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SAFETY ANALYSIS OF 
PLUTONIUM LOADINGS IN ZPR-III 

[Addendum to ANL-6408, Hazard 
Evaluation Report on the Fas t 

Reactor Zero Power 
Experiment (ZPR-III)] 

by 

J. K. Long 

INTRODUCTION 

The recently revised ZPR-III hazards report '^) constitutes the 
basis for operations of the ZPR-III with uranium fuel. 

There is at present considerable interest in extending the scope of 
ZPR-III studies to include plutonium-fueled cri t ical assembl ies , since 
there are no existing experimental data in the field of dilute plutonium cr i t ­
ical studies for the fast power reactor program. A program of cri t ical 
experiments for obtaining such information is planned for ZPR-III. 

The ZPR-III machine is a framework of square stainless steel tubes 
in which cr i t ical masses can be assembled. Its dimensions and composition, 
together with its inventory of mater ia l s , are adaptable to fast reactor 
studies. It is built in two halves, one half being fixed and the other movable 
such that when assembled it forms a 1.7-m cube. About half the reactor 
under study is built in each of the halves of the machine. The reactor is 
then brought to cri t icali ty remotely by the travel of the movable half to a 
position adjacent to the fixed half, and subsequent adjustment of control 
rod positions. Figure 1 shows a view of the reactor with the halves 
separated. 

An initial approach to cri t icali ty •with a nev/ composition or geom­
etry is made in a se r ies of loadings increasing stepwise toward the es t i ­
mated cri t ical mass from a conservative initial loading. Subcritical 
multiplication is checked with the halves together after each loading in the 
se r ies , and this information determines the subsequent loading. After 
cri t icali ty has been reached, succeeding changes in the reactor loading 
are kept within the range of the control rods. 

There are ten movable rods for control and safety, all loaded such 
that they have their maximum worth when fully inserted. Control and safety 
rods are identical mechanically, but differ in function in that the eight safety 
rods must be driven in before startup and thus they are in a position to 



•A- t-hf. two con t ro l r o d s m u s t be left out un t i l r e m o v e r eac t i v i t y if r e q u i r e d , * e two c o n ^ o ^^^^^^^^ ^^^ ^ ^ ^ ^ ^ ^ 
the ha lves a r e d r iven toge the r , at which t i m e mey 
r e q u i r e d to r e a c h c r i t i c a l i t y . 

F ig . 1. Argonne F a s t C r i t i c a l F a c i l i t y (ZPR-I I I ) 

A source has been u s e d dur ing s t a r t u p wi th u r a n i u m l o a d i n g s , and 
i ts use will be continued al though it i s p r o b a b l y r e d u n d a n t wi th p l u t o n i u m 
loadings . The source is g e n e r a l l y r e m o v e d a f te r c r i t i c a l i t y i s a c h i e v e d . 

The s y s t e m of i n t e r l o c k s and i n s t r u m e n t a t i o n is d e s c r i b e d in the 
ZPR- I I I h a z a r d s r epo r t . ( ^ ) Opera t ing i n s t r u m e n t s for the p l u t o n i u m p r o ­
g r a m a r e to be the s ame as for the u r a n i u m s t u d i e s , e x c e p t t ha t t e m p e r a ­
tu re i n s t r u m e n t a t i o n wil l be m o r e e x t e n s i v e for p l u t o n i u m c o r e s , wi th 
m o r e e m p h a s i s on alpha m o n i t o r i n g . 

At p r e s e n t , 210 kg of p lu ton ium a r e a v a i l a b l e in a f o r m for u s e in 
ZPR-I I I . It i s hoped that an add i t iona l 20 kg of p lu ton ium, r i c h in the 
h igher i s o t o p e s , m a y be obta ined . 

This r e p o r t s u p p l e m e n t s the Z P R - I I I h a z a r d s r e p o r t and s p e c i f i e s 
those r e v i s i o n s r e q u i r e d for u s e of the above quan t i t i e s of p l u t o n i u m . 
P e r m i s s i o n is d e s i r e d to u s e the a v a i l a b l e i nven to ry of e n r i c h e d u r a n i u m 
fuel toge the r with the p lu ton ium, o r to u s e e i t h e r fuel s e p a r a t e l y . The 
r u l e s for the handl ing and u s e of p l u t o n i u m p r o p o s e d in th i s r e p o r t a r e in 
each c a s e as r e s t r i c t i v e o r m o r e r e s t r i c t i v e than those for handl ing and 
us ing u r a n i u m . It t h e r e f o r e fol lows tha t any r e a c t o r s y s t e m conta in ing 



both uranium and plutonium will be operated under the more res t r ic t ive 
plutonium ru les , unless the plutonium is present only to the extent of a 
small reactivity coefficient sample (<1 kg) with the balance of the fuel en­
riched uranium. 

The reactor is located at the National Reactor Testing Station, 
about 50 miles west of Idaho Fa l l s , in the same area as the EBR-I, AFSR, 
and BORAX facilit ies. Outside of these facilities, which are within one-
half mile, there are no other populated areas closer than four miles . 

SUMMARY AND CONCLUSIONS 

The ZPR-III fast zero-power reactor experiment has been operated 
by Argonne National Laboratory at the NRTS in Idaho since 1955. During 
this time the facility has been used for the study of about 40 distinct core 
configurations based on U^^' fuel. Critical masses of these assemblies 
have ranged from 27 to 575 kg of U^^'. The reactor has been started and 
brought up to operating level more than 5000 t imes. Personnel have been . 
trained and qualified for ZPR-III operation in accordance with ANL policy. 

The experience we have had tends to increase our confidence in the 
overall safety of this reactor system. 

Plutonium loadings in ZPR-III were not discussed in the original 
hazards report , although there was no doubt that such loadings would 
eventually be contemplated. Since plutonium loadings were visualized in 
the conception of ZPR-III, the reactor was constructed in such a fashion 
that it could, with a fê w modifications, be adapted for such loadings. 

The plutonium is to be put to use in the same sort of r e sea rch p r o ­
grams as have been ca r r ied out for enriched uranium. Within the l imita­
tions of safe p rac t ices , it is proposed to take full advantage of the extreme 
flexibility of the ZPR-III machine for the construction of cr i t ical assemblies 
varying in shape, size, and composition. These assemblies will be fully 
reflected or otherwise protected from accidental increases in reactivity 
due to reflection. Core compositions will include simulations of proposed 
fast reac tors as v/ell as simplified compositions for validation of analytical 
methods. Crit ical mass is the basic experimental information obtained. 
The facility is also to be used for measurements of the worth of changes in 
composition and geometry. Fission rate t r a v e r s e s , activation m e a s u r e ­
ments , spectral indices, heterogeneity effects, pulsed neutron experiments , 
oscil lator experiments , Doppler experiments , and other experiments which 
can be performed within the safe limitations of the machine are to be in­
cluded in the program. Metallic and ceramic vers ions of plutonium fuels 
are to be included. To simulate an oxide of plutonium, an oxide of an inert 



subs t ance wUl be added to the c o r e c o m p o s i t i o n . C a r b i d e s wi l l be s i m u ­
la ted by he s e p a r a t e addit ion of g r a p h i t e to the c o r e . Mixed u r a n i u r n and 
Plu tonium c o r e s a r e con templa t ed , as we l l as those u s m g p l u t o n i u m a l o n e . 

In under tak ing e x p e r i m e n t s with ove r 200 kg of P l ^ ' ^ - ^ - ^ ^ ^ f ° : :"^ 
i s fully a w a r e of the r e s p o n s i b i l i t i e s to publ ic safe ty and to i t s own p e r 
s o n n e / w h i c h a r e involved. P l u t o n i u m i s one of the m o s t ' o - ^ - ^ ^ * - - ^ 
known, the m a x i m u m p e r m i s s i b l e amoun t in c r i t i c a l o r g a n s b - n g ^-^ to 
0.5 Mg. Spread un i fo rmly over the g round s u r f a c e , t h i s 200-kg quan t i t y 
could con tamina te m o r e than 80 squa re m i l e s to the u n a c c e p t a b l e l e v e l of 
I m g / m ^ Careful c o n s i d e r a t i o n has t h e r e f o r e b e e n g iven to the p r o g r a m 
de ta i l s to m s u r e that such a m a j o r r e l e a s e of p l u t o n i u m i s qu i t e i n c r e d i b l e . 

It i s be l ieved that the c o n s i d e r a t i o n s g iven in the fol lowing s e c t i o n s 
show that the des ign of the p lu ton ium fuel i s sound, tha t it can be h a n d l e d 
without undue r ad ia t ion h a z a r d , and that it can be s a t i s f a c t o r i l y c o n t a i n e d 
and m o n i t o r e d for con ta inment dur ing n o r m a l o p e r a t i o n s . M i n o r m o d i f i c a ­
t ions of the Z P R - I I I mach ine wi l l i n s u r e tha t r e a c t i v i t y a d d i t i o n s t a k e p l a c e 
at p r o p e r l y r educed r a t e s . 

A mul t i tude of p r e c a u t i o n s h a s been t a k e n a g a i n s t the p o s s i b i l i t y of 
a n u c l e a r e x c u r s i o n , and th is coupled wi th the s u c c e s s f u l h i s t o r y of safe 
opera t ion with u r a n i u m ind ica te s that a n u c l e a r e x c u r s i o n wi th th i s fac i l i ty 
i s not c r e d i b l e . Because of l i m i t e d e x p e r i e n c e wi th c a n n e d p l u t o n i u m and 
with the py ropho r i c i t y of p lu ton ium and u r a n i u m , l e a k s , s p i l l s , and f i r e s 
with p lu tonium a r e r e g a r d e d as the m o s t s e r i o u s a c c i d e n t s wh ich a r e even 
r e m o t e l y c r e d i b l e . Even in th i s f ield, c o n s i d e r a b l e e v i d e n c e e x i s t s c o n ­
cern ing the safety of p lu ton ium, and th i s e v i d e n c e i s r e v i e w e d in t h i s 
r e p o r t . The m a x i m u m acc iden t involving a r e m o t e l y c r e d i b l e p l u t o n i u m 
f i re is e s t i m a t e d to r e l e a s e about 200 g of p l u t o n i u m o u t s i d e the Z P R - I I I 
building, with no e x c e s s i v e d o s e s p o s s i b l e to a r e a s beyond 11 m i l e s . 

O p e r a t i o n s , m a n a g e m e n t of the f ac i l i t y , m a i n t e n a n c e , and a l l o t h e r 
f ea tu res of the p r o j e c t wil l be the s a m e a s i n d i c a t e d in the h a z a r d s r e p o r t , 
except whe re spec ia l p r o b l e m s a s s o c i a t e d wi th the u s e of p l u t o n i u m a r e 
ant ic ipated. 

In view of the r e m o t e n e s s of the s i t e and the high d e g r e e of p r o ­
tec t ion, both a d m i n i s t r a t i v e and b u i l t - i n , and in v iew of the d e s i r a b i l i t y of 
p lu tonium c r i t i c a l e x p e r i m e n t s to s u p p o r t the f a s t b r e e d e r r e a c t o r p r o g r a m , 
it is c o n s i d e r e d a p p r o p r i a t e tha t A r g o n n e p r o c e e d wi th the p l u t o n i u m e x ­
p e r i m e n t s u n d e r the cond i t ions ou t l ined in the following r e p o r t . 

The spec ia l c o n s i d e r a t i o n s for p l u t o n i u m fall into s e v e n c a t e g o r i e s 
as fol lows: 



I. Fuel Design and Fabrication 

II. Fuel Neutron and Gamma Activity and Fuel Handling 

III. Fuel Alpha Activity and Spontaneous Heating 

IV. Plutonium Storage, Containment, Pyrophoricity and 
Air Monitoring 

V. Operational Procedures Dictated by the High Reactivity 
and Low Delayed-Neutron Fract ion 

VI. Temperature Effects, Expansion and Doppler 

VII. Accident Calculations 

I. FUEL DESIGN AND FABRICATION 

About 35 kg of plutonium fuel were received in 1960 and later in 
that year another 175 kg were ordered. The la rger order was specified to 
match as closely as possible to the smaller order in total Pu^^' content 
per piece and in the overall outside dimensions of the pieces, so that in 
operation all pieces would be interchangeable. The following paragraph 
summarizes the fabrication details. 

The fuel consists of plutonium plates alloyed with 1.1 1 0.1 w/o 
aluminum (9 a/o). The Pu^^° content is 4.5 + 0.3%, and thus may run as 
high as 4.8% of the total plutonium. Plutonium-241 is present to the ex­
tent of 0.5% and Pu^*^ is 0.04%. The balance of the plutonium, about 95%, 
is Pu^^'. Total impuri t ies other than plutonium and aluminum are limited 
to less than 0.3%. The dimensions of the Pu-Al core are approximately 
0.085 X 1.765 in., with the length dimension in three sizes: 0.925, 1.925, 
and 2.925 in. They are clad with 1.5-mil nickel of sufficient integrity that 
no "wipe count" is obtained after coating. The nickel plating prevents con­
tamination of jackets and equipment during assembly and welding opera­
tions. Midway in the manufacturing run it was determined that the nickel 
coating was not required for the prevention of contamination of the jackets 
and equipment. It was therefore not included on some of the later p ieces . 
A record is kept of the weight of each piece, but in pract ice the pieces of 
any one size are usually considered interchangeable. The Pu-AI core 
plates are inclosed in a jacket of 0.012-in. Type 304-L stainless steel. 
The cans (jackets) are closed by end plugs of the same mater ia l , welded 
in place. Inside the can, at the end containing the welded end plug, a spring 
bears against the core slug, pushing it into contact with the opposite end 
of the can. The welds are tested for leak-t ightness with 7-psia helium, 
using a m a s s spect rometer helium leak detector. The cans are welded 
under a 50/50 hel ium-argon mixture at -5- atm and then buffed and polished 
and checked for contamination. Alpha activity from the surface of the cans 
is l e ss than 1 count/min-cm^. AU pieces have been X-rayed to verify 
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the pos i t ion of the s p r m g . This i s the fuel that i s now a v a i l a b l e . P l u t o n i u m 
of different i so topic compos i t ion , o r with s l igh t ly mod i f i ed cann ing p r o ­
cedure may be used , but not to exceed a p p r o x i m a t e l y 230 kg to ta l p l u t o n i u m . 

A s u m m a r y of some of the p h y s i c a l and m e t a l l u r g i c a l p r o p e r t i e s 

of the Pu -AI alloy is given in Appendix B. 

II. F U E L NEUTRON AND GAMMA ACTIVITY 
AND F U E L HANDLING 

A. Gene ra l Po l icy 

Opera t ing p r o c e d u r e s a r e to be so a r r a n g e d tha t p e r s o n n e l e x p o ­
s u r e s to rad ia t ion a r e kept within the l e v e l s c u r r e n t l y a c c e p t a b l e to the 
AEC and Argonne Nat ional L a b o r a t o r y . In v iew of the fac t t h a t n o r m a l 
handling of the p lu tonium p i e c e s m a y b r ing about m o r e e x p o s u r e to r a d i o ­
act ivi ty than our p e r s o n n e l have e n c o u n t e r e d wi th u r a n i u m , e x p o s u r e s 
have been r eca l cu l a t ed , and some r e h e a r s a l s of the hand l ing o p e r a t i o n s 
have been p e r f o r m e d and m o n i t o r e d . B a s e d on t h e s e c a l c u l a t i o n s and 
r e h e a r s a l s , p r o c e d u r e s have been p r o p o s e d wi th which p e r s o n n e l n e e d not 
incur e x c e s s i v e e x p o s u r e . The p r o c e d u r e s wi l l be sub j ec t to f u r t h e r m o n ­
i tor ing and can be modif ied if th is should p r o v e n e c e s s a r y . The r a d i a t i o n 
e s t i m a t e s and handling p r o c e d u r e s a r e ou t l ined be low. 

