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FOREWORD 

Development of the Balanced Program Plan was initiated in 

the spring of 1975 by the Assistant Administrator for Environment 

and Safety, Dr. James L. Liverman and organized by Dr. Raymond 

Cooper, Division of Biomedical and Environmental Research. The 

goal was a redefinition of research efforts and priorities to 

meet ERDA's requirements for a program of health and environmen- 

tal research to support the development and commercialization of 

energy technologies. 

As part of the Balanced Program planning effort the major 

ERDA-supported multidisciplinary laboratories were assigned 

responsibility for analyzing the research needs of each of nine 

energy technologies and describing a research program to meet 

these needs. The staff of the Division of Biomedical and Envi- 

ronmental Research was assigned the task of defining a research 

program addressed to each of five biomedical and environmental 

research categories (characterization, measurement and monitor- 

ing; physical and chemical processes and effects; health effects; 

ecological effects; and integrated assessment and socioeconomic 

processes and effects) applicable to all energy technologies. 

The first drafts of these documents were available for a work- 

shop in June 1975 at which the DBER staff and scientists from 

the laboratories developed a comprehensive set of program 

recommendations. 

Pacific Northwest Laboratory was assigned responsibility for 

defining research needs and a recommended research program for 

fusion and fission technologies. This report, Volume X, for fusion 

was prepared by Dr. Frank P. Hungate with input from the staff of 

the Pacific Northwest Laboratory, other multidisciplinary labora- 

tories, and DBER. This report also reflects the discussions at 

the Workshop in June 1975. 

W. J. Bair 
Manager 
Environmental and Safety Research Program 
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BALANCED PROGRAM PLAN FOR FUSION TECHNOLOGY 

INTRODUCTION 

I n  t h i s  d r a f t  p l a n n i n g  document f o r  h e a l t h  and  e n v i r o n -  

m e n t a l  r e s e a r c h  needs  r e l e v a n t  t o  t h e  deve lopment  o f  f u s i o n  

t e c h n o l o g y ,  w e  have  a t t e m p t e d  t o  i n t e g r a t e  i n p u t  f rom t h e  

p a r t i c i p a t i n g  l a b o r a t o r i e s  on t h e  b a s i s  o f  t h e  King-Muir 

s t u d y  c a t e g o r i e s .  A s i g n i f i c a n t  d i f f i c u l t y  h a s  been  t h e  

c u r r e n t  u n c e r t a i n t y  a b o u t  which o f  t h e  s e v e r a l  p roposed  f u s i o n  

t e c h n o l o g i e s  w i l l  p r o v e  p r a c t i c a l  f o r  i n d u s t r i a l  a p p l i c a t i o n .  

P r e s e n t  estimates i n d i c a t e  t h a t  t e c h n o l o g y  v e r i f i c a t i o n  may 

n o t  b e  a c h i e v e d  u n t i l  a b o u t  1990,  w i t h  d e m o n s t r a t i o n  CTRs 

i n  p l a c e  by a b o u t  2000 and commercial  power p r o d u c t i o n  

e s c a l a t i n g  t h e r e a f t e r .  

T h i s  d r a f t  w i l l  undoub ted ly  r e q u i r e  s u b s t a n t i a l  r e v i s i o n  

t o  f u r t h e r  d e f i n e  a r e a s  now cove red  o n l y  g e n e r a l l y  and ,  o f  

c o u r s e ,  t o  keep  pace  w i t h  t e c h n o l o g i c a l  deve lopmen t s .  An 

obv ious  d e f i c i e n c y  i n  t h e  program u n i t s  i s  t h e  i n c o m p l e t e  

i d e n t i f i c a t i o n  o f  t y p i c a l  e n v i r o n m e n t a l  p roblems,  s u c h  a s  

e f f e c t s  f rom h e a t  d i s s i p a t i o n ,  c o n s t r u c t i o n ,  min ing ,  m i l l i n g ,  

etc. W e  have  s t r e s s e d  t h e  i s s u e s  t h a t  w e  f e e l  a r e  most 

i m p o r t a n t  t o  f u s i o n .  

The g e n e r a l  d e s c r i p t i o n  c o v e r s  o n l y  t h o s e  c o n c e p t s  and 

f e a t u r e s  t h a t  w e  c o n s i d e r  i m p o r t a n t  t o  a n  u n d e r s t a n d i n g o f  

p o s s i b l e  and p r o b a b l e  e f f e c t s  o f  t h e r m o n u c l e a r  r e a c t o r s  on 

h e a l t h  and t h e  env i ronmen t .  

Appendixes  a r e  i n c l u d e d  which r e f l ec t  o u r  u n d e r s t a n d i n g  

of  t h r e e  areas o f  s p e c i a l  i n t e r e s t :  materials  r e q u i r e m e n t s ,  

e f f e c t s  f rom m a g n e t i c  f i e l d s ,  and t r i t i u m  e f f e c t s .  



A GENERAL DESCRIPTION OF NUCLEAR FUSION 

Nuclear  f u s i o n  i s  a  p roce s s  i n  which n u c l e i  of  l i g h t  

e lements  a r e  combined, wi th  a  n e t  r e l e a s e  of energy t h a t  i s  

man i f e s t ed  a s  k i n e t i c  energy of t h e  p a r t i c l e s  r e l e a s e d  i n  

t h e  r e a c t i o n .  

Nuclear  f u s i o n  r e q u i r e s  t empe ra tu r e s  of hundreds of 

m i l l i o n s  of  deg ree s  s o  t h a t  t h e  k i n e t i c  energy of t h e  c o l -  

l i d i n g  n u c l e i  i s  s i f f i c i e n t  t o  overcome t h e  e l e c t r o s t a t i c  

p o t e n t i a l  b a r r i e r  t h a t  normally s e p a r a t e s  them. A t  such h igh  

t empe ra tu r e s ,  n e u t r a l  atoms c e a s e  t o  e x i s t  and t h e  n e g a t i v e l y  

charged e l e c t r o n s  and p o s i t i v e l y  charged hydrogen n u c l e i  

e x i s t  a s  a  m ix tu r e  of i o n s  c a l l e d  a  plasma. 

The pr imary d i f f i c u l t i e s  i n  a ch i ev ing  c o n d i t i o n s  s u i t a b l e  

f o r  f u s i o n  a r e  i n  a t t a i n i n g  h igh  plasma t empe ra tu r e s  and i n  

ho ld ing  l a r g e  numbers of  n u c l e i  i n  s u f f i c i e n t l y  c l o s e  prox- 

i m i t y  f o r  a  long  enough t i m e  t h a t  u s e f u l  numbers of f u s i o n s  

occur .  

Two q u i t e  d i f f e r e n t  b a s i c  approaches  a r e  be ing  pursued 

t o  a ch i eve  f u s i o n .  One approach u s e s  i n t e n s e  magnet ic  f i e l d s  

t o  f o r c e  t h e  plasma p a r t i c l e s  t o g e t h e r ,  t he r eby  h e a t i n g  them 

and i s o l a t i n g  them i n  a  vacuum f o r  a  s u f f i c i e n t  l e n g t h  of 

t i m e  and i n  adequa te  c o n c e n t r a t i o n s  t h a t  a  u s e f u l  p e r c e n t  of 

t h e  n u c l e i  f u s e .  With magnet ic  i s o l a t i o n  of  t h e  plasma,  

f u s i o n  may occu r  over  prolonged p e r i o d s  du r ing .wh ich  energy 

is  c a r r i e d  from t h e  f u s i n g  plasma by neu t rons  and hel ium 

n u c l e i  and t r a n s p o r t e d  t o  c o l l e c t o r  sys tems t h a t  a r e  meters 

d i s t a n t  from t h e  plasma. 

The second approach u s e s  pu l s ed  l a s e r s  t o  compress and 

r a p i d l y  h e a t  p e l l e t s  of  f u e l .  The p e l l e t s  a r e  i n j e c t e d  i n t o  

a  vacuum chamber and f u s i o n  occu r s  i n s t a n t a n e o u s l y  ( w i t h i n  

f r a c t i o n s  of  a  nanosecond) ,  producing i n t e r m i t t e n t  r e l e a s e s  



of energy as pellets are injected. Intervals between pulses 

are dictated by the capability of the lasers to recharge and 

discharge such large energy pulses. Lasers capable of 

delivering the energy required are not yet available. 

The immediate products of nuclear fusion are newly 

formed, stable atomic nuclei and neutrons. The neutrons 

dissipate their energy in containment materials and, in so 

doing, activate and damage the containment materials, 

resulting in radioactive species that constitute a potential 

hazard to health and the environment. Furthermore, the fuels 

showing the greatest potential for early use are stable 

deuterium and radioactive tritium, with the latter being 

produced as well as used during operation of the fusion 

reactor. The potential for tritium release into working 

areas and into the environment is high. 



THE CONTROLLED THERMONUCLEAR REACTOR AS AN ENERGY SOURCE 

Energy p r o d u c t i o n  i n  e x c e s s  o f  consumption by f u s i o n  h a s  

s o  f a r  been  d e m o n s t r a t e d  o n l y  i n  u n c o n t r o l l e d  r e l e a s e s ,  i . e . ,  

f u s i o n  bombs. The i d e a  o f  u t i l i z i n g  f u s i o n  bombs f o r  power 

p r o d u c t i o n ,  a s  i n  t h e  P a c e r  c o n c e p t ,  i s  n o t  i n c l u d e d  i n  t h i s  

p l a n n i n g  document ,  however,  s i n c e  t h i s  approach  i s  e n t i r e l y  

d i f f e r e n t  f rom t h e  more u s u a l  p r o j e c t e d  means f o r  d e r i v i n g  

power f rom f u s i o n .  Many more y e a r s  of  r e s e a r c h  and deve lop -  

ment a r e  n e c e s s a r y  t o  d e m o n s t r a t e  t h e  p r a c t i c a l i t y  o f  con- 

t r o l l e d  f u s i o n  f o r  power g e n e r a t i o n  and t o  d e v e l o p  t h e  

equipment  and  s y s t e m s  needed f o r  a  c o m p e t i t i v e  power p l a n t .  

Such a  p l a n t ,  t h e  c o n t r o l l e d  t h e r m o n u c l e a r  r e a c t o r  (CTR), i s  

e x p e c t e d  t o  b e  i n t r o d u c e d  commerc ia l ly  s h o r t l y  a f t e r  t h e  y e a r  

2 0 0 0 .  Much o f  t h e  i n f o r m a t i o n  a b o u t  h e a l t h  and e n v i r o n m e n t a l  

i m p l i c a t i o n s  o f  CTRs w i l l  d e r i v e  f rom r e s e a r c h  done f o r  

f i s s i o n  p l a n t s .  However, r e s e a r c h  on h e a l t h  and e n v i r o n m e n t a l  

e f f e c t s  c r i t i c a l  t o  f u s i o n  p l a n t  d e s i g n  s h o u l d  b e  i n i t i a t e d  

i n  t h e  n e a r  f u t u r e  i n  s u p p o r t  o f  t h e  CTR program. 

The f u s i o n - f i s s i o n  c o n c e p t  i s  wor thy  o f  men t ion  a s  a  

p o s s i b l e  i n t e r m e d i a t e  s t e p  toward f u s i o n .  I t  i n v o l v e s  u t i -  

l i z i n g  t h e  e n e r g e t i c  n e u t r o n s  f rom f u s i o n  r e a c t i o n s  i n  a  

b l a n k e t  r e g i o n  c o n t a i n i n g  f i s s i l e  o r  f e r t i l e  m a t e r i a l s .  The 

p o t e n t i a l  a p p l i c a t i o n s  o f  f u s i o n - f i s s i o n  sys t ems  a r e :  a )  t o  

p r o v i d e  e l e c t r i c a l  power,  b)  t o  a l l e v i a t e  c o n s t r a i n t s  i n  

f i s s i o n  sys t ems  by t h e  p r o d u c t i o n  o f  f i s s i l e  f u e l s  o r  t h e  

t r a n s m u t a t i o n  o f  r a d i o a c t i v e  w a s t e s ,  o r  c) c o m b i n a t i o n s  o f  

t h e  above.  The p o s s i b i l i t y  o f  t h e  h y b r i d  r e a c t o r  f u r t h e r  

emphas izes  t h e  i m p o r t a n c e  of  r e s e a r c h  r e l a t e d  t o  f i s s i o n  f o r  

u l t i m a t e  n e e d s  i n  f u s i o n .  

S e v e r a l  c o n c e p t u a l  CTR power p l a n t  d e s i g n s  are b e i n g  con- 

s i d e r e d .  Modes o f  p lasma conf inemen t  f o r  e a c h  o f  t h e  sponsor -  

i n g  l a b o r a t o r i e s  are as f o l l o w s :  



Magnetic Confinement 

Tokamak Princeton Plasma Physics Laboratory 

Oak Ridge National Laboratory 

University of Wisconsin 

Brookhaven National Laboratory 

Theta Pinch Los Alamos Scientific Laboratory 

Mirror Lawrence Livermore Laboratory (LLL) 

Fusion-Fission Hybrid LLL/Pacific Northwest Laboratories 

Inertial Confinement 

Wetted Wall Los Alamos Scientific Laboratory 

Blascon Oak Ridge National Laboratory 

Suppressed Ablation Lawrence Livermore Laboratory 

Although incomplete, this listing illustrates that a 

number of divergent approaches to CTRs are being developed, 

with no convincing evidence of either success or lack of 

success for any particular concept. CTRs of all types share 

the following features of general significance: 

likely consumption of large quantities of some materials 

potentially in short supply 

probable use of vast quantities of helium for cryogenics 

associated with large magnets and possibly as heat 

exchange material 

absence of criticality-type accident potential and 

minimal afterheat problem in case of loss of coolant 

infinite supply of low cost fuel. 



FLTNCTIONAL FEATURES OF A CTR 

The f u n c t i o n a l  p o r t i o n s  of  a  CTR power p l a n t  a r e  r e p r e -  

s e n t e d  i n  F i g u r e  1. There a r e  two pr imary  sys tems:  one 

p roduces ,  c o n f i n e s  and m a i n t a i n s  t h e  f u s i n g  plasma and t h e  

o t h e r  c a p t u r e s  t h e  r e a c t i o n  p r o d u c t s  and c o n v e r t s  t h e  

a s s o c i a t e d  energy  i n t o  e l e c t r i c i t y .  I n  a d d i t i o n ,  a  feedback 

sys tem r e c o v e r s  unused f u e l  and m a t e r i a l s  i n  t h e  unused plasma.  

A second feedback sys tem i s  shown on t h e  assumpt ion  t h a t  

t r i t i u m  w i l l  be  used a s  one of  t h e  f u e l  m a t e r i a l s .  T h i s  

t r i t i u m  w i l l  be formed a s  a  p r o d u c t  of  t h e  i n t e r a c t i o n  of 

1 4  YeV n e u t r o n s  w i t h  a  b l a n k e t  o f  l i t h i u m  s u r r o u n d i n g  t h e  

r e a c t o r  chamber. 

FUEL FUEL PREPARATION 
S U P P L Y  ANDINJECTION 

ELECTRICAL 
POWER 
OUTPUT 

FIGURE 1. F u n c t i o n a l  Components of CTR Power P l a n t  Systems 



PLASMA CONFINEMENT 

Magnetic fields have been the most thoroughly investi- 

gated means for confining high temperature plasma. Theoreti- 

cally, they would allow fusion times measured in minutes or 

hours. The strength and geometry of these fields will depend 

on the reactor concept ultimately used. Patterns for two 

types of magnetic fields have been plotted for the University 

of Wisconsin's proposed Tokamak design for a 5000 MWe CTR. 

The main toroidal magnet will produce field strengths varying 

from 10,000 gauss in the area immediately surrounding the 

plasma containment hardware to <1 gauss at the outer edge of 

the reactor building (about 50 meters). The poloidal field 

will extend both vertically and horizontally from the torus, 

with field strengths >1 gauss at distances up to 500 meters 

from the fusion chamber. Thus, while some manipulations to 

reduce and control magnetic fields are possible, it seems 

likely that people working in the reactor building could be 

subjected to field strengths up to 500 gauss in CTRs using 

magnetic confinement unless special devices for field sup- 

pression are installed. Limited exposure would also be 

possible for other life forms, such as birds, in the vicinity 

of the reactor. 

The technology for magnets of the size and strength 

needed for CTRs is being developed, and it seems likely that 

superconducting systems will be required. Large quantities 

(hundreds of tons) of helium and superconducting metals such 

as niobium, tantalum and tin would be used in the cryogenic 

systems. Yet another problem of magnetic confinement would 

be the extremely large electrical demand during cycle startup. 

This power need exceeds projections of power available from 

commercial power grids, and some form of local energy storage 

would be required. 



I n  i n e r t i a l  confinement CTRs, a  s o l i d  f u e l  p e l l e t  

t r a v e r s i n g  t h e  plasma chamber i s  imploded by l a s e r  energy t o  

d e n s i t i e s  hundreds of t imes  g r e a t e r  than  t h a t  of t h e  i n i t i a l  

p e l l e t .  The imploded p e l l e t  i s  conver ted  t o  a  plasma i n  which 

f u s i o n  occu r s  w i t h i n  f r a c t i o n s  of  a  nanosecond and t h e  r e a c t i o n  

cea se s  a s  t h e  plasma f l i e s  a p a r t .  The nea r - i n s t an t aneous  

r e l e a s e  of l a r g e  amounts o f  energy r e q u i r e s  a t t e n t i o n  t o  t h e  

p o s s i b i l i t y  of b l a s t  e f f e c t s .  Neutrons d e l i v e r  about  t h r e e -  

q u a r t e r s  of  t h e  fu s ion - r e l ea sed  energy t o  and i n t o  t h e  con- 

ta inment  w a l l  and b l a n k e t  of l i t h i u m .  The remaining energy 

i s  d e l i v e r e d  t o  t h e  conta inment  s u r f a c e ,  p r i m a r i l y  by t h e  

helium "ash . "  P r o t e c t i o n  o f  t h e  containment s u r f a c e  i s  an 

impor tan t  a s p e c t  o f  a l l  CTR d e s i g n s ,  and e s p e c i a l l y  s o  f o r  

t h o s e  u s i n g  i n e r t i a l  confinement.  

B l a s t  e f f e c t s  from lase r - induced  f u s i o n  a r e  expec ted  t o  

be s l i g h t  f o r  two r ea sons .  F i r s t ,  t h e  mass of  m a t t e r  t r a n s -  

p o r t i n g  t h e  energy i s  smal l  ( a  m i l l i o n  t i m e s  s m a l l e r  t h a n  

t h a t  of  a  TNT exp los ion )  and second,  t h e  neu t rons  c a r r y  most 

of t h e  energy and d i s s i p a t e  t h i s  energy through a  s u b s t a n t i a l  

volume of su r rounding  l i t h i u m  and w a l l  m a t e r i a l s .  ( I n  con- 

t r a s t ,  energy from a  TNT exp los ion  would be d e l i v e r e d  t o  t h e  

f i r s t  s u r f a c e  con t ac t ed . )  Much t e s t i n g  i n  a  v a r i e t y  o f  

containment systems w i l l  be r e q u i r e d  b e f o r e  t h e  magnitude of 

e f f e c t s  ( i n c l u d i n g  v i b r a t i o n )  from i n e r t i a l  confinement 

systems can be p r e d i c t e d .  

A l l  CTRs must have some containment m a t e r i a l  o r  s t r u c t u r e  

sur rounding  t h e  plasma. Due t o  damage t o  t h i s  s t r u c t u r e  from 

t h e  neu t rons  and helium n u c l e i ,  t h e  i n n e r  w a l l  may have t o  be 

r ep l aced  every  few y e a r s ,  and r a d i o a c t i v e  a e r o s o l i z e d  f ragments  

of  t h e  w a l l  w i l l  undoubtedly be p r e s e n t  i n  t h e  recovered  plasma. 

For example, it i s  e s t ima ted  t h a t  t h e  s t a i n l e s s  s tee l  l i n e r  

i n  t h e  5000 MW P r ince ton  Tokamak would c o n t a i n  3 x  l o 7  C i  of 

cobal t -60 (T 9 
1 / 2  

= 5.3 y r ) ,  10 C i  i ron-55 (T 
1 / 2  

= 2.6 y r )  



and 3 x lo6 Ci nickel-63 (T 
1/2 

= 92 yr). Some inertial con- 

tainment designs incorporate a moving layer of molten lithium 

at the first wall to minimize damage. It is clear, however, 

that neutron activation of wall materials and of even more 

remotely located structures, such as the magnets, will lead 

to potential radiation hazards to the work force. Damage to 

wall materials may be exacerbated by the presence of lithium 

and other corrosive materials in the molten lithium blanket. 

Research is now in progress to identify containment 

materials that will sustain minimal damage from the neutrons 

and helium nuclei produced during fusion. Containment 

materials having minimal activation products that would cause 

health and environmental hazards must also be developed in 

case replacement or decommissioning is required. It appears 

likely that the neutron-induced radionuclides will have 

reasonably short half-lives and low-energy emissions, so 

short-term storage and recycling of materials should be 

feasible ways of avoiding the storage problem now posed by 

the products of fission reactors. Less wall damage and a 

reduced need for replacement of the structural containment 

layer should result from using the fusion-fission hybrid, 

since orders of magnitude fewer 14 MeV neutrons would be 

involved than in a straight fusion CTR. 

Special features of plasma confinement systems that 

could have important effects on health and the environment 

include : 

large magnetic fields (extending to hundreds of meters) 

at magnetic confinement reactors 

vibrations transmitted to the ground at inertial 

confinement reactors 

large quantities of high-level solid radioactive waste 

to be handled and stored if the containment layer shows 

need of replacement. 



FUELS 

S e v e r a l  f u e l  a l t e r n a t i v e s  a r e  t h e o r e t i c a l l y  a t t r a c t i v e  

f o r  r e a s o n s  o f  e f f i c i e n c y  o r  f o r  t h e i r  minimal  h e a l t h  and 

e n v i r o n m e n t a l  i m p l i c a t i o n s .  However, d u e  t o  t h e  ex t r eme  

plasma c o n d i t i o n s  needed t o  a c h i e v e  f u s i o n ,  it i s  l i k e l y  t h a t  

t h e  f u e l  u sed  i n  t h e  f i r s t  commercial  r e a c t o r s  w i l l  b e  t h e  one  

which p o s e s  t h e  l e a s t  s t r i n g e n t  requirements--a m i x t u r e  o f  

d e u t e r i u m  ( D )  and t r i t i u m  ( T ) .  While  a  D-D r e a c t i o n  would have  

a d v a n t a g e s  i n  t h a t  i t  would n o t  r e q u i r e  a  r a d i o a c t i v e  f u e l  

and would p o s s i b l y  p roduce  less a c t i v a t i o n  o f  c o n t a i n m e n t  

m a t e r i a l s ,  i t s  r e a c t i o n  r a t e  i s  less f a v o r a b l e  t h a n  t h a t  o f  

t h e  D-T r e a c t i o n  by a b o u t  two o r d e r s  o f  magn i tude .  The D-T 

r e a c t i o n  c a n  b e  shown a s  

d e u t e r i u m  + t r i t i u m  + h e l i u m  ( 3 . 5  MeV)  + n e u t r o n  ( 1 4  M e V )  

w i t h  t h e  1 7 . 5  MeV o f  ene rgy  from t h e  h e l i u m  n u c l e i  and n e u t r o n s  

b e i n g  a b s o r b e d  i n  a  b l a n k e t  s u r r o u n d i n g  t h e  p lasma.  The t h e r -  

mal e n e r g y  i s  t h e n  t r a n s f e r r e d  f rom t h e  b l a n k e t  and used  f o r  

power g e n e r a t i o n .  

