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STORAGE AND RELEASE OF RADIATIOF: ENERGY 
IRXLT IN RADIOAniVE - WASTE REPOSI?ORxS 

G. H. Jenks and C. D. Bopp 

ABSTRACT 

A variety of different geologic formations are being evaluated as 
possible s i t e s  for the pemanent disposal oT high-level radioactive 
was%es. One of the questions that. can be raised regarding the suita- 
b i l i t y  of a given geologic formation i s  whether the amount of stored 
gamma-radiation energy that would accumulate i n  rock imediately adjacent 
t o  the buried waste and the characteristics of the release of t h i s  
stored energy could create excessive temperatures i n  the rock around 
the waste and/or could release mechanical energy i n  amounts capable o f  
rupturing the surrounding rock. There may also be questions regarding 
the physical and chemical s t ab i l i t y  of the rock under i r r ad ia t ion .  

We have made experimental studies of the amounts of gama-ray 
energy t h a t  are stored i n  s a l t  under a var,ety of  exposure conditions. 
We have a1 so investigated the thermal anneal i ng characteristics of the 
stored enargy i n  s a l t ,  the chemical reactions t h a t  radiation defects i n  
the salt  undergo upon aqueous dissolution of the s a l t ,  and the retention 
o f  the radfation defects w i t h i n  the s a l t  crystals. Our  objective i n  
th is  work was to  obtain information which would enable us t o  predict 
the amounts and release characteristics of stored gama-ray energy i n  
tire s a l t  of  a s a l t  mine waste repository and thss provide a basis f a r  
determining whether any hazards would be associated w i t h  th i s  type of 
enerqy storage. 
reported previously, are reviewed and discussed i n  th is  report. 

The results of our work showed t h a t  appreciable amounts o f  gamna- 
rad ia t im energy can be stored under certain exposiire conditions. The 
results also showed t h a t  thermally activated annealing takes place a t  
elevated temperatures and t h a t  the rates 3 f  this  annealing a t  temperatures 
above about  150°C are such t h a t  negligible amcunts of energy wil l  be 
stored i n  s a l t  in a repository where the s a l t  i s  a t  temperatures above 
about 1 5OOC. 

place i n  rock s a l t  a t  temperatures below about  150°C, a l t h o u g h  i t  may do 
so. The results of 
our measurements of energy stored a t  irradiation temperatures between 30 
and 150"C, together w i t h  results of theoretical considerations, showed 
tha t  the maximum stored energy t h a t  would be formed i n  s a l t  i n  a reposi- 
tory w i t h  no annealing whatever would be about  50 cal/g. 
conceive a means by which the stored energy cculd be released abrupt ly ,  
nor was any significant hazard believed to be possible From the release 
i f  i t  should occur abrupt ly  by some unforeseen mechanism. In practice, 
s a l t  temperatures below aboul; 150°C will occur only w i t h  isolated or 

Ihe results of this  work, including portions which were 

We are not  cble t o  show t h a t  thermally activatcd annealing takes 

There may a l s o  be some radiation-induced annealing. 

We d i d  nc j t  
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sei,ii-isolated canisters i n  a repository, or w i t h  most canisters, a f t e r  
very long times dur ing  which the gama-dose ra te  will have dropped off  
mar ked 1 y . 
calorimetric and dissolution measurements indicated t h a t  there were no 
s ignif icant  losses of e i ther  chlorine o r  sodium dur ing  or a f t e r  irradi- 
ation. 

safety analysis is the generation of HZ, which takes place upon aqueous 
dissolution of radiation-damaged s a l t ;  about 0.1 cm3 of Hz is  generated 
per calor ie  of stored energy. However, we have not  recognized any 
problems arising from this effect  which cannot be counteracted by 
appropriate design and operation of the repository. 

Available evidence from thermal annealing observations and from 

One e f fec t  of the stored energy which must be acccunted for i n  a 

1. INTRODUCTION 

A variety of different geologic formations are being evaluated as 
possible s42es for  the permanent disposal of high-level radioactive 
wastes. 3ne of the questions that can be raised regarding the suita- 
b i l i t y  o f  a given geologic fwmation is  whether the amount of stored 
gama-radiation energy t h a t  would accumulate i n  rock imediately adjacent 
t o  the buried waste and the characterist ics of the velease o f  this 
stored energy could create excessive temperatures i n  the rock around the 
waste andlor could release mechanical epergy i n  amounts capable of 
r u p t u r i q  the surrounding rock. There may also be questions regarding 
the physical and chemfcal s t a b i l f t y  o f  the rock under irradiation. 

We have made experimental studies of the amounts o f  gamma-ray 
energy t h a t  a re  stored i n  s a l t  under a variety o f  exposure conditions. 
We have also investigated the thermal annealing characteristics of the 
stored energy i n  s a l t ,  the chemical reactions t h a t  radiation defects i n  
the salt  undergo upon aqueous dissolution of the s a l t ,  and the retention 
of the radiation defects w i t h i n  the s a l t  crystals.  
this work was t o  obtain information which would enable us t o  predict the 
amounts and release characteristics o f  stored gama-ray energy i n  the 
s a l t  of a s a l t  mine waste repository and thus provide a basis for deter- 
mining whether any hazards would be associated w i t h  t h i s  type of energy 
storage. 
repository a re  reviewed and discussed i n  this report. Some portions of 
the reviewed work were reported previously.' 9' 

O u r  objective i n  

?he results of this work and the predictions for a waste 

c 
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E. Sondzr of the ORNL So3id State Division collaborated with us i n  
some of the experimental work. 
Kansas also collaborated i n  some of the work t h a t  wi 1 be me.rtioned. 

