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Abstraet  

Experiments to measure radioactivity were carded out within the framework of the USDOE/JAERI collaborative 
program on fusion neutronics. High purity samples of  a large number of materials of interest to designers were irradiated at 
various locations inside a number of prototypical assemblies driven by D - T  neutrons. The isotopic activity of -/-emitting 
radioactive products was then measured and compared to calculations done using activation cross-section libraries of  leading 
radioactivity codes like ACT4, DKR-ICF, RACC and REAC-3. Comparison of calculation C to experiment E of isotopic 
activities of the irradiated materials shows large variation in C / E  ratios for most of the measured isotopic activities. A 
theoretical approach is outlined to obtain C / E  for decay heat for elements and alloys from C / E ' s  of  measured isotopic 
activities of  the elemental components. The application of this approach is then demonstrated by obtaining C / E ' s  for PCA, 
V-15Cr-STi ,  HT-9, modified HT-9 and eight elemental components comprising titanium, vanadium, chromium, man- 
ganese, iron, cobalt, nickel, and molybdenum. 

!. lntrodnction 

Decay heat in a deuterium-tritium (D-T)  fusion reac- 
tor environment results from de-excitation of neutron-in- 
d u c e d  r a d i o a c t i v e  i so topes  via  be ta  d e c a y  
(electrou/positron emission), isomeric transition (IT), or 
electron capture (EC). Almost invariably, beta decay and 
electron capture are accompanied by gamma decay. Thus 
measurement of gamma spectra emitted by the radioactive 
isotopes is capable of providing invaluable, experimental 
information on a predominant component of their decay 
heat. This information can be utilized to validate activation 
cross-section data libraries used by radioactivity codes. 

A series of experimental rneasu ~ '.ments of D - T  neutron 
induced radioactivity were carried out in samples of vari- 
ous materials in the framework of  the USDOE/JAERI 
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collaborative program. Different neutron energy spectra 
were produced aad utilized during different phases of this 
experimental program. The isotopic activities were mea- 
sured via gamma spectroscopy of  the irradiated samples. 
The experiments (E) were then compared to calculations 
(C) that employed activation cross-sectiou libraries of ma- 
jor radioactivity codes. Significant deviations in C / E  ra- 
tios have been observed for most of the isotopic activities. 
The.re experiments and calculations are reviewed in the 
following sections, it needs to be emphasized that neutron 
fluences available in the~ experiments did not permit us 
to investigate the impact of  impurities in the production of  
induced radioactivity. At least two orders increase in neu- 
tron fluence will be needed to see the impact of impurities. 
At present, such a large amount of  D - T  neutron fluence is 
not available anywhere in the world. 

A theoretical approach is proposed to obtain C / E  ratio 
for decay heat from C / E ' s  of constituent i~topic  activi- 
ties. Applications of this approach to elemental and alloy 
materials are demonstrated for a relatively soft neutron 
eaergy spectrum. 

0022-3115/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
SSD! 0022-3 ! 15(96)00489-8 



A. Kumar et aL / lournal of Nuclear Materials 240 (1997) 144-153 145 

2. Experiments 

Elaborate experimental assemblies were constructed to 
simulate prototypical fusion neutron spectra under the 
USDOE/JAERI collaborative program [!-4] .  The experi- 
ments were conducted jointly at the fusion neutronics 
source facility of the Japanese Atomic Energy Research 
Institute. Two accelerator based D - T  neutron sources, 
with nominal intensities of 5 X 10 ~2 and 5 X 10 tl n / s ,  
were utilized. In addition to a conventional, stationary 
point neutron source, a line source was experimentally 
simulated by periodic, linear, relative motion of  
assembly/detectors with respect to a stationary point neu- 
tron source. The latter source distribution simulated more 
realistically the spatial distribution of a fusion reactor 
neutron source: ~ each experimental assembly, sets of 
material samples were localed at two to three locations to 
cover different neutron energy spectra. A typical sample, 
say, a foil, was a circular disc measuring 10 mm diameter 
by I mm thickness. Only high purity foils were procured 
for the experiments. Fig. I is a schematic view of an 
experimental arrangement used during phase IIC of  the 
program. Position A, at 100 m m  distance from the neutron 
source on the target, simulates a hard neutron energy 
spectrum. Position B, at a distance of 820 mm from the 
target and inside lithium oxide test section, simulates a 
relatively soft neutron energy spectrum that could be taken 
as prototypical of the first wall neutron energy spectrum in 
a fusion reactor. 