N a t u r a l  s u p p l i e s  o f  t r i t i u m  d o  n o t  e x i s t  i n  e c o n o m i c a l l y  

r e c o v e r a b l e  amounts.  However, s u f f i c i e n t  q u a n t i t i e s  f o r  

s t a r t u p  o p e r a t i o n  c a n  b e  produced  i n  f i s s i o n  r e a c t o r s  and 

c o n t i n u i n g  s u p p l i e s  c a n  b e  produced  a s  a  p a r t  o f  t h e  CTR 

o p e r a t i o n .  T h i s  i s  a c h i e v e d  by s u r r o u n d i n g  t h e  plasma w i t h  

a  b l a n k e t  o f  l i t h i u m ,  which a b s o r b s  t h e  n e u t r o n s  and i s  

c o n v e r t e d  t o  he l ium and t r i t i u m .  T r i t i u m  produced  i n  t h i s  

b l a n k e t  i s  r e c o v e r e d  d i r e c t l y  o r  i n d i r e c t l y  f rom m o l t e n  

l i t h i u m  a s  it i s  c i r c u l a t e d  f o r  e n e r g y  t r a n s f e r  t o  t h e  power 

g e n e r a t i n g  sys t em.  T y p i c a l  i n v e n t o r i e s  o f  t r i t i u m  c o n t a i n e d  

i n  t h e  l i t h i u m  b l a n k e t ,  i n  c o l l e c t i o n  and p u r i f i c a t i o n  

equipment ,  and i n  s t o r a g e  a r e  e s t i m a t e d  t o  b e  a b o u t  6  kg  

( 6  x l o 7  C i )  f o r  a  2000 We g e n e r a t i n g  p l a n t ,  i . e . ,  a b o u t  

e q u i v a l e n t  t o  t h e  g l o b a l  i n v e n t o r y  o f  n a t u r a l l y - o c c u r r i n g  T .  



While t h i s  i s  a  l a r g e  amount, it i s  abou t  t h e  same c u r i e  

amount a s  t h e  1311 p r e s e n t  i n  a  comparably s i z e d  f i s s i o n  

p l a n t ,  and t h e  h e a l t h  haza rd  posed by t r i t i u m  i s  s u b s t a n t i a l l y  
1311 lower ,  c u r i e  f o r  c u r i e ,  t h a n  t h a t  posed by 

A f e a t u r e  t h a t  c a u s e s  s p e c i a l  concern  a b o u t  t r i t i u m  i s  

i t s  a b i l i t y  t o  d i f f u s e  through m e t a l s ,  w i t h  t h e  d i f f u s i o n  

r a t e s  becoming v e r y  s i g n i f i c a n t  a t  t e m p e r a t u r e s  above 300°C. 

Hundreds o r  even thousands  o f  c u r i e s  p e r  y e a r  cou ld  be  

r e l e a s e d ;  t h e r e f o r e ,  s o p h i s t i c a t e d  t r i t i u m  recovery  and 

s p e c i a l l y  eng inee red  h e a t  t r a n s f e r  sys tems w i l l  be  r e q u i r e d  

f o r  conta inment .  

No s p e c i a l  problems a r e  a n t i c i p a t e d  from c o n t i n u i n g  u s e  

of  deu te r ium a s  a  f u e l .  Hundreds o f  t o n s  of d e u t e r i u m  a r e  

now b e i n g  produced i n  t h e  U.S. each y e a r  w i t h  no a p p a r e n t  

h e a l t h  o r  env i ronmenta l  consequences.  With c o n c e n t r a t i o n s  o f  

0.015% i n  n a t u r a l  w a t e r s  and p r o j e c t e d  annua l  u s e  r a t e s  i n  

f u s i o n  r e a c t o r s  of  50 t o  60 kg/1000 M W e ,  deu te r ium i s  an 

e s s e n t i a l l y  i n e x h a u s t i b l e  f u e l .  For r e a s o n s  of e f f i c i e n c y ,  

deu te r ium would be  produced a t  a  s i t e  remote from t h e  CTR 

and t r a n s p o r t e d  t o  t h e  r e a c t o r  a r e a  f o r  s t o r a g e  and u s e .  

S i n c e  deu te r ium i s  produced by s e q u e n t i a l  d i s t i l l a t i o n ,  

ene rgy  u s e  i s  h i g h  and appears  t o  r e p r e s e n t  t h e  major f e a t u r e  

of  concern .  The p r e s e n t  c o s t  o f  D2 i s  approx imate ly  $500/kg. 

S p e c i a l  f e a t u r e s  of  t h e  D-T f u e l  c y c l e  i m p o r t a n t  t o  

h e a l t h  and t h e  environment  i n c l u d e :  

p o t e n t i a l  f o r  c h r o n i c  r e l e a s e  o f  s u b s t a n t i a l  q u a n t i t i e s  

of t r i t i u m  (mos t ly  a s  T2 o r  TD o r  TH) d u r i n g  r o u t i n e  

o p e r a t i o n  of t h e  CTR 

p o s s i b l e  a c c i d e n t a l  r e l e a s e  of  t r i t i u m  i n  m u l t i k i l o g r a m  

amounts 

p r e s e n c e  of  1 4  MeV n e u t r o n s  (whose h igh  energy  poses  

s p e c i a l  s h i e l d i n g  problems) and f o r m a t i o n  of a c t i v a t i o n  

p r o d u c t s .  



Fue l  P r e p a r a t i o n  and I n j e c t i o n  

The manner i n  which t h e  f u e l  ( D  + T) i s  p r e p a r e d  w i l l  

depend on t h e  t y p e  of r e a c t o r  used .  Rat.es of f u e l  u s e  f o r  a  

2000 MWe p l a n t  a r e  e s t i m a t e d  t o  be  450 g  T2 and 300 g  D2 p e r  

day ( i . e . ,  e q u a l  numbers of  atoms of D and T ) .  I n t r o d u c t i o n  

of t h e  f u e l  i n t o  a  r e a c t i o n  chamber o f  m a g n e t i c a l l y  conf ined  

d e s i g n  r e q u i r e s  t h a t  t h e  f u e l  be c o n v e r t e d  t o  a  n e u t r a l  g a s  

o r  a  n e u t r a l  atom beam s i n c e  t h e  magnet ic  f i e l d  would e x c l u d e  

a l l  charged p a r t i c l e s .  I n j e c t i o n  of s o l i d  p e l l e t s  of f u e l  

i n t o  t h e  plasma h a s  been proposed b u t  t h e  methods f o r  

a c h i e v i n g  t h i s  a r e  n o t  y e t  d e f i n e d .  Glass  e n c a p s u l a t i o n  

would be one means of c o n f i n i n g  t h e  f u e l  i n  p e l l e t  form 

b e f o r e  i n j e c t i o n  i n t o  t h e  l a s e r - f i r e d  sys tems .  

A s  w i t h  any system i n v o l v i n g  even s m a l l  amounts of 

hydrogen,  t h e  p o t e n t i a l  f o r  e x p l o s i o n  would be  p r e s e n t  i f  

oxygen w e r e  p e r m i t t e d  t o  e n t e r  f u e l - h a n d l i n g  a r e a s .  T h i s  

p o s s i b i l i t y  seems remote s i n c e  m e t i c u l o u s  c a r e  i n  m a t e r i a l  

p u r i t y  w i l l  be  r e q u i r e d  i n  a l l  s t a g e s  of f u e l  h a n d l i n g .  

No s p e c i a l  f e a t u r e s  of f u e l  p r e p a r a t i o n  and i n j e c t i o n  

appear  t o  have i m p o r t a n t  e f f e c t s  on h e a l t h  o r  t h e  envi ronment .  

Fue l  P r o d u c t i o n  ( T I  

To economica l ly  produce t r i t i u m  i n  amounts s u f f i c i e n t  f o r  

o p e r a t i n g  f u s i o n  p l a n t s  u s i n g  D and T  f u e l s ,  t h e  t r i t i u m  must 

be  b red  i n  a  b l a n k e t  of l i t h i u m  sur round ing  t h e  f u s i n g  plasma.  

The 1 4  MeV n e u t r o n s  induce  t h e  r e a c t i o n s  

7 ~ i  + n  + 4 ~ e  + T  + n  - 2.47 MeV 

i n  which T  i s  formed w i t h o u t  l o s s  of a  n e u t r o n  by u s i n g  up 

some of t h e  energy  of t h e  1 4  MeV n e u t r o n  ( i . e . ,  endothermic  

r e a c t i o n )  ; and 

6 ~ i  + n  + 4 ~ e  + T  + 4.78 MeV 



i n  which t h e r m a l  n e u t r o n s  ' a r e  consumed and T  i s  formed i n  an 

e x o t h e r m i c  r e a c t i o n .  The amount o f  T  t h a t  c a n  b e  produced  

c a n n o t  b e  p r e c i s e l y  d e f i n e d  u n t i l  1 4  MeV n e u t r o n s  a r e  a v a i l -  

a b l e .  However, a n a l y s e s  o f  l i t h i u m  n u c l e a r  c r o s s - s e c t i o n s  

i n d i c a t e  t h a t  more t h a n  enough T c a n  be  produced  t o  s u p p l y  

f u e l  f o r  c o n t i n u i n g  o p e r a t i o n .  I t  h a s  even  been  s u g g e s t e d  

t h a t  CTRs i n  p o p u l a t e d  a r e a s  u s e  f u e l  produced  i n  more 

i s o l a t e d  r e a c t o r s  t o  a v o i d  t h e  c o m p l i c a t i o n s  o f  T  b r e e d i n g  

and t h e  a s s o c i a t e d  h i g h e r  i n v e n t o r y  o f  T .  

Molten l i t h i u m  i n  t h e  b l a n k e t  c i r c u l a t e s  p a s t  h e a t  

e x c h a n g e r s  t o  t r a n s f e r  e n e r g y  i n t o  t h e  power g e n e r a t i n g  

p o r t i o n  o f  t h e  CTR. T r i t i u m  c a n  b e  removed from t h e  c i r c u -  

l a t i n g  l i t h i u m  by a  v a r i e t y  o f  t e c h n i q u e s  i n c l u d i n g  mol t en  

s a l t  e n t r a i n m e n t ,  y t t r i u m  g e t t e r s ,  o r  d i f f u s i o n  t h r o u g h  

s t a i n l e s s  s t ee l  t u b e s .  Such d i f f u s i o n  t h r o u g h  m e t a l s  p o s e s  

a  s e v e r e  problem t o  CTR d e s i g n  b e c a u s e  t h e  t r i t i u m  i s  a l s o  

e x p e c t e d  t o  d i f f u s e  t h r o u g h  h e a t  e x c h a n g e r s ,  which makes i t  

v u l n e r a b l e  t o  e n d i n g  up i n  t h e  w a t e r  o r  a i r  u sed  a s  t h e  

c o o l a n t  i n  t h e  t u r b i n e s .  Nominal l e a k a g e  r a t e s  o f  one  o r  

more Ci/day a r e  a n t i c i p a t e d .  A c c i d e n t a l  r e l e a s e s  c o u l d  exceed  

t h i s  amount. 

Two proposed  d e s i g n s  u s e  b e r y l l i u m  i n  m u l t i t o n  q u a n t i t i e s  

i n  t h e  t r i t i u m  b r e e d i n g  c y c l e .  Obv ious ly  t h e  u s e  o f  such  a 

h i g h l y  t o x i c  m a t e r i a l  p o s e s  a  p o t e n t i a l  problem t o  h e a l t h  

and env i ronmen t .  However, t h e  u s e  o f  f l i b e  ( a  e u t e c t i c  

m i x t u r e  o f  L i F  and BeF2) a l l o w s  t h e  t r i t i u m  i n v e n t o r y  i n  t h e  

b l a n k e t  t o  b e  h e l d  t e n  t o  a  hundred - fo ld  lower  t h a n  i n  p u r e  

l i t h i u m  b l a n k e t s ,  and f l i b e  i s  noncombus t ib l e .  A l i t h i u m  

f i r e  w i t h  r e l e a s e  o f  t r i t i u m  f rom t h e  b l a n k e t  m a t e r i a l  i s  

p o s t u l a t e d  a s  t h e  most  s e r i o u s  a c c i d e n t  p o t e n t i a l  i n  a  CTR. 



Special features associated with fuel production that 

could have significant effects on health and the environment 

include : 

routine handling of large quantities of lithium with the 

potential for fire and large releases of lithium and T 

heavy use of a rare element (Be) and possible release 

of beryllium fluoride if flibe is used in the breeding 

blanket. 

Swecies Separation 

Since only a small percentage of the fuel is used in each 

burn cycle, fuel recovery and removal of plasma contaminants 

(such as helium, protium, and radioactive ablated wall mate- 

rials) will be a necessary feature of CTRs. 

Gas permeation through metal membranes (silver-palladium 

on a ceramic support) at temperatures above 300°C provides 

one means for separating tritium and deuterium from each 

other and from other gaseous contaminants. Likewise, 

cryogenic fractional distillation could be used to separate 

individual species. Tritium obtained from the breeder 

blanket would also flow through the same or a similar puri- 

fication process. 

Special features associated with plasma recovery and 

reprocessing that have potential implications for health and 

the environment include: 

potential for chronic release of lithium 

potential for chronic release of beryllium and its 

fluoride 

accumulation, storage, and possible release of radio- 

active aerosols resulting from ion and neutron damage 

to the containment vessel. 



ENERGY COLLECTION AND CONVERSION 

Molten lithium metal is proposed as the primary coolant 

in all CTR designs except for the Princeton Tokamak, which 

uses flibe (LiF-BeF2). Lithium is liquid at temperatures 

between 186OC and 1336OC and it has a relatively large 

capacity to dissolve all hydrogen isotopes. Since hundreds 

of tons of lithium will be in close contact with the walls of 

heat exchangers interfacing with the secondary coolant, 

diffusion of tritium through the successive heat transport 

systems poses the major means for chronic tritium release to 

the environment. 

Intermediate heat transport materials between the primary 

coolant (lithium) and the turbine are proposed to minimize 

tritium release to the environment. This transport sequence 

will also minimize movement of radioactive materials eroding 

into the lithium from the plasma containment shell. Molten 

sodium, vaporized potassium and helium gas have all been 

proposed for this energy transport. Tritium trapping in such 

intermediate transport systems will be required to minimize 

release. Careful selection of the materials used in the heat 

exchangers will also help contain the tritium. 

Standard steam turbines appear to be the most likely 

means of fusion's early use for conversion of heat to elec- 

tric power. With temperatures approaching 600°C, efficiencies 

of about 40% are projected. Heat rejection to the environ- 

ment will be unavoidable in CTR operation, as in any thermo- 

dynamic cycle. 

Directly converting a part of the fusion energy by 

directing the movement of charged particles through a magnetic 

field (magnetohydrodynamic conversion) offers the promise of 

higher conversion efficiences and thus less heat loss. 



However, d i r e c t  convers ion  technology has  y e t  t o  be  deve loped ,  

s o  t h i s  f e a t u r e  i s  n o t  l i k e l y  t o  be  a  p a r t  of  e a r l y  demon- 

s t r a t i o n  CTRs . 
Hazardous f e a t u r e s  a s s o c i a t e d  w i th  f u s i o n  energy c o l -  

l e c t i o n  and convers ion  i n c l u d e :  

c h r o n i c  T r e l e a s e  

r e l e a s e  o f  was te  energy t o  t h e  environment . p o s s i b l e  meta l  f i r e ,  c aus ing  r e l e a s e  o f  m a t e r i a l s  

used i n  h e a t  t r a n s p o r t .  



ESTIMATE OF INITIAL PROGRAM PRIORITIES 

(100 Points Total) 

CHARACTERIZATION, MEASUREMENT AND MONITORING - 10 POINTS 
Since definition of source terms and characterization of 

the forms of release depend on an identified technology and 

since such identification is unlikely until after the period 

projected here, only certain specific objectives, such as 

real-time monitors for T, warrant immediate attention. 

PHYSICAL-CHEMICAL PROCESSES AND EFFECTS - 30 POINTS 
One particular feature warrants early investigation 

because of its commonality with fission and its probable 

involvement in fusion regardless of CTR design: T transit 

and rates of conversion to other compounds such as TOH. 

Available diffusion and conversion data must be analyzed to 

determine their adequacy for defining likely local and global 

concentrations of chemical forms of T. If the data are 

inadequate, supplemental research programs should be 

established. 

HEALTH EFFECTS - 35 POINTS 
Health effects from magnetic fields could affect CTR 

design. Early research is needed to establish whether 

magnetic fields of the magnitude projected for CTR work 

areas represent significant health hazards, including effects 

on electronic medical devices such as cardiac pacemakers. 

Current data are conflicting and confusing, and leave this 

question unanswered. 

Leading candidates for containment materials (e.g., V, 

Nb, Ti) will produce radionuclides whose behavior in living 



organisms has received little attention. Early studies are 

needed to establish their potential oncogenic effects and to 

permit time for later definitive tests before their extensive 

use in demonstration reactors. 

Increased knowledge about effects on health from chronic 

exposure to concentrations of T would be valuable. Since 

such research would provide much needed information about 

possible effects of such exposure on occupational personnel, 

it is warranted despite its high costs. 

ECOLOGICAL EFFECTS - 20 POINTS 

Early study of biotic systems in which T is converted to 

TOH or other compound forms is necessary. A better under- 

standing of the impact of low-level T effects on factors 

basic to the survival and function of organisms in ecosystems 

is also needed. 

INTEGRATED ASSESSMENT - 5 POINTS 

Since reasonably adequate means are now available and 

improved methods are being developed for assessing other 

technologies, efforts to develop techniques specific to 

fusion can be delayed. However, continuous efforts should be 

made to assure that adequate information on societal impacts 

of CTR technology is available and transmitted to the public. 



PROGRAM UNITS 

In the following pages program units are arranged 

sequentially by King-Muir Category and identified as follows: 

C = Characterization, Measurement, Monitoring 

P = Physical-Chemical Processes and Effects 

H = Health Effects 

E = Ecological Effects 

I = Integrated Assessment 

The technology time frame with which the program units 

are identified is: 

Year 1980 Proof of Feasibility 

Years 1990 - 2000 Demonstration CTR 

Years 2000 - 2010 First Commercial CTR 

Relative severities of problems are indicated by A, B, 

and C, defined as: 

A. severe and requiring early action 

B. severe but immediate action not required 

C. less severe, or the potential severity not 

defined sufficiently to require early action. 



PROGRAM UNIT TITLE: Personnel ,Exposure from Controlled 

Thermonuclear Reactor Waste Handling 

Technology: Fusion (CTR) 

King-Muir Category: Characterization, Measurement and 

Monitoring 

Scope 

Generally, waste handling problems for controlled thermo- 

nuclear reactors will be similar to those for a fission 

reactor. Cleanup of primary liquid metal coolant and replace- 

ment of highly radioactive mechanical reactor parts will be 

much the same for CTRs as for LMFBRs. The major differences 

will occur in the type and form of radioactive species 

present. The fast neutrons from the (D,T) reaction will 

produce an entirely different spectrum of radionuclides in 

the coolant and construction materials than that created by 

the primarily thermal neutrons in a fission reactor. Also, 

special precautions may be required for CTR coolant cleanup 

to handle the toxic Li, Be, and F compounds that will be 

present. Finally, the omnipresent tritium required for CTR 

operations is sure to appear in reactor waste operations. 

This program unit will 1) identify and assess the radio- 

logical implications of potential fast neutron activation 

products likely to appear in the process wastes, 2) examine 

and evaluate existing technology for measuring these radio- 

nuclides and the tritium, beryllium, lithium, and fluorine 

expected to be present, and 3) develop the complete technol- 

ogy required to measure and monitor the quantities and 

qualities of radiological or toxic materials appearing in the 

plant wastes. 

Milestones 

By 1980: Identify the fast neutron spallation products, the 

physical and chemical forms of Li, Be, and F, and 



t h e  q u a n t i t i e s  and forms of  t r i t i u m  f o r  each  pro- 

posed CTR d e s i g n ,  t h a t  a r e  a n t i c i p a t e d  t o  be p r e s e n t  

i n  p roce s s  was t e s ,  c o o l a n t  c l e anup ,  o r  i n  r e a c t o r  

p a r t s  r e q u i r i n g  maintenance.  Es t ima t e  t h e  r a d i o l o g i -  

c a l  and t o x i c  i m p l i c a t i o n s  o f  each  of t h e s e .  Examine 

and e v a l u a t e  e x i s t i n g  technology f o r  measuring each  

of  t h e  p o l l u t a n t s  a n t i c i p a t e d  t o  be p r e s e n t  i n  t h e  

waste  hand l ing  p rocedures .  

By 1985: Optimize e x i s t i n g  technology f o r  a p p l i c a t i o n  i n  moni- 

t o r i n g  s p e c i f i c  p roce s se s  o r  problems. Develop appro- 

p r i a t e  new technology f o r  measuring and moni to r ing  

t h e  r a d i o l o g i c a l  and t o x i c  m a t e r i a l s  mani fes ted  i n  

was te  hand l ing  p rocedures  i n  con junc t i on  w i t h  evolv-  

i n g  eng inee r i ng  requ i rements  o r  p roposa l s .  

Program Uni t  P r i o r i t y  

S e v e r i t y  of Problem: A 

The produc t ion  o f  l a r g e  q u a n t i t i e s  o f  r a d i o a c t i v e  spa l -  

l a t i o n  p roduc t s  i n  CTR components i s  a c e r t a i n t y .  These 

w i l l  have t o  be d e a l t  w i t h  i n  c o o l a n t  c leanup  and r e a c t o r  

maintenance.  The t o x i c  n a t u r e  of t h e  c o o l a n t s  themselves ,  

a long  w i t h  t h e  t r i t i u m  i n  t h e  c o o l a n t s ,  adds  t o  t h e  h e a l t h  

and p o l l u t i o n  problem. 