S. Lindenbaurn of the University o f  

2. ANTICIPATED EXPOSURE CONDITIONS OF 
IN A SALT MINE WASTE REPOSITORY* 

SALT 

The disposal concept t h a t  will most l ikely 5e used w i t h  any future 
s a l t  mine repository for  high-level waste is on? i n  which the solidified 
wastes are sealed w i t h i n  metal canisters, and the sealed canisters a re  
lowered into vertical holes beneath the floors of rooms w i t h i n  a s a l t  
formation. The s a l t  immediately adjacent t o  a waste canister will 
generally have a maximum temperature greater t h a n  %25OoC, and t h i s  will 
occur dur ing  the first 10 t o  20 years following burial of 5- t o  10-year- 
old wastes from UOz-fueled LWRs. The temperature a t  t h i s  location will 
then decrease t o  abaut  150°C a f t e r  70 t o  80 years aFd t o  essent ia l ly  
normal geotherml temperatures a f t e r  several hundred years.' Some 
canisters on the periphery of the repository will have s a l t  temperatures 
lower t h a n  those i n  a more central location of  the burial area because 
of the i r  semi-isolation from the thermal effects of other packages 
w i t h i n  the repository. A rare canister may be isolated from the thermal 
effects o f  other packages and, accordingly, have s t i l l  lower temperatures. 

the specific fission product ac t iv i ty ,  the age of the waste w i t h i n  the 
canister, and the proximity of the s a l t  t o  the surface of the canister. 
The maximum gamna-ray dose i n  s a l t  a t  the canister surface w i l l  be 

The gannna-ray dose of s a l t  adjacent t o  a canister will depend on 

*Detailed information on the probable temperatures, doses, and dose 
rates of the s a l t  adjacent t o  a waste canister is presented i n  Appendixes 
11 and 111. 
repository is  described i n  Appendix I .  

'rThe s a l t  around high-level wastes t h a t  contain larger amounts of 
actinides than those from U02-fueled LWRs may cool a t  lower rates. 
However, detailed calculations are not  availsDle for the time-tempera- 
ture characteristics i n  s a l t  around h i g h  actinide wastes. 

The reference concept for a s a l t  mine high-level waste 

I 
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% 2.8 x IO1* rads, 3.1 x 10” rads, and 4 . 3  x 10” rads a f t e r  the 
burial of 5-year-old waste for 100, 1000, and 10 million yezrs, 
respectively. 
waste will be ~ 0 . 2  megarad/hr. 
dose i n  the s a l t  will be negligible. 

The maximum gamma dose rate a t  burial  of the 5-year-aged 
The contribution of neutrons t o  the 

3. EXPOSURE CONDITIONS EMPLOYED IN 
OUR EXPERIMENTAL STUDIES 

The sample materials, gamma doses and dose rates, and exposure 
temperatures <15OoC which were investigated in our irradiation experi- 
ments are l i s ted  i n  Table 1. 
were conducted a t  exposure temperatures between i 6 0  and 173°C. Harshaw 
and Lyons bedded s a l t  were studied in these higher-temperature experi- 
merits, and both the cobalt and HFIR-y rauiation sources were employed. 
The Lyons s a l t  was fron the Carey mine a t  Lyons, Kansas (Empson-core No. 
2, 90 i n .  below f loor ) .  
Medaiios area (AEC-core No. 7 ,  primary, 2732 f t ) .  
s a l t  were obtained from T. F. Lomvtick.3 

were investigated by subjecting portions o f  some of the irradiated 
specimens t o  h i g h  temperatures prior t o  measuring the stored energy. 

exceeding the actual maximum doses which will prevail i n  salt  in a 
waste repository (Sect. 2) .  
those i n  the waste repository, 2nd they were varied as  much as possible 
so t ha t  evaluations of the effects of this  parameter on the accumulation 
of stored energy could be made. 
variety of sources were investigated i n  order t o  evaluate energy storage 
differences among s a l t s  from numerous s i t e s .  

studies. 

Other irradiation experiments, n o t  l i s ted ,  

The New Mexico bedded s a l t  was from the Los 
The samples of dome 

The thermal annealing characteristics of the stored energy i n  s a l t  

The g a m  doses employed i n  these experiments ransed u p  t o  amounts 

The dose rates were generally higher t h a n  

Bedded and dome s a l t  samples from a 

The Hawshaw s a l t  samples served as a reference material i n  these 
The Harshaw synthetic crystals were composed of pure NaC1, and 

the crystals were formed from t k  a e l t  and cooled very slowly to  avoid 
thermal stresses. Most cf the previous experimental work of others on 
the radiation effects i n  s a l t  has been done with synthetic crystals of 

f 



Table 1. Sa l t  samples, radiation exposure conditions, and nethods of stored energy measureqent 
in experimental studies employing s a l t  temperstsres less  than 150°C d u r i n g  irradiation 

Radiation exposure cc.idi tions 
Method of measuring 

stored energy b Sample.cz Tern y-source Dose r a t e  Dose 
( O C P  (lo6 radsjhr) ( lo9  rads) 

material Source 

c 
C 
C 

Refs. 1, 2 
Ref. 2 
Ref. 2 ,  c 

C 

C 

C 
0 

0 

C 

Ref. 1 
Ref. 1 

Harshiiw (C) 40 
Harshaw ( C )  30-50 

Harshaw ( C )  126 
Harshw ( C )  126 
Lyons ( B )  130 
New Mexico ( B ) }  130 
Harshaw ( C )  
Weeks Is .  ( D )  130 
Winf ie l  d 

Mine ( D )  130 
Grand 

Saline ( D )  130 
Asse, 

Lyans ( B )  30-5@ 
Harshaw ( C )  95 

Coba it 
Cobalt 
Cobalt 
Cobalt 
Cobalt 
Cobal td 
HFIR-y 
HFIR-y 
HF!R-y 

HF I R-y 

HFIR-y 

HFIR-y 
HFIR-y 
PSVe 

11 11.4 and 34.0 
10 71 and 82 
10 48 
71 0.81 -46.3 
16 7 . 7  
10 3.3-34.5 

50 and 70 9.8 and 31.5 
40-75 9.8-44.0 

50 9.8 

50 9.8 

50 9.8 

50 9.8 
40 and 77 9.8 and 19.8 

0.007-0.07 0.1-1 

I -+I 
I-+I and f lz f  
I-+I and H 2 +  

DC 
G C ,  OC1- 

D C ,  SCj  H z f  

DC,  Hz+ 
GC, H 2 +  

DC, H21. 

D C ,  H2+ 

H?.+ 

H z f  
DC 
DC, H ? +  

‘The l e t t e r s  (C), ( B ) ,  and ( D )  signify, respectively, cryztall ine,  bedded, and dome s a l t .  
’DC and SC signify drop calorimeter and heat o f  solution calorimeter, respective1,v. 
‘Work reported for  the f i r s t  time ir, this paper. 
%pent High F i u x  Isotope Reactor fuel elements. 
e Project Salt  Vault. 



6 

pure sa l t .  An added incentive for the inclusicn of the Harshaw s a l t  i n  
our studies was the fact  t h a t  the drcp calorimeter measurements o f  the 
stored radiation energy were less troublesome and more reliable w i t h  the 
Hawshaw salt  t han  they were w i t h  the rock sa l t s .  