The materials irradiated during the entire program in- 
cluded magnesium, aluminum, silicon, titanium, vanadium, 

chromium, iron, manganese° cobalt, nickel, type 316 stain- 
less steel, copper, zinc, zirconium, niobium, molybdenum, 
silver, indium, tin, europium 151 (97.7%), europium 153 
(99,2%), terbium, dysprosium, holmium, hafnium, tanta- 
lum, tungsten, rhenium, iridium, gold, and lead. The D - T  
neutron fluence ranged from ~ 10 ]° to ~ 1.7 x 10 Is 
n / c m  2. Intrinsic germanium detectors, with high resolu- 
tion, were deployed for ~/-spectroscopy of the irradiated 
samples, following cooling times ranging from minutes to 
weeks for short half life ( <  ~ I year) isotopes, and for a 
year or more for longer half life isotopes. 

Count spectra for various irradiation times, cooling 
times, and neutron energy spectra for each material sample 
were processed to obtain isotopic activities and associated 
experimental errors [1-4]. An isotopic activity represents 
the number of emiUed "y-rays of a specific energy from a 
radioactive product of an irradiated material. Tabular data 
on isotopic activities, available in Kumar et al. [4], were 
normalized to ! g of  the irradiated material and source 
neutron strength of 10"- n / s .  In all, the data for fourteen 
spectral locations were processed to generate isotopic ac- 
tivities for short half life products. Experimental error is a 
complex function of numerous parameters and varied from 
~ !% to ~ 10% for the great majori ty 'of  the isotopic 
activities. Fig. 2 compares decay gamma-lay emission 
rates per gram of the irradiated material as a function of  its 
Z, charge number. The experimental data, pemaining to 
phase IIC of the program, has been extrapolated to the 
same cooling time of one day. Further, the data is normal- 
ized to the same D - T  neutron fluence. Associated experi- 
mental error is also shown. One can observe the following: 
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Fig. I. Typical arrangement of samph materials in phase IIC of USDOE/JAERI collaborative experiments. 
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Fig. 2. Gamma emission rate/g versus Z (charge r, nmt~er) of a 
sample for ~ i day cooling time. 
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Fig. 4. Type 316 stainless sled: C/E (calculation to experiment) 
dispersion. I~" isotopic acti,~'ities expressed in Bq/g, with ACT4, 
DKR-ICF+ RACC. and REAC-3 activatiou cross-~ction libraries. 

(i) titanium gives out many more -y-rays than even molyb- 
denum or nickel, (it) vanadium has more activity than iron. 

3. Predietabili~ of isotopic actitity 

Calculation of an experimentally measured isotopic ac- 
tivity involves the neutron energy spectrum, irradiation 
time, cooling time, isotopic half life, -y-ray branching ratio, 
level transitions, decay modes and activation cross-section 
dam, among others. The detailed procedure for calculation 
of isotopic activity as well as associated uncertainty has 
been elaborated by Kumar and lkeda [3]. The neutron 
energy spectra for various experimental locations were 
obtained through neutron transport calculations with 
three-dimensional Monte Carlo code MCNP [5]. and two- 
dimensional discrete ordinates" code system DORT [6]. 
The cross-section data libraries were based on ENDF/B-V 
and were processed by MacFarlane [7]+ Fig. 3 compares 
neutron energy spectra, in units of n /cm2/un i l  lethargy 

- . . . . . . . . . . . . .  - . . . . .  ~, , .[nl]  1 e ~  t°"2- Neutron Energy Spectra 

' J . l '  
~ - . 4  r : 

,,.+t . . . . . . . . . . . . . . . . .  ; l l  
0 2 4 - 6 8 " 1 0  12  14  1+ 

Neu t ron  enexgy  (MeV) 

Fig. 3. Computed nemron energy spectr.~ per unit lethargy (n/cm ~ ) 
as a function of neutron energy for spatial locations P.. and B in 
phase ItC experimental assembly. 