Ex t en t  of  Problem: C 

Waste hand l i ng  r i s k s  and exposure  w i l l  be l i m i t e d  t o  

p l a n t  pe r sonne l .  

Need f o r  In fo rmat ion :  A 

I t  is  nece s sa ry  t o  i d e n t i f y  and c h a r a c t e r i z e  each  r ad io -  

a c t i v e  o r  t o x i c  s p e c i e s  a n t i c i p a t e d  t o  be  p r e s e n t  i n  

r e a c t o r  was t e s  a s  w e l l  a s  t o  moni tor  t h e  q u a n t i t i e s  p r e s -  

e n t  i n  o r d e r  t o  adequa t e ly  p r o t e c t  p l a n t  pe r sonne l  from 

unnecessary  o r  i n a d v e r t e n t  exposure .  



Urgency: B 

Actual monitoring capability will not be required until 

CTRs are operational. However, preliminary research is 

necessary to allow adequate time for development of 

appropriate technology. 

Estimated Program Costs 

1) Total program unit - $2 million 
2) FY-1977 - $100 thousand 



PROGRAM UNIT TITLE: Pollutant Release to the Environment from 

the Preparation of CTR fuels, Construction 

Materials, and Special Components 

Technology: Fusion (CTR) 

King-Muir Category: Characterization, Measurement, and 

Monitoring 

Scope 

Controlled thermonuclear reactors will require large 

amounts of hazardous substances for their operation. Large 

quantities of tritium and deuterium will be required for first- 

generation CTRs and, depending on specific design characteris- 

tics, hundreds of tons of Lit Be, and "flibe" (LiF and BeF2) 

may be used. In addition, hybrid reactors will contain a 

blanket of fertile heavy elements such as uranium-238. By the 

year 2000, if CTRs are built in place of LMFBRs, the total U.S. 

domestic consumption of lead will increase more than threefold, 

and the consumption of lithium will increase nearly 100-fold. 

This program unit will estimate the amounts and forms of pol- 

lutants that may enter the environment from increased mining 

and refining of these or other materials and will develop the 

technology to measure and monitor releases of tritium and other 

hazardous materials used for startup operation. 

Milestones 

By 1980: Identify the major environmental pollutants from the 

mining, refining, and fabricating processes for all 

materials likely to require significant production 

increases. Evaluate possible release mechanisms and 

forms of potentially released tritium and other 

hazardous operating materials. Evaluate applicabil- 

ity and effectiveness of existing technology for 

monitoring hazardous materials or increased pollutant 

releases that would result from full development of 

a CTR program. 



By 1985: Develop appropriate monitoring capability where 

adequate technology is not available. Evaluate 

proposed technology for reduction of releases and 

estimate release rates. 

Proaram Unit Prioritv 

Severity of Problem: A 

Potential for release of hazardous or polluting materials 

is high. 

Extent of Problem: C 

Effects are likely to be localized and of concern in 

mining, production, and refining operations. 

Need for Information: B 

Major increases in production of lithium, beryllium, 

flibe, and perhaps other materials, must precede demon- 

stration plants. The type and quantity of pollutants 

entering the environment during mining, milling, and 

production efforts is now uncertain, and such informa- 

tion should be available. 

Urgency: B 

Actual monitoring capability will not be necessary until 

material usage requires production. However, the tech- 

nology must precede the requirements sufficiently to allow 

uninterrupted progress of CTR development. 

Estimated Program Costs 

1) Total program unit through 1980 - $3 million 
2) FY-1977 - $0.2 million 



PROGRAM UNIT TITLE: Releases of Radioactive and Nonradioactive 

pollutants - Associated Personnel Health 
Hazards in Operation of CTRs 

Technology: Fusion (CTR) 

~ i n g - ~ u i r  Category: Characterization, Measurement, and 

Monitoring 

The possibility of tritium loss to the environs exists in 

each phase of CTR operation: injection, burn, evacuation, 

recovery, power generation, and storage. Similarly, the loss 

of breeder blanket/coolant materials such as lithium, lithium- 

beryllium, flibe, or of heat exchanger materials with their 

burden of tritium and spallation products presents possible 

environmental pollution problems. In addition, radioactive 

spallation products from structural materials may accumulate 

in heat exchangers, energy generation systems, coolant cleanup 

systems, and vacuum systems, and thus pose a significant 

radiological health hazard to personnel. This program unit 

will 1) identify and characterize the possible radioactive and 

nonradioactive pollutants which may be produced in and 

released from fusion reactors, 2) optimize measurement tech- 

nology for the various species involved, 3) develop suitable 

monitoring equipment capable of detecting these anticipated 

pollutants, 4) identify likely fast neutron reaction product 

concentration points and assess technology needs for reducing 

the radiological hazard from these pollutants, and 5) verify 

the adequacy of dosimeters and instrumentation for monitoring 

personnel exposures to neutrons. 

Milestones 

By 1980: Identify the pollutants and their chemical forms 

likely to be released from all operational steps 

including fuel recovery, energy conversion, and 



l o s s  of  c o o l a n t  (LOC) a c c i d e n t s .  I d e n t i f y  pos- 

s i b l e  r a d i o l o g i c a l  h a z a r d s  from b u i l d u p  of r a d i o -  

a c t i v e  n e u t r o n  s p a l l a t i o n  p r o d u c t s .  

By 1982: E v a l u a t e  t h e  a p p l i c a b i l i t y  of e x i s t i n g  technology 

f o r  t h e  measurement and moni to r ing  o f  each  of  

t h e s e  r e l e a s e s  o r  h a z a r d s .  

By 1985: Optimize c u r r e n t  o r  d e v e l o p  new t e c h n i q u e s  f o r  

r e a l - t i m e  m o n i t o r i n g  of each p o t e n t i a l  p o l l u t a n t  

r e l e a s e .  A s s e s s  and e v a l u a t e  t e c h n i q u e s  proposed 

f o r  t h e  r e d u c t i o n  and c o n t r o l  of r e l e a s e s  o r  

r a d i o l o g i c a l  exposure  t o  p e r s o n n e l  th roughou t  CTR 

o p e r a t i o n .  

Program Unit  P r i o r i t y  

S e v e r i t y  of Problem: A 

The p o t e n t i a l  f o r  con t inuous  o r  a c c i d e n t a l  r e l e a s e  of  

r a d i o a c t i v e  o r  t o x i c  p o l l u t a n t s  from CTR o p e r a t i o n  i s  

h igh .  Large  q u a n t i t i e s  of r a d i o a c t i v e  r e s i d u e s  from 

f a s t  n e u t r o n  r e a c t i o n s  a r e  c e r t a i n  t o  be g e n e r a t e d .  

E x t e n t  of  Problem: B 

Except  i n  t h e  c a s e  of LOC a c c i d e n t  o r  f i r e ,  t h e  wide- 

s p r e a d  r e l e a s e  o f  p o l l u t a n t s  i s  n o t  a n t i c i p a t e d .  

S i m i l a r l y ,  r a d i a t i o n  exposure ,  o t h e r  t h a n  from t r i t i u m ,  

i s  a n t i c i p a t e d  t o  be c o n f i n e d  t o  p l a n t  p e r s o n n e l .  

Need f o r  I n f o r m a t i o n :  B 

I t  i s  n e c e s s a r y  t o  i d e n t i f y  each p o s s i b l e  p o l l u t a n t ,  

i t s  p o t e n t i a l  r e l e a s e  o r  c o n c e n t r a t i o n  p o i n t s ,  and i t s  

p o t e n t i a l  e f f e c t s  on t h e  e n v i r o n s  and t h e  popu lace ,  a s  

w e l l  a s  deve lop  a p p r o p r i a t e  technology f o r  measuring 

and m o n i t o r i n g  each s p e c i e s  and r e d u c i n g  t h e  p r o b a b i l i t y  

o r  f r equency  of r e l e a s e .  



Urgency: C 

The technological capability for characterization, 

measurement, and monitoring of potential releases must 

precede development and operation; however, major 

demonstration projects are probably at least a decade 

away. 

Estimated Proaram Costs 

1) Total Program Unit - $10 million 
2) FY-1977 - $0.5 million 



PROGRAM UNIT TITLE: Possible Release of Tritium During Loss 

of Helium from Superconducting Magnets 

Technology: Fusion (CTR) 

King-Muir Category: Characterization, Measurement, and 

Monitoring 

Controlled thermonuclear reactors operating on a magnetic 

confinement concept will use very large superconducting magnets. 

Although the magnetic fields generated will be much higher than 

any currently in operation, the technology required to monitor 

the fields at any location has already been developed. Some 

research on biological effects of high-strength magnetic 

fields and on methods of field reduction will be required. 

These large superconducting magnets will be cooled by liquid 

helium. Since the ash from the (D,T) fusion reaction is 

helium, and since the burned plasma must be reprocessed for 

tritium recovery, the helium ash could also be purified for 

use as magnet coolant. In addition, tritium diffusion through 

metals may result in tritium contamination of the liquid 

helium cryogen. This program unit will investigate the 

probability of helium recovery and use in terms of potential 

tritium content and its escape to the environs. 

Milestones 

By 1980: Determine solubility of tritium in liquid helium and 

evaluate the probable and possible tritium concentra- 

tions in magnet coolants. 

By 1985: Develop and optimize technology for monitoring magnet 

coolant losses of both helium and tritium and for 

monitoring the tritium content of magnet coolants. 



Prosram Unit Prioritv 

Severity of Problem: C 

The use of reprocessed helium ash could be economically 

advantageous. However, some tritium will probably be 

present in such recovered helium. 

Extent of Problem: B 

Loss of helium from magnet coolants could result in a 

loss from the plant proper and any tritium present in 

the helium could become widespread. 

Need for Information: B 

If helium ash is recycled, it will be necessary to 

develop technology for purifying it of tritium, and, in 

any case, the tritium content of the cryogen must be 

monitored as a safeguard in case of a LOC accident. The 

general solubility and behavior of tritium in liquid 

helium needs to be determined. 

Urgency: C 

On-line monitoring will not be required until a plant 

is operational, but the technology should be developed 

earlier to both monitor the coolant stream and purify 

the helium ash. 

Estimated Proaram Costs 

1) Total Program Cost - $0.4 million 
2) FY-1977 - $25 thousand 



PROGRAM UNIT TITLE: Distribution and Transport of Tritium 

Released from Fusion Reactors 

Technology: Nuclear Fusion 

King-Muir Category: Physical-Chemical Processes and Effects 

Scope 

This program unit seeks to define the hydrological, 

environmental, and global processes that influence the 

transport and distribution of tritium (T) released from 

fusion reactors. The research will focus on mechanisms that 

distinguish between HT and HTO transport and rates of oxi- 

dation between HT and HTO. The role of differential trans- 

port and hydrological cycling will be examined relative to 

potential hazards and dose commitments from tritium releases 

for both acute accidental and chronic conditions. A key 

consideration will be to quantitatively estimate the distri- 

bution of the tritium accumulation into the various compart- 

ments of the environment so that subsequent exposure 

conditions can be more accurately predicted. 

Program Unit Priority 

Severity of Problem: B 

Basic concepts are already established; refinements in 

data are needed on micro and mesoscale transport 

problems, especially for HT transport. 

Extent of Problem: A 

Tritium exposures of global population groups may be 

limiting factors for fusion technology. 

Need for Information: B 

New data are needed on HT reactions in atmosphere and 

ecosystems. Refinements in data are needed on HTO 

transport. 



Urgency: B 

Studies are to proceed concurrently with development of 

fusion technology; research will provide feedback on 

required tritium containment in reactor plant. 

Estimated Program Costs 

1) Total - $15 million 
2) FY-1977 - $1.0 million 



PROGRAM TITLE 1: Determine ,  u s i n g  A p p r o p r i a t e  E x p e r i m e n t a l  

Animals and O t h e r  L a b o r a t o r y  Model S y s t e m s ,  

Q u a l i t a t i v e  and Q u a n t i t a t i v e  E f f e c t s  on  

L i v i n g  Systems o f  Hazardous Agents  A s s o c i a t e d  

w i t h  C o n t r o l l e d  Fus ion  Technology 

Program U n i t  1.1: Determine B i o l o g i c  E f f e c t s  o f  High Magnet ic  

F i e l d s  

~ e c h n o i o g ~ :  Fus ion  

K i n g - M u i r :  H e a l t h  E f f e c t s  

Scope 

Al though a  number of  s t u d i e s  have  examined t h e  r e s p o n s e  

o f  b i o l o g i c a l  s y s t e m s  t o  m a g n e t i c  f i e l d s ,  many o f  t h e  s t u d i e s  

used  r a t h e r  l a r g e  f i e l d s  f o r  l i m i t e d  p e r i o d s  and  t h e  r e s u l t s  

w e r e  h i g h l y  v a r i a b l e  and o f t e n  n o t  r e p r o d u c i b l e .  S u f f i c i e n t  

e x p e r i m e n t a l  d a t a  a r e  n o t  a v a i l a b l e  f o r  p r e d i c t i n g  t h e  e f f e c t s  

o f  p r o l o n g e d  e x p o s u r e  t o  h i g h  m a g n e t i c  f i e l d s  t y p i c a l  o f  t h e  

o c c u p a t i o n a l  s i t u a t i o n  i n  m a g n e t i c  conf inemen t  CTR f a c i l i t i e s .  

The s c o p e  of  t h i s  program u n i t  i n c l u d e s  t h e  s t u d y ,  i n  e x p e r i -  

m e n t a l  a n i m a l s  and o t h e r  l a b o r a t o r y  s y s t e m s ,  of  b e h a v i o r a l ,  

t e r a t o l o g i c ,  mu tagen ic ,  p h y s i o l o g i c ,  m e t a b o l i c  and p a t h o l o g i c  

e f f e c t s  o f  s u c h  f i e l d s ,  p a r t i c u l a r l y  a s  a  r e s u l t  o f  l ong- t e rm 

e x p o s u r e s .  A d d i t i o n a l  s t u d i e s  w i l l  i n v e s t i g a t e  t h e  e x a c e r b a -  

t i o n  of e x i s t i n g  d y s f u n c t i o n s  ( e - g . ,  s u b t h r e s h o l d  e p i l e p t i f o r m  

b r a i n  a c t i v i t y ) ,  t h e  s y n e r g i s t i c  e f f e c t s  o f  m a g n e t i c  f i e l d s  

w i t h  r a d i a t i o n ,  and  t h e  consequences  of  e x p o s u r e  t o  p a t i e n t s  

w i t h  i m p l a n t e d  e l e c t r o n i c  m e d i c a l  d e v i c e s .  The program a l s o  

s e e k s  t o  d e v e l o p  r e l i a b l e  t h e o r i e s  on t h e  mechanisms of  

i n t e r a c t i o n  of  m a g n e t i c  f i e l d s  w i t h  b i o l o g i c  m a t e r i a l s .  

Program U n i t  P r i o r i t y  

S e v e r i t y  o f  Problem: B 

Workers i n  CTRs u s i n g  p o l o i d a l  f i e l d s  c a n  r e c e i v e  e x p o s u r e s  

t o  m a g n e t i c  f i e l d s  o f  hundreds  o f  g a u s s .  



Extent of Problem: C 

Only occupational groups will be significantly exposed. 

Need for Information: A 

Existing information is inadequate or conflicting; 

reliable data are needed to establish exposure 

standards . 
Urgency: A 

Definition of design for initial demonstration CTRs is 

expected in the 1980s. If magnetic fields are shown to 

produce effects on workers, design selection will be 

significantly affected. Therefore, it is essential that 

suitable experiments and epidemiologic work be completed 

before 1985. 

Estimated Program Costs 

1) Total - $10 million 
2) FY-1977 - $0.5 million 



PROGRAM TITLE 1: Determine, Uslng Appropriate Experimental 

Animals and Other Laboratory Model Systems, 

Qualitative and Quantitative Effects on 

Living Systems of Hazardous Agents Associated 

with Controlled Fusion Technology 

Program Unit 1.2: Determine Biologic Effects of Long-Term Low- 

Level Neutron Exposure 

Technology: Fusion 

King-Muir Category: Health Effects 

Scope 

Depending on CTR biologic shield design, occupational 

personnel may be exposed to low-level neutron fluxes which may 

or may not produce subtle or delayed effects. This program 

is directed toward studies in experimental animals and other 

laboratory model systems to determine whether such radiation 

poses a credible risk and, if necessary, to aid in the 

revision of current human exposure standards. Determination 

of potential teratologic, mutagenic, and carcinogenic 

sequelae will be emphasized. 

Program Unit Priority 

Severity of Problem: B 

Existing information is probably sufficient to permit 

adequate biological shield design if future modifications 

are not needed. However, most of that information deals 

with low-energy and thermal neutron exposures. 

Extent of Problem: C 

Only occupational groups will be exposed. 

Need for Information: B . 
More knowledge is needed in the area of high-energy neutron 

interactions with biological systems and effects on these 

sys tems . 



Urgency f o r  Knowledge: C 

Con t inu ing  s t u d i e s  o f  n e u t r o n  e f f e c t s  r e l e v a n t  t o  b o t h  

f u s i o n  and f i s s i o n  are needed t o  a s s u r e  t h a t  a l l  

e x p o s u r e s  c a n  be  p r o p e r l y  hand led .  

E s t i m a t e d  Program C o s t s  

1) T o t a l  - $5 m i l l i o n  

2 )  FY-1977 - $0.1  m i l l i o n  



PROGRAM TITLE 1: Determine, Using Appropriate Experimental 

Animals and'other Laboratory Model Systems, 

Qualitative and Quantitative Effects on 

Living Systems of Hazardous Agents Associated 

with Controlled Fusion Technology . 
Program Unit 1.3: Determine Biologic Effects of Fuels and Fuel- 

Related Components Associated with Controlled 

Fusion Technology 

Technology: Fusion 

King-Muir Category: Health Effects 

Scope 

Several isotopic species may be considered as fuel 

components if one includes tritium breeders (lithium) and 

neutron multipliers (beryllium) in the CTR plasma blanket. 

Occupational and public health hazards arise from the large 

amounts of these materials in the production of power by 

nuclear fusion. CTRs that use flibe (LiF-BeF) as a tritium 

breeding blanket will have to process the flibe to recover 

the tritium. Such processing increases the potential for 

release of small amounts of BeF, and therefore the conse- 

quences of lifetime exposures to pragmatic levels of BeF and 

LiF must be evaluated, as well as consequences of acute 

exposures following accidental releases. 

Potential health hazards posed by deuterium are 

probably minimal, although studies have shown biologic 

effects as a result of gross incorporation of deuterium 

oxide by animals. Tritium, on the other hand, represents a 

potential problem because: it is present in large quanti- 

ties; it may unavoidably diffuse or leak from various 

components in the power plant facility; and its environmental 

conversion may result in the accumulation of readily incor- 

porated tritium oxide and organic tritium compounds in the 



atmosphere, water and food web. Whether such forms of tritium 

pose a human health hazard is controversial, and research-- 

particularly in the areas of mutagenesis and teratogenesis-- 

should be directed toward resolving that controversy. 

Program Unit Priority 

Severity of Problem: A 

With the large curie amounts of T expected to be routinely 

released and the massive inventories that could escape 

under accidental conditions, public concern is inevitable. 

Extensive research at pragmatic T concentrations will 

be required to respond to this public concern by fully 

defining occupational and public safety. 

Extent of Problem: A 

Occupational exposure is of prime importance, but mass 

exposure to low levels of tritium appears inevitable. 

Accident situations will increase the magnitude of 

potential risk and of public reaction. 

Need for Information: A 

Although considerable information is available on toxicity 

of tritiated water, it is nevertheless inadequate to 

define the consequences of lifetime exposure to low levels. 

Urgency: A 

Research on long-term, low-level effects from tritium 

should begin immediately. 

Estimated Program Costs 

1) Total - $50 million 
2) FY-1977 - $1.5 million 



PROGRAM TITLE 1: Determine, Using Appropriate Experimental 

Animals and Other Laboratory Model Systems, 

Qualitative and Quantitative Effects on 

Living Systems of Hazardous Agents Associated 

with Controlled Fusion Technology 

Program Unit 1.4: Determine Biologic Effects of Radionuclides 

and Other Hazardous Materials Present and 

Produced in Fusion Reactor Wall, or in Other 

Areas, to which Humans May be Exposed 

Technology: Fusion 

King-Muir Category: Health Effects 

Neutron interactions in blanket materials produce various 

effects, including atomic displacements, gas production 

(through n,a and n,p reactions), transmutation to different 

chemical species and post-shutdown release of "afterheat" 

through radioactive decay of activated materials. Radioactive 

material induced in the containment vessel becomes important 

because various mechanisms (sputtering, gas blistering, 

ernbrittlement, alloying) may necessitate periodic replacement 

of the vessel and cause activation products to be present in 

spent plasma and in the lithium blanket. Occupational 

personnel may be directly exposed and, in the event of 

accident, the public sector may risk exposure to activation 

products. Materials presently considered for first wall 

containment include stainless steel, vanadium, molybdenum, 

niobium, and graphite. Activation products from such mate- 

rials must be assessed for their potential implications to 

health. Fast fission decay products should also be considered 

if the fission-fusion hybrid CTR becomes a likely candidate 

for early use. Immediate work on preliminary tests to evalu- 

ate potential oncogenicity in rodents is needed so that more 



d e f i n i t e  s t u d i e s  i n  l o n g e r - l i v e d  animals  can be  completed 

b e f o r e  s t a r t u p  of  a  demons t ra t ion  CTR i n  1990. 

Program Unit  P r i o r i t y  

S e v e r i t y  o f  Problem: A 

Corros ion and s p a l l a t i o n  of  w a l l  m a t e r i a l s  w i l l  

i n t r o d u c e  r a d i o n u c l i d e s  i n t o  t h e  s p e n t  plasma recovery  

system and i n t o  t h e  t r i t i u m  b reed ing  b l a n k e t ,  bo th  

of  which a r e  r o u t i n e l y  t r e a t e d  f o r  f u e l  r ecovery .  Such 

t r e a t m e n t  i n c r e a s e s  t h e  p o t e n t i a l  f o r  r e l e a s e  a s  does  

w a l l  removal and s t o r a g e .  

Ex t en t  of  Problem: B 

Except  f o r  a c c i d e n t  c o n d i t i o n s  and waste  s t o r a g e  problems,  

on ly  o c c u p a t i o n a l  groups w i l l  b e  a t  r i s k .  

Need f o r  Knowledge: B 

L i t t l e  i s  known abou t  t h e  metabolism and f a t e  of s e v e r a l  

of t h e s e  m a t e r i a l s .  A s  w i t h  any m a t e r i a l  which cou ld  

a f f e c t  human h e a l t h ,  knowledge of  p o t e n t i a l  e f f e c t s  i s  

nece s sa ry .  