4. EXPERIMENTAL 

4.1. Methads of Hessuring Radiat ion Damage t o  Salt 

Szveral methods of measuring thc concentration of defects, or stored 
energy, i n  irrad.iated crystals were used: (1 )  a calorivetric method i n  
which d Roux-type, reverse-drop calorimeter was employed to  measure the 
heat relzased bpoa thermal annealing of the stored energy (ref. 1 and 
Appilnd-ix I V ) ;  (2)  a calorimetric method t h a t  measured the difference 
between the heats of solullon of irradiated and unirradiated salt;',* ( 3 )  
a chmmical method i n  which measurenwits \ .?re made, using a mass spectro- 
meter, of the anour?t of H t  formed upon the aqueous dissolution of a n  
irradiated sample;'*' ( 4 )  a rnethod analogous t o  No, 3 :hat used a 
different  mexhod f o r  collecting the t!z aild measuring tbe v o l u ~ ; ~  (5) 
a chemical method i n  which measurements were made, w i t h  an absorption 
spectrcphotometer, of  the amount or' OCl- formed upon the aqueous dissolu- 
ticn of an irradiated 
the amount of I-  oxidation t h a t  took place upon the dissolution o f  a 
sample i n  a n  aqueous solurlon containing I-. 

and ( 6 )  a chernical method t h a t  measured 

ry 

*Heat of solution measurements were made by S. L i n d ~ ~ b a u m  of the 
Unlve s l t y  of Knnsas, Lawrence, Kansas. 

'Thrse measurements were made by J .  R.  Waltcn, ORNL Analytical 
Chemi  t r j  Division. 

'H2 measurements made i n  ORNL Afialytical Chernictry Digision by 
dissolving 50.15 g of sample i n  1 ril o f  boiled watr * 'n a 16-ml, rubber 
stopper v ia l ,  collecting an aliquot o f  the g s  using rl syringe and 
needle, and then measuring the amount of H2 i n  the aliquot using gas 
chromfltograpb w i t h  an argon car r ie r  gas. 

Division. 
'Oxidation rczasurment made in ORNL Analytical Chemistry Division 

by dissolving a . i O  g of sample i n  3 m l  of solution (0.1 N HC1, ~0.2 N KI) 
and titrating wit9 0.1 N S Z O ~ ~ -  to the starch er,dpoint. 

These ne2surement.s were made by E. Sonder o f  the ORNL Sol id  State 

c 
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The drop calorimeter method (No. 1 )  was the standard method, and 
most of the samples were analyzed by this method. Methods 1,  2, 3,  and 
5 were employed w i t h  sets of samples irradiated a t  95 and 126°C (Table 
1 )  as part o f  a study2 aimed a t  explaining the observed difference of a 
factor o f  ' ~ 2  between the amounts of heat released by heating and by 
dissolving irradiated sa l t .  This difference was explained quantitatively 
i n  terms of the formation of H z  and HOC1 1- OC1-, and possibly H202, i n  
addition t o  Na' and C1- dur ing  dissolution.2 T h i s  study confirmed our 
correct interpretation of the results of the drop calorimeter measurements. 
I t  also provided a 'bas i s  f o r  interpreting the results of chernicel measure- 
ments in terms of  stored energy. 

re l iab le  than  those obtained by the other methods (Appendix VI). 
the resu l t s  of H2-evolution measurements by method 4 were useful for  
determinicg the relative amounts of stored energy among the sample se t s  
exposed t o  a b o u t  10'' rads a t  130°C. Also, methods 4 ar.d 6 were the 
only methods t h a t  were conveniently available For measuring the several 
samples t h a t  were irradiated a t  temperatures i r  the range of 30 to  50°C. 

The results of  measurements made by methods 4 and 6 were less 
However, 

e 
4.2 .  Gama Irradiations 

Gama-ray irradiations were made using e i ther  a cobalt source or 
a HFIR spent fuel element. The equipment, methods, and procedures for  
conducting the irradiations were described previously. ,* 

5. THEORETICAL ASPECTS OF TttE FORMATION AND 
ACCUMULATION OF STORED ENERGY IN SALT 

Charged energetic particles b r i n g  about changes, o r  damage, i n  an 
insulating crystal by several different processes, including the 
displacement of atoms from the i r  normal l a t t i c e  positions. I n  most 

*Ai:  cobalt source irradiations were conducted by E.  Sonder of the 
ORNL 'Solid State Division. 



materials, this displacement o f  atoms results primarily from the transfer 
of energy between nuclear particles and atoms by e l a s t i c  collisions 
between the particles and the a t ~ n ~ s . ' ' ~ ~  For example, a coll ision between 
a particle and an at.om i n  the structure .in Fig.  1 might transfer a 
sufficient amount of energy to  move the atom into an i n t e r s t i t i a l  position. 

somewhat on the irradiated material. 
to  be i n  the range 25 to  50 eV." The amount of energy which can be 
transferred from an energetic par t ic le  t o  an atom depends upcn the 
relative masses of the par t ic le  and the atom and upon the energy of the 
particle. 
would be present i n  a repository would cause very few elast5c-collision 
d i  spl acements . 

A different proyess of displacement takes place i n  sodturn chloride 
and in other alkali  In these materials, the displccement o f  
an anion results from the radiationless recombination of an electron and 
an electron vacancy on an anion i n  the l a t t i ce .  An electron vacancy o r  
hole on the chlorine i s  produced when the electron is excited into the 
conduction band through the electronic interaction betweeti a charged 
nuclear particle and the bound electron on the chlorine. The chlorine 
species witnin the l a t t i c e  that is produced i n  t h i s  process moves closer 
t o  and becomes bound w i t h  an adjacent chloride ion to  form what is 
called a self-trapped hole (C12-)* (Fig .  1 ) .  A subsequent radiationless 
recombination of an electron and the hole causes the chlorines i n  the 
Cln- center to  move apart and also releases energy t o  the center. These 
effects cause the ini t ia t ion and propagation of  a replacement chain i n  
the chlorine ions along a closed-packed (110) direction and form an 
in t e r s t i t i a l  chloririe atom and an F center as the imnediate products. 

the radiations, a l l  types of radiations, including g a m  rays, cause 

The amount of energy transfer required for  t h i s  displacement depends 
Generally, the energy is believed 

Gama rays of the mzximum energies and maximum doses that  

i '  

t 

Sicre the electron-hole pairs are  formed by the ionizing action of 

- 
*A self-trapped hole may also be called a V K  center.',' 

'F center is an anioz vacancy containing a trapped electron. 

