
ISSUES IN RADIOACTIVE-WASTE MANAGEMENT FOR FUSION POWER UCRL--87786 
R. C. Maninger and D. H. Darn 

Lawrence Livennore National Laboratory, Univeraity of California 
P.O. Box 5511 

Livernore, CA 94550 

DE83 00117E 

Abstract 

Analysis of recent conceptual designs reveals 
that commercial fusion power systems will raise iBSues 
of occupational and public health and safety. This 
peper focuses on radioactive waBtea Erom fuBion re
actor materials activated by neutronB. The analysis 
shows that different selections of materials and 
ncutronic designs can make differences in orders-of-
magnitudc of the kindB and amounts of radioactivity 
to be expected. By careful and early evaluation of 
the impacts of the selections on waste management, 
duaignera can produce fusion power syotems with radi
ation from waste well below today's limits for oc
cupational and public health and safety. 

Introduction 

AB fusion research moves cloacr to engineering 
development and as conceptual designs for commercial 
fusion power reactors emerge, it becomes increasingly 
clear that fusion power systems could generate Urge 
quantities of radioactive materials,l"° Thiv radio
activity ia the normal result of the absorption of the 
neutrona given off in the D-D and D-T fusion reactions 
and the consequent transmutation (activation) of the 
elements in the structural materials of the reactor. 
The design and the selection of materials for a 
fusion reactor will strongly affect the radioactivity 
produced* This, in turn, will impact public and 
occupational health and safety for reactor operation 
and maintenance, for accidents, for waste disposal, 
and for the decommissioning of reactors* The con
sequences of design and materials selections on po
tential radioactive waste problems should, therefore, 
be carefully considered from the beginning. 

A number of authors have proposed ways to miti
gate the activation, both for safe reactor operation 
and for minimizing the potential impact of fusion 
radioactivity on the health and safety of the public 
and the environment.7—16,31 These studies treat 
the relative hazards of different radioactive materi
als in terms of their maximum permissible concentra
tions (MFC) from the NBC regulations 10CFR20, Haw-
ever, the regulations are concerned only with maximum 
permissible exposures of workers and the general 
public to radioactivity and they do not give reactor 
designers any quantitative criteria or guidelines 
that can be directly and simply related to specific 
choices of design and materials. The development by 
the NRC of the proposed rule 10CFR61 for land disposal 
of radioactive wastes^." provides a new basis for 
a methodology to assign quantitative ratingB with 
respect to wastes for the designs and the materials 
in fusion reactors* This paper illustrates the use 
of such a methodology for two specific conceptual de
signs of a commercial fusion power reactor, the 
Mirror Advanced Reactor Study (HARS). This study is 
being conducted by the Lawrence Livermore National 
Laboratory, the University of Wisconsin, and TRW, Inc. 
for the national Fusion Energy Program of the U. S* 
Department of Energy. 

Waste Rating Methodology. 

We assume that fusion wastes will be disposed 
of under institutional conditions much the same as 
fission wastes. That is, the disposal will be 

regulated through a public participation process in 
which nontechnical occupational and public health and 
safety issues (such as "how safe is safe?) can be 
coupled to the technical aspects of waste problems. 
We OIBO assume that radioactivity will be treated the 
same regardless of its origin. Currently, there are 
no regulations written specifically for the handling 
of fusion waste* However, there ore a number of 
similarities between fission and fusion wastes- The 
activation of steel and other structural materials 
uded in fuel assemblies and containment vessels for 
fission reactors produceG radioactive wastes very 
similar to those anticipated from fusion reactors. 
These similarities have been used to form analogies 
between fission and fusion wastes, These analogies 
enable one to use the large amount of available in
formation on fission wastes to estimate the require
ments expected to be encountered with fusion wastes. 
Specifically, the NRC regulation, 10CFR60, "DiapoBal 
of High Level Radioactive Wastes in Geologic Reposi
tories," and the proposed regulation 10HFR61, "Licens
ing Requirements for Land DispoBol of Radioactive 
Waste," along with background information on 
them,22-28 provide the basin for inferring accept
able practices for fusion waste disposal. 

