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ABSTRACr 

A major goal for commercial applications of fusion reactors is to minimize 
radioactive wastes and to dispose of them by near-surface burial. There 
currently are no regulations specifically applicable to fusion wastes but those 
in force for fission wastes furnish a framework for expected fusion regula
tions. This paper recommends that all nuclides with half-lives greater than 
five years be assigned concentration limits as done in 10CFR61 for fission 
wastes. The paper gives approximate limits for all the significant long half-
life sources of gamma radiation in the currently known periodic table. In the 
absence of working fusion reactors, computer models must be used to estimate 
the expected actual concentrations of radioactive nuclides. These estimates 
are needed to guide design parameters to achieve minimum radioactivity in 
fusion reactors. It is believed that the computer models and nuclear reaction 
libraries must be much more comprehensive than ordinarily used today to do 
activation calculations. 
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Introduction 

One of the major goals for commercial applications of fusion energy is to 
have the lowest practical adverse impact upon public and occupational health, 
safety and the environment. This in turn requires that fusion reactors 
generate the lowest possible levels of radioactivity from neutron activation 
of materials in the reactors. Recent conceptual design studies of fusion 

1 ? 3 
reactors and generic blanket evaluations * ' have shown that materials must 
be chosen judiciously to balance structural performance and health and safety 
performance. Structural performance is a function of technical requirements. 
Health, safety and environmenta1 performances are functions of governmental 
regulations and/or public acceptability. Both performances are ultimately 
dictated by economic requirements. This paper examines some aspects of waste 
classification for fusion with respect to the amounts of certain elements in 
materials and to current and possible future regulations for waste disposal. 
Current Status of Waste Classification For Fusion 

There are currently no regulations that specifically apply to fusion 
wastes. However, it is expected that the Nuclear Regulatory Commission's 
regulations 10CFR20, 10CFR60, and 10CFR61 or their derivatives will represent 

*Work performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore National Laboratory under contract number W-7405-ENS-48. 
**Current address: HOLIDYNE, 146 Roan Dr., Danville, CA 94526 
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future regulations and public demands. Regulation 10CFR61, which deals with 
near-surface disposal of radioactive wastes from fission, is the focus of tnis 
paper. The primary purpose of this regulation is to protect a future 
inadvertent intruder living on a near-surface disposal site from an annual 
radiation dose greater than 500 mrem. Based upon the scenarios used to 
establish the regulation, there are no limits to concentrations in buried 
wastes of radionuclides with half-lives less than 5 years. Of the nuclides 
with longer half-lives, finite limits have been set only for tritium, C14, 
C06O, Ni59, Ni63, Sr90, Nb94, Tc99, Csl37, 1129, alpha emitting transuranics 
with half-lives greater than five years, Pu241 and Cm242. 

By using the sum of the fractions rule for mixtures of radionuclides, ' 
a Waste Disposal Rating (WDR) can be defined for fusion activation wastes. 
When WDR j< 1, the waste is benign enough to be permanently disposed by near-
surface burial. However, it has been shown that the 500 mrem annual dose rate 
limit is violated if only the nuclides explicitly listed in 10CFR61 are used 
to calculate WDR for fusion. 5 , 6 Thus, at least the additional long-lived 
gamma emitting nuclides A126, Nb92, Agl08m, Bi207, Bi208, and Bi210m must be 
considered in calculating WDR. 

Since there are no operating fusion reactors today, there are no 
experimental data to show directly that the above nuclides are sufficient to 
completely characterize waste. Instead, we must rely upon computer models of 
the activation process. We then hope that the activation cross-section and 
nuclide decay libraries and the activation/decay chains in these models are 
adequate to predict waste activities to within an order of magnitude for a 
given nuclide. The next question is whether there are any other nuclides that 
should be included to characterize adequately fusion waste materials. 

Additional Nuclides for Waste Classification 

Inspection of the periodic table indicates that there are 50 radio
nuclides with half-lives greater than 5 years in addition to those listed above 
(naturally occurring nuclides with half-lives greater than 1E9 years are 
excluded because their activities are not expected to be high enough to cause 
problems). Twenty of the 50 nuclides emit hard gamma radiation directly or 
indirectly through decay chains. The remaining 30 nuclides emit only 
particles, K and L x-rays, and/or gammas with photon energies less than 50 keV. 
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The latter 30 are not considered here since the scenarios In 10CFR61 give 
greater weight to external gamma doses than to internal doses; although these 
30 nuclides could be very important to waste classification, analysis of their 
impact is beyond the scope of this paper. The list of 20 gamma producing 
nuclides is shown in Table I. Of these, 9 generate gammas by direct decay to 
stable nuclides. The remaining 11 generate gammas by chain decays through 
short half-life daughter nuclides to stable nuclides. 