\ 



9 

ORNL D W G  75-5169R1 

. .  

N a C l  STRUCTURE 

. 



10 

the displacement of anions i n  alkali  halides. Gama rays are included 
since these radiations interact w i t h  matter by processes t h a t  produce 
energetic electrons, that  i s ,  oy Comptor, scattering of electrons, by the 
fonnation of photoelectrons, and by the formation o f  positron-electron 
pairs. 

cess of defect production. The net rate of formation and the accumulation 
of defects i n  the s a l t  depends upon the reconibinat-icn and the s t ab i l i -  
za t ion  reactions o f  the defects. 

rapidly aggregate into c l u s t e r ~ . ~ * ~  This clustsring apparently s tab i l -  
izes the i n t e r s t i t i a l s  against back reactions w i t h  the F centers. Pre- 
sumably, this clustering occurs also a t  hisher temperatures. 

The F center is not mobile a t  room temperature,‘ bui; the vacancy 
without t1.a trapp2d electron i s  nobile.‘*s Aggregates of two o r  more F 
centers are formed under certain conditions, and the required vacancy 
ration is ascribed t o  the charged vacancies. Under some conditions, 
colloidal sodium is formed from the coalescence of F centers. T h i s  
formation o f  colloidal sodium is enhanced by raising the temperature 
above room ternperature7n8 and by extending the time available fo r  
diffusion of vacancies into aggregates. The formation of colloidal 
aggregates of sodium apparently confers additional s t sb i l i  ty to radiation 
defects i n  sodium chloride.* 

t ion  and/or the nurnbers of accumulated F centers dur ing  the l a t e  stages* 
of the irradiation of a s a l t  specimen include: temperature, i r r a d i a t i o n  
intensity (dose ra te ) ,  divalent cation impurities, and plastic strain.’ 

The above discussion applies t o  the mechanism for  the primary pro- 

The in t e r s t i t i a l  atoms are mobile a t  roo:? temperature, and they 

Kxposure variables t h a t  are known t o  affect  the net rate of forma- 

*An early stage coloration occurs i n  which a re:atively rapid 
accumulation of F centers takes place. 
a t  about 10‘’ centers/cm’, corresponding t o  about  0.008 cal/g a t  5 
eV/center. T h i s  stage is t h o u g h t  t o  result  from the conversion o f  other 
defects, already present, into F centers. 
coloration Sn NaCl is  affected by several factors including typera ture ,  
impurities i n  the s a l t ,  and prior plastic strain i n  the sa l t .  

Saturatlon o f  this stage occurs 

The amount of early stage 
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Th? effects of these variables have been qualitatively expl.3ined i n  
terms of their  effects on the stabil ization reaLtions, t h a t  i s ,  upon the 
mobility, t rapping ,  and clusterimJ o f   defect^.^ However, some of these 
variables also affect  the in i t i a l  rate of defect producticn by altering 
the fraction of electron-hole pairs t h a t  recombine a t  impurity s i t e s  and 
lose recombination energy w i t h  no defect production. 

6. RESULTS OF OUR IRRADIATION EXPERIMENTS AND 
CClRRELATION AND INlERPRETATION OF THESE RESULTS 

We found t h a t  significant rvounts of energy brere stored i n  the S a l t  
under most of the exposure conditions which we testcd ar;d t h a t  the 
amount which accumulated depended pr inwi ly  upon the temperature, t h e  
gamna-ray dose, and hhether the sample was Harshdw or natural rock s a l t .  
A t  exposure temperatures - >16OoC, the amount accumulated a t  a given dose 
also depended strongly upon the gamna-ray dose rate. 

95 t o  144, and 160 t o  173OC are presented i n  xpcirate sectiors.  
The results for the three ranges of exposure temperatures 30 to 50, 

6.1. Exposure Temperature Range 95-144°C 

Many of the experimental data for stored energy ( E )  vs dose (0) 
:n this temperature range could be correlated usicg the rate equation, 

dE/dt = K i I  - Y,2IE,  

and i t s  integral, 

K I  
K2 

E = -:1 - exp -K2D)  + Eo exp -KZD,  

where I is the dose rate and i s  i nva r i an t  w.ztlr time, Eo 3s the stored 
energy a t  zero time, and K 1  and K2 are formeion and aaflnealing constants, 
respectively, for  a given set  o f  exposure ccnditions. Curves are drLw5' 
through the stored energy vs dose data i n  Figs.  2 thrf,ugh 6, using Eq. 

( 2 ) .  An explanation of each o f  these curve:; follows i n  Sects. 6.1.1 
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value of K1 i s  1.4 cal P1 fcr each f 
these curves. The value of K1 increases w i t h  increasing temperatures 
and, a t  a given temperature, i s  higher for Harshaw t h a n  for natural rock 
s a l t .  The stored energy values obtained for the high dose specimens i n  
the radiation exposures a t  126 and 130OC (Fiss. 2, 5, and 6) deviate 
from those predicted by extrapolation from the curves using the lower 
dose values, and i t  appears t h a t  some change i n  the rate of formation or 
annealing of the stored energy took place when tho stored energy exceeded 
about 20 cal/g. The results of the da ta  correla!:ws i n  th is  temperature 
range a re  sumnarized i n  iable 2. 

The general form of the ra te  expression, E q .  ( l ) ,  i s  semi-theoretical. 
The formation term, K I I ,  can be explained on the basis of the defect- 
formation mechanism dexribed i n  Sect.  5. The form of the annealing 
term can be explained by assuming t h a t :  (1) a fraci.ion o f  the freshly 
forned defects reacts during formation w'th defects or' opposite sign 

value o f  this fract'on i s  directly proportional t o  t h 2  number of defects 
a1 ready present. 

already prcsent t o  reform sodium chloride i n  the l a t t i c e  and (2 )  the 1' 