for one D-T  source neutron, fer the locations A and B of 
the phaxe ilC experimental assembly. Note thai whereas 
the high energy peak for location B at ~ 14 MeV drops by' 
2 orders of magnitude with respect to thai for location A, 
the drop in the neutron energy spectrum below this peak is 
much lower. For example, at 2 MeV. the neutron spectrum 
is only a factor of ~ 4 lower for the location B. Obvi- 
ously, th~ neutron spectrum is significantly softer for 
location B, 

The isotopic half lives. "/-ray branching ratios, decay 
modes and level transition data were adopted from Browne 
and Firestone [8]. As for activation cross-section data. 
libraries accompanying four leading radioactivity codes, 
e.g., ACT4 [9], DKR-1CF [iO], RACC [! I]. and REAC-3 
[12]. were adopted, in addition, ENDF/B-VI and JENDL-3 
cross-section data were also deployed whenever available 
[1-31+ 

The calculated isotopic activities were compared to the 
experimental data to obtain C / E  ratios for each of the 
activation cross-section library. We notice large deviations 
between calculation and experiment for almost all the 
materials. Also. there is relatively large disagreement 
among the ca|:ulations themselves - -  due to differences in 
activation ,:ross-section data for the same isotopic activity 
[I-3], As an illustrative example, refer to Fig. 4 that shows 
C / E  dispersion for isotopic activities observed for a type 
316 stainless steel sample irradiated under different neu- 
tron energy spectra. The maximal D-T  neutron fluence in 
the experiments for this material wa_,, ",- 3 X 10 I~ n/cm",  
~vith irradiation time not exceeding 10 h. The figure shows 
upper and lower envelope lines. An envelope line was 
obtained by joining the highest (for upper envelope) or the 
lowest (for lower envelope) C / E  values for each product 
ill, For each product, an activation cross-section library 
and neutron energy spectrum constitute as variables for 
d.ese plots. One can observe relatively large C / E  disper- 
sions for 6°Co (half life = 5.3 year). ~7Co. -SSCo. 59Fe. 
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Fig. 5. Nickel C/E (calculation to experiment) dispersion, for 
isotopic acti¢ittes exprcs~d in Bq/g, with ACT4, DKR-ICF, 
RACC. and REAC-3 activation cross-section libraries. 

~Mo,  S'~Zr, and S7Ni (half life = 36 h). For i(Kt% pure 
samples of nickel and cobalt, the comprehensive trends of 
C / E  ratios ale captured in Figs. 5 and 6, respectively. One 
can 'anderstand by looking at Fig. 5 for nickel, how a 
discrepancy in prediction of a nickel product, say, S?Co, 
carries itself into the corresponding discrepancy for SS316 
that has nickel as one of its important constituents. Remark 
from Figs. 5 and 6 that deviations in C / E  from 1 are 
considerable for longer half life products for bolh nickel 
and cobalt. An important underlying reason of deviation of 
C / E  lies in the activation cross-section data included in 
the data libraries used. Figs. 7 and 8 respectively compare 

• . SI.I . 5 8  
activation cross-sectton representauons for " Nt(n,p) Co 
and 59Co(n,~)~Co reactions as a function of neutron en- 
ergy. The cross-sections from different data libraries for 
~Ni(n ,p)~Co reaction differ by as much as a factor of 

5 in the energy range displayed in Fig. 7. The cross-~c- 
tion data for 'S~Co(n,'?)6~tCo reaction differ by a much 
larger factor - -  by three orders of magnitude (see Fig. 8). 
Viewed against such a large deviation in activation cross- 
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Fig. 6. Cobalt C /E  (calculation to experiment) dispersion, for 
isolopic activities expressed in Bq/g. with ACT4. DKRqCF. 
RACC. and REAC-3 activation cross-section libraries. 
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Fig. 7. Cross-section, in barn (10 -24 cm2). as a function of 
neutron energy (MeV) for ~SNi(n, p)'~SCo activation reaction as 
represented in ACT4. DKR-ICF. RACC. and REAC-3 activation 
cross-~ction libraries. 

sectiotts for 5°Co(n.-/)6°Co reaction, the amount of devia- 
tion seen in C / E  of 6°Co in Fig. 6 is fortuitously small! 