Urgency: B 

In fo rmat ion  should  be  ob t a ined  on t h e  i s o t o p e s  t h a t  a r e  

n o t  w e l l  documented b e f o r e  o p e r a t i o n  of  t h e  f i r s t  

demons t ra t ion  CTR. Ea r ly  t e s t i n g  of metabo l ic  behav io r  

and o f  t h e  p o t e n t i a l  of  t h e s e  r a d i o n u c l i d e s  t o  e x h i b i t  

oncogenic behav ior  a t  c o n c e n t r a t i o n s  l i k e l y  t o  occur  i n  

occupa t i ona l  pe r sons  i s  needed. I f  oncogenic  behav io r  

i s  observed i n  r o d e n t s ,  tests i n  l onge r - l i ved  animals  

shou ld  be  completed b e f o r e  1990, when demons t ra t ion  

CTRs a r e  p r o j e c t e d  t o  become o p e r a t i o n a l .  

Es t imated  Proaram Cos t s  

1) T o t a l  - $8 m i l l i o n  

2 )  FY-1977 - $0.25 m i l l i o n  



PROGRAM TITLE 2: - Assess Risk and Establish Exposure Standards 

for Humans Exposed to Hazardous Agents 

Associated with Controlled Fusion Technology 

Program Unit 2.1: Develop and Improve Methods for Extrapolating 

Dose-Effect Relationships in Laboratory 

Animals and Other Model Systems to Humans 

Technology: Fusion 

Kina-Muir Cate~orv: Health Effects 

Scope 

This program involves the use of experimental animals, 

organs, tissues, cells, and culture techniques with an 

emphasis on developing predictive models for extrapolation 

of data from laboratory systems to man. An interspecies 

comparative approach to dose-effect relationships will be 

required, as well as a comparison of whole-animal results 

with those obtained by cell and organ culture. Eventually 

predictive models applicable to long-term, low-level exposures 

to various combinations of agents and to delayed toxicologic 

effects must be developed. 

Program Unit Priority - 

Severity of Problem: A 

The value of all other laboratory data on health effects 

depends ofi the ability to extrapolate these findings to 

the human case. 

Extent of Problem: Not applicable. 

Need for Information: A 

Finding suitable models, establishing mechanisms of 

action, and developing methods for extrapolation to 

man are problems of high priority in biological 

research. 



Urgency: B 

The quest for suitable experimental species and labo- 

ratory model systems is an ongoing and continuing 

long-range problem. 

Estimated Proaram Costs 

1) Total - Since this is a problem in common with other 
technologies, there is no way to identify costs 

specially identified with the fusion technology. 

2) FY-1977 - $1.25 million 



PROGRAM TITLE 2: Assess  Risk t o  and E s t a b l i s h  Exposure 

S t a n d a r d s  f i r  Humans Exposed t o  Hazardous 

Agents Assoc ia ted  w i t h  C o n t r o l l e d  Fus ion 

Technology 

Program U n i t  2 . 2 :  E s t a b l i s h  and Conduct ~ p i d e m i o l o g i c a l  and 

C l i n i c a l  S t u d i e s  i n  S e l e c t e d  P o p u l a t i o n  

Groups t o  E v a l u a t e  E f f e c t s  and Assess  R i sks  

o f  Exposure t o  Rad ionuc l ides  and Other  

Hazardous Agents Assoc ia ted  w i t h  C o n t r o l l e d  

Fus ion Technology 

Technoloav: Fus ion 

King-Muir Category:  H e a l t h  E f f e c t s  

Scope 

T h i s  program emphasizes t h e  q u a n t i t a t i v e  e v a l u a t i o n  of 

exposure  r i s k  and h e a l t h  e f f e c t s  i n  man produced by long- term,  

low-level  exposure  t o  hazardous  a g e n t s  a s s o c i a t e d  w i t h  CTR 

o p e r a t i o n .  P e r i o d i c  c l i n i c a l  examina t ions ,  i n c l u d i n g  whole- 

body c o u n t i n g ,  of  o c c u p a t i o n a l  p e r s o n n e l  and s e l e c t e d  l o c a l  

p o p u l a t i o n  groups  w i l l  be conducted .  I n  a d d i t i o n ,  a  

r e g i s t r y  s h o u l d  be  e s t a b l i s h e d  t o  e n a b l e  comparison o f  

d i s e a s e  i n c i d e n c e  and l i f e  span i n  o c c u p a t i o n a l  groups  w i t h  

p o p u l a t i o n s  remote t o  CTR f a c i l i t i e s .  E a r l y  s t u d i e s  of 

p o p u l a t i o n s  exposed t o  h i g h  magnet ic  f i e l d s  w i l l  be r e q u i r e d  

t o  supplement  s t u d i e s  o f  such  f i e l d  e f f e c t s  i n  e x p e r i m e n t a l  

an imals ,  and t o  p r o v i d e  d i r e c t  d a t a  on humans. 

Program U n i t  P r i o r i t y  

S e v e r i t y  o f  Problem: A 

E a r l y  work on magnet ic  f i e l d s  i s  r e q u i r e d  s i n c e  r e s u l t s  

o f  such  work cou ld  a f f e c t  CTR d e s i g n .  Magnetic f i e l d s  

from c y c l o t r o n s ,  a c c l e r a t o r s ,  e t c .  shou ld  be examined 

f o r  f i e l d  s t r e n g t h s  i n  a r e a s  occupied  by workers ,  and t h e  

workers  t h e n  surveyed.  



Extent of Problem: B 

Occupational groups arc the major concern. 

Need for Information: I3 

Therc is no knovin epidemiologic study of effects from 

magnetic fields on humans, and it would be difficult 

to identify ~ossible parameters for such a study. 

However, the possibility of neurologic or behavioral 

effects, as well as other potential effects, needs 

careful evaluation. Combined effects from such factors 

as tritium and magnetic fields should also bc studied 

to assure safc working conditions at CTRs. 

Urgency: A 

An epidemiologic study of effects on humans exposed to 

existing magnetic fields is needed immediately to 

supplcmcnt animal studies and make such studies more 

relevant to humans. 

Estimated - Program Costs 

1) Total - $ 5  million 

2) FY-1977 - $0.2 million 



PROGRAM UNIT TITLE: Behavior of Nonradioactive Chemicals, 

Thermal and Magnetic Energy Likely To 

Be Released to the Environment During 

CTR Operation and the Ecological 

Significance of Such Releases 

Technology: Fusion 

King-Muir Category: Ecological Effects 

Scope 

CTRs will require large amounts of special materials such 

as lithium metal and flibe (LiF-BeF2), Nb, V, and Pb. Although 

the ecological behavior of some of these elements is known in 

a qualitative sense, little is known about the quantitative 

aspects of large environmental release. This program will 

emphasize measurements of sublethal stress resulting from 

chronic releases during operation of CTRs and from related 

mining and manufacturing activities. Acute damage parameters 

must be identified to establish consequences of accidental 

releases. Thermal and chemical releases are not unique but 

their magnitude of involvement may require special attention. 

Effects of magnetic fields should be studied if the technology 

indicates that measureable forces operate outside the reactor 

building. 

Milestones (Followina Proaram Initiation) 

Year 1: Estimate source terms based on literature and 

engineering calculations pursuant to design of 

laboratory and field experiments. Thermal effects 

studies should be coordinated with similar work 

for other energy sources. 

Year 3: Identify biota and life stages most sensitive to 

lithium. 



Year  6 :  Determine  i m p l i c a t i o n s  o f  a c u t e  e x p o s u r e  t o  L i  i n  

s e l e c t e d  compar tments  of  t e r r e s t r i a l  and a q u a t i c  

e c o s y s t e m s .  

F u t u r e :  E v a l u a t e  o t h e r  p o t e n t i a l  p o l l u t a n t  e f f e c t s  a s  CTR 

t e c h n o l o g y  deve lopmen t  d i c t a t e s  need f o r  i n f o r m a t i o n .  

Program Uni t  P r i o r i t y  

S e v e r i t y  o f  Problem: B 

R e l e a s e s  of  p o t e n t i a l l y  t o x i c  m a t e r i a l s  u n i q u e  t o  CTRs 

may r e s u l t  f rom a c c i d e n t s  a s  w e l l  a s  f rom t h e i r  m i n i n g ,  

r e f i n i n g  and m a n u f a c t u r e .  

E x t e n t  o f  Problem: C 

These  m a t e r i a l s  w i l l  n o t  l i k e l y  become w i d e l y  d i s p e r s e d .  

L o c a l  c o n c e n t r a t i o n s  o f  s i g n i f i c a n c e  a r e  more l i k e l y  a s  

a  r e s u l t  o f  m i n i n g ,  r e f i n i n g ,  m a n u f a c t u r i n g ,  o r  

a c c i d e n t a l  r e l e a s e s .  

Need f o r  I n f o r m a t i o n :  B 

L i t t l e  i s  now known a b o u t  e c o l o g i c a l  e f f e c t s  f rom CTR 

c a n d i d a t e  m a t e r i a l s  such  a s  l i t h i u m ,  B e ,  V ,  and  Nb. 

P r o t e c t i o n  of  n a t i v e  l i f e  s y s t e m s  and  o f  human h e a l t h  

r e q u i r e s  much improved knowledge o f  t h e i r  b e h a v i o r  i n  

b i o t i c  s y s t e m s .  

Urgency: C 

Only l i t h i u m  a p p e a r s  t o  have  a s s u r e d  u s e  i n  l a r g e  

q u a n t i t i e s  i n  CTRs. Work on L i  s h o u l d  be i n i t i a t e d  

soon  b u t  o t h e r  work c a n  a w a i t  f u r t h e r  d e f i n i t i o n  o f  

m a t e r i a l s  r e q u i r e m e n t s .  

E s t i m a t e d  Program C o s t s  

1) T o t a l  Program U n i t  - $5 m i l l i o n  

2 )  FY-1977 - $ 0 . 2  m i l l i o n  



PROGRAM UNIT TITLE: Determine Behavior of Neutron Activation 

Products Associated with CTR Operation, 

Determine their Effects on Ecosystems and 

Identify Potential Accumulation in Native 

and Agricultural Food Chains Leading to 

Human Consumption 

Technology: Fusion 

King-Muir Category: Ecological Effects 

Scope 

The highly energetic neutrons from fusion-induced radio- 

active products may include 2 6 ~ 1 ,  5 1 ~ i 1  5 5 ~ e ,  6 0 ~ o ,  4 9 ~ .  

93194~b1 and 5 3 ~ n .  Due to dissipation of low levels of these 

materials as aerosols during operation and during periods of 

containment wall replacement is probable. Although the 

ecological behavior of some of these materials is known from 

worldwide fallout sampling in a qualitative sense, quantitative 

measurements, especially from aerosol + biota -+ man are still 

needed. 

Milestones (Followina Proaram Initiation) 

6 Months: Estimate source terms based on literature and 

engineering calculations pursuant to design of 

laboratory and field experiments. 

Year 2: Estimate accumulation and retention in selected 

compartments of terrestrial and aquatic ecosystems. 

Year 3: Determine trophic relationships and dose commitment 

to selected compartments in terrestrial and aquatic 

ecosystems. 

Year 4: Determine implications of longer-term exposure to 

selected compartments of terrestrial and aquatic 

ecosys tems . 



Year 5: Synthesize accumulated information. 

Proqram Unit Priority 

Severity of Problem: B 

Potential for release of some of these materials appears 

to be high. 

Extent of Problem: C 

Effects will he proximate to fusion reactors. 

Need for Information: B 

This information will be needed to assist in establishing 

limits for releases during plasma recovery and repurifica- 

tion as well as techniques required for containment wall 

replacement, storage, and reprocessing. 

Urgency: C 

Some delay is possible since containment materials have 

not yet been defined. 

Estimated Proaram Costs 

1) Total Program Unit - $5 million 

2) FY-1977 - $0.1 million 



PROGRAM UNIT TITLE: Determine Nature of Responses of 

Ecosystems to Tritium Released into 

Environment by Fusion Reactors and 

Determine Health Hazards Resulting 

from Transfer and Transformation 

Through Food Chains 

Toxicology: Fusion 

King-Muir Category: Ecological Effects 

Scope 

Chronic releases of tritium from CTRs are expected to 

occur by diffusion of the molecular species through heat 

exchangers and to be released with the air or water used for 

cooling. Those ecosystems in which tritium oxidation occurs 

need to be identified and oxidation rates determined so that 

local and global rates of conversion to the more biologically 

available tritiated water can be evaluated. Doses delivered 

to sensitive elements require a careful evaluation, particu- 

larly with respect to immunologic compromise, mutation, and 

species competition. 

Milestones (Following Program Initiation) 

Year 1: Estimate source terms based on literature and 

engineering calculations pursuant to design of 

laboratory and field experiments. 

Year 2: Estimate accumulation and retention of tritium 

in selected compartments of terrestrial and 

aquatic ecosystems. 

Year 4: Determine tropllic relationships and dose commitments 

to selected compartments in terrestrial and aquatic 

ccosys terns. 



Year  6 :  D e t e r m i n e  i m p l i c a t i o n s  o f  l o n g e r - t e r m  e x p o s u r e  t o  

s e l e c t e d  c o m p a r t m e n t s  o f  t e r r e s t r i a l  a n d  a q u a t i c  

e c o s y s t e m s .  

Y e a r  5 :  S y n t h e s i z e  a c c u m u l a t e d  i n f o r m a t i o n .  

P r o g r a m  U n i t  P r i o r i t y  

S e v e r i t y  o f  P r o b l e m :  B 

R e l e a s c d  t r i t i u m  w i l l  b e  p r i m a r i l y  i n  a t o m i c  o r  

m o l e c u l a r  f o r m  a n d  w i l l  c o n s t i t u t e  l i t t l e  h a z a r d  

u n t i l  o x i d i z e d .  B i o t i c  a n d  a b i o t i c  s y s t e m s  c o n v e r t i n g  

t r i t i u m  t o  w a t e r  and  t o  o r g a n i c  f o r m s  n e e d  t o  b e  

i d e n t i f i e d  a n d  c o n v e r s i o n  r a t e s  e s t a b l i s h e d  t o  b e t t e r  

e s t a b l i s h  e s t i m a t e s  o f  d o s e  c o m m i t m e n t s .  S p e c i a l l y  

s e n s i t i v e  b i o t i c  s y s t e m s  m u s t  h c  i d e n t i f i e d .  

E x t e n t  o f  P r o b l e m :  B 

F u l l  c o n t a i n m e n t  o f  t r i t i u m  a p p e a r s  i m p o s s i b l e  a n d  

r e l e a s e s  f r o m  CTRs w i l l  b e  much h i g h e r  t h a n  f r o m  BWRs 

o r  PWRs. Wor ldwide  d i s t r i b u t i o n  o f  t r i t i u m  w i l l  o c c u r .  

N i g h e r  l o c a l  c o n c e n t r a t i o n s  w i l l  o c c u r  i f  r a p i d  o x i -  

d a t i o n  o f  t r i t i u m  t a k e s  p l a c e .  

Need f o r  I n f o r m a t i o n :  B 

I t  i s  p a r t i c u l a r l y  i m p o r t a n t  t o  i d e n t i f y  c o n v e r s i o n  

r a t e s  of  t r i t i u m  t o  t h e  o x i d e ,  a n d  t o  i n c r e a s e  

i n f o r m a t i o n  a b o u t  e f f e c t s  o n  s e n s i t i v e  a s p e c t s  o f  t h e  

b i o t a - - s u c h  a s  t h e  immune s y s t e m .  

Urgency :  B 

S u b s t a n t i a l  t i m e  r e m a i n s  t o  a c q u i r c  t h e  n e e d e d  d a t a  f o r  

CTRs. I I o t ~ c v c r ,  t h i s  p r o b l e m  i s  n o t  u n i q u e  t o  f u s i o n  

a n d  s p e c i f i c  p r o b l e n l s  now i d e n t i f i e d ,  s u c h  a s  e f f e c t s  

o f  l o w  d o s e s  o f  T  o n  t h e  immune s y s t e m ,  n e e d  t o  b e  

a c t i v e l y  p u r s u e d .  



Est imated  Program Cos t s  

1) T o t a l  Program Unit  - $7 m i l l i o n  

2) FY-1977 - $0.2 million 



PROGRAM TITLE 1: Environmental and Health Impact Assessment 

Proaram Unit 1.1: Determine Current State-of-the-Art for 

Evaluating Environmental and Health Effects 

from Fusion Energy Systems; Define Source 

Terms from Various Fusion Fuel Cycle 

Components; and Identify Major Data Inputs 

to Environmental Transport and Health 

Consequences Calculations 

Technology: Fusion (CTR) 

King-Muir Category: Integrated Assessment 

Scope 

Maintain contact wlth developing CTR technology. Source 

. terms from the entire fusion energy cycle (including raw 

material extraction, pre-treatment processes, power plant 

operation, material transportation, and waste disposal) will 

be evaluated wit11 state-of-the art technology to comprehen- 

sively estimate environmental and health consequences of 

fusion energy systems. Source terms evolving from CTR 

research ~ 1 1 1  be used to rank problem importance and prioritize 

needed research. 

Program Unit Priority 

Severity of Problem: B 

Liaison with CTR research needs to be maintained so 

early identification of potential health and environ- 

mental effects can be identified. 

Extent of Problem: C 

It would be premature to icientify the extent of health 

and environmental effects at this time. 



Need f o r  I n f o r m a t i o n :  B 

C o h e r e n t  e v a l u a t i o n  o f  p o t e n t i a l  e f f e c t s  w i l l  be  

r e q u i r e d .  

Urgency: C 

CTR t e c h n o l o g y  i s  s t i l l  i n  a n  e a r l y  e x p l o r a t o r y  s t a g e .  

E s t i m a t e d  Program C o s t s  

1) T o t a l  - $0.25  m i l l i o n  

2 )  FY-1977 - $75 t h o u s a n d  



PROGRAM TITLE 1: Environmental and Health Impact Assessment 

Program Unit 1.2: Develop an Empirical Method for Ranking 

Source Terms; Evaluate and Develop Safety 

and Environmental Criteria for the 

Assessment of Environmental Impact of 

Fusion Energy Systems 

Technology : Fusion (CTR) 

King-Muir Category: Integrated Assessment - 

Develop list of expected guidelines and criteria for 

licensing fusion reactors, related materials supply, repro- 

cessing, and waste disposal facilities; identify needed 

criteria that cannot be developed through adoption or 

modification of existing criteria. 

Program Unit Priority 

Severity of Problem: B 

A coherent approach to identifying relative importance 

of source terms and applying them is needed. 

Extent of Problem: C 

Not yet established. 

Need for Information: 13 

Potential implications of CTR technology must be 

anall-zed by groups skilled in systematically evaluating 

health and environmental implications of new technologies. 

Urgency: C 

Source terms are not yet sufficiently identified to permit 

substantive development of new methods or testing of 

existing methods. 



4 5 t s  -- 

1) Total - $1 million 
2) FY-1977 - $0.1 million 



APPENDIX I 

Some of the material requirements projected for CTR and 

LMFBR power plants are shown in Tables I through IV, which 

will be published in BNWL-2013, "Current Fusion Power Plant 

Design Concepts." 
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TABLE 11. CTR Powerplant Material Requirements - Average Annual 
Replacement Quantities* (Metric Tons) 

ORNL' Theta P i n c h  .. ~ i r r o r ~  .- BNL ~ l a n k e t ~  - 

*See Foo tno tes  t o  Tab le  I 

a .  Due t o  316 SS r e p l  ace~nent .  32 due t o  b i a n n u a l  r e p l  acenient o f  i n n e r  b l a n k e t ;  68 due t o  r e p l  acement 
o f  remainder  o f  b l a n k e t  eve ry  10 y e a r s .  

b .  Due t o  Pe-16 rep lacement ;  o n e - f i f t h  o f  b l a n k e t  each y e a r  

c .  Replace b l a n k e t  e v e r y  10 years .  

d .  Rep lace o n e - f i f t h  o f  b l a n k e t  modules each y e a r .  

e .  B l a n k e t  l i f e  i s  n o t  es t i i i i a ted  i n  t h e  d e s i g n .  304 SS s t r u c t u r e  and f i r s t  w a l l  l o a d i n g  a r e  s i m i l a r  t o  
U W M A K - I .  Tab le  i s  based upon rep lacement  schedule  p o s t u l a t e d  b y  rough  ana logy  t o  U1.IMAK-I. 
Replacel l lent o f  i n n e r  30 c~ i i  of b l a n k e t  e v e r y  2 y e a r s ;  rep lacement  o f  o u t e r  70 cm of  b l a n k e t  
e v e r y  10 y e a r s ;  30 y e a r  p l a n t  l i f e .  

f .  Rep lace o n e - t h i r d  o f  b l a n k e t  modules each y e a r  



TABLE I. Footnotes 

* I n  a d d i t i o n  t o  t he  sources i n d i c a t e d  i n  footnotes  a. b. c ,  d, e. and f, the  
f o l l o w i n g  powerp lant  des igns  were consu l t ed  b u t  d i d  no t  i n c l u d e  i n f o r m a t i o n  
on m a t e r i a l  requ i rements :  

J. U i l l i a m s ,  1. Kerson. F. F inch,  F. S c h i l l i n g ,  and 1. Frank. "A'Conceptual 
Laser  C o n t r o l l e d  Thermonuclear Reactor Power P lant . "  CONF-740402-PI. 
P r o c e e d ~ n q ~  o f  the F i r s t  Top i ca l  M e e t ~ n  on the T e c h n o l g y  of c o n t r o l l e d  - -- - -- -- 
t i uc lea r  - -- Fusion, - -- San D ~ e g o ,  CA. A p r i l  16918. 1974. (The " W = e ~ ~ i l - l 7 5 n c e p t . )  

A. P. Fraas, "Conceptual Designs o f  a  Se r i es  o f  Laser -Fus ion Power P l a n t s  
o f  103 t o  300 MW(e)." presented a t  t he  9 t h  l n t e r s o c i e t y  Energy Convers ion 
Eng inee r i ng  Conference. San Franc isco,  CA. August 26-30, 1974. (The 
"B lascon"  concept .  ) 

J. Vovingh, J. Mdnisca lco,  M. Peterson, and R. W. Uerner.  "The P r e l i m i n a r y  
U1 Oesign o f  a  Suppressed A b l a t i o n  Laser-Induced Fusion Reactor." CONF-740402-PI. 
w Proceet ings of t?e  F i r s t  Top i ca l  Mee t i n  on the Technolo o f  C o n t r o l l e d  - - -. - -. 