A key concept in 10CFR61 that furnishes the 
connection between waste disposal requirements and 
fusion reactor design is that of setting concentra
tion limits (»n radioactive isotopes for various 
classes of waste. This concept provides quantitative 
criteria for disposal baBed upon lBotopic composition 
and iBOtopic activities of materials. These criteria 
can be translated into design guides for selection of 
compositions of structural materials and for neutronic 
configurations. Even though 10CFR61 is specific to 
fission wastes and explicitly covers only a few of the 
long-lived isotopes of ii'ereBt to fusion, theae few 
are the important ones, limiting concentrations for 
the elements not listed in 10CFR61 were estimated for 
thia report by semiquantitative analogies based on 
similarities to liBted isotopes with respect to half-
lives, radiation types and biological hazards. 
Table 1 shows the list of concentration limits for 
Class-C waste from the proposed 10CFR61 and the 
limits suggested here for fusion wastes. 

As stipulated in 10C/R61» the concentration 
limit of an isotope in Table 1 applies when that 
isotope is the only radioactive one occurring in the 
waste. When the waste contains a mixture of radio
active isotopes, the sum of the ratios of isotope 
concentrations in the waste to the concentrations 
given in Table 1 Bhall not exceed 1. This condition 
OP isotope concentrations is used here to define a 
quantity called the Waste Disposal Rating (WDR) for a 
waste containing one or more radioactive isotopes: 

WDR » £ A(i)/L(i) , 
i 

where A(i) ia the specific activity of isotope i and 
L(i) is the limit from Table 1 for isotope i (units 
are Ci/nr). For an alloy or mixture to be eligible 
for near-surface disposal, the condition WDR ̂  1 is 
required. Thua, WDR can be used as a "figure-of-
merit" for wastes with respect to near-surface dis
posal. A waste material with WDR > 1 cannot be dis
posed of by near-surface burial. However, it may be 
possible to dilute the waste to reduce the specific 
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Table 1. Concentrations of class-C wiates for 
near-surface disposal. 

Maximum concentrations 

Uvcope 
(Ci/i ,3> 

Uvcope Tisaion* Fusion 
U0CFR61) (thiB paper) 

Any with half l i f e <5 yr TMSA** TMSA 
M TMSft TMSA 
C-U 0.8 8 
Hn-53**» — 22 
Nl-59 2.2 22 
Co-60 TMSA TMSA 
Si-63 70 700 
?r-93*** — 0,02 
Hc-93*** -- 22 
Nb-94 0.002 0.02 
Er-90 700 7000 
Tc-99 0.3 3 
1-129 0.008 0.08 
Cs-135 84 810 
CB-137 «600 46,000 

*Bflsed on Table 1, Federal Register, Vol. 46, 
No. U 2 , p. 38097. For isotopes contained in 
metals, metal alloys, or permanently fixed on 
metalB as contamination, the values given, in thiB 
column may be increased by a factor of ten. 

***IhcDroticfll Maximum Snecific Activity (TMSA) - The 
activity that would rtuilt if all the cleme t were 
converted to this radioactive daughter-

***Not explicitly covered in the proposed 10CFR61* 
The limit given is an estimate based on the 
closest analogy in terms of iBotope half life, 
type of radiation and decay energy to on isotope 
explicitly covered in 10CFR61. 

activity to an effective WDR to £ 1. The magnitude 
of WDR ia numerically equal to the volume to which a 
unit volume of material could be diluted with inert 
material to meet 10CFR61 criteria on concentrations 
for near-surface burial. Caution should be exercised 
though; dilution may lead to total quantities of 
material that exceed the allowed capacity of a burial 
site, even though the concentration criteria are 
satisfied. Thus, processing methods other than 
dilution may be required to treat fusion structural 
materials as low level waste. These methods my in
clude elemental and isotopic tailoring as discussed 
in Ref. 12, As discussed below, the application of 
the waste disposal rating concept to specific reactor 
designs furnishes a guide for decisions upon materi
als selections and processing. 