The inadequacies in modeling of the experimental con- 
figuration, transport cross-sections, and methodology of 
transport solver, activation cross-sections, decay data, and 
experimental error are among the factors responsible for 
the C / E  dispersion ob~rved for the isotopic activities. It 
might be almost impossible to eliminate all these contribut- 
ing factors unless one is willing to invest stupendous 
efforts over a long time. However, it is possible to target 
major di~repancies and mitigate them. Also, one can look 
at an ensemble of C / E ' s  from each of the activation 
cross-section libraries to qualitatively evaluate them for 
their respective performances. Fig. 9 is a plot of probabil- 
ity density distribution of C / E ' s  as a function of C / E  for 
each of the four libraries, e.g., ACT4, DKR-ICF, RACC, 
and REAC-3 [I]. Note that this plot embraces a large 
numbers of materials, irradiation times, and neutron energy 
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Fig. 8. Cross-section. in barn (10 --'4 cm-~), :~.s a function of 
neutron energy (MeV} for ~';Co(n.~/)~bCo action, kin ,unction as 
represented in ACT4. DKR-ICF. RACC. and REAC-3 activation 
cross-section libraries. 
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Fig, 9. Probability density distributions of C/E's ,  for isotopic 
activities in Bq/g, with ACT4, DKR-ICF, RACC, and REAC-3 
activation cross-section libraries. 

spectra in our wide ranging experimental effort, as de- 
scribed in the introductory section [1|. Ideally, one would 
expect this disuibution to he a delta function centered at 
C / E  = 1.0. However, the plotted distributions extend from 
very low C / E ' s  to quite large C / E ' s .  Fig. 9 also shows a 
consolidated probability density distribution, covering all 
the four libraries, as well as a corresponding Gaussian 
distribution. Note that the Gaussian dislribution peaks at 
C / E - -  1.13. This implies ,,bat the libraries, as a whole, 
have a tendency to overpredict an average isotopic activity. 

4.  A theoretical approach for prediction of  decay heat  

As for predictability, i.e., C / E ,  of decay heat from 
radioactive isotopes of an irradiated material is concerned. 
one can directly u ~  C / E  for the corresponding isotopic 
activity, as discussed in the preceding section. However, 
from a reactor designer standpoinL one would rather be 
interested in determining predictability of sum decay heat 
from all contributing isotopic activities for any irradiated 
material. In principle, it is possible to make use of C / E  
data for individual isotopic activities to predict C / E  of 
decay heat for a material. We outline a theoretical ap- 
proach below. 

Let us imagine a composite material consisting of  NE 
elements. An elemental component m has a weight frac- 
tion of w,,. An element component m generates Nl(m) 
radioactive isotopes when exposed to neutron irradiation. 
Let cm.~j stand for calculated decay heat for the ith 
component of the ruth element using the j th library. Also. 
e,,.~ represents experimental decay heat for the ith compo- 
nent of the ruth element. Then, ( C / E )  i, the predictability 

of  the net decay heat for the composite material for library 
j is given by 

NE [ N,, . ,  i 

(c) "-t "-.'-'J 
m =  l i ;  I ~ m . i  / 

where c=.,.s/e,,.~ is the ratio of calculation to experiment 
for isotopic activity i of material m for library j ,  and is 
already known. 

The relative standard deviation on ( C / E )  i ,  say, ~ ,  is 
given as 

r n = l  i = 1  

(2) 

where ~rm.i. j is the relative standard deviation on 
c,,.i.s/e,,.i, and is already known. Note that derivation of 
Eq. (2) from Eq. ( l )  assumes that there is no correlation 
among predictability of  individual isotopic activities, on 
one hand, and elemental composition, on the other. Evi- 
dently, use of the above formulas is subject m extreme 
caution for large neutron fluenees that lead to significant 
bum-up and. hence, change in elemental eom~sit ion.  This 
change will also lead to change in the neutron energy 
spectrum, and, hence, predictability of isotopic activities. 
This means that c factors appearing in Eqs. ( l )  and (2) 
will have to be modified appropriately in the event of 
appreciable bum-up of  the medium. 

