discussed.

C/E ranges from 4.10°% to 377. Also, mean C/E, for
isotopes with half life larger than 0.6 Y. shows a spread extending
on both sides of C/E=1.0. 178m2H¢ is sirongly overestimatad Gy
a factor of 377) in REAC-2, and MLy (C/Exd.5.10-5), and
138mesTH (from Dy) are strongly underestimated by the same
code. 108mag and 158mesTh (from Tb) are significantly

redioted. Onty 152y, 150By, 94N, and 26A1 come closast
10 !, even though the uncertainty is quite large. Partial
explanauon for underprediction of 119mAg, ang 154g, might lie in

possible underestimation of softer component of neutron energy
spectrum used in the analysis,

A serious doubt hangs over? half life of 108mAg g5
included in all codes thus far. A value of 127 y is being currently
used but some reporied measurements indicate a half life of
-300{’. W¢ intend to accumulaie more experimental data to verlfy
this observation independently. Until then, we shall work with the
current value. Cross-section data at higher neutron encrfles in
REAC-2 nceds a major revision for 109Ag(n,2n)108mA g
138Dy (n.p) ! S8m+47 (it is missing aliogethier), 94Mo(n,p)*4ND,
151Bu(n,2n)150By, 153Ey(n,2n)152m2s8E y .
119Hf(n,2n) 1 8m21, ang 159Tin,2n) 1 5mesTy, THIDA noeds
to have coinpletely missing cross-section data for Dy, Ir, and TV,
179H1(n,20)1 18m24F s also absent, In addition, tnajor corrections
are required for 199Ag(n,2n)108mag 2741(n,2n)26A1,
#Mo(n,p)®4Nb, and 153Eu(n,2n)!52m2+eEy. DKRICF is quite
incomplete too. The dawa for Dy, Hf, Ir, and Tb needs 1o be
incorporated, In addition, isolopic Re cross-sections need to be
complemented.  Major corrections are required for
109Ag(n,2n)108mAg, 2741 (n,2n)26A1, 94Mo(n,p)%*Nb,
131Bu(n,2n)130Ry, and 153Eu(n,2n)153m2+sEy, RACC
n:ssesses the least comFlete library. There is data only for Al,

0, and W. The data for all remaining materials need to be
incorporated. [n addition, major comections are needed for ¢ross-
sections for the following: 2’Al(n,2n)26A1 and 4Mo(n.p)™N.
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There is a need to accumulate more experimental data
from foils in packages #2 and #3. Once confirmatory
experimental daia from thése additional foils is accumulated, the
cross-section working groups will have to work on the revision of
the cross ssciion data libtaries of these codes, In parallel, it is
recommended that evajuators undertake new theoretical

calculations, akin to those reported recently in reference 25,30 a8 -

o closer estimatesiof the activation cross sections for the
production of long-lived isotopes.

As long-drawn-out procedures are involved in
certification of theoretical evaluations for inclusion in updated
nucloar data files, it is highly desirable to have adhoa updated files
which will reflect the new measured data, 1t is imponant to do so
at an easly dato as waste-classification of fusion specific materials
critically depends on the production cross sections, a5 well as the
half lives and branching ratios, of the long-lived isoiopes. In fact,
the specific activity limits for shallow-land burial (vids 10CFR61,
Class C waste) detived in Ref, § were based on crogs section and
other basic data presont in REAC-2. As we ‘nepont large

ments between our experimental measurements and thoss
evalusted using REAC.2 for many rcactions, those specific
activity limits will undergo lm}c changes. Generally, poorly
known production cross-saction data for lon 3-lived Isolopes are
expecied to become a thorny issue in coming days besause of their
serious impact on search for low activation materials for fusion,
Recently, we discovered2® a peculiar non-1/v dependence for two
4C (61/2%5730 y, B- emitter) producing caprure cross-sections,

e.8., 170(n,a)14C, and 13¢(n, YI4C, at neutron energy larger

than 10KeV, in REAC-2 and DKRICF, during course of a low
activation blanket design study for an inential confinement fusion
reactor. The design had a frst wall made of Si and tritium
breeding region made of Liz0. The initial computation with
DKRICF classified the braeder region above clags C, but & new
calculation with modified cross ssclions based on Ref, 27
reclassified this region as ¢lass A. The impact of the kind of the

maasurements reporied in this work on waste classification issues-

is quite apparent and it nceds 1o be strengthenced furthior.
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