B. E s t i m a t e d Activit ies ' . '^ ' 

The spontaneous f i s s ion of the p l u t o n i u m i s o t o p e s r e s u l t s in 2.70 x 
10"'^ c /g f rom P u " ' (l c = 3.7 x 10'° d / s e c ) , 1.22 x 10"^ c / g f r o m Pu^*°, 
and 2.11 x 10"^ c /g f rom Pu^^^. The s p o n t a n e o u s f i s s i o n of e v e n - o d d * Pu^*^ 
is expected to be of the magn i tude of Pu^^'. T h e r e f o r e , c o n s i d e r i n g the 
ana lys i s of the p lu tonium u s e d , the Pu^"*" wi th two n e u t r o n s p e r s p o n t a n e o u s 
f iss ion is the p r i n c i p a l s o u r c e of n e u t r o n s . An a s s e m b l y con ta in ing 200 kg 
plutonium may contain about 10 kg Pu^*°, wh ich would c o m p r i s e a d i s t r i b ­
uted source of 10^ n e u t r o n s / s e c . Th i s cou ld a m o u n t to a s m u c h a s 500 n / 
s e c / c m ^ over a l a r g e f r ac t ion of the body a r e a of a p e r s o n s t and ing b e t w e e n 
the ha lves , depending somewha t , of c o u r s e , on the g e o m e t r y invo lved . Th i s 
i s about ten t i m e s the t o l e r a n c e l eve l for a 4 0 - h r / w e e k e x p o s u r e . The c a l ­
culat ion neg l ec t s the effects of a b s o r p t i o n and m o d e r a t i o n wi th in the a s ­
sembly , but it a l so n e g l e c t s m u l t i p l i c a t i o n . The p r o b l e m is c o n s i d e r e d 
s e r i o u s enough that the n e u t r o n field b e t w e e n the h a l v e s and n e a r the a s ­
sembly will be m o n i t o r e d each t i m e a new s i z e of a s s e m b l y is c o n s t r u c t e d , 
and p e r s o n n e l e x p o s u r e l i m i t e d a c c o r d i n g l y . The handl ing of ind iv idua l 
p i ece s and d r a w e r s conta in ing up to 2 kg of p l u t o n i u m wil l be m o n i t o r e d 
in a s i m i l a r fashion. 

*In the a b s e n c e of r e l i a b l e e x p e r i m e n t a l da t a , the e v e n - o d d c h a r a c t e r ­
i s t i c s of the p r o t o n and n e u t r o n n u m b e r s of the i so tope a r e t a k e n a s a 
rough ind ica t ion of the t e n d e n c y to s p o n t a n e o u s f i s s i o n . 
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The X-ray and gamma activities of plutonium may also present a 
problem. These activities are associated with the alpha or beta activities 
of the isotopes and are generally much shorter than the spontaneous f is­
sion half- l ives. Plutonium-239 has 0.0611-c/g alpha activity. About 0.3% 
of the disintegrations are accompanied by gamma photons of 40 to 120 kev, 
and about 3% are accompanied by X rays of energy around 20 kev. Although 
in a large assembly this may come to a total source equivalent to some 
hundreds of curies of pure gamma emit ter , it is expected that absorption 
in the assembly and in the air will take care of most of this. For example, 
95% of the X rays are attenuated just in passing through the stainless steel 
jackets of the fuel pieces . Because of its shorter half-life, Pû "*" has a 
specific activity of 0.226 c/g of alpha activity. Moreover, about 24% of the 
Pu^*" disintegrations are accompanied by the 0.043-Mev gamma of U^^'. 
Therefore 10 kg of Pu^*° could result in the equivalent of 600 c of a single 
gamma emit ter , but again because of the softness, much of this is ab­
sorbed internally. Finally, consideration must be given to Pu^^', whose 
beta activity amounts to 110 c/g, and although this is not accompanied by 
any observed gamma, the 470-yr daughter, Am^*', which builds up as the 
12.5-yr Pu^ ' decays, does emit gammas. In fact, 20 months after produc­
tion, the 1.2 kg of Pu^ ' present in the original inventory would have already 
produced 100 g of Am-̂ *' (324 c). About 40% of the Am^*' decays are ac ­
companied by gammas, mostly at 0.059 Mev, and by 18-kev X rays. Again 
the X rays are rather soft, but because the gammas can build up to a con­
siderable amount in t e rms of total emiss ions , the vigilance of monitoring 
must be maintained for many years . 

It is not anticipated that operation of the cri t ical facility with plu­
tonium will build up any significant quantity of long-lived fission products. 
Seven years of operation •with uranium has not built up long-lived activities 
to the extent that any special remote handling procedures have had to be 
established. The natural activity of the plutonium is such that the super­
position of the long-lived fission products on top of it will not cause addi­
tional handling problems. The activity from short- l ived fission products , 
both between the halves and in the neighborhood of individual drawers and 
pieces is discussed for uranium in the hazards report . In general , the 
same figures will apply for plutonium, except that plutonium cri t ical masses 
for a given volume •will be expected to be about 0,6 the corresponding u r a ­
nium cr i t ical m a s s e s . Consequently, the fission products per gram of fuel 
for a given integrated power of operation will be about 1.7 t imes as great 
in the case of plutonium. In the hazards report , the values listed in the 
table headed "Radiation Intensity" are calculated for a 60-Iiter core v/ith 
14 v/o U^^ .̂ A plutonium core of this size would have about 0.6 this fuel 
density. Because of the canning mater ia l , an individual plutonium plate 
would contain only about two-thirds as much fissile mater ia l as the same 
nominal size uranium plate. The fission product activity at the surface of 
the plutonium plate would therefore be increased by a factor of about 1.2 
over the corresponding values listed for uranium. In normal operation this 
would still be small compared to the plutonium activity. 
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C. T i m e - a n d - e x p o s u r e Study for D r a w e r Loading 

M e a s u r e m e n t s have been m a d e of the t i m e and e x p o s u r e for o p e r a ­
t ions involving individual d r a w e r s loaded wi th t yp i ca l q u a n t i t i e s , 0 . 5 - 1 . 0 kg 
of Plutonium. S tar t ing f r o m s t o r a g e in the vau l t , the fol lowing a r e the 
o p e r a t i o n s : 

1. Take the can f rom the vaul t and unbol t the top (40 s e c ) . 

During th is ope ra t ion the p lu ton ium is s t i l l in the c o n t a i n e r 
and p a r t i a l l y shie lded. The hands a r e e x p o s e d to r a d i a t i o n f r o m the p l u ­
tonium cans at a d i s t ance of about 2 in. t h rough the c o n t a i n e r l id in a 
1 5 - m r / h r g a m m a field. Body e x p o s u r e is be low m e a s u r a b l e l e v e l s . 

2. Monitor the cans for a lphas (15 s ec ) . 

The lid i s off the c o n t a i n e r ; hands a r e 6 in. f r o m the p l u t o n i u m 
in a 8 0 - m r / h r field of b e t a s , and soft and m e d i u m g a m m a s . The n e a r e s t 
p a r t s of the body a r e about 24 in. f rom the p l u t o n i u m in a 2 - m r / h r f ie ld . 

3. C a r r y the con ta ine r f r o m m o n i t o r i n g hood to load ing hood 
(5 sec) . 

The top is r e p l a c e d on the c o n t a i n e r but no t b o l t e d . H a n d s 
a r e 2 in. f rom the fuel in a 15-20 m r / h r g a m m a field. Body e x p o s u r e is 
negl ig ib le . 

4. Load p lu tonium f r o m c o n t a i n e r in to Z P R - I I I d r a w e r (25 s e c ) . 

Twenty-f ive seconds w e r e r e q u i r e d to l oad s ix p i e c e s (about 
0.5 kg) into a p r e p a r e d d r a w e r . F i n g e r s a r e in c o n t a c t wi th the p i e c e s in 
a field of about 262 m r e m / h r (12 m r e m n e u t r o n s , 250 m r e m g a m m a s ) . 
The body is exposed to only 2 m r / h r a t 24 in. 

5- Bolt the top back on the c o n t a i n e r and r e t u r n i t ( p a r t i a l l y f i l led 
with fuel) to the vaul t (40 s e c ) . 

The hands a r e in a 2 - m r / h r f ie ld 2 in. f r o m the fuel and 
shielded f rom it by the c o n t a i n e r l id and w a l l s . 

6- P l ace the loaded d r a w e r on the c a r t (5 s e c ) . 

The hands a r e 2 in. f r o m the fuel in a 2 0 - m r / h r f ie ld . Body is 
24 in. f rom the fuel in about a 2 - m r / h r f ie ld . 
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7. Push the car t into the assembly room near the reactor (30 sec). 

The hands are at least 6 in. from the fuel in a 5 -mr /h r field. 
The body is 24 in. away in a 2 - m r / h r field. 

8. Take drawer off car t and place in ZPR-III matr ix (15 sec). 

Hands are at 2 in. in a 20 -mr /h r field, body at 18 in. in about 
a 5 - m r / h r field. 

The distances given above are the points of neares t approach. Meas­
urements were taken Avith a Juno meter calibrated for 1-Mev gammas, a l ­
though the plutonium radiations are less energetic. The sensitive volume 
of the Juno meter can only be moved to within 2 in. of the sample, and 
therefore the surface contact field is from an additional measurement 
made with smaller probes. 

Although neutron measurements were not taken in all phases of this 
study, an exposure estimate can be made from the t imes and distances. An 
overconservative assumption would be that loading a 1-kg drawer involved 
a 3-min exposure at a total body distance of 10 cm. The dose rate from a 
1-kg point source (containing 60 g Pu '̂*") at 10 cm is 45 n / c m y s e c . Allow­
able exposure per week at this dose rate is 2/5 of 40 hr, or 16 hr. Since 
there may be as many as 150-200 drawers involved in large loadings, the 
time required to load all drawers would be 450-600 min, or 8-10 hr . Thus, 
as far as handling individual drawers is concerned, one individual could 
make essentially a complete loading and unloading once a week. 

9. Exposure between matr ix halves. 

Exposure may be incurred while loading drawers into the a s ­
sembly from drawers that have already been loaded. A subcrit ical pluto­
nium assembly which was constructed in July 1961, provides some data on 
the radiation fields developed between the halves.^ ' This had 20 kg of 
plutonium in a 24-Iiter volume in one half of the machine, with the fuel 
density corresponding to an EBR-II mockup - about 0.83 kg/ l i ter . The 
gamma level was 6 m r / h r midway between the halves, and 18 m r / h r at 
14 in. from the interface (measurements were taken with a Juno meter and 
are corrected for U "̂'̂  betas). The fast neutron field mid^way between the 
halves was about 70 nf/cm^-sec. Thus, even with this small quantity of 
plutonium, neutron fields are appreciable. Personnel are monitored and 
exposure t imes limited in accordance with established Health Physics 
procedures . 
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III. FUEL ALPHA ACTIVITY AND 
SPONTANEOUS HEATING 

The spontaneous alpha decay of P u " ' generates about 1.9 w/kg, 
and of Pu"° , 6.9 w/kg. Americium-241 generates 106 w/kg. The buildup 
of Am^*' from the 12.5-yr Pu^"' would add, after 12 yr , about 50 w to the 
450 w generated by the total plutonium inventory. These heat generation 
rates are sufficient to produce sensible heating of large masses of plu­
tonium which are left assembled for a long time. It is difficult to calcu­
late the magnitude of the temperature rise in ZPR-III because of the many 
interfaces between pieces, making it difficult to estimate an equivalent 
thermal conductivity for the assembly. 

Measurements were therefore made on the subcritical assembly 
mentioned in the previous section to determine the temperature r i se in a 
source of 20 kg plutonium, distributed in 24 l i te rs , blanketed with full-
density depleted uranium, in one-half of the ZPR-III machine. Other 
diluents with the plutonium simulated the EBR-II composition. The tem­
perature effect of having the two halves together was simulated by placing 
3 in. of Fiberglas insulation over the interface. Equilibrium temperature 
profiles measured in the core indicated an equivalent thermal conductivity 
of 0.01 cal/sec-cm-°C in the axial direction and of about 0.0015 c a l / 
sec-cm-°C in the radial direction t ransverse to the plates. In the blanket, 
conductivities were larger by a factor of about two. (The thermal conduc­
tivities of pure stainless steel, uranium, and aluminum are 0.05, 0.06, and 
0.5 cal/sec-cm-°C, respectively.) If an average conductivity, 0.004 c a l / 
sec-cm-°C, is assumed to apply isotropically in the core and 0.01 c a l / 
sec-cm-°C in the blanket, the temperature r ise in a 210-kg core, from 
outer edge of blanket to core center, is calculated to be about 36°C. 

With ambient temperatures of 25°C, this resul ts in 61°C tempera­
tures at the center of a 210-kg plutonium core, which would not cause phase 
changes or structural damage to the fuel. Consequently, no external cool­
ing system is considered necessary. Smaller ZPR-III cores , in which the 
fuel is more concentrated, have a smaller temperature r i se . 

Measurements were also made on the length of time required to 
attain temperature equilibrium in the mockup. At least four days were 
required to establish an equilibrium pattern of temperatures throughout 
the assembly. 

IV. PLUTONIUM STORAGE, CONTAINMENT, 
PYROPHORICITY, AND AIR MONITORING 

The low biological tolerance level for plutonium together with the 
pyrophoric nature of some of its forms dictate an extremely dependable 
degree of containment. Monitoring for alpha activity is the best way of 
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checking on the presence of plutonium, but this is complicated because 
•working a reas must also be used for uranium. The uranium is an alpha 
emit ter also, with most of its alpha activity coming from U^^ ,̂ generally 
present in about one percent of the U^̂ ^ concentration. This increases the 
general background of alpha activity, making the presence of plutonium 
more difficult to detect than other^wise. The maximum energy of Pu 
alphas is 5.16 Mev, compared with the maximum energy of the Û ^ alphas 
of 4.77 Mev. This distinction offers some possibility of detecting the plu­
tonium with a carefully biased alpha proportional detector. Principal 
rel iance, however, must be placed on monitoring for any sudden or large 
increase in alpha background such as would indicate a i r -borne plutonium 
or surface contamination emanating from a ruptured can. 

A. Monitoring and Handling Procedures 

Two 150-cfm hoods have been designed and built for use in the 
loading room. These hoods are approximately 34 in. •wide x 48 in. long x 
36 in. high. One of these is portable and is placed on the loading room 
table during plutonium operations or removed for uranium operations. 
The other hood is permanently installed in the loading room near the vault 
door. Each hood has its ô wn filtered exhaust. 

The procedure for examining and handling the plutonium has been 
worked out in some detail, and the following steps are specified: 

1. The plutonium in the vault is stored in flanged and bolted con­
tainers centered in birdcages. These containers are ca r r ied into the first 
(permanent) hood where they are unbolted and opened. Only 3.5 kg of 
fissionable mater ia l are permit ted in this (or the second) hood. The in­
side of the containers above the plutonium pieces is monitored with an 
alpha surface probe. Any rupture of a plutonium can which has occurred 
in storage is expected to emit sufficient plutonium to be easily detected in 
this fashion. This first hood is monitored with an air-sampling monitor. 