6.1.1. Stored enerpy vs dose i n  Harshaw s a l t  irradiated a t  126°C I_ .;nd 
10 megarads/hr (drop calorimeter-and OC1- measurements) Stored energy 
da ta  obtained w i t h  Harshaw synthetic crystals o f  pure NaCl t h a t  were 
irradiated i n  a cobalt soiree a re  plotted vs dose i n  Fig.  2. 
show the stored energy measured with the drop calorimeter. The t r i -  
angles represent the results of measurements of the amount of OC1- 
formed upon the aqueous dissoSution of a specimen and a subsequent 
increase i n  the p!-I of the solution (method 5 ) .  
corresponding t~ the amount of OC1- was calculated by assuming t h a t  
(1) a l l  of the trapped hole defects react to form HOC1 + OC1- upon dis- 
solution accxding t o  the reaction shown i n  F i g .  2 and t h a t  ( 2 )  the 
energy associated w i t h  a trapped electron-trapped hole defect p a i r  
w i t h i n  the irradiated crystal i s  equal t o  4.25 eV.* 

The circles 

The stored energy 

*We previously reported' t h a t  the experimental data indicated a value 
of 4.6 eV for t h i s  quantity. The plotted points in Fig.  2 show t h a t  a 
better correlation between OC1- and drop calorimeter da t a  results when the 
lower value i s  used. 
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Fig, 2. Stored energy vs dose in Harshaw salt irradiated in 2 cobalt 
source at 126°C and 10 negarads/hr (drop calorimeter and 
OC1- measurements). 
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F i g .  3 .  Stored energy vs dose i n  Harshaw sa l t  irradiated a t  
95°C and 10 megarads/hr (drop calorimeter, heat of 
solution, H2 and OC1- measurements). 
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Fig. 4. Stored energy vs dose and dose rate in Lyons and Harshaw 
salt irradiated at 1 4 4 O C  and at 40 and 77 megarads/hr (drop 
calorimeter measurements). 
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Fig. 5.  Stored energy i n  Harshaw s s l t  vs dose i n  HFIR-y exposures 7 ,  
8 ,  9,  and X a t  130°C aild a t  51 t o  74 megaradslhr (drop 
calorimeter measurements). 
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Table 2. Results o f  correlations o f  experimental stored-energy data 
for  values o f  E l ess  than about 20 cal/g a 

Ternperature d u r i n g  K2 K 1 / K 2  
irradiation 

( ; 0- rad" ) (cal/g) 
salt  

("C) 

Hars haw 

fledded 

95 
'I 26 
130 . 

144 
30-55b 

130 
144 

11 5-1 55 (PSV)' 
Dome 130 

A l l  Sal ts  

4.4 31.8 
5.6 25.0 
6.5 21.5 

12.0 11.7 
70 

( F  = 0.021) 
3.5 40.0 
6.8 20.6 

Negl i g i  bl e stored energy when 
I 5 l o 5  rads/hr 

aCorrelation equation and i t s  integral : 
dD/dt = K1I - K z I E ,  
E = b ( 1  - exp - K ~ D ) .  I 

K2 

bA modified correlation equation applies t o  these data (see Sect. 6.2 

'Project Sa l t  Vault. 
and Eqs. 4 t o  6 ) .  

t 
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I t  can be noted t h a t  the 4.25 eV per defect p a i r  i s  the same as the 
value for the heat of  formzltion o f  crystall ine sodium chloride from the 
elements. The energy per defect pair  cannot be appreciably higher t h a n  
this since we have assumed t h a t  a71 of the pairs form llOCl and O C I -  upon 
dissolution.* The energy per pa i r  could be less  t h a n  th i s  value if  i t  
i s  assumed t h a t  the fraction of defect p d i r s  which form HOCl + OC1- i s  
4 and t h a t  this fraction i s  the fame for a l l  of these specimens. 
Additional 5nformation on this p o i n t  i n  Sect. 6.1.3 and in Fig. 3 supports 
the idea t h a t  a l l  of the defect pairs form HOCl + OC1- upon dissolution 
of the s a l t  under the dissolution conditions employed (Appendix V ) .  

6.1.2. 
megaradslhr -- The drop calorimeter result obtained w i t h  t he  on? sample 
t h a t  was irradiated under these conditions i s  inclcded i n  the p l o t  i n  
Fig.  2. 
expected a t  the higher dose r6te of 10 megarads/hr. 
the value of Kl is independent of the dGse rate i n  this range o f  dose 
rates. 

/ 

Stored energy i n  Harshaw s a l t  iri-adiated a t  126°C 2i)d 1.6 

There was no difference between this result  and the resul t  
This iridicates t h a t  

6.1.3. Stored energy vs des? i n  Harshaw sa l t  irradiated _-- a t  9 5 O C  and - 10 meqarads/hr (d rop  calorimeter, heat of solution, H2, and OC1- measure- 
ments) The results of several types o f  measurements on lfarshaw s a l t  
irradiated a t  about  10 megarads/hr and a t  95°C are shown i n  F i g .  3.  The 
circled po in t s  along the upper curve represent drop calorimeter da ta ,  and 
the triangles represent the results of hydrogen cvol u t ion  measuremonts 
by Method 3 (see page 4 ) .  
highest dose specimen i s  represented by the square. 
heat of solution measuremer&s are shown by the hexagons along the bottom 
curve. 

The stored eqergies corresponding t o  the amount of ivolved H 2  were 
calculated assuming t h a t  a l l  of the trapped electron defects react cpon 
dissolution to  form H z ,  JS shown i n  Fig.  3,  and t h a t  the stored energy 
per defect pair  i s  4.25 eV. 
made for the OC1- measurment shown here and for those described above 

An OC1- nezsurernent on a por t ion  of the 
The results of the 

These assumptions are analogous t o  those 

*We previously reported2 t h a t  the experimental data indicated a vaiue 
of 4.6 eV for this quantity. The plotted points i n  Fig. 2 show t h a t  a 
better correlation between OC1- and drop calorimeter da ta  results wheG the 
lower value is used. 
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i n  Sect. 6.1.1 and Fig .  2. The difference o f  49% between the results of 
the drop calorimeter and the heat of solution measurements are quant i ta -  
tively explained by the same assumptions, t h a t  is ,  by assuming t h a t  (1) 
811 of the radiation defect pairs form HZ and HOC1 t OC1- i n  addition t o  
Ida+ and C1- upon dissolution of the sample under the conditions present 
i n  the heat-of-solution calorimeter and t h a t  ( 2 )  the stored energy i n  
the salt per defect pair i s  4.25 eV.' 

As stated above, these results, together w i t h  those described i n  
Sect. 6.1.1, supported 'Jur belief t h a t  the results o f  our drop ca ldmeter  
measurements were interpreted correcty. 
the interpretation, i n  ternfs of stored energy, o f  the reswlts of the 
chemical measuremeats. 