Tl ie r !?on,~c lear  Fus ion.  Sdn Diego. CA. A & i l  16-18. 1 9 7 ~ S u p ~ ~ ~ ~ d  
~ % - i a T b r i T i n 2 - C p t T  

a. Qeview D r a f t ,  5/9/75; B.  Badger e t  a l .  (22 au tho rs ) .  +YAK-I, A  U i s c o n s i n  
!-oo_r_o.Iddl Fus ion  Reactor  Design, Volume 11. UWFDY-68. U n i v e r s i t y  o f  
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APPENDIX I1 

The f o l l o w i n g  r e p o r t  summarizes o u r  c u r r e n t  i n f o r m a t i o n  

a b o u t  e f f e c t s  from m a g n e t i c  f i e l d s  and i n d i c a t e s  r e s e a r c h  needs  

i n  t h i s  a r e a .  T h i s  m a t e r i a l  was t a k e n  f rom t h e  m a n u s c r i p t  

which l a t e r  a p p e a r e d  a s :  Biomagnet ic  E f f e c t s :  A C o n s i d e r a t i o n  

i n  F u s i o n  R e a c t o r  Development,  (BNWL-1973) by D.  D. Mahlum, 

Februa ry  1976.  
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D.  D. Mahlum 

Biology Department  
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P a c i f i c  Nor thwest  L a b o r a t o r i e s  

R i c h l a n d ,  WA 99352 

INTRODUCTION 

Fus ion  a s  a  power s o u r c e  i s  r e c e i v i n g  i n c r e a s e d  a t t e n t i o n .  

S e v e r a l  d e s i g n s  have  been proposed  and t h e  f e a s i b i l i t y  of  e a c h  

a l t e r n a t i v e  i s  b e i n g  s t u d i e d .  A s  w e  move c l o s e r  t o  a  working  

d e s i g n ,  w e  s h o u l d  n o t e  p o t e n t i a l  b i o l o g i c a l  h a z a r d s  a s s o c i a t e d  

w i t h  f u s i o n  r e a c t o r  o p e r a t i o n .  The p r e s e n c e  of  l a r g e  magne t i c  

f i e l d s  and t h e  e m i s s i o n  of  t r i t i u m  and l i t h i u m  a r e  some o f  t h e  

a r e a s  t h a t  need c o n s i d e r a t i o n .  

T h i s  r e p o r t  summarizes r e s u l t s  of  a  r ev iew of t h e  c u r r e n t  

s t a t e  of knowledge c o n c e r n i n g  b i o l o g i c a l  e f f e c t s  of  magne t i c  

f i e l d s  a l o n e  and i n  combina t ion  w i t h  i o n i z i n g  r a d i a t i o n .  The 

purpose  o f  t h e  r ev iew i s  t o  h e l p  i d e n t i f y  a r e a s  r e q u i r i n g  a d d i -  

t i o n a l  b i o m e d i c a l  r e s e a r c h  f o r  e s t a b l i s h i n g  g u i d e l i n e s  f o r  

r e a c t o r  d e s i g n  and o p e r a t i o n .  

Al though t h i s  r ev iew h a s  a s  i t s  main f o c u s  a n  e v a l u a t i o n  

of t h e  p o t e n t i a l  b i o l o g i c a l  e f f e c t s  a s s o c i a t e d  w i t h  o p e r a t i o n  

of f u s i o n  r e a c t o r s ,  t h o s e  e f f e c t s  may a l s o  have i m p l i c a t i o n s  

f o r  o t h e r  s i t u a t i o n s .  For  example,  bubb le  chamber o p e r a t i o n s ,  

c y c l o t r o n  ma in tenance ,  e v e n t u a l  u s e  o f  l e v i t a t e d  t r a i n s ,  s p a c e  

t r a v e l ,  and work around h i g h - v o l t a g e  s y s t e m s  may a l l  r e s u l t  i n  

e x p o s u r e  o f  p e o p l e  t o  f i e l d s  g r e a t e r  t h a n  t h e  geomagnet ic  

background.  



The r e f e r e n c e s  i n c l u d e d  i n  t h i s  r e v i e w  r e p r e s e n t  o n l y  

a  f r a c t i o n  o f  t h e  l i t e r a t u r e  a v a i l a b l e  on b i o l o g i c a l  e f f e c t s  

o f  m a g n e t i c  f i e l d s .  The work by Busby ( I ) ,  t h e  volumes 

e d i t e d  by Barnothy  ( 2 , 3 )  and t h e  E n g l i s h  t r a n s l a t i o n  of  t h e  

Russ i an  work by Presman ( 4 )  a s  w e l l  a s  t h e  b i b l i o g r a p h i e s  

by Mangane l l i  ( 5 ) ,  and D a v i s ,  Pappa john ,  and P l a v i n i e k s  ( 6 )  

p r o v i d e  a d d i t i o n a l  and more d e t a i l e d  r e v i e w  m a t e r i a l  on b i o -  

m a g n e t i c  e f f e c t s .  

C u r r e n t  f u s i o n  r e a c t o r  c o n c e p t s  r e l y  on t h e  u s e  o f  

m a g n e t i c  f i e l d s  t o  c o n f i n e  h i g h  t e m p e r a t u r e  p l a smas .  The 

magni tude  and  geometry  o f  t h e s e  f i e l d s  w i l l  depend on t h e  

r e a c t o r  c o n c e p t  u l t i m a t e l y  employed. The Tokamak and  Yin 

Yang c o n f i g u r a t i o n s  b o t h  have  a  l a r g e  d i p o l e  f i e l d  e x t e r n a l  

t o  t h e  b i o l o g i c a l  s h i e l d .  I n  c o n t r a s t ,  t h e  e x t e r n a l  m a g n e t i c  

f i e l d  o f  t h e  t h e t a  p i n c h  d e s i g n  s h o u l d  be  s m a l l  b e c a u s e  o f  

e f f e c t i v e  c a n c e l l a t i o n  o f  oppos ing  f i e l d  c o i l  e l e m e n t s  t h a t  

l e a v e  o n l y  h i g h  o r d e r  m u l t i p o l e  moments. The l a s e r  i m p l o s i o n  

c o n c e p t  u s e s  a  modest  d i v e r t o r  f i e l d  t o  p r o t e c t  i t s  i n n e r  

w a l l .  

The most  e x t e n s i v e  c a l c u l a t i o n s  and p l o t s  o f  m a g n e t i c  

f i e l d  p a t t e r n s  have  been pe r fo rmed  f o r  t h e  Tokamak r e a c t o r  

a s  c o n c e i v e d  i n  U W M A K - I  and based  on a 5000-megawatt t h e r m a l  

p l a n t .  Two t y p e s  o f  magne t i c  f i e l d s  a r e  e n c o u n t e r e d  i n  a 

r e a c t o r  based  on t h i s  c o n c e p t ,  a  t o r o i d a l  f i e l d  p roduced  by 

t h e  main t o r o i d a l  m a g n e t i c  f i e l d  c o i l s  and a p o l o i d a l  f i e l d  

produced  by t h e  p lasma c u r r e n t ,  d i v e r t o r  c o i l s ,  and  t r a n s -  

former  c o i l s .  The t o r o i d a l  f i e l d  i s  g e n e r a t e d  i n  t h e  p l a n e  

of t h e  t o r u s  and t h e  s t r e n g t h  may v a r y  from 10 ,000  g a u s s  i n  

t h e  a r e a  s u r r o u n d i n g  t h e  n u c l e a r  i s l a n d  t o  <1 g a u s s  a t  t h e  

o u t e r  edge  o f  t h e  r e a c t o r  b u i l d i n g  ( a b o u t  50  meters).  The 

; ) o l > i d a l  f i e l d  r a d i a t e s  b o t h  v e r t i c a l l y  and h o r i z o n t a l l y  r e l a -  

t i v e  t o  t h e  t o r u s  and r e q u i r e s  a  d i s t a n c e  o f  500 meters t o  

rea.-;.h , 1 g a u s s .  



L e v e l s  o f  i o n i z i n g  r a d i a t i o n  w i l l  l i m i t  a c c e s s  t o  p a r t s  

o f  t h e  r e a c t o r  b u i l d i n g ;  t h u s ,  t h e r e  may be  l i t t l e  l i k e l i h o o d  

of  e x p o s u r e  t o  t h e  t o r o i d a l  f i e l d .  However, p o l o i d a l  f i e l d s  

of  s e v e r a l  hundred  g a u s s  may b e  e n c o u n t e r e d  by p e o p l e  work ing  

i n  t h e  t r a n s p o r t  and  h o t - c e l l  r e g i o n s .  C o n c e i v a b l y ,  t h e s e  

f i e l d s  c o u l d  b e  a s  h i g h  a s  70 t o  450 g a u s s .  Those p e o p l e  

work ing  i n  t h e  r e g i o n  immed ia t e ly  s u r r o u n d i n g  t h e  r e a c t o r  

b u i l d i n g  and  a s s o c i a t e d  f a c i l i t i e s  c o u l d  b e  s u b j e c t e d  t o  

f i e l d  s t r e n g t h s  o f  1 t o  70 g a u s s  f o r  s u b s t a n t i a l  p e r i o d s .  

Beyond t h e  h o r i z o n t a l  p l a n t  b o u n d a r i e s ,  t h e  f i e l d  s t r e n g t h  

w i l l  have  d e c r e a s e d  t o  background s o  p o p u l a t i o n  e x p o s u r e s  

w i l l  n o t  b e  i n v o l v e d .  I t  i s  p o s s i b l e  t h a t  some w i l d l i f e ,  

p a r t i c u l a r l y  b i r d s ,  c o u l d  be exposed  t o  f i e l d  s t r e n g t h s  i n  

t h e  same r a n g e  a s  t h o s e  e n c o u n t e r e d  by p e o p l e  work ing  i n  t h e  

r e g i o n  s u r r o u n d i n g  t h e  r e a c t o r  complex. 

C e r t a i n  s t r a t e g i e s  s u c h  a s  u s i n g  a  Mu m e t a l  l i n e r  i n  t h e  

w a l l  o f  t h e  r e a c t o r  b u i l d i n g  o r  r e d e s i g n i n g  t h e  t r a n s f o r m e r  

t o  b a l a n c e  c u r r e n t s  may h e l p  r e d u c e  t h e  f i e l d  s t r e n g t h s  o u t -  

s i d e  o f  t h e  r e a c t o r .  On t h e  o t h e r  hand ,  h i g h e r  f i e l d  s t r e n g t h s  

may be  produced  i f  t h e  r e s i s t i v i t y  o f  t h e  p lasma i s  lower  t h a n  

t h e  p r e s e n t l y  u sed  v a l u e  o r  i f  d i f f e r e n t  t e m p o r a l  f a c t o r s  a r e  

used .  

POPULATIONS O F  CONCERN 

The g e n e r a l  p u b l i c  w i l l  n o t  be  exposed  t o  t h e  m a g n e t i c  

f i e l d s  u sed  i n  f u s i o n  r e a c t o r s .  The m a j o r  c o n s i d e r a t i o n  

i n  e v a l u a t i n g  p o s s i b l e  consequences  o f  e x p o s u r e  o f  p e o p l e  

t o  a h i g h  m a g n e t i c  f i e l d  i s ,  t h e r e f o r e ,  d i r e c t e d  toward  



p e r s o n n e l  working i n  t h e  r e a c t o r  and a s s o c i a t e d  f a c i l i t i e s .  

T h i s  g r o u p  can t h e n  b e  c o n s i d e r e d  i n  view o f  t h e  l i k e l y  

makeup o f  i t s  v a r i o u s  subgroups :  (1) male and f e m a l e ;  

( 2 )  t h o s e  w i t h  a  p o t e n t i a l l y  g r e a t e r  s e n s i t i v i t y  t o  i n s u l t ,  

( a )  t h o s e  w i t h  i d e n t i f i a b l e  m e d i c a l  p rob lems ,  ( b )  t h o s e  w i t h  

i d e n t i f i a b l e  p s y c h o l o g i c a l  p rob lems ,  ( c )  p r e g n a n t  women, a n d ,  

( d l  t h o s e  w i t h  m e d i c a l  p r o s t h e t i c  d e v i c e s .  

Magne t i c  e x p o s u r e  of  o t h e r  b i o l o g i c a l  m a t e r i a l  i n  t h e  

envi ronnlent  s u r r o u n d i n g  t h e  f u s i o n  r e a c t o r  w i l l  p r o b a b l y  b e  

o f  minimal  consequence .  An e x c e p t i o n  t o  t h i s  m i g h t  he 

b i r d s ;  e v i d e n c e  i s  a c c u m u l a t i n g  t h a t  t h e i r  n a v i g a t i o n  i s  a t  

l e a s t  p a r t i a l l y  gove rned  b y  g c o m a g e t i c  i n f o r m a t i o n .  

SUMMARY OF L I T E t U  rURE 

fl uma n  

I n t e r e s t  i n  t h e  b i o l o g i c a l  e f f e z t s  o f  m a g n e t i c  f i e l d s  

g o e s  back  p e r h a p s  t h o u s a n d s  o f  y e a r s  t o  t h e  c o n n e c t i o n s  made 

be tween hum,in h e a l t h  and  t h e  m y s t e r i ~ s  powcr o f  t h e  l o d c s t o i l c .  

P r e s e n t  d a y  i n t e r e s t  i n  t h i s  a r e a  i s  i n d i c a t e d  by t h e  e f f o r t s  

o f  n number c f  i n v e s t i g a t o r s  t o  c o r r 2 l n t c  d i s t u r b a n c e s  i n  
t h e  e a r t h ' s  m a g n e t i c  f i e l d  c a u s e d  by  s o l a r  f l a r e s  w i t h  

i n c i d e n c c  o f  d e a t h  ( 7 )  , m e n t a l  d i s o r d e r s  ( 8 , 9 )  , a n d  c a t a s t r o p h i c  

e v e n t s  ( 1 0 ) .  I n  ally r e t r o s p e c t i v e  e p i d e m i o l . o y i c  s t u d y ,  

c a u s e  and e f f e c t  r e l a t i o n s h i p s  a r e  d i f f i c u l t  t o  e s t a b l i s h  

and  t h e  s i L > ~ a t i o n  w i t h  l n s g n c t i c  f i e l d s  i s  no  e x c e p t i o n .  

Dur ing  t h e  p a s t  hulldrecl y e a r s  a number o f  s t u d i e s  h a v e  

b e e n  pe r fo rmed  ir, cin a t t e m p t  t o  d e t e r m i n e  i f  man is  c a p a b l e  

o f  respoi?d inq  i n  s o n c  way t o  a m a g n e t i c  f i e l d .  P e r h a p s  t h e  

f i r s t  dozum-nt.ec1 c f f c c t  i n  man which  was c o n s i s t e n t l y  

r e p r o d u r ~ 1 ~ - L c  w a s  t h a t  o f  s e e i n g  l i g h t  f l a s h e s  when t h e  h e a d  



was piaced in an alternating magnetic field (11). This 

phenomenon known as magnetic phosphene has been studied in 

detail by a number of investigators and several hypotheses 

advanced to explain it. Barlow, Kohn, and Walsh (12) concluded 

that the retina was the probable locus of the effect and 

Valentinuzzi (11) developed a mathematical model to account 

for the excitation mechanism. Peterson and Kennelly (13) 

and Drinker and Thompson (14), using static magnetic fields 

of approximately 2500 gauss, reported no observable effect 

when the head was placed between the poles of the magnetic 

field. 

Beischer, Grissett, and Mitchell (15) have examined the 

response of human volunteers to an extremely low frequency 

(ELF) alternating magnetic field ( webers) . The subjects 

were confined for a one-week period and exposed for either 

10 or 22.5 hours at a time unknown to them. A large number 

of measurements were made, including body temperature, heart 

rate, respiration rate, blood pressure, electrocardiograms, 

effect of stress, short-term memory, psychological response, 

and extensive blood and urine analyses. The only significant 

change found was a transient rise in serum triglyceride 

levels after cessation of exposure. 

In contrast to these well controlled experimental 

studies, there are a number of subjective studies which 

indicate that people exposed to magnetic fields experience a 

number of objectionable effects. Beischer and Reno (16) 

quoted results of the studies of Soviet workers who were 

engaged in the fabrication of permanent magnets. The Soviets 

reported both brady- and tachycardia and a decrease in 

arterial blood pressure. The workers exhibited increased 

irritability, fatigue, occasional dizziness, altered appetite 



and  h e a d a c h e s .  Changes  were found  i n  t h e  e l e c t r o e n c e p h a -  

l o g r a m s ,  p a r t i c u l a r l y  d u r i n g  l i g h t  s t i m u l a t i o n .  Hands w e r e  

r e p o r t e d  t o  e x h i b i t  a  m a r b l i n g  p a t t e r n  a s  w e l l  a s  i t c h i n g ,  

b u r n i n g ,  a n d  numbness.  No e s t i m a t e  o f  f i e l d  s t r e n g t h  was  

r e p o r t e d  i n  B e i s c h e r ' s  d i s c u s s i o n .  B e i s c h e r  a l so  r e p o r t e d  

t h a t  p l a c i n g  t h e  hand  i n  a  1 2 0 , 0 0 0 - g a u s s  f i e l d  r e s u l t e d  i n  a  

f e e l i n g  o f  b i t t e r  c o l d n e s s  and  a c h i n g  o f  b o n e s ,  a l o n g  w i t h  a 

f e e l i n g  a s  i f  a n t s  were moving o v e r  t h e  h a n d s .  

F r i edman ,  B e c k e r ,  and  Bachman ( 1 7 )  e x p o s e d  h e a d s  o f  

p a t i e n t s  t o  f i e l d s  o f  5-11 g a u s s  m o d u l a t e d  a t  e i t h e r  0 . 1  or 

0 . 2  c y c l e s  p e r  s e c o n d .  Exposu re  t o  t h e  0 .2  c y c l e s  p e r  

s e c o n d  f i e l d  s l o w e d  t h e  r e a c t i o n  t i m e  s i g n i f i c a n t l y .  E x p o s u r e  

t o  a 0 . 1  c/s o r  a s t a t i c  f i e l d  d i d  n o t  a l t e r  t h e  r e a c t i o n  

t i m e .  N o  c o n s i s t e n t  c h a n g e s  i n  EEG p a t t e r n s  a ccompan ied  t h e  

a l t e r a t i o n s  i n  t h e  r e a c t i o n  t i m e s  ( 1 8 ) .  

The work o f  Cohen ( 1 9 , 2 0 )  i s  o f  i n t e r e s t  when c o n s i d e r i n g  

t h e  p o s s i b l e  r e s p o n s e  o f  man t o  a  m a g n e t i c  f i e l d .  I n  t w o  

v e r y  c a r e f u l  s t u d i e s ,  h e  was a b l e  t o  d e m o n s t r a t e  t h a t  t h e r e  

a r e  v e r y  small  m a g n e t i c  f i e l d s  a s s o c i a t e d  w i t h  n o r m a l  p h y s i o l o g i c  

f u n c t i o n s  o f  t h e  human body .  H e  o b s e r v e d  a  m a g n e t i c  f i e l d  

component  wh ich  was  s i m i l a r  t o  t h e  ECG component  a s s o c i a t e d  

w i t h  v e n t r i c u l a r  d e p o l a r i z a t i o n  a n d  r e p o l a r i z a t i o n .  H e  a l so  

h a s  f o u n d  m a g n e t i c  f i e l d s  a t  t h e  s u r f a c e  o f  t h e  s c a l p  wh ich  

a p p e a r  t o  b e  p r o d u c e d  by a l p h a  rhy thm c u r r e n t s  o f  t h e  b r a i n .  

Non-Human P r i m a t e s  

D a t a  i n  non-human p r i m a t e s  h a v e  b e e n  p r o v i d e d  by  B e i s c h e r  

and  c o w o r k e r s  ( 2 1 , 2 2 ) .  They h a v e  e x p o s e d  s q u i r r e l  monkeys 

t a  f i e l d s  of 20 ,000  t o  1 0 0 , 0 0 0  g a u s s  a n d  s t u d i e d  c h a n g e s  i n  

t h e  e l c c t r o c a r d i o q r a m .  B r e a t h i n g  r a t e s  a n d  R-wave a m p l i t u d e  

wc?arA urlchanged b u t  t h e r e  was a  d e c r e a s e  i n  h e a r t  r a t e ,  a n  



increase in sinus arrhythmia and an increase in the amplitude 

of the T-wave. Further investigation showed that part of 

the change in the electrocardiogram was due to an EMF generated 

by aortic blood flow. 

There are various other studies with experimental 

animals and isolated organs or tissues which indicate that 

neurological, cardiac, and other muscular function can be 

affected by magnetic fields. However, the magnitude of the 

field required is usually quite large. 

Growth and Development 

Immature organisms often demonstrate an enhanced sensivitity 

to insults of various kinds including radiation, administration 

of toxic drugs and metals and a variety of environmental 

challenges. The biochemical and physiologic processes 

occurring during differentiation and growth often amplify 

the damage which has been produced, facilitating detection 

and measurement of alterations inflicted by an agent. 

Several studies have attempted to utilize this concept for 

studying biomagnetic effects. Nindle (23) in 1895 reported 

an increased incidence of malformations in the chick after 

exposure to an ill-defined magnetic field. However, he 

found no developmental abnormalities when he used the silkworm. 

Perakis (24) found a retardation of development and an 

increased incidence of abnormalities of sea urchin eggs 

exposed to non-homogeneous fields of 8,800 or 43,000 gauss. 

A uniform field of 33,000 gauss appeared to have no effect. 

Beischer (25) also reported retardation of development of 

the sea urchin egg with a field of 140,000 gauss. Neurath 

(26,72) and Levengood (28) worked with frogs and salamanders, 

also providing evidence for an effect of magnetic fields on 



d e v e l o p m e n t .  Moreove r ,  e v i d e n c e  f o r  t h e  i m p o r t a n c e  o f  t h i s  

s t a g e  o f  d e v e l o p m e n t  w a s  p r e s e n t e d  b y  Levengood.  The f i e l d s  

u s e d  i n  t h e s e  s t u d i e s  r a n g e d  be tween  6 , 3 0 0  a n d  1 7 , 7 0 0  g a u s s  

w i t h  l a r g e  g r a d i e n t s .  