The role of the neutron energy spectrum, irradiation 
time. bum-up of  elemental components on tim inventory of 
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Fig. 10, Correction factor, cf. as a function of neutron flu•nee, 
isotopic half life and irradiation time. 
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isotopic inventory and attendant afterheat (c factors ap- (o'ta> 
pearing in Eqs. (!) and (2) above) can be studied compre- 
hemively using sophisticated computer codes. However. it (~r~) 
is very helpful to use simpler formulations for understand- 
;.ng the interplay of these factors. The activity of radioac- A 
tire product 'p" of a target isotope ' t ' ,  say, Ap, Can be F = (~t r 
expressed as ¢' 

Ap = n°(o,_ ~)FA rr 

X [ exF( - (  ¢r.~ ) F )  - e x p ( -  Ate) e x p ( -  (o ' s>F)  ] 
~+ <-~~>~ j' t 

(3) 
where various terms are defined as below: 

Ap 
o nt 
(~',.p) 

product activity in Bq/g;  
initial number of target isotopes per g; 
effective microscopic reaction cross-section 
leading to generation of product "p' from target 
nucleus "t'; 

effective microscopic reaction cross-section of 
destruction of target; 
effective microscopic reaction cross-section of 
destruction of product, 
decay constant of the product; 
neutron fluence; 
energy integrated neutron flux; 
irradiation time. 

If neutron reactions with the product nuclei are ignored, 
Eq. (3) can be simplified to 

Ap = n°(cr~ _. ~ ) FAcf, (4) 

where cf is called a correction factor, and is given by 

cf = [ exp,-  ~ _: o~p~ - ~,,) 
[ A t r -  rf ].  (Sa) 

rf stands for removal factor and is defined by 

rf= <,r~>~'. (Sb) 
Fig. 10 shows the correction factor, cf, as a function of 
product half expressed in units of irradiation time. The 

Table 1 
Reactions relevant to the analysis of the experimental decay radioactivity data for titanium, vanadium, chromium, manganese, iron, cobalt, 
nickel 

Material Radioactive isotope (product) Contributing reactions Mro.erial Radioactive isotope (product) Contributing reactions 

Titanium sl Ti 5°Ti(n, 3.)SlTi Iron ~3Fc 54Fe(n, 2n)S3Fe 
45 Ti ~Ti(n, 2n) 45T:. ~6 Mn 56 Fe(n. p)S6 M[] 

Sc ~Ti(n, 044 Sc 57 Fe(n, np) 56 Mn 
4SSc 4~Ti(n, p)~SSc -~TFe(n, d)S6Mn 

":~ Ti(n. np) 45 Sc s s Fe( n, 0 56 Mn 
49Ti(n" d)4sSc 51Cr 54 Fe(n, ot )sl Cr 
~Ti(n, t)4SSc 59Fe 5SFe(n, 'y)SgFe 

4~Sc 4~Ti(n ' p)4~Sc -~4Mn 54Fe(n ' p)S4Mn 
4STi(n, np)4~Sc 
~STi(n. d)47Sc Cobalt 56Mn 59Co(n, et)S6Mn 
4qTi(n. t)47Sc 59Fe 59C0(n" p)59Fe 

4"lCa 5°Ti(n, ot )47Ca 5Sco S9Co(r~, 2n)'~-'L~ 
'7 ~81",-....~Sg~ 46Sc ~Ti(n, p)4°Sc ~'gCo(n, . n j  ~.o Lo 

47Ti(n, np)465c 6°Co 59Co(n ' 3.)°°Cc, 
4~Ti(n, d)46Sc 5~Co(n. 3.)6°mCo ~6°Co 
~Ti(n. t)4°Sc 

Nickel e2mco 62 Ni(n. p)62mco 
Vanadium 52 V SSV(n. 3') 52 V 65Ni ~4Ni(n. y)6"~Ni 

SlTi st V(n, p)SiTi s~N i 5SNiln" 2n)STNi 
'~Sc 5iV(n, o~)4SSc ~9Fe 62Ni(n. ~t)SqFe 
4~Sc~ ~°V(n" a)47Sc ~°Ni(n, 2p)~gFe 

5~V(n, n'a)47Sc "S~Co 5SNi(n. p)SSCo 
5SNi(n. p)SSmco ~ 5SCo 

Chromium 49Cr 5°Cl(n, 2n)49Cr 57C0 5SNi(n, np)S7Co 
51Cr 52Cr(n" 2n)5 t Cr 55 Ni(n. d)5~Co 