2. The containers are then moved to the portable hood on the 
loading table. A plutonium piece counter (27T proportional counter) will 
be located inside this second hood and will be used to check individual 
pieces . A plutonium impactor monitor (for a i r -borne plutonium detec­
tion) is connected to the second hood at all t imes when plutonium is being 
handled in the hood. The monitor will indicate 0.5 MPC in 5 min. 

3. A plutonium impactor monitor is used in the reactor room and 
s tar ted pr ior to reactor operation. 

4. Upon completion of reactor operations, a waiting period of 10 
to 15 min is allowed for a complete cycle of the monitor. Upon completion 
of the monitoring cycle, if the air activity is normal , entry is made into 
the reactor room. 
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5 If p lu tonium is to be r e m o v e d f r o m the r e a c t o r , an i m p a c t o r 
mon i to r is connected to the a p p r o p r i a t e hood for m o n i t o r i n g . All t e r n p o r a r y 
s to rage and d r a w e r unloadmg m u s t take p l a c e in the s e c o n d hood. P l u t o n m m 
m a t e r i a l s unloaded m the hood a r e s e a l e d in m e t a l c o n t a i n e r s p r i o r to t h e i r 
r e m o v a l f rom the hood. 

6 All handling of the p lu ton ium i m p a c t o r m o n i t o r s and b a c k u p 
moni tor ing for p lu tonium is done by Heal th P h y s i c s p e r s o n n e l u n l e s s in a 
specif ic ins tance such work is de l ega ted to the O p e r a t i n g S u p e r v i s o r on 
duty. 

7. The use of p ro t ec t i ve c lo th ing, spec i f i ca l l y of r u b b e r g l o v e s , 
will be r ig idly enforced. Other p r o t e c t i v e m e a s u r e s , such a s the u s e of 
tongs , lead g loves , and p o r t a b l e s h i e l d s , wil l be adop ted a s m o n i t o r i n g 
ind ica tes they a r e n e c e s s a r y . 

B. P y r o p h o r i c i t y 

Both u r a n i u m and p lu ton ium a r e known to be c o m b u s t i b l e in a i r . 
The r a t e of burning and the extent to which a f i r e p r o p a g a t e s i t s e l f t h r o u g h ­
out a l a r g e m a s s a r e r e l a t e d to the ven t i l a t ion r a t e , the r a t e of h e a t l o s s , 
and the format ion of p ro t ec t i ve coa t ings . In l a r g e s a m p l e s of r e l a t i v e l y 
p u r e solid m a t e r i a l s , the hea t conduct ion to the bulk of the m a t e r i a l i s such 
that a f i re in i t ia ted at a point \vill not o r d i n a r i l y p r o p a g a t e t h r o u g h o u t the 
m a s s . E x c e r p t s f rom r e c e n t e x p e r i m e n t a l s t u d i e s on th i s sub j ec t a r e the 
following: 

"Studies of va r i ous t h i c k n e s s e s of u r a n i u m foi ls h a v e shown tha t 
s t r i p s g r e a t e r than 1.5 m m thick will not cont inue to b u r n in a i r when the 
hea t f rom the igni ter is r emoved" ;(3) and " s e v e r a l a t t e m p t s w e r e m a d e to 
burn 60 mil (1.58 mm) d i a m e t e r u r a n i u m w i r e and 0.13 x 1.0 m m z i r c o n i u m 
foil s t r i p s at an ambien t t e m p e r a t u r e of 400°C. N e i t h e r of t h e s e two s a m p l e s 
would burn in a i r with the s u r r o u n d i n g s at r o o m t e m p e r a t u r e , a l though 
30 mil u r a n i u m wire and 0.13 x 0.6 m m z i r c o n i u m foil wi l l b u r n m r o o m 
t e m p e r a t u r e a i r . Heating the s u r r o u n d i n g s to 400°C, h o w e v e r , would no t 
p roduce a s e l f - sus t a inmg combus t i on . " (4) 

In r e g a r d to p lu tonium: 

"The oxidation behav io r of m o l t e n p l u t o n i u m he ld a t 900°C in an 
a i r a tmosphe re has been r e p o r t e d by Hanford . Two 800 g p i e c e s , c o n t a i n e d 
m a magnes ium oxide c r u c i b l e , ox id ized s lowly , r e s e m b l i n g bu rn ing c h a r ­
coal . In con t r a s t , p lu ton ium t u r n i n g s b u r n b r i g h t l y . A p l u t o n i u m oxide 
coating formed over the mol t en m e t a l , p r o t e c t i n g the m e t a l f r o m f u r t h e r 
oxidation. Even with i n t e r m i t t e n t s t i r r i n g , it w a s not p o s s i b l e to ox id ize 
complete ly the m a s s i v e p lu ton ium. It w a s n e c e s s a r y to cool , r e m o v e the 
oxide, and rehea t the m e t a l twice b e f o r e ox ida t ion w a s c o m p l e t e . " (5) 

file:///vill
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Hilliard also repor ts that burning of uranium samples, 0.127 to 
0.515 in. minimum dimension, was not sustained in air when the external 
heat supply was removed, (o) 

It cannot be said that instances of self-sustaining combustion of 
massive uranium pieces are unknown, however. Schnizlein et al. cite the 
example of a truck loaded with half-inch-thick pieces of uranium, which 
caught fire after a motor accident. The fire lasted nearly 24 hr and could 
not be extinguished.! ') In the light of the more recent laboratory experi ­
ments, it seems likely that these instances of combustion of massive 
uranium must have been influenced by unusual grain size or i r regular i ty , 
metal lurgical history, porosity, the presence of external heat sources , or 
some of the other special mechanisms which are known to promote metal 
fires. 

In the event that the core was raised to a high temperature , alloy­
ing between the plutonium and other mater ia ls would be a possibility. Plu­
tonium forms a eutectic ^vith iron at about 410°C, for example. Some 
information on the oxidation rate of various alloys of plutonium with iron, 
thorium, zirconium, uranium, and uranium-molybdenum, has been reported 
from Harwell.(S) The various alloys were heated to 450°C or more in dry 
air and oxidation ra tes determined. In no case were the rates greater than 
for pure uranium. The alloys tested were 15 and 25 a/o Pu in Fe ; 16 and 
30 a/o Pu in Th; 10, 20, and 40 a/o Pu in Zr, 5 a/o Pu in U; and 20 a/o 
Pu-25 a/o Mo in U. It was also found that the oxidation of the Pu-Zr 
alloys at 700°C in CO^ proceeded at ra tes comparable to 450°C in air . 
Many of the alloys normally expected to be formed in plutonium cores a re 
therefore not any grea ter a combustion hazard than the mater ia ls here to­
fore present in the uranium cores . 

Most of the non-fuel mater ia ls used in ZPR-III are noncombustible. 
However, for cores containing sodium it must be assumed that if combus­
tion were started it would more likely proceed to completion because of 
the self-sustaining proper t ies of the sodium. Graphite is relatively dif­
ficult to burn and is not expected to add to the combustion hazard. 1') 

C. Dispersion Accompanying Combustion 

There exists a miscellany of resul ts on the dispersion of plutonium 
and uranium after fires and explosions. Although none of the data exactly 
duplicate the ZPR-III situation, general pat terns are apparent which may 
have some bearing on the proposed operation. In the following paragraphs , 
summar ies of a few dispersion studies are presented 

Car ter et al. ,(1^) have investigated the combustion of plutonium 
cylinders and turnings, and the dispersion of the products into the a tmos­
phere . The combustions took place in a light draft (chimney) of dry air , 
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and the a i r - b o r n e combus t ion p r o d u c t s w e r e c o l l e c t e d on f i l t e r s . They 
e s t i m a t e d that only the p a r t i c u l a t e m a t t e r s m a l l e r than 3/i in d i a m e t e r 
need be cons ide r ed an inhala t ion h a z a r d in the l u n g s , b e c a u s e of both the 
rap id fallout and low re t en t ion of l a r g e r p a r t i c l e s . They d e t e r m i n e d t h a t 
only about 0.05% of the r e s i d u e f rom the c y l i n d e r s (0 .01% f r o m the t u r n ­
ings) was in the h a z a r d o u s s ize r a n g e . They conc luded t h a t wi th no d i s ­
p e r s a l agent p r e s e n t , only 10 '* of the o r i g i n a l p l u t o n i u m b u r n e d would 
const i tu te an inhalat ion h a z a r d . Even in a t u r b u l e n t a i r s tream^, the f r a c t i o n 
which cons t i tu ted an inhala t ion h a z a r d could not e x c e e d 5 x 1 0 , s i n c e t h i s 
was the m a x i m u m amount in the s ize r ange be low 3^ in d i a m e t e r . 

The 3-11 uppe r l i m i t for the b io log ica l ly ob j ec t ionab le p a r t i c l e s h a s 
been d isputed by m o r e r e c e n t s t u d i e s , ( H ) which i n d i c a t e tha t lOpi i s a 
safer l imi t to u s e . 

Burning t e s t s have been r e p o r t e d for p l u t o n i u m by C h e e v e r , ( I 2 ) 
with the object , among o t h e r s , of d e t e r m i n i n g the p e r c e n t of p l u t o n i u m 
which b e c a m e a i r - b o r n e . T e s t s w e r e conduc ted in a p l u t o n i u m g l o v e b o x 
sys t em. The box a t m o s p h e r e w a s f i l t e r ed r o o m a i r , wi th m o i s t u r e c o n ­
tent 30 to 70 g r a i n s p e r pound of d ry a i r . One to two g r a m s of p l u t o n i u m 
in the fo rm of s l ab , cy l inde r , or t u r n i n g s w e r e ign i t ed by a r e s i s t a n c e -
hea ted N i c h r o m e w i r e . Diffract ion s tud ies ind ica te tha t PuO^ w a s the 
oxide fo rmed. The f rac t ion of the b u r n e d p lu ton ium c o l l e c t e d on f i l t e r s 
amounted to only 1.2 x 10"^ in the m a x i m u m c a s e o b s e r v e d . A i r v e l o c i t y 
through the f i l t e r s was given a s 5 fpm, but no e s t i m a t e w a s m a d e of a i r 
veloci ty in the combus t ion reg ion . 

Studies of burning u r a n i u m have been m a d e by C o n n o r s and 
0 ' N e i l , ( ' 3 ) v/ho be l ieve that the phys i ca l c h a r a c t e r i s t i c s of u r a n i u m oxide 
fumes a r e s i m i l a r to those of p lu ton ium. U r a n i u m t u r n i n g s w e r e i gn i t ed 
by m e a n s of a N i c h r o m e h e a t e r in a p o r c e l a i n d i sh in a c o m b u s t i o n hood. 
Dimens ions of the hood ind ica ted a v e r a g e a i r v e l o c i t i e s up to 30 fpm in 
the combust ion a r e a . The fume a p p e a r e d to be the b l a c k ox ide , U3O8, of 
specific g rav i ty 7 .31. The o r d e r of magn i tude of the f r a c t i o n a i r - b o r n e 
was e s t i m a t e d by taking a i r s a m p l e s n e a r the e n t r a n c e to the e x h a u s t 
sy s t em. Values of th is f rac t ion r a n g e d f r o m 4 x 1 0 " ' to 7 x 10"^, wi th a 
single obse rva t ion of 2 x 10"^ The we igh ted m e a n w a s 2,6 x lO '^ . 

H i l h a r d has s u m m a r i z e d a n u m b e r of r e f e r e n c e s c o n c e r n e d wi th 
the d i s p e r s i o n of p lu tonium following c o m b u s t i o n . (14) Al though he i s p a r ­
t i cu la r ly i n t e r e s t e d in the ca se in which i r r a d i a t e d u r a n i u m , con ta in ing 
some conver ted Plutonium, u n d e r g o e s c o m b u s t i o n , h i s s t u d i e s a l s o inc lude 
the case of p u r e p lu tonium. After showing tha t the e v a p o r a t i o n of p l u t o ­
n m m m a vacuum f rom m i x t u r e s wi th u r a n i u m c o r r e l a t e s we l l wi th t h e o r y 
he then extends the theo ry to cove r the e v a p o r a t i o n into a i r a t v a r i o u s 
ve loc i t i e s . His conclus ion f r o m t h e s e s t u d i e s i s t ha t e v a p o r a t i o n c a n n o t 
make a significant con t r ibu t ion to the a m o u n t of p l u t o n i u m d i s p e r s e d a t 
the t e m p e r a t u r e s p r e v a l e n t in s e l f - s u s t a i n i n g f i r e s , i . e . , up to 1350°C. 
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He thus reasons that the fine par t i c les , <3;i in diameter , of non­
volatile oxide are the chief means of dispersal . Noting that Car ter et al.(lO) 
have already set an upper limit on the amount of plutonium "which forms 
fine par t ic les , and permitt ing a slight extension of this amount in order to 
include other piece s izes , he a r r ives at 0.08% as the maximum fraction of 
the plutonium which might resul t in an inhalation hazard foUowing a fire. 

When the oxidation is accompanied by an explosion, contamination 
is likely to be much more widespread. The Oak Ridge explosion of Novem­
ber 1959'!^) was not a complete dispersion however. In this instance, an 
evaporator containing about 1300 g plutonium in solution exploded inside a 
shielded cell. Although the heavy walls of the cell prevented extensive 
damage from the explosion, a door was blown open by the force of the 
blast, permitting direct escape of some contamination. 

No nuclear explosion was involved. The evaporator was estimated 
to have contained about 3 kg picric acid, some alkali n i t ra tes , and about 
18 l i ters of nitration products which had accumulated from an organic de­
contaminating agent. Peak explosion pressure "was assumed to be about 
1100 psi . 

Of the 1300 g plutonium originally present , 1100 g was recovered 
from the damaged equipment, 150 g was flushed and recovered from the 
interior walls and apparatus of the cell, and smaller amounts from other 
locations. It was estimated from smear samples that about 600 mg e s ­
caped from the building through the door which was forced open. Fallout 
was rapid and was confined to a small fraction of the site area . 

This would seem to be an example of a partially contained blast. 
The heavy shielding walls of the cell absorbed some of the force of the 
explosion, but a large portion of the energy was certainly directed out the 
opened door. The fraction released to the outside, 5 x 10"^, was no doubt 
limited by the par t ia l containment. Although an open explosion would 
certainly be expected to spread a la rger fraction of its mater ia l over a 
wider a rea , the example indicates that even part ial containment can be 
very effective in confining a large fraction of the explosion products. 

Additional pertinent references to plutonium and uranium dispersal 
are found in the classified l i te ra ture . 

In summary, it seems reasonable to expect that the fraction of plu­
tonium dispersed following a fire which would actually be an inhalation 
hazard would not be g rea te r than lO"-̂  of the amount oxidized. 
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V OPERATIONAL P R O C E D U R E S D I C T A T E D BY THE 
HIGH REACTIVITY AND 

LOW D E L A Y E D - N E U T R O N F R A C T I O N 

A. Delayed Neut rons - S ta r tup C o n s i d e r a t i o n s 

Depending somewhat on the e n e r g y of the n e u t r o n which c a u s e s 
f i ss ion , t he re is about 0.0022 de layed n e u t r o n p e r p r o m p t n e u t r o n in the 
case of Pu^^' c o m p a r e d with 0.0069 for U " ^ ( l 6 ) The c o r r e s p o n d i n g n u m ­
ber for U"" is about 0.018, but the h ighe r f r a c t i on of d e l a y e d n e u t r o n s 
p r e s e n t in c o r e s containing U"** is s o m e w h a t offset by the fact t ha t the ^̂ ^ 
delayed neu t rons a r e emi t t ed at an e n e r g y too low to c a u s e f i s s i o n in U^ 
and, hence , a r e l e s s effective than the p r o m p t n e u t r o n s . The ne t r e s u l t 
has been that over the wide r ange of c o m p o s i t i o n s s tud i ed so fa r in the 
ZPR- I I I , the "effective beta" h a s v a r i e d ove r a r e l a t i v e l y n a r r o w r a n g e of 
about 0.007 + 0.0003. 