They also provided a basis for 

6.1.4. --- Stored energy vs dose and dose rate i n  Lyons and tiarshaw sa l t  
irradiated Et, 14A"C and a t  40 and 77 megaradslhr (drop wlorimeter 
measurements)- The results of these meacJrewnts are plotted in Fig. 4. 
The gama irradiations were conducted usir.g HFIR < p e n t  fuel elements 
(exposures y -5  and y-6 )  Specinlens from y-5 were subsequently $ w a d i -  
axed an additional anmount in y-6 t o  o b t a i n  the hjqher dose specimens ( 5  
-+ 6). 

and Llndenbaunlo f s  inclLdea i n  F i g .  4. 
for the difference between the heat of solution of the irradiated a2d 
untrkdiated s a l t  t o  o b t a i n  the plotted valur-..2 

effec,ts on the amounts of stored energy accumulated i n  either Harshaw cr 
bedded sa l t .  
were substantially greater t h a n  those i n  the Harshaw sa l t  a t  the tes t  
doses. 
difference between the K L  values, i n  Eq. (2), for the two data curves. 

Tho rer3lt o f  a very hish dose-rate experirnent reported by Sonder 
We doubled their reported value 

The results showed t h a t  changing the dose rate had no sjgnificant 

However, the  amounts o f  stored energy i n  the bedded sa7t 

As shown, this difference cen be expressed formally as a 

6.1.5. 
- 7, 8, 9, and X a t  1 3 O O C  _- and a t  51 to  74 megarads/hr (drop calorimeter 
measurements) -- The results of these measurements are plotted in Fig.  5. 
As indicated i n  the figc;re, the dose t h a t  accuralated d u r i n g  each 

Stored energy ir: Harshaw s i l t  vs dose i n  HFIR-y exposures 

, 

t 
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exposure was ~ 1 0 ' ~  rads. 
by irradiating the specirrlen with two or more exposures. 

The d a t a  po in ts  a t  2 .2  x 10" rads and below were f i t t ed  w i t h  a 
curve which obeys Eq. (21, where K1 was equal t o  i t s  usual value and K,, 
as expected, had a value somewhat greater t h a n  i t s  1 2 6 O C  value and less 
t h a n  i t s  144°C value (see Figs. 2 and 4 ) .  These findings gave add i t iona l  
evidence t h a t  there was no significant dose-rate effect  on the accumu- 
lation of stored energy i n  our experiments i n  the temperature range 
below 145°C and i n  the dose range of h i 0  to  100 megarads/hr. 

The stored energy values a t  3 .2  and 4 .4  x 1 O 1 O  rads were hisher 
t h a n  those predicted by extrapolation f r om the values a t  lower doses. 
The value a t  4.4 x 
and i t  appeared t h a t  some change i n  the rates of formation and/or the 
annealing rates of the r ad ia t ion  defects took place when the stored 
energy e:.ceeded %20 cal/g. 

6.1.6. Stored enerqy i n  New Mexico and Lyons bedded s a l t  vs dose i n  
HFIR-y exposures 7, 8, 4, and X a t  130°C 2nd a t  51 t o  74 negaradsJhr 
(drop calorimeter measurements) The  results of these measurements are 
plotted i n  Fig.  6, 
a t  a given dose, and the E vs D relationship was poorly defined. 
straight l ine  passing through the origin can be draw I t h r o u g h  the da ta .  
However, a curve which obeys Eq. (2) ,  with the values of K1 and K2 given 
i n  F ig .  6, f i t s  the da ta  a t  stot-?d energies of 22 cal/g and  below equally 
well. The deviations from the curve above about  20 cal/g do not  vcced 
those noted for  Harshaw s a l t  i n  the same stored energy range. The rat io  
of the K 2  value i n  Fig. 6 (3.5 x 10'" rad'') t o  the K2 value for bedded 
s a l t  a t  144°C E6.8 x 10'" rad-' (see Fig.  4 ) ]  i s  approximately the 
same as the ra t io  of the KZ value for Harshaw salt  a t  130°C t o  the K2 
value a t  144°C (see Figs. 4 and 5) .  

There were no significant differences between stored energy i n  the 
bedded s a l t  from Lyons and from New Mexico, as indicated by the results 
i n  Fig.  5 and the results of H2 measurements (see Sect. 6.1.8). 

Higher doses for a given specimen were obtained 

rads was very much higher (by a factor o f  Q),  

There was appreciable starter among the d a t a  obtained 
A 
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6.1.7. Stored energy i n  New Mexico bedded s a l t  a t  2.25 x l o i o  rad: i n  
HFIP-y exposures 11 + 12 a t  130°C and a t  70 megarads (drop calorimeter 
measurements) The results of three measurements taken on th i s  sample 
are: 
and y-9-X samples [22 to 24 cal/g (see Fig.  611, and they are near 
those found with Uacshaw s a l t ,  which was irradiated under comparable 
conditions (see Fig .  5) .  There is no apparent explanation for  the lower 
values for  these particular samples. A conceivable explanatio? i s  t h a t  
the s a l t  used for the y-11 t 12 sample approximated the Harshaw s a l t  i n  
those propsrties which may affect  the value o f  Kn, for  example, purity, 
crystal s t ra in  (see Sect. 5 ) .  

- 

12,  14, and 16 cal/g. These valves are below those found with y-7-8 

6.1.8. Comparisons between results of H2 evolution and drop calorimeter 
measurements on dome, bedded, and r,?--haw s a l t  irradiated a t  HFIR-y expo- 
sure 9 a t  13C"C, 51 megarads/hr, ~ ! ; c !  9.8 x lo9 rads The results of these 
measurements are presented in Table 3. The drop calorimeter results for  
bedded and Harshaw s a l t  were presented graphically i n  previous sections 
(see Figs. 5 and 6). They are included i n  Table 3 fo r  convenience i n  
tilaking intercomparisons between the results f o r  the s a l t  saniplns from 

- ' 

the several different sources am! for making comparisons between the 
relative amounts of stored energy indicated by the drop calorimeter and 
H t  measurements. 

The results o f  the calorimetric measurements indicate t h a t ,  on Lhe- 
average, the amount of stored energy i n  the dome s a l t  was less  t h a n  t h a t  
in the bedded s a l t  by about 16% b u t  was s l ight ly  greater than the stored 
energy i n  the Harshaw sa l t .  On the other hand, the results of the Hz 
measurenents indicate t h a t  there was no significant difference between 
the amounts of stored energy in the samples of bedded s a l t  and the 
amounts i n  three o f  the  four dcme s a l t  samples. 
the stored cnergy i n  tk<e Harshaw s a l t  was a few percent higher than the 
stored mergy i n  the bedded and dome sa l t .  