5°Cdn, .,/)5~ Cr (also 57Ni - ,  5~Co) 
~°Co ~'°Ni(n. p)~JCo 

Manganese 52 V 6~ Ni(n, np)6°Co 
"~Mn 55Mn(n" ¢~ )52 V 01Ni(n, d)6°Co 
s~ Mn ~SMn(n, 3.)~6Mn °'~Ni(n, t)~°Co 

55Mn(n. 2n)54Mn coNi(n, p)6°"Co --*~°Co 
~' Ni(n, rip) corn C:~ ~ COCo 
6~ Ni(n. d)°OmCo ---* coCo 
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Table 2 
Reactions relevant to the analysis of the experiraental decay radioactivity data for molybdenum 

Maledal Radioactive Contributing reactions 
isolo¢¢ 
(product) 

Molybdenum m'Tc '°°Mo(n. "1 ),o~ Mo - ,  ~o~ Tc 
IO! Mo !00Mo(n" "~)~°] Mo 

"~!~- 9lMo V2Mo(n. _n, aao 
°2 Mo(n. 2n~m Mo - ,  ~! Mo 

~mNb ~SM0(n" p)gSm Nb 
'°°M0(n, t) ~ "  Nb 
!°°Mo(n. rid) 9gin Nb 

ss Mo(n, np)~Thno 
~Mo(n. d)97 N'b 

(and ~:Zr ~97"Nb --,~Nb) 
94 Mo(n. 2n) 9~m Mo 
92 Mo(n" ~)93m MO 
'~Mo(n. p)~Nb 
9~Mo(n, np)~Nb 
V7Mo(n. d)~Nb 
vs Mo(n. t)~Nb 
!°°Mo(n" 2n)~Mo 
~ Mo(n. "y)~ Mo 

~TNb 

v~m Mo 

'~Nb 

~Mo 

Material Radioactive 
isotope 
(r.~.~t) 

Molybdenum ~gZr 

~Y'mNb 

Contributing reactions 

+-" Mo( n , .  )s+gr 
9_~ Mo(n. ¢~ )S~mzr --* ~qZr 

9.SMo(n" p)~.sm Nb 
~SMo(n. np)~mNb 
'~ Mo(n, d) ~5m Nb 
~7 Mo~n, t) 9sin h'b 
9s Mo(n" nt)~sm Nb 

(also 9SZ,- --'9~mNb) 

+2m IS.n o 9-" MO(n, p)gZmNb 
+~Nb +SMo(n. p)+~Nb 

+Mo(n, np)gSNb 
9°Mo(n. d)SSNb 
97 Mo(n" t)95 Nb 
9SMo(n, nt)gSNb 

(also 95mNb ---~95Nb) 
91Nb qgl Mo ._,91Nb) 
9~Zr ~s Mo(n. a )'~-~Zr 
SSZr ~-" Mogn, net)S"Zr 

removal factor, if, is varied from 0 to 100. Note that, for 
longer haif life products - -  half l i fe/ i rradiat ion time ratio 
significantly exceeding unity - -  cf  slays c l o ~  to unity as 
long as ff  is ~ 0.1 or less. As ff  rises, c f  decreases almost 
as 1 / f t .  This would then translate into Ap staying almost 
constant as rf is raised above ---0,1. However, for short 
half life products, the correction factor cf  and activity A r 
have non-linear dependence on rf  (and F).  

Ratio of Calculation to Experiment for 
tota l  decay heat in T i tan ium 

[_ (Location B) 4 

0.1 10 1000 10 ~ 107 
¢ o o ~  t i m  (s) 

Fig. I L  Total decay heat (W/g )  in zi:anium: calculation-to-ex- 
periment ratio for ACT4, DKR-ICF. I~ACC, and REAC-3 li- 
braries, for location B of ph~e tIC expez imental as~mbly (D-T  
neutron source intensity of l0 I-" n / s  for a ~otal irradiation time of 
9h),  

5. Discussion on predic tab i l i ty  oil" decay  heat  

The approach described in the preceding section has 
been applied to eight elements, viz. titanium, vanadium, 
chromium, manganese, iron. cobalt, nickel, and molybde- 
num. For each element, we have calculated C / E ' s  for 
three modes of  decay heat: (i) total decay hea l  which 

Ratio of Calculation to Experiment for 
total decay heat in Vanad:um 

o,, ................................................. i ....... i . . . . .  