Table II shows the estimated concentration limits of the parent nuclides 
in Table I for the 500 mrem/year dose rate for an inadvertent intruder at a 
disposal site. The limits were calculated with the INVERSI code to scale 
the half-lives of the parent nuclides and gamma energies per disintegration of 
the associated gamma emitters (direct or daughter) in Table I to Co60, Nb94, 
or Csl37(Bal37m) from 10CFR61. The data for half-lives and gamma energies 
were taken from Kocher (or Lederer if not in Kocher). 

No detailed analyses have been done in this study to predict in general 
the occurrence of the nuclides in Table I in fusion machines. But, it has 
been observed that, in general, two or more kinds of neutron absorptions can 
generate nearly all of the nuclides in Table I. However, the cross sections 
for these reactions are likely to be small. This, coupled with competition 
from radioactive decays, is expected to make it highly improbable that 
nuclides with concentration limits greater than a few curies/m will be 
generated in large enough quantities to be troublesome. These considerations 
suggest that Bal33, Eul54, 0sl94, Kr85, and Pml46 with their relatively high 
limits will not in fact cause waste classification problems. Another 
consideration is that elements with atomic numbers from 56 (barium) to 71 
(lucretium) are not expected to be in structural or blanket materials except 
possibly under v&ry special conditions and in small quantities. After 
eliminating these elements, the list of potentially important gamma source 
nuclides for waste classification is that shown in Table III. It can be shown 
that the concentration limits in Table III correspond to fractional to one 
part per million by weight for the associated nuclides. Potential natural 
parent elements for the neutron activation and nuclide decay chains generating 
the gamma source nuclides are also indicated. The actual number of natural 
nuclides involved is rather limited because realizable transmutations do not 
occur when the differences in atomic weights between the source nuclide and 
the transmutant become too large. 



In spite of the restrictions tending to limit generation of the nuclides 
in Table III, calculations with FORIG for the MARS first wall neutron 

o 
environment0 show that Fe60 exceeds the concentration limit in Table II for 
PCA by a factor of 2 with an irradiation time of two years. For pure copper 
the concentration limit is exceeded by a factor of 14 for an irradiation time 
of two years and by a factor of 52 for an irradiation time of four years. 
Thus, Fe60 alone can make PCA and copper unsuitable for near-surface 
disposal. (This is not true for the other materials discussed in Ref. 8.) 
The activation chains from natural nuclides to Fe60 based on FORIG with the 
cross section library of ACTL are shown in Table IV. Note especially the 
presence of (n,p), (n,np), (n,a), (n,na), and (n,t) reactions. 

FORIG calculates concentrations for Ar42 and indicates that this nuclide 
Q 

can cause excessive contact doses on a long term basis . However, hand 
calculations supplementing FORIG and ACTL indicate that additional cross 
sections for chains creating Ar42 should be in ACTL to simulate actual 
activation more closely. FORIG does not calculate concentrations for Tc98, 
Ti44, Snl26, Hgl94, or Pb202. But again, preliminary hand calculations with 
some guesses on cross sections indicate that these nuclides may also be 
generated in sufficient concentrations to affect significantly the waste 
classification of materials in the first wall zones of fusion reactors. These 
matters are under continuing investigation. 
Conclusions 

Examination of the periodic table and some approximate calculations 
suggest that the number of long-life nuclides used to classify radioactive 
fusion wastes should be increased over that used up to the present. 

o 
Specifically, the literature has shown that 10CFR61 does not cover 
adequately the nuclides for fusion waste from any of the materials that may be 
used in fusion reactors. The additional nuclides needed include at least 
A126, Nb92, Agl08m, Bi207, Bi208, and Bi210m. This paper suggests that Fe60 
must also be added to the list. The nuclides Tc98, Ar42, Ti44, Snl26, 
Hfl78m2, Hfl82, Ral86m, Irl92m2, Hgl94, and Pb202 may also be needed to 
classify wastes sufficiently to ensure that an intruder at a disposal site 
does not receive a radiation dose of more than 500 mrem/year from fusion 
wastes. Except for Tc98, all of the additional nuclides suggested in this 



paper become important because they are long half-life parents in secular 
equilibrium with short half-life daughters with high gamma radiation. The 
associated limiting concentrations are reached with very small amounts of the 
parent nuclides (fractional to one part per million by weight of the long 
half-life nuclides) and are very likely to be reached in the first wall zones 
of fusion reactors unless design precautions are observed. All long lived 
nuclides must be considered for classifying fusion wastes and only after 
specific analyses can any of them be disregarded. 
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Table I. Proposed additional long-life nuclides with gamma radiation for 
waste classification. 