These differences between the relative results o f  the two types of 
mtastircxnts m i g h t  have resulted from variations among the portions of 

They also indicate that  
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Table 3. 'Crxnparisons between the resul ts  o f  H2 evolutio;! and 
drGp calorimeter measurements on dome, bedded, and  Harshaw 

s a l t  samples irradiated in HFIR-y exposure 9 a t  
130"C, 9.8 x lo9 rads, and 51 m@garads/hr 

Sample 
material 

- 
Stored energy 
detcmined by 

d r o p  calorimetry 
Observed amount  o f  H t a  

Value Vaiue 
Relative value Relative value 

(cal/g) (31 i ter /g)  

1 .G8 

1 0 . P  970 
1000 

av 10.2 0.89 av 985 

Harshaw 
- (Crystat I ine) & 

1 0" 900 
1 l C  91 0 
-- 1 7 O  

New Mexico 
(Bedded) 

14' 
- 

1.16 av 905 0.99 av 53.0 

Lyons 
(Bedded) 

1 l o  
1 4' 
15' 

890 
960 
- - 

1.16 av 925 1-01 av 13.3 

10 870 
960 13 

M i  nf ie ld  
M i  ne - - 

1 .o av 915 1 .o av 11.5 I Dome 1 

11 1020 
10.8 I100 

Reeks 
Island 

- 10.7 (Dome) - 
av 10.8 0.94 av 1060 

880 

1 . l G  

0.96 Grand 
Saline 

(Dome) 

As se, ann 

a HZ evolution measurements made 
bThese data plctted in Ffg. 5. 
C These data plotted in Fig.  6. 

method A 

E 
La1 
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the samples which were selected for  measuremnt.* A relatively large 
srmole, ~ 1 5 0  mg, was used for measuring Hz evolution. No specifications 
were made for  the selection of salt from the bulk material other t h a n  to  
avoid any regions i n  the bedded s a l t  w i t h  relatively large amounts of 
white material (probably gypsum). Much smaller samples, 20 to 40 mg, 
were used t o  make a calorimetric measurement (60 mg for Harshaw s a l t ) .  
Also, in the case o f  the bedded and dome s a l t ,  the bulk material was 
crushed, and clean pieces i n  the neighborhood o f  0.05 to 0.07 cm (cubiform) 
were selected for the calorimetric sample. 
Calorimeter samp?e was n o t  crushed. 
pieces o f  the bulk sample. See Appendix IV.) 

Regardless of the explanation for the apparent differences between 
relative measurencnts of drop calorimeter and H2-evolution, the results 
show t h a t  there was no substantial difference a t  the tested q a m  dcse 
between dome s a l t  from different nines trr between dome and bedded sa l t .  
The resu?ts also support the conclusion t h a t  there was no significant 
difference between bedded s a l t  from the Lyoris ar;d New Mexico s i tes .  

(With the Harshaw s a l t ,  the 
I t  was comprised of one or  two 

6.1.9. 
5al t  Vaul t  i n  the Lyons mine The exposure conditions for  this  s a l t  and 
the results of drop c a l o r i x t e r  and H P  measurements (method 3)  were 
presented i n  detail i n  a previous report.’ Our interpretations of the 
results were also discussed. 

We concluded t h a t  the stored energy results were consistent with a 
model i n  which rad ia t ion  defects were formed a t  a ra te  proportional to  the 

t dose ra te  (i .e. ,  a t  a rate equal t o  K I I  ) and underwent thermally act i -  

Storeti energy in s a l t  irradiated by gama rays i n  s i t u  i n  Project 

*We na‘r‘e no reason t o  question the re l iab i l i ty  of the results for 
the relat ive amounts of H Z  evolved by the different samples. The H2 
measurements were a l l  Made on the same day, December 12, 1974. 
the amounts of  H z  t h a t  were evolved during a measurement d i d  n o t  d i f fe r  
appreciably from one s a l t  sample to  another (see Appendix VI). 

rad’’ i n  these exposures.’ The conclusions are not  changed i f  K1 is 
assumed equal t o  1.4 x cal g-’ rad- i .  
s a l t  was 40’ rads; so the annealing term, -K21E, was negligible. 

Also, 

‘It was previously assumed t h a t  K1 was equal to  1.66 x lo” cal g-’ 

The dose received by the PSV 
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vated annealing 3 f  stored energy a t  tmpera tmes  >150”C a t  rc tes  predicted 
by the extrapolation of resu l t s  of our anne.3lir.g experiments, which were 
conducted a t  somewhat higher terriperatures (>185”C) (see Sect.  7). 

- 

- 

6.2. Stored Energy i n  Harshaw Syrithetic Crjlsi:als and 

10 Megarsds/hr a t  30 to 50°C; Comparison w i t h  Results 
i n  Lyons Bedded Sa l t  After Gamma Irradidtion a t  

o f  Others for  Sa l t  Irradiated a t  Comphreble Tempera+ 2s 

High-dose, cobal t-gama irradiat1or:s were conducted on several 
samples of Harshaw synthetic c rys ta l s  and 017 one sample o f  Lyons bedded 
s a l t  a t  s a l t  temperatures i n  the range o f  30 t o  50°C d u r i n g  i r r a d i a t i o n . ”  
These samples were analyzed for  stored energy by mzthods 4 and 6, t h a t  
i s ,  by the H2-evo7ution and I -  oxidat ion methods.* The results a re  
l i s t e d  i n  Table 4 ,  together w i t h  information on the temperature, gamma 
dose, and analytical  riethods. The resu l t s  obtained by the two methods 
were i n  near agreement, and the corrected E values f o r  samples No. 126 
and 126efg are  probably accurate withill 10 t o  15%. 
samples No. 125a and 125k were less  precise than resu? ts  f o r  the other 
samples because there were no H2-evolution measurements. The values a t  
the upper  ends of the ranges for  125a and 125k a r e  i n  nearest agreement 
w i t h  those reported by others f c r  comparable exposure temperatures and 
doses and are  probably most nearly correct.  