"Effective beta" is an i m p o r t a n t c r i t e r i o n in s t a r t u p a c c i d e n t s , 
r e p r e s e n t i n g the difference in r e a c t i v i t y be tween d e l a y e d and p r o m p t 
c r i t i c a l . Calcula t ions of s t a r tup a c c i d e n t s g e n e r a l l y a s s u m e tha t the 
length of t ime r e q u i r e d to add an amount of r e a c t i v i t y equa l to the e f f ec ­
tive beta is the m a x i m u m t ime ava i l ab le for shutdown i n s t r u m e n t s to 
ope ra t e . Actual ly , ZPR- I I I e x p e r i e n c e h a s shown tha t t h e r e i s m o r e t i m e 
avai lab le than this would ind ica te , b e c a u s e , wi th an a d e q u a t e s o u r c e in the 
r e a c t o r , the i n s t r u m e n t s a r e opera t ing on s u b c r i t i c a l m u l t i p l i e d n e u t r o n s 
cons ide rab ly before c r i t i c a l i t y i s ach ieved . T h u s , p e r i o d s c r a m s a r e 
poss ib le while the r e a c t o r is s t i l l s u b c r i t i c a l . 

F o r p lutonium load ings , the m i n i m u m "ef fec t ive be t a" would be 
about 0.0022, with h igher va lues for load ings con ta in ing s o m e U"̂ ^̂  o r U^^*. 
N e v e r t h e l e s s , in o r d e r to be c o n s e r v a t i v e , the c r i t e r i a for r a t e of add i t ion 
of reac t iv i ty in p lutonium c o r e s wil l be ad jus t ed f r o m the U"^ c o r e s by the 
r a t io of the "effective beta" in t he se two t y p e s . T h u s , if (dk/dt)u235 jg the 
m a x i m u m p e r m i s s i b l e r a t e of addi t ion of r e a c t i v i t y in a u r a n i u m c o r e , 
then (dk/dt)u235 (/3p^//3y235) wiU be the m a x i m u m p e r m i s s i b l e r a t e in a 
plutonium c o r e , or mixed p l u t o n i u m - u r a n i u m c o r e . 

1. C a r r i a g e Dr ive 

The ZPR- I I I h a z a r d s r e p o r t ( l ) s p e c i f i e s tha t r e a c t i v i t y a d d i ­
t ions due to c losu re of the ha lves wi l l be not g r e a t e r than d k / d t equa l to 
5 X 10 pe r second for the final 12% of r e a c t i v i t y add i t ion . F o r p l u t o n i u m , 
the cor responding figure would be (5) (0 .22 /0 .7 ) x 10"^ o r 1.6 x lO"* p e r 
second. F o r the g e o m e t r i e s of fas t p o w e r r e a c t o r s , 12% h a s b e e n t a k e n to 
r e p r e s e n t the final 3 in. of c a r r i a g e t r a v e l , and th i s i s not e x p e c t e d to 
change apprec iab ly with p lu ton ium load ings up to 210 kg. T h i s l a s t 3 in. 
of c losu re should occupy a t l e a s t 750 s ec (12.5 min) in o r d e r no t to e x c e e d 
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dk/dt of 1.6 X 10"* per second. Fo r the plutonium loadings, a carr iage 
drive with a speed of -g—in./min is used, so that the final 3 in. of closure 
will require 18 min. 

The intermediate and high carr iage speeds are based on con­
venience of startup operation rather than on rate of reactivity addition, 
since the machine is not intended to be cri t ical until the halves are com­
pletely closed. In the unlikely event that cri t icali ty occurred before the 
slow-speed drive •was in operation, the instruments and safety rods are 
fast enough to shut the reaction down, as shown in Section VII, A. There­
fore the high and intermediate speeds are not reduced for the plutonium 
loadings. 

2. Control Rod Drives 

The ZPR-III has 10 movable rods, 5 in each half. Any one rod 
in each half may be designated as a control rod, the others being consid­
ered safety rods. Safety rods are cocked (driven into the reactor) before 
startup, and consequently their speed is not relevant. Control rods are 
driven into the reactor one at a time after the carr iage is driven in. The 
hazards report for U^̂ ^ loading specifies that the speed and the worth of 
control rods shall be such that dk/dt is not greater than 5 x 10 "* per sec­
ond due to control rod insertion. The corresponding figure for plutonium 
then is 0.00016 per second. The control rod speed is 4 in. /min or 0.07 in . / 
sec. Control rods must therefore be loaded in such a pattern that their 
worth is not over 0.002 Ak/in. for plutonium loadings. In any case for 
which this is not possible, the control rod drive speed will have to be r e ­
duced to stay within the permiss ible rate of reactivity addition. 

In other respec ts , the use of control and safety rods is the 
same as described in the U^̂ ^ hazards report . 

B. Reactivity of Plutonium - Worth of Loading Changes 

The hazards report(I) for uranium loadings in ZPR-III contains no 
res t r ic t ion on the increments of fuel or reactivity that may be added be­
tween runs, or on the total excess reactivity in the reactor . Nevertheless 
certain prac t ices have been established which limit these activit ies. It is 
prudent at this time to review these prac t ices for their applicability to 
plutonium loadings. Some of these pract ices are the following: 

No loading plan of the ZPR-III will be approved unless est imates 
show that the reactor will be still subcrit ical when the halves are fully 
closed •with two control rods out. If the reactor is found to be cri t ical be­
fore the halves are fully together, it is shut down immediately. Deviations 
from the rule for special experiments can be car r ied out, as regulated by 
the ANL Policy and Prac t ice Guide.(17) 
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During an approach to c r i t i c a l i t y wi th a new c o m p o s i t i o n o r g e o m ­
e t r y the f i r s t loading has o n e - t h i r d to one -ha l f of the e s t i m a t e d c r i t i c a l 
masL , depending on how much p r e v i o u s e x p e r i e n c e i s a v a i l a b l e to v e r i f y 
the e s t i m a t e . The second loading adds not m o r e than an a d d i t i o n a l 20/o 
(of the e s t i m a t e d to ta l ) . I n c r e m e n t s of th i s s ize a r e con t inued un t i l s u b -
c r i t i c a l mul t ip l i ca t ion i nd i ca t e s that th i s s i ze i n c r e m e n t m i g h t m a k e the 
r e a c t o r c r i t i c a l with the con t ro l r o d s w i t h d r a w n (a safe a l l o w a n c e is m a d e 
for pos s ib l e c u r v a t u r e in the s u b c r i t i c a l m u l t i p l i c a t i o n p lo t ) . I n c r e m e n t s 
a r e then r educed so that c r i t i c a l i t y wi th the c o n t r o l r o d s l e s s t h a n fully 
out can be e sUmated . With c o n s e r v a t i v e e s t i m a t e s , t h i s p r a c t i c e h a s l ed 
to the ach ievemen t of c r i t i c a l i t y in five to ten s t e p s . Unti l c o n s i d e r a b l e 
expe r i ence has been gained wi th p lu ton ium, a p p r o a c h e s to c r i t i c a l i t y wi l l 
be made with i n c r e m e n t s not over 10% of the e s t i m a t e d to t a l c r i t i c a l m a s s . 

It i s of i n t e r e s t to e s t i m a t e w h e t h e r or not the s a m e s i z e s of l o a d ­
ing changes which have b e c o m e c u s t o m a r y for u r a n i u m - f i l l e d r e a c t o r s a r e 
s t i l l safe for the equiva len t p lu ton ium r e a c t o r s . The c r i t i c a l m a s s of a 
solid p lu tonium sphe re is about o n e - t h i r d tha t of a so l id e n r i c h e d u r a n i u m 
s p h e r e . The n u m b e r of n e u t r o n s p e r f i s s ion is h i g h e r for p l u t o n i u m than 
for u r a n i u m . In compar ing a s s e m b l i e s of p l u t o n i u m wi th u r a n i u m , one 
would p robab ly cons ide r as being equ iva len t those a s s e m b l i e s wh ich have 
the s ame r a t i o of f i s s i l e to f e r t i l e a t o m s , and the s a m e r a d i u s . Thus the 
fuel dens i ty in the p lu tonium a s s e m b l y would be l e s s than in the u r a n i u m 
a s s e m b l y . In the r ange of the fas t b r e e d e r r e a c t o r s a r a t i o of f i s s i l e to 
fe r t i l e a t o m s in the co re of 0.2 migh t be typ ica l . Ca lcu l a t i onsVl° ) i n d i c a t e 
that to have the s ame buckl ing, a p lu ton ium a s s e m b l y wi th th i s d i lu t ion 
would have about 0.7 the fuel dens i ty of a u r a n i u m a s s e m b l y wi th the s a m e 
dilut ion. It has been shown that for two r e a c t o r s having the s a m e r a d i u s 
and r e f l ec to r s av ings , but different co r e c o m p o s i t i o n , the w o r t h of an i n ­
c r e m e n t of m a s s at the edge of the co re can be e x p r e s s e d a s — = — — , 

k f M 

with f p ropo r t i ona l to (^ . j) j ; ' jl ( one -g roup a p p r o x i m a t i o n ) . (19) H e r e 

V is the number of neu t rons p e r f i s s ion , and Sf and 2c a r e the m a c r o s c o p i c 
c r o s s sec t ions for f iss ion and cap tu re r e s p e c t i v e l y . A c c o r d i n g to c u r ­
ren t ly u s e d fas t r e a c t o r c r o s s - s e c t i o n s e t s , f would be a p p r o x i m a t e l y the 
s ame for a dilute u r a n i u m r e a c t o r as for a di lute p l u t o n i u m r e a c t o r wi th 
0.7 the fuel densi ty of the u r a n i u m r e a c t o r . T h u s , s u b s t i t u t i o n e x p e r i m e n t s 
m a Plutonium r e a c t o r wUl p roduce about the s a m e r e a c t i v i t y change a s 
m the equivalent u r a n i u m r e a c t o r if the e x p e r i m e n t s involve the s a m e 
volume of co re m a t e r i a l in each c a s e . It can a l s o be s e e n tha t if the p r o ­
por t ion of U in a co re is r educed , thus r educ ing Z^ in the d e n o m m a t o r , 
f w in be reduced (subs t i tu t ions w o r t h m o r e ) , a s h a s b e e n o b s e r v e d in the 
u r a n i u m a s s e m b l i e s . 

J ' ' ' n ^ ^ ' ' ' ' " ^ '^ p r a c t i c e to avoid load ings which would i n c o r p o r a t e 
m o r e than 0.5% reacUvi ty in the c o r e with h a l v e s t o g e t h e r and aU r o d s in. 
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The corresponding figure will be held to 0.15% with the plutonium loadings, 
and the preceding observations on the value of f indicate then that the 
maximum volume of excess core mater ia l that can be added to a plutonium 
core •will be about one-third what it was for the corresponding uranium 
core. 

VI. TEMPERATURE EFFECTS 

A. Expansion of Columns of Fuel in Reactor Drawers 

When ZPR-III drawers are loaded with uranium fuel, the thin 
plates of fuel a re placed end to end, starting from the center of the r eac ­
tor. Thus, any temperature r ise of the fuel produces expansion of the 
individual fuel pieces which cumulates in the expansion of the entire 
column of fuel. The situation is different for plutonium. The plutonium 
pieces are canned in individual containers each with its own internal gap. 
Thus expansion of the individual pieces would not be cumulative. 

Each can is marked with an engraved number and "with a colored 
mark on the end which contains the spring. The cans have been radio­
graphed after assembly to insure that the spring is properly placed, and 
to locate other possible internal defects. 

Each individual can of plutonium is loaded into the drawer with its 
spring and gap to^ward the back of the drawer. Individual pieces then al-
•ways expand outward from the core center. Obviously, however, the r e ­
activity reduction associated with the expansion is considerably less than 
when the expansions of a whole column are cumulative. In order to estimate 
the effect of expansion in a typical 260-liter, 227-kg plutonium ZPR-III 
loading, the following calculations were performed.(20) (See Appendix C.) 

An SNG calculation in slab geometry (with correct ions for radial 
leakage) with plutonium distributed uniformly over the whole core was the 
reference calculation. Another SNG calculation was then performed with 
the plutonium contracted by 4% to make 0.2-cm plutonium-free gaps 5 cm 
apart . There was, of course, no central gap. The assumed radial buckling 
•was the same for both calculations. F r o m the change in k of the SNG cal­
culations, it was found that 

- ^ = - 0 . 0 4 5 - p K - 0 . 5 x l O " ' p e r ° C 

where Al/ l is the fractional change in length. This procedure might over­
est imate the expansion due to internal heat generation by a factor of two, 
since the actual heating would be greates t at the center where the expansion 
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is l e a s t effect ive. Since the coeff ic ient for e x p a n s i o n of fuU c o l u m n s of 

fuel expell ing the b lanke t i s about 

^ = -0.34 f 
k 1 

for un i fo rm expansion (and half of t h i s amoun t for a c t u a l e x p a n s i o n ) , the 
Plutonium loadings can be expec ted to have a shutdown coef f ic ien t t ha t i s 
13% of the u r a n i u m load ings . 

Note that as canned for t he se c r i t i c a l e x p e r i m e n t s t h e r e i s no l o n g e r 
any compel l ing r e a s o n to load the p lu ton ium fuel end to end. 

B. Doppler Coefficient 

The Doppler coefficient in Z P R - I I I c o r e s can be p o s i t i v e and an 
o r d e r of magni tude g r e a t e r than the s m a l l shutdown coef f ic ien t due to e x ­
pans ion . Recen t ca l cu la t ions of the Dopple r effect in Pu"'^ i nd ica t e (21 ) 
that , for a given s p e c t r u m it i s 2 to 3 t i m e s as l a r g e a s the c o r r e s p o n d i n g 
effect in U " ' (or the nega t ive effect in U"^) . The D o p p l e r coef f ic ien t in 
co re C d e s c r i b e d by Baker , (20) a typ ica l Z P R - I I I p l u t o n i u m a s s e m b l y , i s 
e s t i m a t e d at a lmost-110" 'Ak/°C, b a s e d on the r e c e n t da ta but i gno r ing the 
effect of heat ing in the U"*, and us ing N i c h o l s e n ' s m e t h o d of ca lcuIa t ion . (22) 
C o m p a r i s o n of the s p e c t r a of c a r b i d e c o r e s wi th m e t a l l i c c o r e s i n d i c a t e s 
tha t the c a r b i d e s migh t have Dopple r coeff ic ients a s l a r g e a s +5x 10" Ak/°C. 