A n o t h e r  s t u d y  by Levengood ( 2 9 , 3 0 ) ,  i n  wh ich  D r o s o p h i l a  

pupae  were e x p o s e d  t o  a p p r o x i m a t e l y  150  g a u s s  f r om a  m a g n e t i c  

p r o b e ,  showed t h a t  t h e  d e v e l o p m e n t  t i m e  w a s  i n c r e a s e d  s i g n i f i -  

c a n t l y .  Moreove r ,  when t r e a t e d  m a l e s  w e r e  b r e d  t o  u n t r e a t e d  

f e m a l e s ,  t h e  o f f s p r i n g  showed a n  i n c r e a s e d  d e v e l o p m e n t  t i m e ;  

t h l s  c h a r a c t e r i s t i c  was t r a n s m i t t e d  f o r  30 y e n e r a t i o n s .  I n  

a d d i t i o n ,  t h e  number o f  p r o g e n y  f rom t h e s e  crosses w e r e  

f e w e r  t h a n  f rom c o n t r o l  m a t i n g s .  T r e a t e d  f e m a l e s  d i d  n o t  

c a r r y  t h e  t r a i t  f o r  i n c r e a s e d  d e v e l o p m e n t  t i m e .  The a b i l i t y  

of a  m a g n e t i c  f i e l d  t o  a f f e c t  d e v e l o p m e n t  i n  D r o s o p h i l a  was  

f u r t h e r  documented  b y  Tegenkamp ( 3 1 )  who f o u n d  an  a l t e r a t i o n  

of s e x  r a t i o  a s  w e l l  a s  o t h e r  g e n e t i c  c h a n g e s .  Mulay a n d  

Mulay ( 3 2 )  a l s o  r e p o r t e d  a b n o r m a l i t i e s  i n  D r o s o p h i l a ;  t h e s e  

seemed t o  b e  n o n - g e n e t i c .  B e i s c h e r  ( 2 5 1 ,  i n  c o n t r a s t ,  f o u n d  

1 1 0  e f f e c t  o f  e i t h e r  homogeneous o r  non-homogeneous f i e l d s  o n  

D r o s o p h i l a  d e v e l o p m e n t .  

Only  a few s t u d i e s  h a v e  b e e n  made o f  d e v e l o p m e n t a l  

e f f e c t s  u s l n g  mammals. B a r n o t h y  ( 3 3 )  r e p o r t e d  t h a t  e x p o s u r e  

o f  young m i c e  t o  e i t h e r  a  homogeneous o r  a  nonhomogeneous 

f i e l d  r e s u l - t e d  i n  a  d e c r e a s e d  w e i g h t  g a i n .  The e f f e c t  o f  

t h e  homogeneous f i e l d  w a s  g r e a t e r  t h a n  t h a t  o f  t h e  nonhomo- 

g e n e o u s  f i e l d ,  a l t h o u g h  t h e  d i f f e r e n c e s  were n o t  g r e a t .  

E i s e n l e i n ,  B o u t e l l  and  B i g g s  ( 3 4 1 ,  u s i n g  l a r g e  g r o u p s  o f  

v i r e  a p p r o x i m a t e l y  t h r e e  weeks  o f  a g e ,  f ound  n o  e f f e c t  o f  a 

II'?jlletic F i e l d  on  w e l g h t  g a i n  o v e r  a  p e r i o d  o f  11 d a y s .  The 

. ' I d  va :  1;.(1 be tween  8 , 8 0 0  and  1 4 , 4 0 0  g a u s s .  

An e x t k - e m n i y  l o w  f r e q u e n c y  ( 0 . 5  H z )  r o t a t i n g  f i e l d  o f  

0 .  5 t o  1 5  rTauss was imposed o n  p r e g n a n t  r a t s  f o r  v a r i o u s  



p e r i o d s  d u r i n g  g e s t a t i o n  ( 3 5 ) .  O f f s p r i n g  were f o u n d  t o  h a v e  

h i g h e r  t h y r o i d  and  t e s t i c u l a r  w e i g h t s  t h a n  t h e  c o n t r o l s .  A 

number o f  b e h a v i o r a l  m e a s u r e s  w e r e  a l s o  f o u n d  t o  b e  a l t e r e d  

i n  t h e  m a g n e t i c - f i e l d - t r e a t e d  a n i m a l s .  No d i f f e r e n c e s  were 

f o u n d  i n  e o s i n o p h i l  c o u n t s ,  a d r e n a l  w e i g h t s ,  b l o o d  s u g a r ,  o r  

body w e i g h t s .  

B e h a v i o r a l  E f f e c t s  

T h e r e  a r e  v a r i o u s  o t h e r  p i e c e s  o f  e v i d e n c e  i n d i c a t i n g  

t h a t  o r g a n i s m s  a r e  c a p a b l e  o f  r e s p o n d i n g  t o  t h e  p r e s e n c e  o f  

m a g n e t i c  f i e l d s .  S t u d i e s  o f  b e h a v i o r  among nonmammalian 

a n i m a l s  i n d i c a t e  v a r y i n g  d e g r e e s  o f  s e n s i t i v i t y  a n d  r e s p o n s i v e n e s s  

t o  m a g n e t i c  f i e l d s .  A r e c e n t  p a p e r  by Kee ton  i n  S c i e n t i f i c  

America  ( 3 6 )  p r e s e n t s  e v i d e n c e  wh ich  shows t h a t  some s p e c i e s  

o f  b i r d s  depend  on  g e o m a g n e t i c  i n p u t  f o r  n a v i g a t i o n a l  

p u r p o s e s .  Kee ton  a l s o  r e f e r s  t o  work which  i n d i c a t e s  t h a t  

honey b e e s  a r e  s e n s i t i v e  t o  m a g n e t i c  f i e l d s  o f  a  few gamma 

g a u s s ) .  These  s t u d i e s ,  a l o n g  w i t h  t h o s e  wh ich  show 

t h a t  a d i v e r s e  a r r a y  o f  o r g a n i s m s  c a n  r e s p o n d  b e h a v i o r a l l y  

t o  m a g n e t i c  f i e l d s ,  a r e  i m p o r t a n t  i n d i c a t o r s  o f  t h e  a b i l i t y  

o f  m a g n e t i c  f i e l d s  t o  a f f e c t  some b i o l o g i c a l  r e s p o n s e s .  

B a r n w e l l  a n d  Brown, a n d  Brown (37 ,381  h a v e  shown t h a t  t h e  

d i r e c t i o n a l  movement o f  b o t h  p l a n a r i a  a n d  s n a i l s  c a n  b e  

i n f l u e n c e d  b y  p l a c i n g  them i n  a  l o w - l e v e l  m a g n e t i c  f i e l d .  

The t y p e  o f  e f f e c t  w a s  a l s o  i n f l u e n c e d  by  t i m e  o f  d a y  a n d  

l u n a r  p o s i t i o n .  G o t t l i e b  and  C a l d w e l l  ( 3 9 )  a l s o  found  t h e  

b e h a v i o r  o f  s n a i l s  t o  b e  i n f l u e n c e d  by i m p o s i t i o n  o f  a  

m a g n e t i c  f i e l d .  Aga in  t h e r e  was a n  i n t e r a c t i o n  o f  t i m e  o f  

day  a n d  month o n  t h e  r e s p o n s e  t o  t h e  f i e l d .  The honey b e e  

was a l s o  shown t o  r e s p o n d  t o  a m a g n e t i c  f i e l d  ( 4 0 ) ;  t h e i r  

r e s p o n s e  t e n d e d  t o  b e  a  n a r c o l e p t i c  one  i n  wh ich  t h e y  became 



r i g i d l y  f i x e d  a t  a  p o i n t  c o r r e s p o n d i n g  t o  maximum f i e l d  

s t r e n g t h .  S e v e r a l  o t h e r  s t u d i e s  ( 4 1 - 4 4 )  h a v e  shown b e h a v i o r a l  

c h a n g e s  f o r  D i p t e r a ,  e l e c t r i c  f i s h ,  pa ramec ium,  and  D r o s o p h i l a  

when e x p o s e d  t o  m a g n e t i c  f i e l d s .  

E x p e r i m e n t s  p e r f o r m e d  by R u s s e l l  and  H e d r i c k  ( 4 5 )  

i n d i c a t e  t h a t  m i c e  a l l o w e d  t o  c h o o s e  be tween  a  low and  h i g h  

m a g n e t i c  e n v i r o n m e n t  s p e n t  more t i m e  i n  t h e  lower f i e l d .  

However, when t h e  number o f  t r i p s  f rom a  n e u t r a l  p o s i t i o n  

were c o u n t e d ,  more were made i n t o  t h e  h i g h  f i e l d .  The f o o d  

a n d  w a t e r  c o n s u m p t i o n  was a l s o  h i g h e r  i n  t h e  h i g h  m a g n e t i c  

f i e l d .  

P e r s i n g e r  ( 4 6 )  f ound  t h a t  r a t s  e x p o s e d  p r e n a t a l l y  t o  a 

l o w - f r e q u e n c y ,  r o t a t i n g  m a g n e t i c  f i e l d  e x h i b i t e d  d e c r e a s e d  

a c t i v i t y  i n  a n  o p e n - f i e l d  t e s t  t h a n  d i d  t h e  c o n t r o l s .  

P e r s i n g e r  and  P e a r  ( 4 7 )  a l s o  u s e d  a s u p p r e s s e d  r e s p o n s e  

p a r a d i g m  t o  t e s t  p r e n a t a l l y - e x p o s e d  r a t s  and  f o u n d  them t o  

b e  more e a s i l y  s u p p r e s s e d  t h a n  w e r e  t h e  c o n t r o l s .  

T h e s e  v a r i e d  s t u d i e s  i n d i c a t e  t h a t  a  d i v e r s e  a r r a y  o f  

o r g a n i s m s  c a n  r e s p o n d  b e h a v i o r a l l y  t o  a magne t  f i e l d .  T h e s e  

d a t a  a l o n g  w i t h  t h o s e  r e p o r t e d  f o r  t h e  human are i m p o r t a n t  

i n  t h a t  t h e y  show t h e  a b i l i t y  o f  a  m a g n e t i c  f i e l d  t o  a f f e c t  

c e r t a i n  b i o l o g i c a l  r e s p o n s e s .  

O t h e r  E f f e c t s  

The e f f e c t  o f  m a g n e t i c  f i e l d s  o n  b i o l o g i c a l  s y s t e m s  h a s  

b e e n  s t u d i e d  i n  a  v a r i e t y  o f  ways .  H e m a t o l o g i c  s t u d i e s  h a v e  

b e e n  r e p o r t e d  by a  number o f  i n v e s t i g a t o r s  (48-51)  and  t h e  

r e s u l t s  v a r y  f rom a  marked e f f e c t  on  l e u k o c y t e  l e v e l s  a s  

f o u n d  b y  B a r n o t h y  a n d  c o w o r k e r s  ( 4 8 )  t o  n o  e f f e c t  a s  r e p o r t e d  

b:~ E isc l : ,n ,  R o u t e l l ,  a n d  E i g g s  ( 3 4 ) .  N e i t h e r  g r o u p  f o u n d  

27 e f f e c t  of a m ~ l q n e t l c  f i e l d  on  e r y t h r o c y t e  l e v e l s .  H a c k e l  

( 4 1 1 ) ~  h a w e v e r ,  8 ~ 1 : l n q  an  i n  v l t r o  t e s t  s y s t e m ,  found  a n  



enhancement of  e r y t h r o c y t e  a g g l u t i n a t i o n  when t h e  r e a c t i o n  

took  p l a c e  i n  a  m a g n e t i c  f i e l d .  A v e r y  i n t e r e s t i n g  s t u d y  by 

Murayama ( 5 1 )  showed t h a t  s i c k l e d  e r y t h r o c y t e s  p l a c e d  i n  a 

s t a t i c  f i e l d  became o r i e n t e d  w i t h  t h e i r  l o n g  a x e s  p e r p e n d i c u l a r  

t o  t h e  f i e l d .  

P a t h o l o g i c  changes  i n  t h e  t i s s u e s  of  a n i m a l s  have  been  

r e p o r t e d  by Barnothy  and Sumegi (521 ,  Kholodov e t  a l . '  ( 5 3 )  

and Friedman and  Carey  ( 5 4 ) .  Barnothy  and  Sumegi ( 5 2 )  

r e p o r t e d  marked changes  i n  t h e  a d r e n a l s  o f  mice a f t e r  e x p o s u r e  

t o  a  9000-gauss f i e l d  f o r  1 3  d a y s  w h i l e  Kholodov e t  a l .  ( 5 3 )  

found s e v e r e  b r a i n  l e s i o n s  i n  r a b b i t s  i n  t h e i r  s t u d y .  

Fr iedman and Carey  ( 5 4 )  a s c r i b e d  t h e  r e s u l t s  o f  t h e  l a t t e r  

s t u d i e s  t o  a n  endemic i n f e c t i o n  found i n  r a b b i t s .  However, 

t h e y  a l s o  p r e s e n t e d  e v i d e n c e  t h a t  t h e  e f f e c t s  of  t h e  i n f e c t i o n  

were e x a c e r b a t e d  by t h e  m a g n e t i c  f i e l d .  

The re  have  been  many a t t e m p t s  t o  t r e a t  v a r i o u s  d i s e a s e s  

w i t h  magne t i c  f i e l d s  and  v a r y i n g  d e g r e e s  o f  s u c c e s s  have  

been r e p o r t e d .  One o f  t h e  m o s t  i n t e r e s t i n g  s t u d i e s  was t h a t  

o f  P a u t r i z e l  e t  a l .  ( 5 5 )  who found t h a t  mice and r a t s  c o u l d  

be  p r o t e c t e d  a g a i n s t  Trypanosoma i n f e c t i o n  by t r e a t i n g  t h e  

a n i m a l s  w i t h  a  m a g n e t i c  f i e l d .  T h i s  p r o t e c t i v e  e f f e c t  

a p p e a r e d  t o  b e  med ia t ed  t h r o u g h  t h e  humoral  immune sys t em.  

R a d i a t i o n  + Magnet ic  F i e l d  

C o n s i d e r a t i o n  must be  g i v e n  t o  e f f e c t s  of  combined 

e x p o s u r e s  o f  o r g a n i s m s  t o  m a g n e t i c  f i e l d s  and r a d i a t i o n  

s i n c e  p e r s o n n e l  working  i n  f u s i o n  r e a c t o r s  w i l l  have  t h e  

p o t e n t i a l  f o r  e x p o s u r e  t o  b o t h .  

F o r s s b e r g  ( 5 6 )  i n  1941 r e p o r t e d  t h e  r e s u l t s  o f  a n  

e x p e r i m e n t  t o  s t u d y  t h e  combined e f f e c t s  o f  m a g n e t i c  f i e l d s  

and  x - r a d i a t i o n  on t h e  s u r v i v a l  and development  o f  D r o s o p h i l a .  



He found that exposure of Drosophila eggs to 165 R while in 

a magnetic field resulted in a higher mortality than from 

radiation alone. The magnetic field, in many experiments 

increased the mortality by about 17%. 

Amer and Tobias (571, on the other hand, found that 

exposure of the flour beetle, Tribolium confusurn, to a 

magnetic field protected against radiation-induced wing 

abnormalities. Exposure to a magnetic field also protected 

against temperature-induced abnormalities (58). Their 

results suggested that the protective effect of the magnetic 

field was equivalent to cooling the organism about 1.5°C/8000 

gauss. They therefore examined the effect of a magnetic 

field on liquid crystals which undergo changes in coloration 

with changes in temperature. They found that application of 

a 6300-gauss field resulted in a gradual change in color 

from blue to orange, the same as the change observed when 

the temperature of the liquid crystal is lowered (59). 

Barnothy and Barnothy (60) have also studied the effect 

of magnetic fields on survival of mice after irradiation. 

They found an enhanced survival if mice were first exposed 

to a magnetic field and then irradiated. They ascribe the 

protective effect to an increased leukocyte concentration 

found after exposure to a magnetic field. 

Sikov (61) performed a number of studies to examine the 

effect of simultaneous exposure to mice to radiation and 

magnetic fields. He found some suggestion that there was an 

interaction of the two agents when certain parameters were 

cxamined. The effects of the magnetic fields were not 

.jirsatI ~ n d  were somewhat inconsistent. It should be noted, 

t ~ ~ . ~ ~ c ' t ~ ( ? r ,  that only a c ~ t e  exposures (30 minutes) were used so 

i...:-!at the time 3vailable for interaction of the field with 
i- .-:.I-. , , .-, orcj.lrlism w a s  v e r y  limited. 



GENERAL EVALUATION 

Studies of the possible biological effects of magnetic 

fields should emphasize field strengths below 750 gauss 

since it seems unlikely that any significant exposures to 

higher fields will occur. However, use of higher fields 

will undoubtedly be necessary to fully define the experimental 

systems studied. It would also appear that the field will 

be static but nonhomogeneous. The organisms which are apt 

to encounter significant fields are humans (working personnel) 

and birds. The exposure to lower animal forms and plants 

should be of little significance since the field will be 

limited to the reactor area. 

A number of studies have been performed to examine the 

response of biological systems to magnetic fields. Many of 

these have employed rather large fields for limited periods 

and have not used adequate numbers of experimental subjects 

for good statistical analysis. The results have been highly 

variable and often nonreproducible. 

Various biological parameters have been studied in 

animals exposed under many experimental conditions to magnetic 

fields ranging from a few gauss to 140,000 gauss. The 

systems studied have included electrical activity of the 

brain and heart, blood composition, growth and development, 

genetic defects, tumor growth, and function of enzymes. In 

addition, several attempts have been made to correlate human 

behavioral patterns with naturally occurring changes in the 

earth's magnetic field. A substantial proportion of the 

many studies reported in the literature have been unable to 

detect any change in biological structure or function even 

after exposure to high intensity fields. Others have found 

significant changes after exposure to even low-strength fields. 



Changes  i n  t h e  e l e c t r i c a l  a c t i v i t y  o f  t h e  b r a i n  a n d  

h e a r t  h a v e  b e e n  f o u n d  a f t e r  e x p o s u r e  o f  humans,  monkeys ,  

r a b b i t s ,  a n d  p i g e o n s  t o  f i e l d s  o f  500 t o  9 1 , 0 0 0  g a u s s .  

T h e r e  have  a l s o  b e e n  a  number o f  f i e l d  s t u d i e s  i n  wh ich  

c o r r e l a t i o n  h a s  b e e n  made b e t w e e n  c h a n g e s  i n  m a g n e t i c  f i e l d  

a n d  b e h a v i o r .  Documen ta t i on  h a s  b e e n  f a i r l y  e x t e n s i v e  i n  

t h e s e  a r e a s  a l t h o u g h  more i n f o r m a t i o n  i s  o b v i o u s l y  n e e d e d .  

Some i n v e s t i g a t i o n s  have  o b t a i n e d  r e s u l t s  wh ich  s u g g e s t  

t h a t  p r e e x i s t i n g  l e s i o n s  may b e  e x a c e r b a t e d  i n  t h e  p r e s e n c e  

o f  m a g n e t i c  f i e l d s  w h i l e  o t h e r  s t u d i e s  s u g g e s t  t h a t  c h a n g e s  

a r e  d u e  t o  n o n s p e c i f i c  stress.  T h e s e  a r e  i m p o r t a n t  areas 

f o r  f u r t h e r  s t u d y  s i n c e  p e o p l e  w i t h  c e r t a i n  e x t a n t  m e d i c a l  

p r o b l e m s  m i g h t  f o rm  a  s e n s i t i v e  s u b p o p u l a t i o n  which  s h o u l d  

b e  i d e n t i f i e d .  

The g e n e t i c  e f f e c t s  o f  m a g n e t i c  f i e l d s  have  b e e n  s t u d i e d  

p r i m a r i l y  i n  l o w e r  o r g a n i s m s ,  h o u s e f l i e s ,  a n d  f l o u r  b e e t l e s .  

Changes  i n  m o r t a l i t y  a n d  i n d u c t i o n  o f  wing  a b n o r m a l i t i e s  

have  b e e n  r e p o r t e d .  I n  a t  l e a s t  o n e  s t u d y ,  t h e r e  a p p e a r e d  

t o  b e  some s y n e r g i s m  be tween  t h e  e f f e c t s  p r o d u c e d  by i r r a d i a t i o n  

a n d  m a g n e t i c  f i e l d  e x p o s u r e s .  

E v i d e n c e  f o r  a n  i n f l u e n c e  of m a g n e t i c  f i e l d s  on g r o w t h  

a n d  d e v e l o p m e n t  h a s  b e e n  p r e s e n t e d  f rom s t u d i e s  o n  f r o g s ,  

s a l a m a n d e r s ,  f r u i t  f l i e s ,  s e a  u r c h i n s ,  a n d  mice. Of t h e  

v a r i o u s  s t u d i e s  r e p o r t e d ,  most have  b e e n  p e r f o r m e d  a t  f i e l d  

s t r e n g t h s  a b o v e  2500 g a u s s  a n d  t h e  r e s u l t s  h a v e  v a r i e d  

m a r k e d l y  f rom n o  e f f e c t  t o  c o m p l e t e  p r e v e n t i o n  o f  d e v e l o p m e n t ,  

d e p e n d i n g  upon t h e  l a b o r a t o r y  p e r f o r m i n g  t h e  s t u d y .  

T h e r e  a r e  r e p o r t s  o f  c h a n g e s  i n  s e v e r a l  o t h e r  b i o l o g i c a l  

p a r a m e t e r s  a s  a r e s u l t  o f  e x p o s u r e  t o  m a g n e t i c  f i e l d s .  

i l l t h o u g h  many o f  t h e  r e s u l t s  a r e  c o n t r o v e r s i a l ,  t h e y  d o  

p rov ide  g u i d e l i n e s  f o r  d e s i g n  o f  more  d e f i n i t i v e  e x p e r i m e n t s  

i n  t h e  f u t u r e .  
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TABLE A - I  

I n f o r m a t i o n  R e q u i r e m e n t s  f o r  t h e  A s s e s s m e n t  o f  E n v i r o n m e n t a l  

E f f e c t s  o f  M a g n e t i c  F ' i e l d s*  

The m a g n e t i c  f i e l d  p a t t e r n s  f o r  t h e  s e v e r a l  r e a c t o r  

c o n c e p t s .  

B e h a v i o r a l ,  p h y s i o l o g i c a l  and  m o r p h o l o g i c a l  c o n s e q u e n c e s  

o f  e x p o s u r e  o f  mammals t o  1- t o  500 -gaus s  f i e l d s ,  

p a r t i c u l a r l y  p r o l o n g e d  e x p o s u r e s .  

B e h a v i o r a l ,  p h y s i o l o g i c a l  and  m o r p h o l o g i c a l  c o n s e q u e n c e s  

o f  e x p o s u r e  o f  a v i a n  s p e c i e s  t o  1 t o  200 g a u s s  f i e l d s .  

Consequences  o f  combined e x p o s u r e  o f  mammals t o  m a g n e t i c  

f i e l d s  up t o  500 g a u s s  and  t o  s e v e r a l  r a d i o n u c l i d e s  

l i k e l y  t o  b e  e n c o u n t e r e d  i n  f u s i o n  r e a c t o r  p l a n t s ,  

p a r t i c u l a r l y  t r i t i u m .  

Consequences  o f  e x p o s u r e  o f  p e o p l e  w i t h  i m p l a n t e d  

e l e c t r o n i c  m e d i c a l  d e v i c e s  t o  m a g n e t i c  f i e l d s  o f  0 . 1  t o  

500 g a u s s .  