Application of Waste Disposal Rating 
to a Conceptual Design 

Thii paper gives examples of the application of 
the waste disposal rating to two preliminary conceptu
al designs of the first-wall and first-shield regions 
of the central power-generating cell sections from the 
Mirror Advanced Reactor Study.^i1® These designs are 
thy WITAHIR (U. WISC.) and MARS (TRW) central cells 
described in Refs. 4,18. The relatively more compact 
structure of the MARS (THW) central cell uses a 
thicker breeder section with less reflector and 
shield. Designs for HITAMfc (U. WISC.) and MARS 
(TRW) aiao dift»r in the postulated fast neutron 
loading on the firat wall. WITAMIR Cd 2ISC.) i» 
designed to have a neutron loading of 2,U MW/m^ with a 
planned first wall/blanket replacement time of 
5 years.^ The comparable numbers tor HARS (TRW) are 

4.S MW/m 2 and 3 ye^rs, 1 8 For this study, we assumed 
that, in both cases, the shield will last for thirty 
years. Based on neutronic calculations done at the 
University of Wisconsin 1 7 and at TRW 1 8, these wall 
loadings correspond to the tieutrnn fluxes presented in 
Table 2. 

Table 2, Neutron flux assumptions. 

Neutron f l u x * 
18 2 

(10 neutcons/m - B ) 
Desi&n F i r s t wa l l Sh ie ld 

MTAHIF. (U.WISC.) 
(0 -1 MeV) 26 .6 1.9 
(1 -15 MeV) 3,6 5E-3 

MARS (TRW) 
(0 -1 MeV) 30 .9 2E-1 
(1-15 MeV) 9.9 2 .3E-3 

•Neutron fluxes are taken in the first calcu-
lational zone of the first wall and in the 
first calculational aone of the shield. These 
zones are on the plasma side of the particular 
component as shown in Fig. 1. 

The neutron fluxes Uated in Tabic 2 represent 
the fluxcy expected to be seen in a small teat volume 
at o radial point in the compotietitt As such, they can 
be used to calculate specific activities in the tent 
volume at that point» 

The calculations of activities for different 
structural steels were done using neutron cross sec
tions averaged over energy for the neutron fluxes sup
plied by U. Wisconsin and TRW. It is assumed that the 
neutron fluxes are not appreciably changed by subati-
tuting different steels* For convenience and for 
accommodating the relative hardness of the neutron 
spectra, a two-group energy structure was assumed with 
the energy group boundary put at one fleV. 

Neutron induced reactions considered in this re-
pott are shown in Table 3. In fusion rejetors, mul
tiple activation/decaj reaction chaine will be signi
ficant. For instance, there can be an n,p reaction 
followed by an n,gamma. At the same time, the radio
active products will decay to their daughters which 
in turn will undergo subsequent neutron induced re
actions. Calculations of product radioactivities 
from these and other kinds of chains were done using 
MFE/ACTA9 and the neutron cross sections from the A C U 
Library maintained by Howerton, LLNL. 2 0 For those 
cases where little or no neutron cross section data 
were in the library, patterns of cross section vari
ations from similar isotopes were used to estimate the 
missing data- Radioactive half lives were taken from 
the "Tahle of Isotopes".21 For the purposes of per
manent radioactive waste disposal consideration*( only 
daughters with half lives greater than five years are 
considered here in accord with the proposed 10CFR61. 
With these, data, the natural elements conmonly con
tained in steels and which generate long lived radio
active daughters are shown in Table 4. While all of 
these radioactive daughters have been examined, only 
a few cf Chen appear to occur at levels which impact 
significantly on long-term waste disposal. These are 
Hi " , H i " , jftW, M o " , T c 9 9 ( flnd M n 5 3 . 

The five critical natural elements of some 
steels considered to be possible candi'af"- for 
structural materials in fusion reactors are shown in 
Table 5. 

These few alloying elements for steels give 
rise to radioactive daughters which cause problems in 
meeting the limits proposed in 10CFR61 for Class C 
near-surface disposal. The other elements in the al
loys give daughters that contribute to high radio
activity iomediately after shut-down of a fusion 
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Fig. 1. (a) MARS, (b) UITAMIK. 

Table 3. Major neutron induced reactions. 

n,2n 
n,3n 

n.n'p 

n,alpha 
n,n'alpha 
n,d 
n,n'd 

Table 4. Long lived radioactive daughters from 
natural elements in steel alloys. 