On the other hand, if an a s s e m b l y con ta ins a p p r e c i a b l e q u a n t i t i e s 
of U"^, th i s would provide an effect at l e a s t p a r t i a l l y c o m p e n s a t i n g tha t of 
the p lu tonium. The t e m p e r a t u r e r i s e of the U^^^ would be r e l a t e d to the 
t e m p e r a t u r e r i s e in the p lu ton ium by 

T 
T p u 

U-8 ^ °f U-8 Cp Pu 

whe re the r a t io of hea t c a p a c i t i e s , Cp, is 1.23 and the f i s s i o n r a t i o i s no t 
l e s s than 0.03 for the a s s e m b l i e s con t empla t ed . Thus the r a t i o of t e m ­
p e r a t u r e r i s e in the two m a t e r i a l s is not l e s s than 0 .037. The D o p p l e r 
coefficient of both U"^ and P u " ' d r o p s a p p r o x i m a t e l y a s T " ' o r T " ' • ^ but 
s ince the U"« t e m p e r a t u r e r i s e i s r a t h e r s l ight , i t s Dopp le r effect r e m a i n s 
nea r ly cons tant at a s l ight negat ive v a l u e , w h e r e a s the p o s i t i v e p l u t o n i u m 
coefficient d e c r e a s e s as i t s t e m p e r a t u r e r i s e s . On the o t h e r hand , the 
Doppler impor t ance of a given i so tope i s p r o p o r t i o n a l to the s q u a r e of i t s 
'^°2l7"'%V^'°' T h e r e f o r e , for c o m p o s i t i o n s l ike c o r e C, in wh ich the 
U / P u isotopic ra t io is g r e a t e r than 6, the effect of the D o p p l e r coef­
ficient m the U"8 is n e a r l y that of the p l u t o n i u m , and c e r t a i n l y the U " ^ 
negat ive effect would p r e d o m i n a t e at fuel t e m p e r a t u r e s above 400°C. 
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Both the plutonium and uranium effects increase in softer spectra, 
and in roughly the same proportion. The worst Doppler situation visual­
ized is a plutonium carbide core with no U^̂ ^ present . This would produce 
a Doppler coefficient of about 5 x 10"'Ak/°C at room tempera ture , and the 
integrated Doppler effect from room temperature to vaporization would 
amount to 0.0026 to 0.004 Ak. 

VII. ACCIDENT CALCULATIONS 

A. Excursion Kinetics 

A pa ramet r i c study of excursions has been made with a view to 
determining whether the positive Doppler effect increases the probability 
of an uncontrollable excursion. The initiation of any of these excursions 
requires some sequence of highly improbable events. It will be shown that 
the presence of the positive Doppler effect does not substantially increase 
the probability of an uncontrollable excursion. If such an excursion could 
be initiated, the positive Doppler effect would cause a substantial increase 
in the magnitude of the excursion, but not so great that the fission products 
represent a grea ter long-term hazard than the plutonium. 

None of the explosions listed in this section could possibly run its 
complete course to self-shutdown under the operating conditions of 
ZPR-III. All •would be stopped at an early stage by removal of reactivity 
initiated by period or power-level t r ips . The calculations permit est imates 
of the time available for various instruments to function and the power 
level at which they w^ould become operative under various conditions of 
reactivity addition. At all ra tes of reactivity addition up to the maximum 
which can be added by closure of the halves at high speed, there is suf­
ficient time and a large enough instrument signal so that the safety rods 
will shut the reactor down without damage. 

Details of the calculations of possible explosions are given in 
Appendix A; a summary and analysis are given here . 

The principal tool used in the analysis of possible ZPR-III acc i ­
dents is the space-independent RE 129 J code for IBM 704. This code 
follows the course of an incident in which the reactivity of the assembly 
increases as 

rlk 
^ = A + Bn, 0 < t < to dt 

Here A is a ramp rate of reactivity addition (which may be zero), B is a 
temperature-dependent coefficient, and t is t ime. The relationship betv/een 
k and n is computed from the usual kinetics equations as in other versions 
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of the RE 129 codes which solve the same equation. Appropriate delayed 
neutron data can be inserted in the input for the part icular composition 
investigated. Having computed the mcrease of n wi h t ime, '^--"^^f^^ 
determines Jn dt. which is proportional to the enthalpy - - ^ ^ j f ^ ^ ^ ^"^^' 
For the purposes of ZPR-III calculations, heat generated m the fuel is 
assumed to remain in the fuel, which is the worst situation as far as pos i ­
tive Doppler effect is concerned, and is overly pess imis t ic for excursions 
that start slowly. The time constant for the transfer of heat from the 
fissile to nonfissile materials is actually of the order of 20 sec, but the 
computation neglects this as though it were infinite. 

As the computed /n dt increases and, consequently, fuel t empera ­
ture r i ses , the coefficient B is readjusted to take account of the changes 
in fuel dimensions and Doppler coefficient with temperature . This p r o ­
cedure continues untU the fuel at the center of the reactor reaches its 
melting point, after which expansion ceases , but Doppler effects continue. 
Finally, when fuel at the center of the reactor reaches its vaporization 
temperature (/n dt = 2.8 x lO' for core C), the method of computing r e ­
activity variations is altered. F rom this point on, the plutonium vapor is 
permitted to behave as an ideal gas confined to the void fraction of the 
region in which vaporization has taken place. This region grows as 
vaporization continues. At the same time, the dimensions of the core are 
enlarged according to the acceleration of the core and blanket mass due 
to the gas pressure at the center. Core and blanket pieces are assumed 
to accelerate like free bodies initially at rest . Eventually this enlarge­
ment of the core reduces reactivity to the point where the reaction is 
shut dov/n. 

This simple approach neglects the details of some of the the rmo­
dynamic and shock effects of an explosion, but it provides a means of com­
paring the course of different excursions and permi ts an est imate of their 
relative severity. The final estimate of the total fissions involved in the 
burst must be considered semiquantitative at best. 

As initial condition, the reactor is presumed to contain a density 
of one neutron/cc. The excess multiplication can be either zero or some 
finite amount. The excursion calculations have been based on a reactor 
similar to core C,(20) and containing 0.66 g P u ^ ' / c c , 5.7 g U " V c c , plus 
nonfissile materials . The presence of the U"^ was taken into consideration 
in computing the effective /3 of 0.004166. Core C has a cr i t ical volume of 
258 liters and requires essentially all our inventory of plutonium. 

Calculations were performed with various ramp ra tes of reactivity 
insertion and various iniUal values of k-excess , Doppler variat ions as 
T and T"'-= were both investigated. The initial room-tempera ture value 
of the Doppler coefficient was taken to be either 5 x I 0 " ^ 5 x 10"^ or 
10 Ak/°C in various groups of problems. The first value corresponds to 
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Doppler effects that would be present in a core with considerable U^'^ 
present , although due to limitations in the problem capacity, the pes s i ­
mist ic assumption was made that the negative U"* Doppler coefficient 
declined just as rapidly as the positive plutonium Doppler decreased with 
increase in fuel t empera ture . The second value of Doppler coefficient, 
5 X 10"° Ak/°C, would represent the situation in a plutonium carbide spec­
trum, with U '̂'̂  present to increase the effective j3, but with no considera­
tion given to the heating of the U"^ as a Doppler shutdown mechanism. The 
problems with a Doppler coefficient of 10"^ Ak/°C were merely introduced 
to provide another factor of two in the Doppler effect due to the possibility 
of having a lo^wer spectrum. 

Some of the resul t s of these problems are summarized in Table I. 
In Table I the f irs t six columns on the left give the problem number and 
input specifications. Following this are three columns of figures specify­
ing the charac te r i s t i cs of the burs t at the moment when the accumulated 
heat produced in the fuel is sufficient to ra ise its temperature 20°C. 
(Throughout each problem, the assumption is made that all heat produced 
in the fuel remains in the fuel.) Following this is information giving the 
situation when the fuel temperature reaches successively 100 and 400°C 
temperature r i s e s . These three points give an indication of the time scale 
of the f irs t phase of the excursion. The final two columns of Table I give 
the final total fissions when the p re s su re has disassembled the reactor 
and the maximum value of k-excess during the course of the excursion. 
This maximum of k-excess occurs just before the peak power is reached. 

Examination of Table I shows without question that when large 
amounts of reactivity are added to the reactor at high ra tes , the resulting 
excursion can be very large if no mechanical shutdow^n device is invoked. 
Any combination of reactivity additions which total a dollar or more before 
vaporization begins leads to large burs ts . This result was anticipated 
even with the uranium loadings for ZPR-III and is discussed in the sum­
mary of the ZPR-III hazards report . 

Certain of these problems, however, shed some light on the suit­
ability of the mechanical shutdown devices built into ZPR-III for t e rmi ­
nating an autocatalytic (positive Doppler) excursion. In par t icular , 
examination of problem Nos. 15-18 is instructive. In problem 15, the 
reactor is p resumed to have been put on a positive period corresponding 
to Ak = 0.0006 (asymptotic period would be about 50 sec) at a flux level 
of 2 X 10^ nv. This power level is high enough for the instruments to see 
the entire excursion. By the time the fuel temperature had risen 100°C, 
the period would be short enough to cause the scram devices to be actuated, 
and fur thermore , there wrould be ample time (16 sec) for the instruments 
to operate before the fuel temperature reached disastrously high levels. 
(400°C is somewhat a rb i t ra r i ly considered to be the upper limit of safe 
fuel temperature . ) Problem 16 i l lus t ra tes the course of a similar 



Table I 

EXCURSION CALCULATION SUMMARY 

No. 

1 

4 

5 

9 

10 

12 

13 

15 

16 

17 

18 

21 

22 

23 

Hell 

0.00417 

0.00417 

0.0O417 

0.00417 

0.00417 

0.00417 

0.00417 

0.00417 

0.00417 

0.00417 

0.00417 

0.00215 

0.00215 

0.00215 

Initial 

0 

0 

0 

0 

0 

0 

0 

0.0006 

0.0012 

0.002 

0.004 

0 

0 

0.0004 

Ramp, 
k/sec 

0.02 

0.002 

0.02 

0.002 

0.02 

0.002 

0.02 

0 

0 

0 

0 

0.004 

0.02 

0 

Doppler at 
Room Temp, 

Ak/°C 

5x 10- ' 

5 X 10- ' 

5 X lO'* 

10-5 

10-5 

5 X lO"*-

5 X lO^'' 

5 X lO^*-

5x lO"!" 

5 X lO" ' 

5 X 1 0 ' ' 

5 X lO" ' 

5 X 1 0 ' ' 

5 X 1 0 ' ' 

Doppler 
Variation 

^-1.5 

T ' l ^ 

^-1.5 

T'1-5 

^-1.5 

T ' l 

T ' ' 

T ' l 

T ' l 

T-1 

T' l 

^-1.5 

T-1.5 

^-1.5 

Rise of Tuel Temperature 

Time, 
sec 

0.22 

2.1 

0.219 

2.10 

0.219 

2.106 

0.2198 

271 

97.1 

34.26 

0,74 

0.559 

0.118 

270,8 

20°C 

/ n dt • 2.5 

Power, 
w 

1 ,0x10 ' 

0,43 X 10 ' 

1 ,2x10 ' 

0,2 X 10 ' 

1,6 X 10 ' 

0.44 X 10 ' 

1.2 X 10 ' 

1.24 X 10" 

3 . 9 x 1 0 ' 

1.24 X 105 

1.5 X 107 

7x 108 

1,2 X 10 ' 

1,4 X 10" 

10"! 

Period, 
sec 

4,6 X 10'" 

7.2 X 10'" 

3 ,13x10 '" 

7,44 X 10'" 

2,34 X 10'" 

6,74 X 10'" 

3.03 X 10 '" 

33.2 

11.4 

3.64 

1,39x10'^ 

5,13 X 10'" 

3,06 X 10'" 

29.1 

Time, 
sec 

0.2207 

2,107 

0,2203 

2.104 

0.220 

2,107 

0.220 

321 

114.5 

39.8 

0,75 

0,56 

0,119 

312.6 

100°C 

/ n dt • 1,25 

Power, 
w 

6,4 X 10 ' 

8,7 X 10 ' 

13.1 X 10 ' 

12.8 X 10 ' 

18 X 10 ' 

8.1 X 10 ' 

13,4 X 10 ' 

1,6 X 105 

3 , 2 x 1 0 ' 

8x 105 

4.1 X 10 ' 

9.2 X 10 ' 

13.6 X 10 ' 

1.6 X 105 

105) 

Period, 
sec 

4,4 X 10'" 

2,0 X 10'" 

1.3 X 10'" 

9.99 X 10-5 

8.28 X 10'5 

1,68 X 10'" 

1,24 X 10 '" 

12.4 

5,109 

1.617 

2,4 X 10 '" 

17 X 10'" 

1,3 X 10'" 

7.85 

400"'C 

( / n d l - 5 x 105| 

Time, 
sec 

0.2213 

2,1076 

0.2205 

2.105 

0.2202 

2.1072 

0.2205 

337 

121 

41.7 

0.75 

0.561 

0.1195 

322.3 

Power, 
w 

20,8 X 10 ' 

70,8 x 10 ' 

103 X 10 ' 

154 X 10 ' 

176 X 10 ' 

102 X 10 ' 

126 X 10 ' 

2 , 2 x 1 0 ' 

5.7 X 10 ' 

3 , 2 x 1 0 ' 

96 X 10 ' 

102 X 10 ' 

141 X 10 ' 

8,8 X 10 ' 

Period, 
sec 

5,7 X 10 '" 

7,33 X 10'5 

6,25 X 10'5 

3,30 X 10'5 

3.26 X 10'5 

5.50 X 10'5 

4 ,81x10 '5 

9 . 3 9 x 1 0 ' ! 

6 . 1 8 x 1 0 ' ! 

6 , 2 9 x l 0 ' 2 

5,72 X 10'5 

6 , 0 x l 0 ' 5 

5,6 X 10'5 

2 , 7 x l O ' l 

Total 
No, of 

Fissions 

5,9 X 1018 

1,1 X 1021 

1.4 X 10^1 

9,3 X 1021 

10,3 X 1021 

5,1 X 1021 

5.8x1021 

2,66 X 1 0 " 

1,57 X 1020 

5.87 X 1020 

4.26 X 1021 

1,26 X 1021 

1,49 X 1021 

5,66 X 1 0 " 

Max k „ X 10 ' 

4,41 

6,64 

6,8 

9,28 

9,47 

8,34 

8,53 

4,74 

5,38 

6,12 

8,09 

4,7 

4,85 

2.88 
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excursion with twice this amount of reactivity, corresponding to a 14-sec 
period, and although this is twice the amount normally handled in experi ­
ments , there is still ample time (24 sec) for the functioning of instruments 
and sc ram devices between the onset of sensible heating (fuel-temperature 
r ise of 20°C) and the upper limit of safe fuel t empera tures . The time 
available for instrument operation is grea ter in problem 16 than in 15 be­
cause the period has decreased to the trip level when the fuel is at a lower 
tempera ture , i .e. , with only a 20°C temperature r i se . The same sequence 
occurs in problems 17 and 18. In problem 17, the initial reactivity is in­
creased to about half a dollar, considerably more than is available in any 
planned experiment. Even under this extreme condition, there is more 
than 7 sec available for the instruments to operate within the period of 
fuel-temperature r i se from 20 to 400(°C) above room temperature , and the 
instruments would, therefore, terminate the excursion. In problem 18 the 
initial reactivity is almost a dollar, the excursion proceeds very quickly, 
and the instruments would not function in time to prevent a serious ex­
cursion. In summary, with or without the autocatalytic Doppler effect, 
accidental reactivity additions of about a dollar will cause serious excur­
sions, but at least half a dollar can be handled by the shutdown instruments. 