S e n s i t i v i t y  o f  p e o p l e  w i t h  e x t a n t  m e d i c a l  p r o b l e m s ,  

r e c o g n i z e d  o r  s u b c l i n i c a l ,  t o  e x p o s u r e  t o  m a g n e t i c  

f i e l d s ,  a l o n e  or i n  c o m b i n a t i o n  w i t h  r a d i o n u c l i d e s  o r  

o t h e r  stresses. 

E f f e c t s  on  p l a n t  s y s t e m s .  

E f f e c t s  o f  m a g n e t i c  f i e l d  g r a d i e n t s  v s  c o n s t a n t  f i e l d .  

E f f e c t s  o f  m a g n e t i c  f i e l d s  on  d i f f e r e n t i a t i o n  and on  

t h e  d e v e l o p m e n t  o f  embryos  and  f e t u s e s .  

Development  o f  a c c e p t a b l e  and  t e s t a b l e  h y p o t h e s i s  f o r  

i n t e r a c t i o n  o f  m a g n e t i c  e n e r g y  w i t h  b i o l o g i c a l  m a t e r i a l .  

* From R e f .  6 2 .  



APPENDIX 111 

Much attention has deservedly been given to tritium as 

a factor of concern for CTR operation. A brief summary of 

environmental and health effects from tritium was included 

in BNWL-1883, Information Requirements for Controlled 

Thermonuclear Reactor Environment Impact Statements, 

January 1975. This material is included here to assist in 

identifying the relative importance of tritium as a problem 

to health and the environment. 



Tritium is an isotope of hydrogen, which is the simplest 

element and probably the most studied and best understood of 

all elements. Tritium oxide, the compound of principal 

hazard concern, is water, which must be the most studied and 

best understood of all compounds. One would therefore 

expect that we should be able to predict with some assurance 

the behavior of tritium in the biosphere. This is certainly 

true of tritium oxide, but it is less true of elemental 

hydrogen, which plays no essential role in mammalian biological 

processes and has therefore received much less study than 

has water. Compounds of tritium, other than the oxide, may 

also present special problems that must be considered in 

terms of their specific biological behavior. 

It is, therefore, of primary importance to be able to 

identify the source terms. Are we to expect releases in the 

form of elementary tritium gas, either HT or T2? Will the 

releases be in the form of water, either HTO or T20, gaseous 

or liquid? May we expect significant quantities of tritium 

compounds other than the oxide? These questions must be 

answered before one can speak quantitatively of radiation 

hazard. In the absence of answers to these questions, one 

must consider all possibilities. The ensuing discussion 

will therefore separately consider the hazard potential of ' 

elemental tritium, tritium oxide, and other compounds of 

tritium. Preceding these discussions, information is presented 

on the occurrence and the biohazard of all forms of tritium. 

Separate discussions are presented on the terrestrial, 

aquatic and human effects of tritium. A brief description 

of tritium detection methods is also included. 



GENERAL CONSIDERATIONS 

Sources and Occurrence of Tritium 

Tritium is produced under natural conditions within the 

atmosphere by interaction of cosmic energy with nitrogen and 

oxygen. Nir et al. (48) have concluded that the natural 

production rate resulted in a total equilibrium inventory in 

the biosphere of approximately 69 megacuries of tritium. 

Jacobs (49) has estimated the natural annual production to 

be 4-8 megacuries. Most of this naturally produced tritium 

( ? J  90%) is in the hydrosphere consisting of the oceans and 

other water bodies. 

Tritium was also released to the biosphere during the 

period of atmospheric testing of nuclear weapons and devices. 

Eriksson (50) estimated that approximately 1700 megacuries 

of tritium were produced in tests through early 1962. This 

amounted to nearly 25 times the steady-state inventory from 

natural sources. A 3-year half-time of tritium in the 

stratosphere was estimated for such weapons-produced tritium; 

however, more recent findings suggested the residence half- 

time is on the order of 10 days (51). 

The recent trend of using nuclear fission as an energy 

source for electrical power generation has also served to 

release increasing amounts of tritium to the environment. 

Peterson et al. (52) indicated that a 100 MWe boiling water 

reactor (BWR) will release from the reactor coolant between 

10-20 curies of tritium per year. The projected release of 

T from an 800 MWe pressurized water reactor (PWR) appears to 

be about 400 curies per year. Based on the projected nuclear 

power economy for the United States and the free world, the 

r q t ~  of production of fussion-produced tritium will exceed 

:5e rate of production of natural tritium by 1990 (49) . 



It is expected that even greater quantities of tritium 

will be produced and circulated throughout the CTR; and, as 

at the PWR and BWR plants, tritium is expected to escape 

from the plant both in gaseous and liquid effluents. The 

quantity may be orders-of-magnitude greater than for either 

fission design. 

Tritium Detection 

Tritium is not detected by traditional techniques of 

gross radioactivity analysis. Because tritium occurs in the 

environment primarily as tritiated water (HTO), it is usually 

evaporated during the procedures to prepare samples for 

radioactive analysis. Also, due to the low energy of the 

beta particle emitted during decay, it is not detected by 

conventional gross beta counting methods or on-line plant 

monitors. As a result, special analytical techniques such 

as liquid scintillation counting must be applied to measure 

tritium. 

Liquid scintillation counting of tritium permits rapid 

analysis of aqueous samples since automated sample changers 

can be conveniently applied. The sensitivity that is achieved 

is considered satisfactory, although it is not competitive 

when compared to the proportional counter. 

One of the more serious limitations of scintillation 

counting is the difficulty of incorporating aqueous samples 

into scintillator solvents at the temperatures required for 

acceptable counting efficiencies (53). A partial solution 

to this problem is attained by use of emulsions having a 

high water content. Quenching is another disadvantage of 

scintillation counting (54) but is also partially solved by 

preparing emulsions (53). Corrections for quench can also 

be facilitated by using both internal or external standards, 

by adding increments of sample to the counting vial and 



extrapolating to zero sample weight, or by applying corrections 

on the basis of spectral drift when a dual-channel analyzer 

is used (54). Quench due to color of the sample can be 

reduced by decolorizing using charcoal filtration, chemical 

bleaching, or distillation (54) . 
For biological samples, the tritium present in tissue 

water is conveniently removed by lyophilization or vacuum 

distillation. This fraction is often referred to as tissue- 

free water tritium (TFWT). The dry residues resulting from 

the lyophilization process are then combusted to determine 

tissue-bound tritium (TBT). The water of combustion is 

trapped in a liquid scintillator that has a low freezing 

point and is then analyzed as above. 

A combustion technique after methods developed by Kelly 

et al. (55) generally is used. A dry sample, total weight 

less than 300 mg, is placed in a platinum basket in a closed, 

oxyqen-filled, 2-liter flask. Ignition is made with an 

electrical current or spark. The water is frozen on the 

hnttom of the flask which has been placed in a bath or dry 

ice, chloroform, and carbon tetrachloride for 1/2 hr. The 

ice is dissolved with a 20 ml of toluene phospl~or solution 

containing 20% ethanol, and an aliquot of 15 ml is used for 

counting. 

An additional method employed is based on trapping of 

water of combustion without freezing ( 5 6 ) .  Combustion takes 

place with a flame ignited by an electrically heated combustion 

basket In a preheated combustion chamber. Combustion is 

controlled by regulating the oxygen flow and the temperature 

o f  the combustion basket. After combustion, oxygen is 

-1s ; l l ace r l  from the system by nitrogen purge. All liquids 

;7r1d t h ~  f i r : i l l  r -c j l in t ing vial are maintained in a nitrogen 

~-it.ri~.~;phere, elimlnat.ing the problem of oxygen quench. The 



Tri-Carb Sample Oxidizer is based on this approach. The 

additional feature that trapping the water without freezing 

provides greater ease in dissolving combustion products into 

an appropriate solvent system, directly in a scintillation 

counting vial. Also, there is little memory effect, and 

clean-up is rapidly conducted. Sample size is unlimited 

with this method; tissues ranging in weight from 100 mg to 1 

or 2 g are easily handled. 

An additional application of the sample oxidizer is 

also the separation of tissue-free water tritium (TFWT) and 

tissue-bound tritium (TBT). The aqueous portion is vaporized 

to comprise the first sample containing TFWT. The residue 

is then combusted to obtain the second sample containing 

TBT. 

BEHAVIOR OF TRITIUM UPON RELEASE TO THE ENVIRONMENT 

Because of a possible increase in the release of tritium 

resulting from CTR development and operation, there is need 

for additional information on the behavior of this nuclide 

in natural systems. This will enable assessment and prediction 

with assurance of both the potential impact and dose commitment 

to natural populations including man. However, relatively 

few studies to date relevant to this need have been undertaken. 

The existing information can be summarized as follows: 

Terrestrial Considerations 

Jacobs (49) indicated that, in general, tritiated water 

is expected to behave as ordinary water in the ground, 

except for a slight difference in vapor pressure. However, 

water associated with minerals may have various degrees of 

mobility, depending upon the nature of the association. In 

a water saturated formation, the greater fraction of water 



w i l l  e x i s t  as o r d i n a r y  w a t e r  t h a t  o c c u p i e s  t h e  i n t e r p a r t i c l e  

s p a c e s .  T h i s  water w a s  c o n s i d e r e d  f r e e l y  m o b i l e  and  i t s  

v e l o c i t y  o f  movement d e p e n d e n t  upon p o r e  s i z e .  I n  a d d i t i o n  

t o  t h i s  f r a c t i o n ,  l o o s e l y  bound water o f  h y d r a t i o n  was  f o u n d  

o n  t h e  m i n e r a l  s u r f a c e  ( 5 7 ) .  T h i s  f r a c t i o n  was  c o n s i d e r e d  

t o  b e  i n  e q u i l i b r i u m  w i t h  t h e  e n v i r o n m e n t  a f t e r  a  s h o r t  t i m e  

and  was r e m o v a b l e  a t  t e m p e r a t u r e s  be low 400°C. A s e c o n d  

p h a s e  o f  a d s o r b e d  w a t e r  r e q u i r e d  a much l o n g e r  t i m e  t o  

a t t a i n  e q u i l i b r i u m  a n d  was v a p o r i z e d  a t  200 t o  500°C.  

F i n a l l y ,  a  t h i r d  p h a s e  r e q u i r e d  a v e r y  l o n g  t i m e  or h y d r o t h e r m a l  

a l t e r a t i o n  f o r  e x c h a n g e  and  was  o n l y  removed a t  t e m p e r a t u r e s  

r a n g i n g  be tween  500 t o  1100 " C .  T h i s  l a t t e r  p h a s e  c o n s i s t e d  

p r i m a r i l y  o f  s t r u c t u r a l  h y d r o x y l  g r o u p s .  

J a c o b s  ( 4 9 )  f u r t h e r m o r e  r e p o r t e d  t h a t  t h e  i m p a c t  o f  a l l  

s u c h  a d s o r b e d  p h a s e s  o n  t r i t i u m  b e h a v i o r  i n  t h e  g r o u n d  was  

d e p e n d e n t  o n  two f a c t o r s :  1) t h e  r e l a t i v e  amounts  o f  t h e s e  

p h a s e s  compared  w i t h  f r e e  w a t e r  i n  t h e  p o r e s ,  a n d  2 )  c o n d i t i o n s  

u n d e r  which  a d s o r p t i o n  and  d e s o r p t i o n  o c c u r r e d .  The r e l a t i v e  

amounts  o f  e a c h  a d s o r b e d  p h a s e  i n c r e a s e d  a s  t h e  m o i s t u r e  

c o n t e n t  d e c r e a s e d ;  a n d ,  a s  s u c h ,  t r i t i a t e d  w a t e r  may be 

e x p e c t e d  t o  move more s l o w l y  t h r o u g h  a  v e r y  d r y  s o i l  t h a n  

t h r o u g h  a  moist s o i l .  I f  t r i t i a t e d  w a t e r  i s  d e p o s i t e d  u n d e r  

c o n d i t i o n s  of h i g h  t e m p e r a t u r e ,  i . e . ,  n u c l e a r  d e t o n a t i o n ,  

e x c h a n g e  w i t h  t h e  s t r u c t u r a l  h y d r o x y l  g r o u p s  w i l l  o c c u r .  

S i n c e  a h i g h  a c t i v a t i o n  e n e r g y  i s  r e q u i r e d  t o  i n i t i a t e  

e x c h a n g e ,  s u b s e q u e n t  r e p l a c e m e n t  o f  t h i s  f r a c t i o n  mus t  b e  

c o n s i d e r e d  t o  b e  s l o w  u n d e r  no rma l  c o n d i t i o n s .  

Koranda ( 5 8 )  f o u n d  t h e  m i n e r a l - b o u n d  t r i t i u m  o f  s o i l  a t  

t h e  P a c i f i c  !?roving Groups  t o  b e  v e r y  h i g h .  The c o n c e n t r a t i o n  

i n  f r e e  w a t e r  i n  t h e  s o i l  was 60 t r i t i u m  u n i t s * ;  t h e  c o n c e n t r a t i o n  

i n  hound w a t e r  was 3 . 7  x l o 5  t r i t i u m  u n i t s .  The s o i l  c o n s i s t e d  

of a l m o s t  e n t i r e l y  CaCO, and  C a ( 0 H )  
J 2  ' 

--- 
* A  t r i t i u m  u n i t  i s  o n e  a tom of t r i t i u m  p e r  1018  a toms  o f  



I n  a s a t u r a t e d  f r a c t i o n ,  n e a r l y  a l l  t h e  t r i t i a t e d  w a t e r  

w i l l  e x i s t  i n  t h e  i n t e r p a r t i c l e  p o r e s ,  a n d  i t s  movement w i l l  

depend  upon t h e  d i s p e r s i v e  c h a r a c t e r i s t i c s  o f  t h e  f o r m a t i o n .  

Nakayama and  J a c k s o n  ( 5 9 )  r e p o r t e d  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  

f o r  t r i t i a t e d  w a t e r  i n  s o i l  was n e a r l y  c o n s t a n t  f o r  a  r a n g e  

o f  v o l u m e t r i c  w a t e r  c o n t e n t s  be tween  1 0  a n d  40%.  Below l o % ,  
t h e  d i f f u s i o n  c o e f f i c i e n t  i n c r e a s e d  r a p i d l y  w i t h  a  maximum 

a t  4 %  water c o n t e n t ,  s u g g e s t i n g  g a s e o u s  d i f f u s i o n  o f  water 

v a p o r  t h r o u g h  t h e  l a r g e r  i n t e r p a r t i c l e  p o r e s .  Below 4% 

water c o n t e n t ,  t h e  d i f f u s i o n  c o e f f i c i e n t  d e c r e a s e d  r a p i d l y ,  

s u g g e s t i n g  t h e  i n f l u e n c e  o f  a d s o r b e d  p h a s e s .  

Gorham a n d  H o f s t e t t e r  ( 6 0 )  s t u d i e d  t h e  p e n e t r a t i o n  o f  

t r i t i u m  o f  a t m o s p h e r i c  o r i g i n  i n  bog p e a t s  a n d  l a k e  s e d i m e n t s  

o f  t h e  Red Lake w e t l a n d s  i n  n o r t h e r n  M i n n e s o t a .  They f o u n d  

t h a t  t r i t i u m  i n  s u r f a c e  bog p e a t s  e x h i b i t e d  n e a r l y  t h e  same 

c o n c e n t r a t i o n  a s  i n  a t m o s p h e r i c  p r e c i p i t a t i o n  wh ich  was 

s t i l l  a p p r e c i a b l y  e n r i c h e d  f rom n u c l e a r  weapon t e s t i n g .  

P a s t  i n p u t  p u l s e s  f r o m  r e c e n t  t e s t i n g  were n o t  p r e s e r v e d  i n  

t h e  p e a t  p r o f i l e .  The p a t t e r n  o f  s u b s u r f a c e  d e c l i n e  s u g g e s t e d  

t h a t  mos t  o f  t h e  modern p r e c i p i t a t i o n  r i c h  i n  t r i t i u m  w a s  

removed r a p i d l y  by e v a p o t r a n s p i r a t i o n  a n d  by l a t e r a l  r u n o f f  

w i t h i n  t h e  s u r f a c e  1 . 5  m o f  t h e  3 . 5  m t h i c k n e s s  o f  l i t t l e -  

decomposed p e a t  a t  t h e  crest  o f  t h e  r a i s e d  bog.  However, 

some t r i t i u m  o f  weapons  o r i g i n  d i d  p e n e t r a t e  down t o  t h e  

d i s c o n t i n u i t y  be tween  s u r f a c e  m a t e r i a l  a n d  t h e  wel l -decomposed  

bog p e a t ,  p r e s u m a b l y  by  m o l e c u l a r  d i f f u s i o n .  

I n  p r o f u n d a l  l a k e  s e d i m e n t s ,  Gorham a n d  H o f f s t e t t e r  

( 6 0 )  f ound  t h e  i n f l u e n c e  o f  e n r i c h e d  p r e c i p i t a t i o n  f rom t h e  

e a r l y  1 9 6 0 s  t o  b e  l a r g e l y  t r a n s i t o r y  a n d  o f  o n l y  major 

s i g n i f i c a n c e  i n  s e d i m e n t  d e p t h s  o f  less t h a n  1 meter. A g a i n  

some p e n e t r a t i o n  be low t h i s  d e p t h  o c c u r r e d  a n d  was l i k e l y  

a t t r i b u t a b l e  t o  m o l e c u l a r  d i f f u s i o n .  



Jordan et al. (61) studied the movement of tritium as 

HTO through the soils of montane tropical rain forest in 

eastern Puerto Rico and determined that HTO moved downward 

through the soil in a wave-like pulse, maintaiinng a nearly 

symmetrical distribution. They concluded that the residence 

half-time of HTO in the soil was longer than that in vegetation 

and air when input to each compartment was instantaneous. 

Since, in the environment, HTO movement into vegetation and 

air was not instantaneous but was found to be dependent upon 

HTO movement out of the soil, it was concluded that residence 

half-time in soil was a rate-limiting step in the transfer 

of HTO through soil and air. 

Koranda and Martin (62) obtained a similar finding working 

in a desert ecosystem. They found a direct correlation 

between the tritium concentration in grazing animals and in 

the soil. 

Jordan et al. (61) studied the movement of tritium 

through a old-field ecosystem. They determined that a pulse 

of tritium moved downward through the soil as a function of 

the amount of rainwater entering the soil above the pulse. 

Concomitant with downward penetration, the peak was found to 

broaden and flatten due to diffusion. The pulse became 

immobile if the upper soil dried out to the extent that rain- 

water did not penetrate to the depth of the pulse peak. 

Concentrations of tritium in vegetation equaled concentrations 

in soil water at the depth at which the plants were taking 

up water. Loss of tritium from the system occurred by 

evapotranspiration and deep drainage. 

Cline (63) investigated the uptake of HTO by the red 

kidney bean, Phaseolus ------ vulgaris, -- - - and determine that uptake 

o*ccurred rapidly over the first few hours, but equilibrium 

Get-ween plant water and that of the nutrient medium was not 

attained over the 72-hour duration of exposure. The rate 

and degree of incorporation were correlated with metabolic 

activlty . 
9 8 



Raney and Vaadi (64) conducted similar experiments on 

the movement and distribution of HTO in tissue water of 

shoots of sunflower, Helianthus annus, and tobacco, Nicotina -- 
rustics. The distribution of tritium in plant organs with 

roots in tritiated water was followed as a function of time. 

During a 12-hour period, concentrations of tritium approached 

equilibrium with the concentrations of tritium in the nutrient 

solution. The approach to equilibrium was much slower in 

the terminal nodes and internodes that were still elongating 

and in leaf tissue still expanding. The tritium concentration 

in the leaves of intact plants growing in tritiated water 

did not reach an equilibrium with the external medium over a 

protracted period. Although the veins equilibrated in a 

manner similar to that of the stem, the interveinal tissue 

did not reach equilibrium with the major veins, the stem, or 

the nutrients' solution. It was demonstrated that the lack 

of equilibrium in interveinal tissue was attributed to 

exchange of tritium between the leaf and the atmosphere by 

transpiration. 

Thompson (65,661 studied metabolic turnover rates of 

tritium in higher animals. In mice, he demonstrated the 

biological half-life of tissue-free body water to be approximately 

1.1 days. The curve of loss of tritium from the tissue-bound 

fraction was resolvable into components of 9 and 90-day 

half-life, which were shown to be of comparable tritium- 

binding capacity. The biological half-life of tissue-free 

body water in the rat was found to be 3.3 days. All organs 

and tissues sampled, with the exception of blood, demonstrated 

components which depurate tissue-bound tritium with a biological 

half-life of 80 days or longer. Evidence was presented 

which suggested that these longer-lived components represented 

a significant proportion of the total metabolically replaceable 

hydrogen. 



In subsequent studies, Thompson and Ballou (67) separated 

protein and lipid fractions from various tissues of rats 

sacrificed 4 and 8 months after administration of tritium 

oxide. The concentration of bound tritium in these fractions 

was determined and a biological half-life calculated. 

Collagen fractions demonstrated half-lives of 300 days or 

longer, and lipid fractions were obtained with half-lives as 

long as 300 days. The highest concentration of tissue-bound 

tritium, 4 months after administration, was found in brain 

lipids. 

In yet other studies, Thompson and Ballou (67) exposed 

mature female rats to constant levels of tritium oxide, 

mated them after 6 weeks' exposure, maintained the exposure 

conditions over intrauterine development and nursing of the 

progeny, and then maintained the progeny on an identical 

exposure level for an additional 6 months. The progeny were 

then removed from the contaminated environment and sacrificed 

at intervals, and selected tissues were analyzed to determine 

the tritium concentration of their tissue-free water and 

tissue-bound fractions. In those animals sacrificed immediately 

.3fter exposure, most tissues sampled yielded tissue-bound 

values of 20 to 30% of the concentration of the tissue-free 

water during exposure. The authors interpreted this to mean 

that 20 to 30% of the organically bound hydrogen (both 

freely exchangeable and firmly bound) was derived from the 

tissue-free water. 

In more recent studies, Evans (68) found the same 

tritium concentration in the tissue-bound fraction as in the 

 issue-free water fraction from seven tissues of 52 deer 

kj.Ll.ed on the Savannah River Nuclear Site. His interpretation 

::jas tt~itt sustained exposure to tritiated body water would 

. ! r c s r~ l  t at equilibrium in labeling of all organic molecules 



equal to that of the tissue-free water on a per gram hydrogen 

basis. He concluded therefore that the body burden due to 

continuous low-level exposure to tritiated water would be 

1.4 or 1.5 times greater than that predicted by current 

models. It was assumed that the deer studied by Evans (68) 

received tritium as tritiated organic molecules in their 

forage. 

Koranda et al. (62) reported similar results based on 

analysis of tritium in the tissue-free water and tissue- 

bound residues of 95 kangaroo rats from the elevated tritium 

environment of the Sedan Crater at the Nevada Test Site. 