Parent element Daughter isotope Daughter balf-life 
(yrs) 

C C-14 5.7E3 
N C-14 5.7E3 
Al Al-26 7.4E5 
Cr Mn-53 1.9E6 
Mn Mn-53 1.9E6 
Fe Mn-53 1.9E6 
Co Ni-59 8.0E4 
Ni Ni-59 8.0E4 

Ni-63 9.2E1 
Cu Ni-63 9.2E1 
Zr Sr-90 2.8E1 

Zr-93 1.5E6 
Nb Zr-93 1.5E6 

Nb-94 2.0E4 
Ho Nb-94 2.0E4 

Ho-93 3.6E3 
Tc-99 2.1E5 

Table 5. Critical nstmil elements in 
vsrioue cteel alloys. 

Alloy* Weight percent 
Ni Nb Ho Other** 

SS316 64. 44 1.43 14 -- 2.8 17.33 
PCA 64.68 1.8 16 0.03 2.0 15.49 
HT-9 85.1 0.55 0.5 — 1.0 12.85 
2.25-1 94.58 0.45 — „ 1.0 3.97 
TENELOH 68.0 14.5 — — 17.5 
NOKACNE 79.35 15.0 2.2 — — 3.45 
NM-1 76.92 20.0 _. — 3.08 
25-5-1 66.22 26.0 1.2 0.07 — 6.51 
32-7 60.24 31,6 0.23 — — 7.93 
JUS289'N 72.45 20.0 — _- 7.55 
JUS289-V 72.15 20.0 "" 7.85 

*N0HACNE is made by Kobe Steel, NM-1 by Nippon 
Korean, 25-5-1 by Nippon Steel Ltd., and 32-7, 
JU5289-N and JUS289-V by Japan steel Works. 
Tenelon is a steel developed by the U.S. Steel 
Corp. He 'lave no information on these steels 
regarding radiation damage in high flux neutron 
fields. The other steels are discussed in Ref. 30. 

**Not critical for long tern waste disposal. 
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reactor; however, the half live3 are short enough for 
the radioactivity to decay after 20 to 30 years to 
levelB not significant to long-term disposal of waste. 
Tables 6 through 9 show the calculated specific waste 
disposal ratings for the steels in Table 5. 

Of the steels examined, only Tenelon, NM-1, 
JUS289-N, and JUS289-V, can be used in the first walls 
and shielda of WITAMIR (U. MISC.) or MARS (TRW) and 
have the resultant induced radioactivity low enough 
that the waste stream can be disposed of directly by 
near-surface burial. The 2.25 chrome/1 moly steel 
ran be disposed of directly when used in the shields 
but not in the first walls. The major alloying 
elements causing difficulty in the various steels are 
nickel, molybdenum, end niobium. 

If one decides that it is desirable to dispose 
of the radioactive waste products from a fusion re
actor by burial in a near-surface radioactive waste 
disposal facility, then assuming little or no di
lution, it may be necessary to matte modifications to 
the composition of the steels to meet the require
ments for a Clase-C waste. There are at least two 
approaches to this. 1 2* 2 9 In the first, one can 
eliminate the particular element causing the problem 
in disposal by substitution of another non-problem 
element that will not change the properties of the 
steel significantly. For example, it may be possible 
to substitute vanadium for molybdenum in some steels. 
In the second approach, one can attempt to eliminate 
only the particular isotopes giving rise to daughters 

causing the waste to exceed the guidelines; presum
ably, this method will have no effect (m the proper
ties of the steel since the elemental composition is 
not changed. 

If the isotopic modification route is taken, 2' 
only the specific isotopes which give rise to problem 
daughters must be reduced to levels which will allow 
treatment of the alloy as Class-C waste after ir
radiation. For example, when using HT-9 in the MARS 
first wall, depleting the Ni-62 and Ni-64 by 60',;, 
reduces the Ni-63 to an acceptable level. In the 
same way, 90* depletion of Mo-92 and Mo-94 and 25X 
depletion of Mo-98 and Ho-100 drop the Mo daughters 
to acceptable levels. 