This range can be narrowed somewhat. The maximum kex which 
could be introduced and still allow sufficient time (one second is more than 
enough) for the control rods to operate is about 0.0030, as shown by inter­
polation within the range covered by problems 15-18. If no Doppler effect 
were present , a kgx of 0.0038 could be tolerated with the same time allow­
ance. The Doppler effect thus reduces the excess reactivity which the 
machine can tolerate from 0.0038 to 0.0030 kex (90 to 70 cents). Intro­
duction of neither of these amounts of excess reactivity is permissible 
under normal operating planning and procedures . Such amounts of excess 
reactivity could only be introduced through e r r o r s in planning and loading, 
and would lead to an excursion only if they were combined with instrumen­
tation or interlock fai lures. The Doppler effect increases the probability 
of a d isas t rous excursion only to the extent that the e r r o r s leading to 
0.0030 kgx rnay be more probable than those leading to 0.0038 kgx- Since 
the ZPR-III is well protected, by instruments , interlocks, and procedures , 
against ei ther of these e r r o r s , it is not believed that the Doppler effect 
unduly increases the probability of an excursion. 

Comparison of ramp rates of addition of reactivity with different 
assumed Doppler effects is possible by inspecting problems 1, 5, 10, and 
13. In these, about five dollars per second reactivity was being added. 
This is actually about the maximum rate of reactivity which can be r ea l ­
istically assumed. It corresponds to the rate of addition associated with 
closure of the halves at high speed. In problem I the positive Doppler 
effect was small , of the order of the negative expansion coefficient. In 
problem 5 this is increased to a value corresponding to what might be 
expected with a carbide assembly with no contribution from U 



30 

P r o b l e m 10 a r b i t r a r i l y doubles th i s amoun t . P r o b l e m 13 a p p r o x i m a t e s 
Doppler v a r i a t i o n with T " ' r a t h e r than T" ' - = . The t i m e s c a l e i s v e r y 
nea 'r ly the s a m e in each c a s e for the f i r s t s t a g e s of the - - - - ^^f^ -
up to 400°C, about 220 m s in each c a s e . C o n t r o l r o d s o r o t h e r d e v i c e s 
migh t not ac t fas t enough to shut down such a b u r s t On the o t h e r h a n d , if 
the sou rce w e r e m pos i t ion (a s t a r t u p r e q u i r e m e n t ) , and if the e x c u r s i o n 
s t a r t e d f rom s u b c r i t i c a l (as on a s s e m b l y of the h a l v e s ) , m u l t i p U c a t i o n 
would be sufficiently high for the i n s t r u m e n t s to r e g i s t e r an a p p a r e n t 
p e r i o d when the r e a c t o r was stUI a t l e a s t 2% ($5) s u b c r i U c a l . T h i s wou ld 
p rov ide an addi t iona l second for the safety r o d s to o p e r a t e , suf f ic ien t t i m e 
for t hem to take effect before c r i t i c a l i t y i s a c tua l ly r e a c h e d . 

P r o b l e m s 4, 9, and 12 show that if the r e a c t i v i t y add i t ion r a t e i s 
r educed by a fac tor of 10, to 0.002 A k / s e c , the s i t ua t ion is not s u b s t a n t i a l l y 
changed. The t ime be tween the onse t of s e n s i b l e hea t ing and the e x c e e d i n g 
of safe t e m p e r a t u r e l i m i t s i s j u s t a few m i l l i s e c o n d s , no t enough for sa fe ty 
rods to o p e r a t e . In t he se c a s e s , h o w e v e r , m o r e than 2 s ec e l a p s e b e t w e e n 
c r i t i c a l i t y and sens ib le hea t ing . This i s enough t i m e for the c o n t r o l r o d s 
to o p e r a t e . Note that the r a t e of i n s e r t i o n of r e a c t i v i t y wi th the i n t e r m e d i a t e -
speed m o t o r i s 0.004 A k / s e c , and thus l i e s be tween the c a s e s d i s c u s s e d in 
th is and the p r e v i o u s p a r a g r a p h . 

Thus on al l c a r r i a g e s p e e d s , the i n s t r u m e n t s would funct ion in 
t ime to shut down an e x c u r s i o n . 

F ina l l y , p r o b l e m s 21 , 22, and 23 w e r e c a l c u l a t e d wi th the r e d u c e d 
de l ayed -neu t ron f r ac t ions c h a r a c t e r i s t i c of P u " ' , w i thou t any c o n t r i b u t i o n 
f rom U"^. The value of Peff w a s t aken a s 0 .00215. The t i m e s c a l e for 
these e x c u r s i o n s is qui te s i m i l a r to tha t of the o t h e r e x c u r s i o n s if a l l r e ­
act ivi ty i n s e r t i o n s a r e r e d u c e d to a do l l a r b a s i s . The v a l u e s of X^ and jSĵ  
in all of the above ca l cu la t ions a r e t aken f r o m K e e p i n . ( l ° / 

Very l i t t le can be expec t ed in the •way of avoid ing a d i s a s t r o u s e x ­
cu r s ion if after the safety r o d s a r e e j ec t ed the c a r r i a g e in a n o n - n o r m a l 
fashion cont inues to move t o g e t h e r , adding m o r e r e a c t i v i t y than the sa fe ty 
rods have been able to r e m o v e . The p o s s i b i l i t y of a ch i ev ing c r i t i c a l i t y 
before the ha lves a r e toge the r is t h e r e f o r e kept to an a b s o l u t e m i n i m u m 
by conse rva t ive planning of each loading and s t r i c t a d m i n i s t r a t i v e c o n t r o l 
on checking and inspec t ion p r o c e d u r e s . S ince the sa fe ty r o d s n o r m a l l y 
contain at l e a s t 2% r e a c t i v i t y , the loading e r r o r would have to be l a r g e r 
than this amount a t the s a m e t i m e the h a l v e s w e r e d r i v e n t o g e t h e r in 
o r d e r to cause th is uncon t ro l l ed e x c u r s i o n . 

B. Maximum Cred ib l e Accident 

C o u r s e s of even t s which migh t l ead to an e x c u r s i o n have b e e n 
examined many t i m e s , by people wi th in and ou t s ide the Z P R - I I I staff. S o m e 
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of the excursions which have been proposed for examination do not lend 
themselves readily to any quantitative est imate of probability, but all 
possible measures have been taken to keep these probabilit ies low. Among 
such excursions are those due to: 

1. Sabotage 

Personnel screening procedures , the system of loading checks 
by independent physicis ts , the use of key control for the r eac ­
tor requiring t̂ wo responsible people for operation, and the 
detailed records kept of the reactor loadings, all help to r e ­
duce the possibility of sabotage. (1) 

2. Natural Catastrophes, Such as Earthquakes and Floods 

These contingencies are taken into consideration and guarded 
against in the design of the building. (1) 

3. Collapse of the Matrix 

This is an unrealist ic proposal, since the matr ix tubes are 
conservatively s t ressed. Calculations indicate that if the 
lower 40% of the assembly collapsed, including 20% of the core, 
and filled the 3% of vertical clearance in that region, the total 
gain in reactivity for core C would be only about ha,If a dollar. 

Reliability of equipment and supervisory procedures designed to 
avoid nuclear excursions during operation can be examined in more detail, 
against the background of the long history of reliable operation of the 
ZPR-III. Concerning operational sequences which are not normal but have 
been proposed as potentially leading to an excursion, the following cases 
deserve consideration: 

1. Fai lure of Nuclear Instrumentation 

To lead to an excursion, a failure of nuclear instrumentation 
would have to involve all five independent instrument channels 
which are connected to sc ram circui ts . These channels are 
truly independent of each other, each with its own detector, 
p reamp, amplifier, power supply, monitor circui ts , and scram 
re lays . Three of these channels trip the scram circuit on high 
power level and two tr ip on short period. Operating and in­
spection procedures have been well established, and the oper­
ating reliability of these instruments has been very well 
demonstrated. The instruments are fail-safe in the sense that 
loss of power to the instrument circuits sc rams the reactor . 
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Simultaneous failure of all five channels in a non-safe fashion, 
so that an excursion would not be detected and te rmmated m 
an early phase, is not considered credible. 

A Startup Accident Resulting from Mechanical Fa i lu res 

Although many different hypothetical sequences have been 
examined, no operating situation has ever been conceived m 
which less than three independent and highly improbable events 
were required to precede the excursion. For example, it has 
often been proposed that the machine might be loaded in such 
a way that criticality might be reached before the car r iage 
was fully closed, that the carr iage might continue to drive to­
gether in spite of this, and that excess reactivity so added 
could result in an excursion. Although there are many var ia ­
tions to this accident, the following three events are p r e r e q ­
uisites for such an excursion: 

a. An e r ror in planning or loading must occur. Normal 
practice is to plan each loading so that crit icali ty will be 
reached by insertion of one or two control rods after the 
carriage is closed. The e r ro r must be large enough to 
make the reactor critical before closure; otherwise the 
operation proceeds normally. 

During the seven years in which the ZPR-III has been 
safely operated, including over 5000 different loadings, 
there have been only two occasions when the plans for a 
reactor loading were sufficiently in e r r o r to cause the 
reactor to go critical before closure. Since these two 
planning e r ro r s were not coincident with the other ex­
tremely unlikely events required to cause an excursion, 
no serious consequences resulted. The plans for these 
loading changes are always based insofar as possible on 
previous experimental information. The f irst e r r o r was 
due to extrapolation of the reactivity effect due to fuel 
bunching (a linear extrapolation of the resul ts of one- and 
two-fuel-plate bunchings was not applicable to three-pla te 
bunchings). Criticality was reached with the halves 
separated by about 0.12 in., and a normal sc ram was set 
off from a period signal tr ip. After this incident, an 
interlock was added which stops closure of the car r iage 
when the multiplication is rising on an apparent 30-sec 
or shorter period. Several years la ter , when the second 
e r ror occurred, this device disclosed the e r r o r well be­
fore criticality was achieved and sc ram circui ts were not 
even required. In this second case, cri t icali ty was reached 
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with the halves separated by about 0.18 in. The e r r o r was 
due to the misinterpretat ion of a previous experiment 
measuring the •worth of the addition of core mater ia l at 
the edge. The change was wrongly attributed to a volume 
equal to twice its actual volume. In extrapolation to the 
next experiment, the volume chosen was then too large 
for the •worth of the control rods. 

No e r r o r s in loading performance of any significant mag­
nitude have ever been observed. This is attributed to the 
fact that the loading of each drawer is carefully checked 
piece by piece, and that no single piece incorporates a sub­
stantial amount of reactivity. The probability of signifi­
cant loading e r r o r s is therefore very low. A loading e r ro r 
large enough to make one half crit ical by itself is incon­
ceivable because of the large amounts of mater ia l required 
and independent checks by supervisors . Even a loading 
e r r o r large enough to make the reactor cri t ical on its 
intermediate or high-speed ranges is practically incon­
ceivable, as this would require from 20 to 50% excess 
m a s s , complete disregard for stepwise approach to 
cri t icali ty, and complete breakdown of administrative 
checking procedures . 

The carr iage must fail to stop when a 30-sec period is 
reached and must fail to reverse itself when a 15-sec 
sc ram signal is reached. In normal operation these func­
tions are automatic and controlled by independent re lays . 
The relay-controlled logic curcuits are subject to frequent 
operating tests and have been fully reliable over the years . 
The carr iage has never failed to reverse itself during its 
forward travel when called upon to do so; this has been 
verified over 100 t imes during seven years . 

The safety rods must fail to shut the reactor down. This 
might occur if a large number of rods failed to operate. 
However, in over 700 operational checks of the safety 
rods, performed at least twice each week, no single rod 
has ever failed to scram. This has been checked at 
normal and reduced air p r e s su re , under simulated condi­
tions of air failure, and with a great variety of rod load­
ings. An e r r o r large enough to override the safety rods, 
generally worth at least 2% Ak, has never occurred. 

Fu r the rmore , the excursion kinetics calculations of the 
previous section show that if the safety rods operate in 
their normal fashion, they are fast enough to handle any 
ramp rate of reactivity up to that of the high-speed 
car r iage movement. 
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The preceding three areas of safeguards therefore aU have 
an exceedingly low probability of breakdown They are aU 
quite independent and their simultaneous failure is required 
to produce an excursion. In addition, a fourth should be 
cited- The operating crew must be inattentive to the m s t r u -
mentation for a considerable period pr ior to the excursion, 
since with any degree of attentiveness, manual action to 
shut the reactor down can be taken. 

The above considerations apply to a wide variety of startup 
accidents involving many different possible circuit fa i lures , 
or different loading e r r o r s . Analysis of these required 
sequences of events, as discussed above, has in every case 
resulted in the conclusion that the probability of such a 
startup accident is incredibly low. 

In general, considerable precautions have been taken against all 
conceivable methods of adding sufficient reactivity to produce a nuclear 
excursion. The considerable body of safe operating experience obtained 
with uranium loadings and the fact that the plutonium operations are not 
basically different provide justification for considering uncontrollable 
nuclear excursion to be beyond the area of credibility. 

On the other hand, there are potential hazards associated with the 
plutonium operations with which we have little previous experience. These 
hazards are associated with the rupture of the canning mater ia l s and with 
plutonium fires. Previous experience with the part icular mater ia l s in­
volved is insufficient to predict the probability of these accidents. 

It has been an infrequent but occasional experience in the uranium 
operations to drop a piece of the uranium to the floor from heights of 
several feet. Occasionally full dra-wers have been accidentally dropped. 
Plutonium operations are designed so that fuel handling is at a minimum, 
and extreme caution is emphasized, but it is still possible that pieces or 
even drawers may be dropped. Plutonium cans are designed to r e s i s t a 
moderate impact, but conceivably they could be ruptured by such a fall, 
permitting the exposure of plutonium to air with possible oxidation and 
dispersion. The drawers are t ransferred from the room where they are 
loaded to the reactor by means of car t s . These car ts may contain two 
drawers with a total of 2.6 kg plutonium. In the unlikely event that a car t 
should be upset and spill its contents on the floor, as much as 2.6 kg plu­
tonium might become exposed to the air as a resul t of ruptured cans. Al­
though, as indicated in the section on pyrophoricity, plutonium pieces of 
the size used here are not expected to burn easily at room tempera ture , 
nevertheless, imperfections and finely divided par t ic les can initiate a 
fire which could conceivably involve the whole 2.6 kg. Because of physical 
separation from the reactor, it is not believed that such a fire could 
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spread throughout the assembly. Consistent with the experience with plu­
tonium and uranium f i res , the fraction of the plutonium which would become 
a i r -borne can be expected to be about 10"^, or 2.6 g. This amount can be 
collected on the air fi l ters without difficulty unless the fi l ters should be­
come plugged by other smokes. If the fi l ters should become plugged, the 
2.6 g of the plutonium could escape through leaks in the ZPR-III building, 
presenting some contamination problem to the surrounding area. 

A fire in the assembly might be conceived as starting from a leaky 
can which caught fire spontaneously while in the reactor . There is ample 
evidence to indicate that a fire would not propagate throughout the entire 
inventory of plutonium and uranium, but here again experience with a close 
counterpart of the ZPR-III situation is lacking. With sodium present in the 
core, as it may be for some compositions, it is hard to rule out the poss i ­
bility that a fire initiated by damage to a single fuel piece might propagate 
throughout the assembly. In the worst possible case, in which the entire 
inventory of plutonium might burn with associated quantities of sodium and 
uranium, intense tempera tures would be developed in the assembly room, 
door gaskets and sealing devices would probably be destroyed, air filters 
could be damaged, and a i r -borne plutonium oxide might escape from the 
building. Based again on experience with f ires, the amount of plutonium 
escaping from the immediate vicinity would be less than 10"^ of the 210-kg 
inventory, or about 200 g. 