Tritium activity in the lyophilized residues of six organs 

based on per gram hydrogen averaged 1.5 times as high as 

that measured in the tissue-free waters. They concluded 

after extrapolating their data to man in a situation of 

continuous low-level exposure that the body burden and 

concomitant dose would be approximately 1.8 times that 

predicted by current models. The kangaroo rat subsists on 

dry forage without any free water. It is again assumed that 

the exposed animals derived most or all of their tritium 

from ingestion of tritiated forage, and that tritium in 

their tissue-free water was derived mainly from catabolism 

of the tritiated molecules. 

Moghissi et al. (69) and Barth et al. (70) investigated 

tritium kinetics in goats and reported a residence half-life 

of approximately 4 days in lactating, and approximately 8 

days in nonlactating animals. In related studies of tritium 

turnover in the blood of cows, Potter, et al. (71) reported 

values of 12.5 and 65 days for shcrt and long components, 

respectively. Moghissi et al. (72,73), in studies of the 

human, demonstrated a two-component exponential loss rate 



with a half-life of 21-33 days for the short component and 

280-550 days for the long component. 

Aquatic Considerations 

Isotopic discrimination against incorporation of tritium 

into plants is well documented (74, 75). Rosenthal cultured 

the alga, Chlamydomonas reinhardti, in tritiated water and 

determined a marked isotopic discrimination against incorporation 

of tritium into organic molecules. Tritium in the cell 

fluid, however, tended to equilibrate with that in the 

external environment. Some published results also suggest 

discrimination in favor of retention once tritium is incorporated 

(75). 

Foster (76) investigated tritium oxide absorption and 

retention in the body water of salmon fry, Onchorhynchus 

tshyawytscha, mayfly nymphs, Callibaetis spp., and snails, 

Radex japonica, -- maintained in a tritiated environment for 24 

hours. After removal to an uncontaminated environment, the 

organisms were sampled at intervals ranging from 1 minute to 

8 hours. Half-life values of approximately 10 minutes for 

snails, 20 minutes for mayfly nymphs, and 24 minutes for 

salmon fry were calculated. 

Stewart et al. (77) studied tritium accumulation in two 

species of snails, Lxmnaea -- reflexa, and Helisoma trivolvis, 

and the leopard frog tadpole, Rana pipiens. It was found 

that the tissue-free water of the snails approached equilibrium 

with the environmental HTO in approximately 6 hours. Tissue- 

free water tritium in tadpoles exceeded environmental levels 

in 3 hours. The final equilibrium level was 1.11 times 

qieater than the environmental level. Tissue-bound tritium 

avtained equilibrium in the snails in approximately 5 days 

but was not observed to reach equilibrium in tadpoles in 10 

uay; when the experiment was terminated. 



Strand et al. (78) studied the accumulation and retention 

of tritium in embryonic and larval rainbow trout, --- Salmo 

gairdneri. For embryos exposed to tritiated water, a rapid 

uptake over the first 1 to 2 days was demonstrated, followed 

during the ensuing 27 to 28 days of exposure by maintenance 

of essentially equilibrium levels. The tissue-bound tritium 

accounted for approximately 20% of the total label in each 

egg, a level not exceeded as measured over the duration of 

exposure. Both tissue-free water and tissue-bound fractions, 

after transfer to uncontaminated water, eluted rapidly with 

estimated half-times of 1.0 and 2.0 hour, respectively. 

A slower component of the tissue-free water fraction persisted 

for 17 days, as determined in hatched fry. The slow 

component of the tissue-bound fraction, for comparison, 

persisted at approximately 0.5% of the initial bound equilibrium 

level at 17 days. 

The tissue-bound tritium of water fleas, Daphnia galeata; 

fairy shrimp, Eubranchipus vernalis; snails, Lymnaea reflexa 

and Helisoma trivolvis; and northern chorus frog tadpoles, 

Pseudacris triseriata; was found by Rosenthal and Stewart 

(75) to be derived chiefly from the consumption of tritiated 

forage. However, tissue-free water tritium was derived 

mainly from the external environment. They also determined 

that approximately 1/3 of the intracellular-bound tritium in 

snails was not exchangeable. 

Harrison and Koranda (79) studied the tritiation of 

aquatic animals in an experimental freshwater pool. They 

found that in the tissue-free water of clams, Anodonta 

nuttalliana; crayfish, Astacus - spp.; goldfish, Carassius 

auratus: --- cattail, Typha angustifolia; and filamentous algae, 
--- --- 

Pithophora spp., tritium increased to 95% of the level in 



the pool water and remained at that level for the duration 

of the experiment. Tissue-bound tritium had a higher concentration 

in plants than in animals and the highest value was observed 

in algae. In the animals, the organically bound tritium was 

highest in the visceral organs and lowest in calcified 

tissues. In the viscera, tissue-bound tritium increased to 

approximately 60% of the concentration of tissue-free water 

tritium. In muscle tissue it increased to a maximum of 30% 

of the concentration in tissue water over a period of 90 

days. 

Strand et al. (80) conducted similar studies in a 

simulated aquatic ecosystem containing mussel, Anodonta 

californiensis; crayfish, Pacifastracus --- trowbridgi; carp, 

Cyprinus c a r e ;  cattails, Typha spp.; and filamentous 

algae, undetermined species. Tritium as HTO was introduced 

continuously for 8 months in the replacement water at a 

concentration of 1 pCi/liter. The system was maintained on 

uncontaminated replacement water for an additional 8 months 

to determine the rate of elimination of tritium from the 

system. A rapid uptake of tritium during the first 2 days 

was demonstrated in all biota sampled. In mussel, crayfish, 

and carp, the concentration of the tissue-free water approached 

90% of the tritium level in the pond water within 2 days of 

the introduction of the isotope and remained at that level 

for the ensuing 8 months of exposure. Emergent vegetation 

attained no more than 70% of the concentration of tritium in 

the pond water; filamentous algae exceeded 90% of the pond 

concentration. The concentration of tissue-bound tritium 

<;aried with time and type of tissue. Maximum concentration 

u a s  reached in S months, accounting for 7 to 21% of the 

tot31 label in mussel, crayfish and carp. In emergent 

veqctation, the concentration ranged between 4 and 12%. The 

tissue-bound fraction for algae compared closely with that 

observed in animal tissue. 



Upon termination of the uptake experiment, Strand et 

al. (80) determined that loss of tritium from the pond water 

occurred exponentially; and at the end of the first month, 

less than 10% of the initial concentration remained. Most 

tissues eluted rapidly and trace activities were measured in 

mussel, crayfish, and carp at the end of the first month. 

Emergent vegetation and algae demonstrated significantly 

slower rates of turnover and retained between 30 and 40% of 

their initial label throughout this period. Even after 8 

months in uncontaminated replacement waters, activities 

retained in plant materials exceeded 108 of the original 

concentration. 

Van Hook and Deal (81) studied the transfer of HTO from 

water to watercress to crickets and determined that adult 

crickets reached tritium concentrations less than unity, % 0.19. 

They concluded that other factors such as food habits and 

developmental stage were as important as simple diffusion 

from environmental concentrations in accounting for the 

degree of tritiation observed. 

Conclusions and Research Needs 

In summary, tritium released to the environment in the 

form of tritiated water behaves as ordinary water throughout 

the hydrosphere and is readily metabolized by both terrestrial 

and aquatic biota. 

Although most biochemical reactions discriminate against 

the incorporation of tritium in favor of protiurn, the possibility 

of some concentration should not be overlooked. Available 

information indicates that the isotopic effects of tritium 

in most exchange reactions is negligible. Data from studies 

of both acute and chronic exposure conditions generally 

supports the hypothesis that there occurs no significant 



concentration above that of environmental concentrations in 

water or forage at any level of the food chain, although 

data on cornplex terrestrial and aquatic food chains or food 

webs is not yet available. Moreover, the data currently 

available suggests that in most ecosystems, tritium concentration 

tends to become more dilute at levels of greater organization 

within the food chain or food web. 

It is known that a fraction of tritium accumulated as 

tritiated water becomes organically bound; that is, exchanges 

with hydrogen bound in organic molecules. The rate and 

extent of incorporation are dependent upon metabolic activity 

of the organism. On this basis, the highest concentration 

of organically bound tritium would be expected in tissues 

and population segments which are in formative or growth 

stages at the time of exposure. Furthermore, as exposure 

duration increases from acute to chronic situations, tritium 

concentrations are shown to approach equilibrium levels with 

a single tritium-to-hydrogen ratio common to all parts of 

the hydrogen pool. Organic binding would not be expected to 

result in significant bioaccumulation of tritium from tritiated 

water, because water is approximately as hydrogen rich 

(,b 11% by weight) as any compound of the biological organism 

(lb 10% by weight). However, exposure pathway may influence 

the extent of organic binding. Recent evidence indicates 

that enhanced binding may result from ingestion of tritiated 

foodstuffs. 

Tritium loss, both from tissue-free water and the 

tissue-bound fraction, is dependent upon metabolic activity. 

Hence, processes favoring accumulation and incorporation 

also favor its depuration. Tritium which is organically 

bound demonstrates a longer half-time, but it would appear 

to constitute a small fraction of the total tritium label. 



From the above compiled literature review, it is apparent 

that relatively few studies have been conducted on the 

cycling of tritium through either the abiotic or biotic 

compartments of natural ecosystems. Furthermore, there 

exists little information on the behavior of this radionuclide 

in temperate climates paramount to assessment and prediction 

of the potential environmental effects and dose commitment 

to natural populations. For both acute and chronic releases 

of tritium, current estimates of concentration factors and 

turnover rates in the various compartments need confirmation. 

To more fully understand the relationship between the concentrations 

of tritium in these different compartments, a more detailed 

analysis of both the sources of tritium and variations in 

concentration are required. Temporal and spatial variations 

must be followed and trophic relationships need additional 

study. Although little concentration of tritium by either 

terrestrial or aquatic biota has been demonstrated and there 

exists little evidence to indicate that biomagnification of 

tritium occurs, release of larger quantities of tritium to 

the environment increases the justification for additional 

research to confirm available information. 

RADIOLOGICAL SIGNIFICANCE OF TRITIUM ISOTOPE EFFECTS 

A basic question that arises in any consideration of 

tritium metabolism is whether tritium may be assumed to 

behave like protium, i.e., like normal hydrogen. Because 

the tritium atom is three times as heavy as the protium 

atom, isotope effects are observed which are much larger 

than those normally encountered with other elements. This 

subject was recently reviewed by Weston, who concluded that, 

"it is apparent. that large kinetic isotope effects are often 



found for tritium-labeled compounds. In tracer experiments 

utilizing tritium, observed rate constants could easily 

differ by an order of magnitude from those for the analogous 

unlabeled compound. If tritium from a source of HTO at 

constant specific activity is incorporated into a biological 

system by irreversible chemical reactions, it will be discriminated 

against, and the tritium level in the biological system will 

remain lower than that of the source. Conversely, kinetic 

isotope effects in the back-exchange to remove tritium after 

incorporation will favor retention of tritium in the biological 

system" (82). 

Relative Biological Effectiveness of Tritium Beta Radiation 

Tritium is a pure beta-emitter of very weak energy-- 

18.6 keV maximum. The linear energy transfer (LET) of such 

weak betas is higher than that of more energetic beta, X-, 

or gamma radiation, and a considerable experimental effort 

has been devoted to determining whether this higher LET is 

reflected in an increased relative biological effectiveness 

(RBE). These studies were reviewed in 1968 by Bennart, who 

concluded "that a value of QF different from unity for 

either tritium or other B-emitters is hardly justified" 

(83). The International Commission on Radiological Protection 

in its 1959 report on Permissible Dose for Internal Radiation 

used an RBE (or QF) value of 1.7 for tritium (84); however, 

this value was reduced to unity in 1969 (85), a value concurred 

in by the National Council on Radiation Protection and 

Measurements (NCRP) (86). More recently there has been 

further evidence presented to justify a value higher than 

unity but in no case greater than 3 (87,88). 

The induction of gene mutations by tritium in mice is 

being studied at Oak Ridge National Laboratory (89,90). The 

most recent report from these important studies presents the 



following conclusion concerning the tritium-induced mutation 

rate in mouse spermatogonia: "If our present estimated dose 

to the testis could be taken as a reliable guideline, then 

the mutation frequency observed would represent approximately 

twice that expected from external gamma radiation delivered 

at low radiation dose rate. However, in view of the various 

uncertain factors and the sample size, a relative biological 

efficiency (RBE) of 1.0 for the tritium radiation relative 

to external gamma radiation is not exceeded. A very high 

RBE dose already appears to be excluded" (90). 

Conclusions and Research Needs 

Although rather large isotope effects occur in individual 

chemical reactions, the overall effects in biological organisms 

seem relatively small, as has been discussed by Shtukkenberg (91). 

Several comparisons of tritium and deuterium incorporation 

in rats (92,84) and algae (85) have demonstrated such effects, 

which have been small, and the discrimination has been 

against tritium. It therefore seems reasonable to assume 

that tritium will behave like ordinary hydrogen, and that 

the error introduced by such an assumption will be on the 

side of this presumed behavior (will overestimate the effects 

of tritium) in long-term, many-generation studies with 

experimental animals exposed to various regimens of tritium 

exposure. 

Thus, while there is clearly some uncertainty as to the 

appropriate RBE for tritium, the subject has received considerable 

study and for both somatic and genetic effects the uncertainty 

is probably no greater than a factor of two. 

Extensive studies over the past 30 years have demonstrated 

no unique behavior of tritium in the biosphere that would 

not have been predicted with due consideration for physico- 

c!:emical form of the principle compound type. Moreover, 



such experimentation has failed to produce effects data 

significantly different from those which might have been 

predicted from a general knowledge of the effects of ionizing 

radiation. However, this is not to say that the effort over 

the last 30 years has been wasted, or that further research 

is not required. In no area of radiation research do we 

possess sufficient information that suggest experimental 

validation of predicted values is not required. 

In general, the biological consequences of low-level 

irradiation have become an important consideration in all 

environments. State-of-the-art knowledge, as it would 

relate to tritium or other common radionuclides, is concerned 

mainly with somatic effects. Relatively few studies have 

been conducted, directed at assessment of potential genetic 

effects, particularly under conditions of chronic exposure. 

When considering the environment, we are not primarily 

concerned with individual organisms, but first with populations; 

more sensitive parameters of radiation effects on individuals, 

populations, and communities need to be developed. Longer- 

term or chronic studies on factors such as rates of growth, 

morphological abnormalities, onset of maturity and reproductive 

capacity need to be undertaken. Chromoso~e investigations 

under both laboratory and field conditions should be extended, 

and the somatic and genetic consequences of such changes on 

populations, communities, and ecosystems should be evaluated. 

Because of the often conflicting nature of the present 

experimental data on the effects of low-level chronic irradiation 

on the developing embryo, additional studies should be 

established under rigorously controlled experimental conditions. 

The effects of other environmental stress factors such as . 
temperature, oxygen, other pollutants, and disease need to 

be studied and expanded to include the interaction of these 

factors with radiation effects. 



Measurements of absorbed dose should become standard 

practice in experimental work. In field areas subject to 

contamination, investigations should be initiated to determine 

the radiation regime in the environment. Such data should 

be closely correlated with measurements of concentration of 

radionuclide in order that the historical radiation regime 

can be determined. 

HUJIAN HAZARDS OF TRITIUM 

The effects of tritium on man are considered in terms 

of hazards from 1) elemental tritium, 2) tritium oxide, and 

3) tritium compounds other than the oxide. 

Elemental Tritium 

Hydrogen gas is not metabolized by man nor is it soluble 

to a significant degree in body fluids or tissues. As a 

consequence, 99.9% of inhaled tritium is rapidly exhaled by 

rats (93,94); and an even lower retention is reported for 

humans (94). Absorption of tritium gas through the skin has 

also been shown to be of minor hazard significance (95). 

The radiation dose resulting from the brief residence of 

inhaled tritium in the lung and its slight solubility in 

body fluids can be readily calculated; it is considerably 

smaller than the dose resulting from inhalation of the same 

amount of tritium in the form of the oxide. Thus, the ICRP- 

recommended occupational maximum permissible concentration 

for elemental tritium in air, (MPC), is 2 c uci/cm3 400 

times higher than the MPC for tritium oxide in air, 5 x 

\ ~ ~ i / c m ~  (84) . 
Releases of elemental tritium would therefore be of 

much less concern than releases of tritium oxide, providing 

one could be assured that the elemental tritium was not 

converted to t h e  oxide by environmental processes. The 



conversion of tritium to the oxide in air by either oxidation 

or exchange processes is slow, even in the presence of metal 

catalysts. Eakins and Hutchinson recently reviewed the 

literature in this area. Reported studies led them to 

conclude that "in a room completely lined with platinum, one 

of the best catalysts for conversion of elemental tritium to 

tritiated water, it would take about 4 years for half the 

elemental tritium at an initial concentration of 10 (MPC) a 
to be converted to tritiated water" (96). 

Further studies of environmental conversion of tritium 

to tritium oxide are needed. Certain micro-organisms are 

capable of oxidizing hydrogen (97); their presence in the 

gastrointestinal tract has been indicated as the probable 

reason for the slight retention which does occur when animals 

inhale tritium (93). Whether they might significantly 

influence the fate of tritium in the biosphere should be 

determined. The loss of tritium to the upper atmosphere, 

out of reach of biological systems, should also be quantified. 

It is, in any case, important to establish the extent 

to which the original source term consists of elemental 

tritium and the degree to which it remains in this form, 

since it is so much less hazardous in this form. Because of 

uncertainties in this area, it has been common radiological 

protection practice to assume that any measured tritium is 

tritium oxide. This places a severe and unnecessary restriction 

on exposure limits if, in fact, the exposure can be proved 

to be to tritium gas. 

Tritium Oxide 

Assuming the absence of a significant isotope effect in 

its reactions with biological materials, the metabolic 

behavior of tritium oxide and its consequent radiological 



hazard are quite accurately predictable. This is notably 

true for the case of truly chronic exposure, where all the 

water of the biosphere, including that incorporated in the 

tissues of man, will attain an approximately equal concentration 

of tritium. This is an extreme situation which will never 

be quite attained, since tritium will not be injected into 

the biosphere at an absolutely steady rate and some of the 

equilibration half-times may be long in comparison to the 

half-life of tritium. For the case of man, however, tritium 

oxide, whether inhaled, ingested, or absorbed through the 

skin, is quickly and totally absorbed and equilibrated with 

body water (94,98-100). Since body water is quite Uniformly 

distributed throughout most tissues, a quite uniform total- 

body radiation dose is delivered by the tritium in body 

water. The skeleton, because of its low water content, is 

relatively spared. 

One must also be concerned about the incorporation of 

tritium, from body water, into the organic compounds of the 

body through synthetic or exchange processes. Assuming no 

isotope effect, such incorporation can increase the total- 

body radiation dose from tritium by no more than about 50%, 

the maximum set by the ratio of organically bound hydrogen 

to body-water hydrogen. Whether tritium incorporated into 

organic compounds might exert some unusually toxic effect is 

another question, which will. be considered later. 

For the case of non-chronic exposure, the evaluation of 

radiation doses is somewhat more complex since equilibrium 

levels will not be attained. However, the rates of turnover 

of body water and of the various organic components of the 

body have been extensively studied. The information available 

can be used to obtain good estimates of the total-body 

radiation exposure resulting from an acute intake of tritium 

oxide (101,102). 



What is not so easily determined is the radiation dose 

to very limited regions of the body, whose dimensions may be 

small relative to the uniformity of hydrogen distribution 

within tissues or compounds. This is the problem encountered 

with exposure from specific tritium-labeled compounds, which 

will be discussed in the next section. 

Tritium Compounds Other Than the Oxide 

In a uniformly tritiated environment, about half the 

human tritium intake would be in the form of tritiated 

organic compounds in food. Most of this organically bound 

tritium would be converted within the organism to tritium 

oxide, by oxidation or exchange; but some tritiated organic 

compounds would be incorporated directly into body tissues. 

Other tritiated organic compounds will be formed within the 

body by exchange or synthetic processes. By these two 

routes, all hydrogen-containing compounds in the body will 

incorporate tritium. This organically bound tritium will 

add per?a?s 50% to the total-body dose fro?. body-water 

tritiu::, but will it :lave any special efcect because of its 

r:olecillarly incorporated state? 

Two possibilities exist for enhanced effect: 1) a 

transmutation effect due to conversion of a hydrogen atom to 

a helium atom, and 2) an enhanced radiation effect due to 

origin of the beta ray within the molecule. Such effects 

might be particularly critical for tritium incorporated in 

DNA or other vital molecules within the cell nucleus. 

This problem has been extensively studied and recently 

reviewed (103,104). Although a somewhat controversial 

subject, there now appears to be agreement on the following 

conclusions: "The effects of intracellular tritium are 

overwhelmingly due to beta irradiation of the nucleus. 

Transmutation effects do not produce a measurably increased 

effect under most conditions and are detectable, if at all, 



only under highly specialized laboratory conditions" (194). 

Further, "The origin of tritium beta tracks in, or their 

close juxtaposition to, the DNA molecule does not appear to 

enhance the degree of somatic effect" (104). This latter 

conclusion appears reasonable since, "Every part of the cell 

nucleus lies within one tritium beta range of some part of a 

chromatid, and the nucleus contains no sizeable contiguous 

'insensitive' volume of a radius exceeding the effective 

range of tritium beta rays" (104). 

Acute exposures might seem to present special problems. 

Concern has been expressed for the case in which a developing 

female fetus is exposed to elevated body-water levels during 

the period of oocyte formation; tritium incorporated in 

these germ cells would be retained until ovulation and this 

might constitute a special genetic hazard (105). Osborne, 

however, has estimated that in such a circumstance, less 

than 0.2% of the initial dose rate to the nucleus originates 

from tritium incorporated in DNA, and that it would be 30 

years before the initial dose from body water was equaled by 

the cumulative dose from DNA-incorporated tritium (106). 

It would thus appear quite certain that tritium incorporated 

into organic compounds poses no substantially increased 

hazard beyond that a c c o u n t e d  for by its contribution to 

total-body dose. 

Conclusions and Research Needs 

The human metabolic behavior of tritium and the radiobiological 

consequences of this behavior are probably better understood 

than is the case for any other radionuclide. The chronic 

radiation exposure from environmentally dispersed tritium, 

in whatcver form, is essentially a total-body exposure. 

Uncertainties in the individual parameters involved in 



converting measured intake to estimated dose equivalent are 

probably no larger than a factor of two. A factor of ten 

should encompass the total uncertainty in this estimate. 

The primary experimental deficiencies would seem to lie 

in the area of large-scale, multigeneration demonstration 

experiments. This would predictably add little to our 

present knowledge of basic principles but would be reassuring 

in view of the exposure of world populations that will 

result from tritium release. 
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