Conclusions 

Fusion reactors have no radioactive waste pro
ducts inherent in the fusion reactions. However, the 
fusion D-D and D-T reactions do produce both high 
energy and low energy neutrons. These neutrons in 
turn then produce transmutations in structural and 
other components oE tho fusion reactor causing in
duced radioactivity. With proper design and suitable 
selection of structural materials,3° one could build 
a fusion power reactor that produces wastes suitable 
for near-surface burial. While the costs of process
ing these wastes would be low, perhaps more important
ly, it may be possible for one to co-locate the fusion 
reactor and the low-level waste disposal site. This 

Table 6. Waste disposal ratings (WDR). 
First Wall; WITAMIR at 2.<* MW/m2 and 5 years 

(parent elements in parentheses) 

HDR 
Alloy Hi-59 Ni-63 Nt>-94 Vo-93 Tc-99 HN-53 Alloy 

total 

SS316 26(Hi) 69(Ni) 0.5(Mo) 16(Mo) 2.7(Mo) 0.21(Fe) 1U 
PCA 29(Ni) 77(Ni) ieOO(Nb) 12(Mo) 2.0(Ho) 0.21(Fe) 1920 
HT-9 0.91(Ni) 2.4(Ni) 0.15(Ho) 5,9(Mo) l.O(Mo) 0.27(Fe) 11 
2.25-1 — — 0.15(Ho) 5.9(Mo) l.O(Ho) 0.31(Fe) 7.4 
TERELOH — — — — — 0.23(Fe/Kn) 0.23 
NOMAGNE 3.6(1)0 l l (Ni ) — — — 0.26(Fe/Mn) 15 
N H - 1 — — — — -- 0.26(Fe/Hn) 0.26 
25-5-1 2(Ni) 5.7(Ni) 4200(Nb) .. „ 0.23(Fe/Mn) 4210 
32-7 0.39(Ni) l .KNi) — — — :'.21(Fa/Mn) 1.7 
JUS289-N — — — — — 0.24(Fe/Mn) 0.24 
JUS289-V — -- -- -- O.J4(Fe/Mn) 0.24 

Table 7. Waste disposal ratings (WDR). 
First Wall: MARS (TRW) at 4.8 MW/m2 and 3 years 

(parent elements in parentheses) 

WDR 
Alloy Ni-59 Ni-63 Nb-94 Mo-93 Tc-99 HH-53 Alloy 

total 

SS316 23.0(Ni) 71.0(Ni) 1.5(Mo) 26.0(No) 3.7(Ho) 0.33(Fe) 130 
PCA 26.0(Ni) 83.0(Ni) 1400{Nb) lB.O(Mo) 2.7(Mo) 0.33(Fe) 1500 
HT-9 0.82(Hi) 2.6(NiJ O.50fo> 9.1(Ho) 1.3(Mo) 0.42(Fe) 15 
2.25-1 — — 0.5(«o) 9.UHo) 1.3(Ho) 0.45(Fc) 11 
TF.BELON — — — — — 0.37(Fe/Mn) 0.37 
NOMAGNE 3.6(Ni) ll.0(«ij — — — 0.42<Fe/Hn) 15 
H H - 1 — ~ — — -- 0.42(F«/Mn) 0.42 
25-5-1 2.0(Ni) 6.1<Ni) 320D(Nb) 9.1E-5 „ 0.37(Fe/Mn) 3200 
32-7 0.36(Ni) 1.2(Ni) — — — 0.35(Fe/Mn) 1.9 
JUS289-N — — — — -- 0.43(Fe/Hn) 0.43 
JUS289-V " "" " -- " 0.43(Fe/») 0.43 
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Table 8, Waste disposal ratings (WDR). 
Shield: KITAMIR (U. WISC.) at 2.4 HH/ni2 (First Wall) and 30 Years Life 

(parent elements in parentheses) 