Accidents of this nature, although contrary to expectations based on 
laboratory t es t s , are not the subject of a large background of experience 
to aid in judging their credibility. 

It is therefore believed reasonable to assume that a maximum 
credible accident might consist of a fire in which a large part of the in­
ventory of plutonium was oxidized, damage to the sealing of the building 
occurred, and plutonium in a quantity of about 200 g was released from 
the building. 

C. Contamination Levels 

Dispersal of 200 g of plutonium following the maximum credible 
accident has been est imated in Tables II and III for different meteorological 
conditions. The release of 200 g of plutonium of the composition available 
to ZPR-III would include release of 11.5 c P u " ' and 2.3 c Pu'̂ *", a total of 
about 14 c of plutonium alpha activity. The calculation was made for the 
cases in which the plutonium was released from the fire at a height of 2 or 
25 m. Dispersion was then computed by the Sutton equation with no at­
tenuation due to fallout. Cases are considered in which the plutonium may 
be either in a soluble or insoluble form, retention in the cri t ical organ 
differing by about a factor of 1.5 in the two cases . 



Table II 

MICROCURIES OF PLUTONIUM WHICH COULD BE 

ACCUMULATED IN CRITICAL ORGANS BY 

INHALATION UNDER DAYTIME CONDITIONS 

Values a r e based on the Sutton diffusion equat ion 

f rom a point source with no a t tenuat ion due to 

fallout, for a total r e l e a s e of 14 c (200 g). N u m ­

b e r s in p a r e n t h e s e s a r e the p o w e r s of ten by 

which the va lues a r e to be mul t ip l ied . 

M a t e r i a l 

C r i t i c a l O r g a n 

M a x p e r m i s s i b i e a m o u n t 

in c r i t i c a l o r g a n , ^ c 

D i s t a n c e D o w n w i n d , m 
560 

1 0 0 0 

1 8 0 0 
3 2 0 0 

5 6 0 0 

1 0 0 0 0 

1 8 0 0 0 
3 2 0 0 0 

n 

h 

.̂  
C 

S o l u b l e P u 

B o n e 

3 ( - 2 ) 

6 . 5 ( - 3 ) 
2 , 3 { - 3 ) 
8 , 0 { - 4 ) 

2 , 8 ( - 4 ) 

i , 0 { - 4 ) 

3 , 6 ( - 5 ) 

i , 3 ( - 5 ) 

4 , 5 ( - 6 ) 

= 0 . 2 

= 2 

- 16 

= 0 , 3 

I n s o l u b l e P u O 

L u n g s 

2 ( - 2 ) 

4 , 3 ( - 3 ) 
. 1 . 5 ( - 3 ) 

5 , 3 ( - 4 ) 

1 . 9 ( - 4 ) 

6 , 9 ( - 5 ) 

2 , 4 ( - 5 ) 

8 . 5 { - 6 ) 

3 . 0 ( - 6 ) 

n -

h = 

TT = 

c --
S o l u b l e P u 

B o n e 

3 ( - 2 ) 

6 , 5 ( - 3 ) 
2 , 4 ( - 3 ) 
8 , 5 ( - 4 ) 

3 , 0 ( - 4 ) 

i , i ( - 4 ) 

3 , 9 ( - 5 ) 

l , 4 ( - 5 ) 

4 . 8 ( - 6 ) 

0 , 2 

2 5 

16 

0 . 2 8 9 

I n s o l u b l e P u O 

L u n g s 

2 ( - 2 ) 

4 . 3 ( - 3 ) 
l , 6 ( - 3 ) 
5 , 7 ( - 4 ) 

2 , 0 ( - 4 ) 

7 . 4 ( - 5 ) 

2 . 6 ( - 5 ) 

9 . 1 ( - 6 ) 

3 , 2 ( - 6 ) 

Table LII 

MICROCURIES OF PLUTONIUM WHICH COULD BE 

ACCUMULATED IN CRITICAL ORGANS BY 

INHALATION UNDER NOCTURNAL CONDITIONS 

Values a r e based on the Sutton diffusion equat ion 
from a point source with no a t tenuat ion due to 
fallout, for a total r e l e a s e of 14 c (200 g). N u m ­
b e r s in p a r e n t h e s e s a r e the p o w e r s of ten by 
which the va lues a r e to be mul t ip l ied . 

M a t e r i a l 

C r i t i c a l O r g a n 

M a x p e r m i s s i b l e a m o u n t 
in c r i t i c a l o r g a n , ^ c 

D i s t a n c e D o w n w i n d , m 

560 

1000 

1800 

3 2 0 0 

5 6 0 0 

lOOOO 

1 8 0 0 0 
3 2 0 0 0 

5 6 0 0 0 

iOOOOO 

n 

h 

u -

C -

S o l u b l e P u 

B o n e 

3 ( - 2 ) 

6 ,7 

3 ,2 

1,4 

6 , l ( - i ) 

2 , 7 ( - l ) 

l . l ( - l ) 

4 , 7 ( - 2 ) 

2 , 0 ( - 2 ) 

8 , 5 { - 3 ) 

3 , 3 ( - 3 ) 

0 . 5 

2 

6 

0 , 0 3 5 

I n s o l u b l e P u O 

L u n g s 

2 ( - 2 ) 

4 , 4 

2 , 1 

9 , 4 ( - i ) 

4 , i ( - i ) 

i , 8 ( - l ) 

7 , 5 ( - 2 ) 

3 , l ( - 2 ) 

i , 3 ( - 2 ) 

5 , 7 ( - 3 ) 

2 , 4 ( - 3 ) 

n = 
h = 

u -

C = 

S o l u b l e P u 

B o n e 

3 ( - 2 ) 

3 . 2 ( - i 0 ) 

1 . 0 ( - 4 ) 

1 . 6 ( - 2 ) 

5 . 7 ( - 2 ) 

7 . 8 ( - 2 ) 

6 . 6 ( - 2 ) 

2 , 5 ( - 2 ) 

1 . 2 ( - 2 ) 

5 , l { - 3 ) 

0 , 5 

2 5 

16 

0 , 0 2 9 

I n s o l u b l e P u O 

L u n g s 

2 ( - 2 ) 

2 , i ( - i 0 ) 

6 , 7 ( - 5 ) 

i . 0 ( - 2 ) 

4 , 4 { - 2 ) 

5 , 2 ( - 2 ) 

i , 7 ( - 2 ) 

7 . 8 ( - 3 ) 

3 , 4 ( - 3 ) 
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To compute the t ime-integrated exposure at the ground point 
downwind from a burst under these conditions, the Sutton equation takes 
the form(23) 

TID = _ . ._ ,11 . . exp -^' 
2 l,-,i-V - n TTĈ u (ut)^ " n - c^ (at) 

The values of the pa rame te r s C, n, and u were extrapolated or 
estimated from meteorological data compiled at the NRTS by DeMarrais 
and Is l i tzer . (24) These data show that values of 0.2 and 0.5 for n, the 
Sutton stability pa ramete r , represent frequently occurring lapse and 
inversion conditions at the NRTS. The data also indicate that wind veloc­
it ies, u, of 6 mph under inversion conditions and of 16 mph under lapse 
conditions represent some of the more frequent combinations. Although 
the wind data were obtained at the 20-ft level, these wind velocities are 
expected to be quite common also at the 2- and 25-m levels where the 
re leases were calculated. The 25-m value of C used here is taken from 
the value given by DeMarrais and Is l i tzer , and since no lower values are 
available, the 2-m value is extrapolated slightly from this. (C is the gen­
eral ized diffusion coefficient for isotropic turbulence, in metersn/2,) 

The values of TID have been multiplied by an average breathing 
rate , 2.32 x 10"* m y sec, and by a retention factor to obtain the values in 
TablesIIand III. The retention factor is taken as 0.18 of the amount in­
haled for soluble plutonium in the bones, and as 0.12 for insoluble mater ia l 
in the lungs. 

Although the calculations in Tables II and III do not cover every 
possible situation, they i l lustrate the magnitude of the dispersal problem. 
Under the conditions chosen for illustration, personnel in the Central 
Faci l i t ies Area and other installations within 23 miles of the 200-g r e ­
lease might have to be protected during the passage of a low-level cloud 
under nocturnal conditions. Forty minutes would be available to car ry 
out this protection, with the low windspeed chosen. With higher wind-
speeds, the shorter time for evacuation would be offset by the increased 
turbulent dispersion. Fur ther parametr ic effects of various cloud heights, 
wind speeds, and temperature profiles are i l lustrated in the more com­
prehensive tables compiled for the EBR-II project.(25) The neglect of 
.fallout makes all calculated doses pessimist ic by factors of perhaps 10 
or more . 

The effect of fallout would be to reduce the inhalation doses from 
the cloud, but to t ransfer contamination to the ground. Surface contamina­
tion levels of 100 and up to 1,000 /jg/m^ of plutonium are considered pe r ­
missible under various circumstances. Thus, in the worst dispersal 
pat tern, 200 g of plutonium could contaminate 2 x lO' m^ (500 acres) to the 
100-^g/m^ level, or 50 acres to the 1,000-^g/m^ level. 



Contammation of water supplies has been est imated by computing 
the maximum activity per square meter which would precipitate out from 
the cloud due to a sudden shower, dropping essentially aU of the cloud at 
any of various distances. The activity which could be deposited per unit 
surface area is obtained from an integr-ation of the Sutton equation in the 
vertical direction, which results in the expression 

TTC^ (ut)^ - " 

where CO is the activity per square meter . This activity is then assumed 
to be diluted by a 3-m depth of water as in an open rese rvo i r to obtain the 
water concentrations listed in Table IV. The calculation is done for the 
meteorological conditions of weak lapse, which is a common condition dur­
ing precipitation periods at the NRTS,(24) and for an average wind speed 
of 10 mph. The results indicate that contamination of water supplies 
would be within acceptable tolerances at distances grea ter than 7 mi les . 
At distances closer than this there are no exposed water supplies, and any 
water contamination would be subject to considerable dilution by the under­
lying ground water of the site. 

Table IV 

GROUND WATER-CONTAMINATION LEVELS 

Levels resulting from the release of 200 g (14 c) 
of plutonium followed by total washout from the 
cloud at various distances. 

n = 
C = 
u = 
h = 

D, m 

5 6 0 

1000 
1800 
3200 
5600 

10000 
18000 
32000 
56000 

100000 
P e r m i s s i b l e l e v e l 

0.25 
0.141 
10 

2 5 

W a t e r 
C o n c e n t r a t i o n , 

/ i c / m ^ 

1140 
4 1 3 

1 4 8 
5 4 

20 

7 

2 . 6 

0 . 9 
0 . 4 

0 . 1 

6 
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APPENDIX A 

Explosion Calculations 

P rog ram RE-129J is a program in which reactivity is initially in­
serted at a ramp rate , and the negative effect of fuel expansion is allowed 
for, as well as the positive Doppler effect, starting with production of 
sensible heat and continuing until fuel vaporizes. Sufficient p ressure from 
vaporized plutonium must be developed to move the surrounding mass of 
mater ia l and expand the core, reducing the reactivity and terminating the 
excursion. 

Thus, in the first phase of this problem, 

dk„ 
' ^ ' ^ - A + B n , 0 < t < t o 

dt 

where 

A = ramp rate of reactivity addition, 

B = a temperature-dependent coefficient, which may be a function 
of the integrated power up to any moment during the course of 
excursion, and 

n = neutron density. 

r t o 
Here to is determined so that j n dt provides sufficient energy to 

Jo 
vaporize the plutonium. 

For t > to, the second phase of the problem, a shutdown coefficient 
due to expansion of the core by gas p ressure is added: 

(f) , ^ , ro M L 
shutdown 

f t 
^ ' P dt 

where 

ro = initial radius of the core, ft. 

M L = mass loading on expanding gas, and 

P = p re s su re of expanding gas, psi. 

The core under consideration contained 23% voids. 
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To e s t i m a t e the p r e s s u r e of v a p o r i z e d p lu ton ium, the g a s , c o n s i d e r e d 
idea l , was a l lowed to fiU a void vo lume equa l to 23% of the c o r e v o l u m e 
f o r m e r l y a s s o c i a t e d wi th the n o w - v a p o r i z e d p l u t o n i u m . The s u b s e q u e n t 
c o u r s e of the e x c u r s i o n was d e t e r m i n e d by the add i t ion of e n e r g y and the 
expans ion of the c o r e and b lanke t , a s i l l u s t r a t e d in the fol lowing d e s c r i p t i o n . 

In ZPR- I I I , for f a s t e x c u r s i o n s , hea t t r a n s f e r to i n e r t m a t e r i a l s 
would have a t i m e cons t an t of about 2 0 s ec and is n e g l e c t e d . The p r o b l e m s 
w e r e b a s e d on a c o r e in which 4 . 4 1 % of the c o r e v o l u m e w a s o c c u p i e d by 
p lu tonium, with a dens i ty of 15 g / c c , and the c o r e had a r e a c t i v i t y coe f f i c i en t 
of -0 .5 x 1 0 ' ' Ak /k - °C due to a x i a l t h e r m a l e x p a n s i o n of the s e p a r a t e fuel 
p i e c e s . The coeff ic ient B was b r o k e n into two p a r t s , t ha t due to e x p a n s i o n 
and that due to Dopple r effect. 

B 
0.239 X 0.5 X 1 0 ' ^ 

expans ion 3 x lO"' ' x 3 x l o ' ° x 0.0441 x 15 x 0.043 

-4 .5 X 
Ak 

k - s e c - n / c c 

w h e r e 

3.0 = n e u t r o n s / f i s s i o n , 

10 ' s e c = p r o m p t - n e u t r o n l i f e t i m e , 

3 X 10 = f i s s i o n s / w - s e c , 

0.239 = c a l / w - s e c , 

0.0441 = vo lume f r ac t i on p lu ton ium, 

15 g / c c = dens i ty of p lu ton ium, 

0.043 c a l / g - ° C = spec i f ic hea t of p lu ton ium. 

Thus the factor 9 x 10"* c o n v e r t s ("C)" ' to ( s e c - n / c c ) ' \ T h i s s a m e f a c t o r 
is used to conve r t the Doppler coeff ic ient to a va lue for BiQoppiej.- The 
Doppler coefficient is c a l c u l a t e d f r o m the c e n t r a l s p e c t r u m of the c o r e . I t s 
v a r i a t i o n with t e m p e r a t u r e is a p p r o x i m a t e d by a s e r i e s of s t r a i g h t - l i n e 
s e g m e n t s . Each s t r a i g h t - l i n e s e g m e n t i s e x p r e s s e d in the f o r m 

^ D o p p l e r = Bl + B2 J n dt 
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These substitutions give the equation of reactivity rate the following form: 

dk^. 
A + n (Bg 3ion + Bl + B^ n dt) 

(ĵ . •"• ' ^•"expan 

With a melting point of 650°C and a boiling point of 3500°C, with 40 cal/g to 
reach melting, 110 ca l /g to reach vaporization, and 340 cal /g to vaporize, 
approximately 500 cal are required to vaporize one gram of fuel. 