0,1 10 1000 105 107 

C4~Olill~ t i m  ($) 

Fig. t2. Total decay heat (W/g)  in vanadium: calculation-to-ex- 
periment ratio for ACT4, DKR-ICF, RACC. and REAC-3 li- 
braries, for location B of phase I]C experimental as~mbly (D-T  
neutron .source intensity of 1012 n / s  for a tolai irradiation time of 
9h). 
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Ratio of Calculation to Experiment for 
total decay holt  in Chromium 

.L. RrSt Wall D-T neutron energy sp~-lmm 
14 ~ ( ~ l o n  B) 

0-1 10 1000 10 ~ 107 

comi.g tim= tsl 

Fig. 13. Total decay heat (W/g) in chromium: calculation-to-ex- 
periment ratio for ACT4. DKR-ICF, RACe, and REAC-3 li- 
braries, for location B of phase l ie experimental assembly (D-T 
neutron source intensity of 10 '=" n / s  for a total irradiation time of 
9h). 

includes al l  components like decay -y-rays, electrons and 
positrons, and internal bremsstrahlung [8]. (it) pure ~/-ray 
decay heat, which includes only decay ~/-rays, and (iii) "no 
~-ray' decay heat, which excludes decay -t-rays only. 
Significant differences have been observed in predictabil- 
ity of these three modes of decay heat.  However, in what 
follows, we will focus only on total decay heat. 

Table ! catalogs the reactions contribming to experi- 
mental measurements of the radioactivity in titanium, 
vanadium, chromium, manganese, iron, cobalt, and nickel. 
Table 2 provides similar information for molybdenum. For 
molybdenum alone, there are 38 contributing reaction 
channels! Due to so many reactions involved, as shown in 

Table 
Elemental composition of the alloys considered 

Elcmcnlal w~% of elemental components in alloy 

component PeA V-ISCr-STi HT-9 modified HT-9 

Titanium 0.3 5.0 0.0 0.0 
Vanadium 0.0 79.8 0.0 0.0 
Chromium 14.0 15,0 11.5 11.5 
Manganese 1.8 0.0 0.5 0.5 
Iron 65.12 0.01 85.24 85.72 
Cobalt 0.03 0.0 0.0 0.0 
Nickel 16.0 0.001 0.5 0.0025 
Molybdenum 2,0 0.008 1.0 0.02 

16  

u < 14  

i - ' ~  12  ¢ 

=-.> 

o ~= 0.8 

0.6 

Ratio of Calculation to Experiment for 
t o t a l  decay heat in PeA 
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; ~ = I  | I ,  

il " " o ~  | 

' . . . . . . .  I . . . . . .  ~ . . . . . .  a . . . . . . .  ~ . . . . . . .  a . . . . . . .  l . . . .  J . . . . . . .  ~ . . . .  

0.1 10 1000 105 107 
Cooling time ( i  I 

Fig. 15. Total decay heat ( W / ~ )  in PeA: calculation-to-experi- 
ment ratio for ACT4. DKR-ICE RACC, and REAC-3 libraries, 
for location B of phase IIC experimental assembly (D-T neutron 
source intensity of I0 t: n / s  for a total irradiation time of 9 h). 

Ratio o! Calculation to Experiment for 
t o ta l  d e c a y  h e a t  In Iron 

1 4 J- Fi ra l  Wal l  D-T n e u l r o n  e n e r g y  s p e c t n m l  
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Fig. 14. Total decay heal (W/g) in iron: calculation-to-experiment 
ratio for ACT4, DKR-ICE RACC. and REAC-3 libraries, for 
location B of phase tIC experinmntal ascmbly (D-T neutron 
source intensity of 10 'z n / s  for a local irradiation time of 9 h). 