A. Gamma emitters with direct decay to stable nuclides 

Kr85 
(10.7 yr) 

Eul52 
(13 yr) 

Tc98 
(4.2E6) 

Eul54 
(8.5 yr) 

6al33 
(10.7 yr) 

Tbl58 
(150 yr) 

Pml46 
(5.5 yr) 

HOI66m 
(1.2E3 yr) 

Eul50 
(35 yr) 
B. Non-gamma emitters with gamma emitting decay chains 
Parent Daughter 
Ar42 [K42] 
(33 yr) (12.36 hr) 
Ti44 [Sc44] 
(47 yr) (3.93 hr) 
Fe60 [Co60] 
(3E5 yr) (5.271 yr) 
Snl26 [Sbl26] 
(1E5 yr) (12.4 da) 
Hfl78m2 [Hf178ml] 
(31 yr) (4 sec) 
HF182 [Tal82] 
(9E6 yr) (115 da) 

Parent 
Re186m 
(2E5 yr) 
0sl94 
(6 yr) 
Irl92m2 
(241 yr) 
Hgl94 
(260 yr) 
Pb202 
(3E5 yr) 

Daughter 
[Rel86] 
(90.6 hr) 
[Irl94] 
(19.2 hr) 
[Irl92] 
(74.2 da) 
[Aul94] 
(39.5 hr) 
[T1202] 
(12.2 da) 



Table II. Approximate limits for 500 mrem annual dose rate. 

A. Gamma emitters with direct decay to stable nuclides 

Nuclide Cone limit 
(Ci/m3) 

Kr85 9E3 
Tc98 2E-2 
Bal33 5.5E1 
Pml46 1.3E4 
Eul50 1.4E-1 

Nuclide Cone limit 
(Ci/m3) 

Eul52 4.5 
Eul54 9E1 
Tbl58 5E-2 

Hoi 66m 2E-2 

B. Non-gamma emitters with gamma emitting decay chains 

Nuclide Cone limit 
(Ci/m3) 

Ar42 8E-1 
Ti44 6E-2 
Fe60 1E-2 
Snl26 1E-2 
Hfl78 m 2 2.5E-1 
Hfl82 2.2E-2 

Nuclide Cone limit 
(Ci/m3) 

Rel86m 8E-2 
0sl94 4E3 
Irl92m2 4.5E-2 
Hgl94 3.5E-2 
Pb202 7E-2 



Table III. Significant nuclides for classifying fusion wastes. 

Limiting Parent elements of 
Gamma source nuclide Cone (Ci/m3) source nuclide 

Ar4Z 8E-1 CI, Ar, K, Ca, Sc 
T144 6E-2 Sc, Ti, V, Cr, Mn 
Fe60 1E-2 Mn, Fe, Co, Ni, Cu 
Tc98 2E-2 Mo, Ru, Rh, Pd 
Snl26 1E-2 In, Sn, Sb, Te, I 
Hfl78m2 2.5E-1 Lu, Hf, Ta, W, Re 
Hfl82 2.2E-2 Lu, Hf, Ta, W, Re 
Re186m 8E-2 W, Re, Os, Ir, Pt 
Irl92m2 4.5E-2 Os, Ir, Pt, Au, Hg 
Hgl94 3.5E-2 Au, Hg, Tl, Pb, Bi 
Pb202 7E-2 Tl, Pb, Bi 
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Table IV. Activation chains in FORIG for Fe60. 

Fe58 (n,g) Fe59 (n.g) Fe60 
Co59 (n,p) Fe59 (n,g) Fe60 
Ni60 (n,p) C06O (n,p) Fe60 
Ni60 (n,p) Co60m (n,p) Fe60 
Ni61 (n.np) C06O (n,p) Fe60 
Ni61 (n.np) Co60m (n,np) Fe60 
Ni61 (n,p) C06I (n.np) Fe60 
Ni62 (n,a) Fe59 (n,g) Fe60 
Ni62 (n,t) C06O (n,p) Fe60 
Ni62 ln,t) Co60m (n,p) Fe60 
Ni62 (n,np) C06I (n.np) Fe60 
Ni62 (n.g) Ni63 (n,a) Fe60 

Ni64 (n.na) Fe60 
Ni64 (n,2n) N163 (n,a) Fe60 
Cu63 (n.a*) Co60m (n,p) FeSO 
Cu53 (n,p) Ni63 (n,a) Fe60 
Cu65 (n.na) C06I (n,np) Fe60 
Cu65 (n,np) Ni64 (n,na) Fe60 
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