Fuel melting begins when J n dt = 1 0 , and after this time Bg^pansic 

We assume a roughly parabolic distribution of power from center to 

edge of the core . We note that the / n dt must reach a value of 3.9 x 10 
Jo 

to provide the 150 cal /g necessary to initiate vaporization at the core center 
It can then be shown that the radius r of the region in which vaporization of 
plutonium has begun is given by 

22 
3.9 X i g i 

L 4 r n 
Jo 

dt 

After vaporization has begun, the method of solving the kinetics 
changes, so that in this second phase of the problem 

dkex -(f) ' " " ' shutdown 

in which the t e rm on the right is the rate at which reactivity is reduced due 
to the p r e s su re of the gas forcing the core and blanket apart. 

The combined effects are solved by an iterative procedure which 
permits some vaporization to occur, followed by a slight expansion which 
reduces dk jydt . Iterations of vaporization and expansion at the correspond­
ing values of dk/dt follow the course of the excursion until / n dt no longer 
increases appreciably. The rate of change of r, due to gas p ressure , may 
be approximated by 

— = 12 / -77^ dt, in / sec , 
dt M L 

y to 

where Pc is the p r e s su re of the vaporized plutonium confined in the region 
of the core voids within which it vaporized, calculated as an ideal gas, and 
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then c o r r e c t e d for expans ion a s the u n v a p o r i z e d p a r t s of the c o r e and b l a n k e t 
a r e a c c e l e r a t e d ou tward . Without c o r r e c t i o n , the p r e s s u r e a t the c e n t e r a t 

t ime t is 
t 

P = 8.7 X 10"^ / n dt 

a n d 

Pc = [G] P • 

w h e r e the b r a c k e t [G] can be r e p r e s e n t e d in the i t e r a t i v e f a sh ion in which the 

p r o b l e m is solved by 

P ( t + At) 
P(t) 

1 -
3 [r ( t + A t ) - r (t)] 

22 1 
3.9 X l O ' 

1.4 
J 0 

d t 

M L is the m a s s loading on the g a s , tha t i s , the m a s s of c o r e and b l a n k e t 
divided by the a r e a of the r eg ion e n c l o s i n g the g a s . T h u s , 

M 
1323 105 

L 47Tr2 

The shutdown dk /d t i s r e l a t e d to the e x p a n s i o n of r by 

shutdown rn dt 

whe re TQ i s the c o r e r a d i u s , 15.5 in. 



43 

APPENDIX B 

Some Proper t ies of Plutoniuna-Aluminum Alloys 

The propert ies listed below were obtained from communications 
from R. J. Dunworth, F. L. Yaggee, and F. G. Foote. These values are in 
substantial agreement with published values in the ANL Metallurgy Division 
Annual Reports for I960 (ANL-6330, pp. 55-58) and 1961 (ANL-6516, 
pp. 69-74). Complete information on these alloys will appear in ANL-6639, 
Some Mechanical and Physical Proper t ies of Plutonium-rich Plutonium-
Aluminum Alloys, by F. L. Yaggee and C. M. Walter (in preparation). 

Table B-I 

DENSITIES AND EXPANSION COEFFICIENTS FOR Pu-AI ALLOYS 

Specimen 
No. 

209 
210 
207 

R- I I TC-2 
208 
211 
ET-1 
206 

Composition 
(w/o) 

0.26 
0.42 
0.78 
0.98 
1.22 
1.23 
1.25 
3.06 

Density (g/cc) 
Homogenized 

15.71 
15.62 
15.42 
15.07 
15.13 
15.08 
15.06 
13.73 

Mean Linear Exp Coeff 
10'V°C (20-400°C) 

Homogenized 

35(1) 
3.2 
7.3 

10.6 
12.8 
13.0 
13.7 
18.1 

(1) The large mean coefficient was caused by alpha, beta, and 
gamma phases in the casting. 

Table B-II 

THERMAL CONDUCTIVITY OF 
Pu-I w/o AI ALLOY 

Temp (°C) 

100 
200 
300 
400 
500 

k (cal /sec-cm-°C) 

0.022 
0.027 
0.033 
0.038 
0.044 
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H a r d n e s s 

The h a r d n e s s of a p l u t o n i u m - 1 . 1 w / o a l u m i n u m a l loy w a s m e a s u r e d 

a s 51 R F ( a p p r o x i m a t e l y 61 VHN 25 g). 

P h a s e s 

A c c o r d i n g to the p h a s e d i a g r a m , F ig . B - 1 , the f a c e - c e n t e r e d cub ic 

de l ta phase is s tab le to r o o m t e m p e r a t u r e for a l loys b e t w e e n 0.28 and 

1.37 w / o a luminum. 

9 00 

8 0 0 

700 

600 

500 

400 

3 00 

2 00 

100 

0, 

1 

• 

-

-

r+S" 
-$^B 

"a+S 

— 1 1 — 

LIQUID 

€ ^ 

\ 
\ 1 
I 

—r 1 

----7595 
- ' " C + O 

T 1 1 1 1 r 

8 

/' 

-^ UQ.+PuAlj 

^^^—-—'y^ c + PuAig—^ 

/ 8 + Pu4l2 

j 
^ ^ S+PuAl—^ 

/ S + PUjAI 

SOUS" 

768 ± 5 ' 

" 
59015° -

56015° 

-

-

, 
Z 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 

ATOMIC PERCENT ALUMINUM 

0.5 1.0 1.5 2.0 

WEIGHT PERCENT ALUMINUM 

2.5 

Fig . B-

1. 

2. 

• 1 . P h a s e D i a g r a m of P l u t o n i u m - A l u m i n u m S y s t e m 

1/4 atom percent of Al completely suppresses tlie delta prime phase 
(Ref: Ellinger, Los Alamos). 

At lO'i'ii Al the phase PUAI3 cannot be removed (equilibrated) even 
after heat treatment for extended periods below 350°C (Ref: Ellinger, 
Los Alamos). 

3. Diagram based on Information obtained on June 20, 1960 from 
F. H. Ellinger of Los Alamos Scientific Laboratory. 

A p l u t o n i u m - 1 . 2 5 w / o a l u m i n u m a l l o y w i l l t r a n s f o r m a s f o l l o w s : 

f r o m d e l t a t o e p s i l o n p l u s d e l t a a t 7 0 0 ° C ; 

f r o m e p s i l o n p l u s d e l t a t o e p s i l o n a t 7 4 5 ° C ; 

f r o m e p s i l o n t o e p s i l o n p l u s l i q u i d a t 7 8 5 ° C ; 

f r o m e p s i l o n p l u s l i q u i d t o l i q u i d a t 8 0 5 ° C . 

W e m i g h t e x p e c t P u A l , a n d P u A I j i n c a s t i n g s of t h i s a l l o y ( 1 . 2 5 w / o ) . B o t h 
of t h e s e c o m p o u n d s s h o u l d b e r e m o v e d b y a n n e a l i n g a t 5 5 0 ° C . 
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Thermal Cycling 

A number of pins were thermally cycled. No growth was found in 
the alloy after 300 cycles between 50 and 350°C. 

Extrusion 

The 1.2 w/o aluminum alloy extrudes easily at 325°C. 

Rolling 

The 1 w/o to 1.2 w/o alloys a re cold rolled without difficulty to at 
least a 90% reduction in area . 

Low-melting Plutonium Eutectics 

A more res t r ic t ive limitation on the high-temperature use of pluto­
nium is its formation of low-melting eutectics with iron, cobalt, nickel, and 
manganese. The low-temperature iron eutectic contains about 9.5 w/o iron 
and melts at 412°C. 

High-temperature Compressive Strength 

The high-temperature strength of the plutonium-1 w/o aluminum 
alloy was determined in the temperature range 400-600°C. Rod specimens, 
0.205 in. in diameter by 1.5 in. long, in the as -cas t condition were heated to 
400, 500, and 600°C in a consecutive manner and held at each temperature 
for 20 hr . The decrease in length with time at temperature under several 
different compressive specimen loads was measured. Approximately 80 per­
cent of the total change in specimen length listed below occurred in the first 
few hours at tempera ture . 

Table B-IH 

HIGH-TEMPERATURE STRENGTH 
OF A Pu-1 w/o AI ALLOY 

Compressive 
Specimen Load 

(psi) 

7.2 
20.3 
34.6 
46.8 
59.4 

Change in Length in 2 0 hr, -AL 
(%) 

400°C 

0.75 
0.50 
0.25 
0.25 
0.25 

500°C 

0.30 
0.70 
1 
1.75 
9.25 

600°C 

2 
I 
2 
5.25 
5.50(1) 

(1) Specimen filled out 0.010-in. annulus and was subsequently restrained by 
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The plutonium-1.2 5 w/o aluminum alloy exhibits a somewhat higher 
compressive strength at these temperatures in the a s - c a s t condition. This 
strength can be significantly improved by a prior vacuum heat t rea tment ot 
3 hr at 550°C, as indicated in Table B-IV for a specimen load of 20.3 psi. 

Table B-IV 

HIGH-TEMPERATURE COMPRESSIVE STRENGTH 
OF A Pu-I .25 w/o Al ALLOY 

Metal Condition 

As-cast 

Heat Treated 

Test 
Temp 
(°c) 

400 
425 
450 

400 
450 
500 
550 
600 

Time at 

Temp 
(hr) 

3.7 
1.2 
7.0 

3.75 
2.5 
5.5 
1.8 
1.3 

Change in Length, 
(%) 

0.07 
0.08 
0.17 

0.01 
0.01 
0.07 
0.25 
2.7 

- A L 
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A P P E N D I X C 

R e l a t i o n b e t w e e n R e a c t i v i t y and C o r e R a d i u s in a Re f l ec t ed R e a c t o r 

by 

A. R. B a k e r * 
F e b r u a r y 2, 1961 

1. I n t r o d u c t i o n 

D u r i n g the w r i t i n g of a r e c e n t m e m o r a n d u m , A R B - 1 9 , t h e r e was 
s o m e d i s c u s s i o n about why the r e l a t i o n s h i p be tween r e a c t i v i t y and c o r e 
r a d i u s should be so d i f fe ren t for A s s e m b l i e s 25 and 29, both l a r g e r e ­
a c t o r s . The fol lowing a p p r o x i m a t e o n e - g r o u p t h e o r y was w o r k e d out to 
t r y to find out why. 

2. T h e o r y 

F o r a s p h e r i c a l s y s t e m , the r e a c t i v i t y p is r e l a t e d to the change 
in c o r e r a d i u s , AR, f r o m the c r i t i c a l r a d i u s R by the following f o r m u l a : 

^ - m 
The r e a c t i v i t y p is r e l a t e d to the m a s s i n c r e a s e at the edge by the 
f o r m u l a 

1/AM\ 

A o n e - g r o u p f o r m u l a for f wi l l now be d e r i v e d . 

A c c o r d i n g to o n e - g r o u p t h e o r y , the c r i t i c a l i t y condi t ion i s 

(v- I)Zj. - Zg _ / TT Y 

D \ R + 6/ 

w h e r e 

V i s the n u m b e r of n e u t r o n s p e r f i s s i on for c o r e m a t e r i a l , 

Zf i s t he f i s s i on c r o s s s e c t i o n for c o r e m a t e r i a l , 

2 i s t he c a p t u r e c r o s s s e c t i o n for c o r e m a t e r i a l , 

D is t h e diffusion c o n s t a n t for c o r e m a t e r i a l , 

6 i s t he r e f l e c t o r s a v i n g s . 

• A t t a c h e d to ANL f rom UKAEA, A . E . W . Winfr i th , D o r s e t , E n g l a n d . 
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Now consider the following hypothetical situation. The core radius 
is increased by AR and v is increased by Av to maintain cr i t ical i ty . Then, 

2-n^ AR 
D (R + 6)3 

It has been a s s u m e d tha t 6 is independen t of V and R which can be s e e n 
to be t r u e a p p r o x i m a t e l y f r o m G l a s s t o n e and Edlund , Sec t ion 8.33. ' . / In 
the r e a l s i tua t ion , the change in r a d i u s l e a d s to r e a c t i v i t y g iven by 

Hence , 

-t) 

H^) 

2-n^D AR 

(R+6)^ 3 v 2 j 
27T2R 

Similar formulas can be derived for cylindrical sys tems . Through use of 
the criticality condition, the following alternative form may be derived: 

^ 3(R+5) vZ( 
2R (v- l)Sf - 2^ 

This formula is not so reliable as the first form for quantitative calcula­
tions because of the difficulty of estimating the contribution of inelastic 
scattering to 2^. 

3. Discussion 

The first form of the formula has been evaluated for the ZPR-III 
Assemblies 6F, 9A, 22, 24, and 25 with the paramete rs calculated by 
D. Meneghetti and also for calculated reactors A-H.(2) The first five of 
these are typical of plutonium-fueled power reac tors ; the last three are 
similar to ZPR-III Assembly 29, but with three different enr ichments . 

Since Meneghetti did not calculate the reflector savings 6 for 
Assemblies 6 F , 9A, 22, 24, and 25, values were est imated from the calcu­
lated values for reactors F, G, and H which have blankets of the same 
composition. It can be seen from Glasstone and Edlund, Section 8.33,(1) 
that 6 is proportional to D for a given blanket composition. For r e ­
actors F, G, and H, the values of 6 /D were 10.3, 9.9, and 9.5, respect ively. 
An average value, 9.9, was assumed when estimating the values of 6 for 
Assemblies 6F, 9A, 22, 24, and 25. The resul ts are given in Fig. C-1 and 
Table C-I. Experimental values and values estimated from pai rs of 
SNG calculations of slightly different radii(2) are also included in Table C-I. 
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|235_u238 

cores (22-24-25) 

Uranium-oxide 
fueled reactors 

lor lo 29 

_ i_ 

Fig. C-1 

f-values 

CORE RADIUS. 

Table C-I 

CALCULATED AND EXPERIMENTAL f-VALUES 

Plutonium Fuel 

Oxide Fuel 

jj235_u238 

Assemblies 

—̂ 

Reactor 

-• 

r A 
B 
C 
D 
E 

' F 
G 
H 
29 

r 6F 
t 9A 

C 22 
J 24 
125 

f 

Ex:pt. 

5.4 

7.5 
4.8 

6.1 
9.3 
8.0 

SNG 
(Meneghetti) 

5.3 

7.1 

11.4 

One-group 

49.8 
7.0 
5.2 
4.5 
4.2 

6.0 
5.2 
4.8 
5.2(1) 

6.8 
6.3 

7.7 
9.9 

11.0 

(l)lnterpolated 
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It can be seen f rom Tab le C- I that M e n e g h e t t i ' s h igh e s t i m a t e of 
f for A s s e m b l y 25 is c o n f i r m e d by the o n e - g r o u p c a l c u l a t i o n . The a c ­
c u r a c y of the e x p e r i m e n t a l va lue s migh t be e x p e c t e d to be about 10%, but 
the d i s c r e p a n c i e s be tween e x p e r i m e n t a l and c a l c u l a t e d v a l u e s a r e g r e a t e r 
than t h i s . T h e s e d i s c r e p a n c i e s m a y be due to fuel bunch ing ; they a r e not 
due to the s m a l l d e p a r t u r e s of L / D f r o m un i ty . 

It i s evident f r o m the second f o r m of the f o r m u l a for f t ha t the 
high va lue , for a r e a c t o r of i t s s i z e , for A s s e m b l y 25 i s due to the h igh 
p r o p o r t i o n of a b s o r b e r , U^^*, in th i s c o r e . When t h e r e is a l a r g e r p r o p o r ­
t ion of a b s o r b e r , a l a r g e r f r a c t i o n a l change in v i s r e q u i r e d to b a l a n c e a 
given f r ac t i ona l change in the buck l i ng . • 
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