Ratio of Calculation to Experiment for 
t o ta l  decay heat in V-15Cr-51"i a l l o y  

1 4  
i ...... '1 ...... ~ ...... 11 ....... I ...... 9 ....... 1 ....... I ....... I ....... First Wall D-T neutron energy spectrum 1 

p (L l~at  Ion B) -[ 

¢~ 1.2 ! • kCf~= I ~ ] : I • RP~CC I I 7  
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Cool ing l~me ( l )  

Fig. 16, Total decay heat (W/g) in V-I5Cr-STi alloy: calcula- 
tion-to-experiment ralio for ACT4, DKR-ICF, RACe, and REAC- 
3 libraries, for location B of phase tIC experimental as~mbly 
(D-T neutron ~urce intensity of 10 I-~ n / s  for a tolal irradiation 
time of 9 hi. 
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Fig. 17. Total decay heat (W/g) in HT-9: calculatioa-to-¢xpcri- 

merit ratio for ACT4, DKR-ICF, RACC, and REAC-3 libraries, 
for Iocalion B of phase IIC experiment,x! assembly [D-T neutron 
source intensity of 1012 n / s  for a total :aradiation time of 9 h). 

these two tables, it is clear that one can readily understand 
an important role of  comparison of calculations to the 
experiments before approving an activation cross-section 
data library for continued use in the future. 

Figs. ! ! -  14 show C / E  ratios of  total decay heat as a 
function of  cooling time for titanium, vanadium, chromium, 
a~gi iron. The decay heat "data is for location B of phase 
IIC. As mentioned earlier, the neutron energy spectrum for 
this location is prototypical of  a first wall spectrum in a 
fusion reactor. The associated uncertainty for each data 
poim is also included. Note that C / E ' s  lie both above and 
below the C / E - -  1 line for all the four materials except 
for vanadium, all C / E ' s  for the latter lying systematically 
above the C / E  = 1 line. The irradiation time is 9 h at a 

2.2 
? 

2 
] 
: "~ t .8 

!; 1.6 

• ~ "1: 1.4 
a l u  

| !  ,2 

Ratio of Calculation to Expedment for 
total decay heat in modified HT-9 alloy 
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Fig. 18. Total decay heat (W/g) in modified HT-9: calculation- 
to-experiment ratio for ACT4, DKR-ICF. RACC. and REAC-3 
libraries, for location B of phase HC experimental assembly (D-T 
neutron source intensity of 1012 n /s  for a tmal irradiation time of 
9 h). 

D - T  neutron intensity of 1012 n / s .  Generally speaking, 
for a given cooling time, isotopic activities with half lives 
comparable to this cooling time make relatively significant 
contribu,.ions to the prediction of  the total decay heat. 

We have also looked at lacAictability of  total decay 
heat for leading alloys (steels) for fusion reactors. These 
include PCA, V-15Cr-STi,  HT-9 and modified HT-9. The 
elemental compositions for these alloys were adopted from 
Fetter [13] and are shown in Table 3. The calcelations 
were done for the same spectrum and flnenee as used for 
the elemental materials above. Figs. 15-18 show C / E  for 
total decay heat in PCA, V-15Cr-5Ti ,  HT-9, and mndi- 
fled HT-9, respectively. Remark a tendency of  all the four 
libraries m oveqmalict tmal decay heat, as also observed 
for zhe elemental components discussed earlier (see Figs. 
t 1 -14) .  

6. Summary and c o m e . b i n  

The USDOE/JAERI program of fusion neutron in- 
duced radioactivity measmcments has provided an invalu- 
able oppommity to obgain predio.ion uncertainty data for 
individual isotopic activities generated in materials sub- 
jected to irradiation. Activation cross-section libraries of 
four leading radioactivity codes, e.g., ACT4, DKR-ICF, 
RACC, and REAC-3, were deployed m calculate C / E  
ratios for ismopic activities in titanium, vanadium, 
chromium, manganese, iron, cobalt, nickel, molybdenum. 
and a host of other materials, for all the flnence ~",d 
spectral conditions of the experiments. Considerable devia- 
tions from unity have been noted for almost all the isotopic 
activities. A ~ t i c a l  appcoach has been described in this 
paper to obtain prediction uncertainty on total decay heat 
from component isotopic activides for elemental as well as 
alloy materials. This apImzach was applied to otr, ain C / E  
trends for decay heat as a function of cooling time for 
titanium, vanadium, chromium, mangaqese, iron, cobalt, 
nickel, molybdenum, on one hand, and for ])CA, V-15Cr -  
5Ti, HT-9, and modified HT-9 alloys, on the other. 
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