WDR 
Alloy Ni-59 Ki-63 Nb-94 Ho-93 Tc-99 Wf-53 Alloy 

total 

SS316 18.0(Ni) lOO.O(Hi) 5E-5(Mc) 4.6E-2(Hc) lE-2(Ho) 2E-3(Fe) 1.8 
PCA 21.0(Ni) 114.0(Ni) 1200(Nl) 3.2E-2(Mo) 6,7E-3(Mo) 2E-3(Fe) 1300 
HT-9 0.64(Bi) 3.6(Ni) 2E-5(Mo) l.SE-2(Mo) 3.3E-3(Mo) 3E-3(Fe) 4.7 
2.25-1 — — 2E-5(Ha) 1.8E-2(Ho) 3.3E-3(Mo) 3E-3(Fe) •vO 
TENELON ... — ~ — -- 2E-3(Fe) •U3 
NOMAGNE 2.7(Hi) U.O(Ki) — — — 3E-3(Fe) 17 
BM-1 — — — — -- 2E-3(Fe) i<) 
25-5-1 l,5(Ni) 8.6(Ni) 2800((ib) — — 2E-3(Fe) 2800 
32-7 0.27(Ni) 1.7(Ni) — — — 2E-3(Fe) 2 
JUS289-N — — — — — 2E-3(Fe) •vO 
JUS289-V — — *"- -- — 2E-3(Fe) ifl 

Table 9. Waste disposal ratings (WDK). 
Shield: MARS (TRW) at 4,8 HW/m 2 (First Wall) and 30 Years Life 

(parent elements in parentheses) 

WOR 
Alloy Ni-59 Ni-63 Nb-94 Ko-93 Tc-99 MN-53 Alloy 

total 

SS3H 6.36(M) 26.0(Ni) lE-4(Ho) 1.4E-2(Mo) 2E-3(Ho) 7.3E-5(Fe) 32 
PCA 7.3(Ni) 29.0(Ni) 300(Nb) 9.1E-3(Mo) 1.3E-3(Mo) 7.3E-5(Fe) 340 
HT-9 0.23(Ni) 0.9KNU 3E-5(Ko) 4.6E-3(Mo) 6.7E-4(Mo) 9.6E-5(Fe) 1.1 
2.23-1 — — 3E-5(Mo) «.6E-3(Mo) 6.7E-4(Mo) 7.3E-5(Fe) •VO 
TENELON — — — — — 8.6E-5(Fe) Tfl 
BOMASNE 0.91(»i) 4.0(Si) — — — 8.6E-5(Fe) 5 
N H - 1 — — — — — 7.3E-5(Fe) M) 
25-5-1 0.46(Ni) 2.1(Ni) t50(Nb) — — 7.3E-5(Fe) 652 
32-7 9.1E-2(Ni) 0.43(Ni> — — — 6.8E-5(Fe) 0.5 
JUS2B9-N — — — — — 8.2E-5(Fe) •vo 
JUS289-V -" — — — — 8.2E-5(Fe) 10 

eliminate the costs of packaging vastes for Acknowledgments 
transport and the costs and societal problems of long 
distance transport and disposal of radioactive 
materials. 

This study has shown that there are only two 
major natural elements in the steels considered that 
prevent near-surface disposal of the activated steels 
according to the proposed 10CFR&1. These are nickel 
and molybdenum. Cobalt, copper, niobium, and 
zirconium could also prevent nssr-surface disposal 
but they generally can be avoided completely in the 
structural alloys 4 The natural isotopes of nickel 
and molybdenum that axe particularly troublesome are 
Ni-58, Hi-60, Ni-62, Hi-64, Mo-92, Mo-94, Mo-95, 
Ho-98 and Mo-100. 

There are three alternatives for selecting 
structural materials for fusion reactors that produce 
radioactive vastes that can be disposed of solely by 
near-surfac£ burial. Two of these alternatives are 
elemental tailoring (eliminating offending elements 
in the steels) and isotopic tailoring (reducing the 
relative amounts of specific natural isotopes causing 
unacceptable activities for near-surface burial)* The 
third alternative would be the use of nonferrous al
loys with short-lived activation products which are 
acceptable for near-surface burial.5»*>»14 Thia last 
alternative has not been considered here*, however, the 
methods of analysis could be extended to nonferrous 
materials without modification to determine their 
waste disposal ratings. 

This work was performed under the auspices of 
the U.S, Department of Energy by the Lawrence 
Livermore National Laboratory under contract number 
W-7405-ENG-48. 
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