The data for  Harshaw s a l t  in Table 4 a re  plotted vs dose i n  Fig. 7 
together w i t h  stored energy values obtained from previously repcrted 
resu l t s  o f  others for  s a l t  i r radiated a t  comparable tempei-atures b u t  a t  
d i f fe ren t  dose rates .  Sonder and Lindenbaum’O reported the difference 
betweeii the heats o f  solution o f  i r radiated tnd unirradiated s a l t .  We 
doubled t h e i r  reported values t o  obtain the actual stored energy. 

The resu l t s  f o r  

KubotaI3 

*The drop calorimeter method was n o t  r e l i a b l e  because the samples 
could not be preheated a t  a h i g h  temperature t o  remove sorbed water 
without possibly annealing some o f  the stored energy. 
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Table 4. Stored energy i n  Harshav s, iythetic c r y s t a l s  and i n  
Lyons beddpd s a l t  a f t e r  gama r.Adiation a t  10 megarads/hr 

and a t  temperatures i n  the range of  30 t o  50°C 

Temperature Stored energy (E) 
S a l t  Sample during Dose 

No. i r rad ia t ion  (IO” rads) I -  -+ IQ Hib 
( “ C )  ( c a l / d  (cal /g)  

Harshaw 125a 40 1.1  0.7-2.4’ 
Harshaw 125k 40 3.4 1.2-2.9’ 

d 
d 
d 

4.2 
4.c 
0.1 

Harshaw 126 30-50 7.1 ? 10% 3.6-4.3 
Harshaw 125efg 30-50 8.2 L 10% 4.0-4.7 
Lyons k l2 i  30-50 4.8 ? 10% 0-0.5 

f 

%tored e n e q y  calculated from results of I-  oxidation meascrcrnents, 
assuming 4.25 eV f o r  each I -  oxidized (metirod 6) .  

%tored energy calculated from the r e s u l t s  of Hz-evolution measure- 
ments, assuming 4.25 eV f o r  each H2/2 (method 4) .  

‘Control measurements on unirradiated s a l t  showed the oxidation o f  
I -  i n  amounts equivalent t o  0.8 t o  1.7’ cal/g.  
those calculated w i t h  KO correction f o r  background oxidation. 
lower values a r e  those obtaiped a f t e r  subtracting an assumed background 
value equivalent t o  1.7 cal/g. 

dControl measurements on unirradiated s a l t  showed the oxidation o f  
1- i n  amomts equivalent t o  0.; cal/g.  
those calculated w i t h  no correct icn f o r  backgrotlnd oxidation. The 
lowor values a r e  those obtained a f t e r  subtracting an assumed back- 
ground value o f  0.7 cal/g.  

The upper values here a r e  
The 

The upper values here a r e  



i 
/ 

27 

E 

SALT - T5MP c 
0 HASSHuW 30-50 

@ HARSHPW 55 

Q HARSHAW 80 

0 HARSHAW 40 

0 REACZNY 35-50 

a SYNYHETIC 5 50 
SALT 

CRYSTAL 
DOSE lrodrl 

EXPERIMENT6.1 CONDITIONS 

RADIATION DOSE RATE REFERENCE 
(rnegorads/hr) ~ - 

GAMMA to PRESENl 
STUDY 

ELECTRON 2Ooo 42 

ELECTWN x;oo 12 

EbECTRON 7000 (2 

G h W H A  a: -i (3  

G I U M A  0 2 - 0 4  (4 

i 2 3 
DOSE i \Om rods ) 

4 

Fig. 7, Stored energy in gama or electron irradiated sa l t  a t  0.2 
t o  7000 megaradslhr and a t  temperatures in the range o f  30 
to 80°C. 

i 

, 
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reported the amount of oxidation of o-to1 idine. 
amount: of oxidation of I- or o-tolidine which occurred upon dissolution 

Epstein14 reported the 

o f  i rrad i a ted 
co r r e s po n d i n g 
the s a l t .  

The resu 
s a l t  was negl 

specimens. b!e calculated the amounts of stored energy 
to  t h e i r  reported values us ing  4.25 eV per defect pair  i n  

t s  show t h a t  stored energy accumulation i n  the Lyons bedded 
gible  a t  these low temperatures. The stored energy i n  the 

Harshaw s a l t  increased sloffly a f t e r  an i n i t i a l  period of more rapid 
growth. 
values of E for  125a and 125k) and for  the previously reported lower 
dose data of others can be expressed, 

The E vs 0 relationship for  these Warshaw data ( u s i n g  the higher 

E = 1.95(1 - exp-K2D) + 3.0  x lo-' ' 5, ( 3 )  

where the value of K2 is  7.0 x 
Eq. (3)  can be explained by assuming tha t  a small .f;action, F, of the 
generated defects assime f o r n s  i n  the s a l t  t h d t  are  s tab le  against  
annealing, while the remaining, major f ract ion i s  formed and annealed, 
as  expressed by Eq. (1) .  
corresponding to Eq. ( 3 )  are:  

rad-'. The genera? form o f  

W i t h  this interpretat ion,  the r a t e  expressions 

and 
d E '  gj-= (1 - F)Kl - K2E'. 

The value of K1 i s  about the same as i t s  value a t  higher temperatures, 
tha t  is, 1.4 x cal g-' rad-', and the value of F is 0.0214. The 
aniounts o f  stored energy shown by the data i n  Table 4 and by Eq. (3) are  
much l e s s  than those found a t  higher exposure temperatures (95" 5 temp 
(144OC) - apparently because the back reaction (annealing) i s  re la t ive ly  
more important a t  the low temperature. 
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6.3. Stored Energy i n  Harshaw and Lyons S a l t  

(Drop Calorimeter Measurements) 
Irradiated a t  160 t o  173°C and 1 .6  t o  66 tl?egarads/hr 

i -  

The exposure conditions employed i n  these experiments, the results 
o f  the calorimetric measurements, and the interpretation o f  the results 
were described and/or discussed previously. I t  was concluded t h a t  the 
value o f  K1 for  these exposures was probably the same o r  lower t h a n  i t s  
value a t  lower temperatures. H o ~ ~ v e r ,  additional annealing processes, 
including thermally activated annealing, came intc play d u r i n g  exposures 
a t  these higher temperatures, ar;d, as a result  o f  these processes, the 
stored energy accumulated d u r i n g  a given dose WQS dependent on the dose 
rate  d u r i n g  the exposure. 
together with other data relevant t o  the rates o f  the thermally activated 
annealing process (see Sect. 7 ) ,  i 1,dicated t h a t  thermally activated 
annealing would be s u f f i c i e n t  t o  mzte the accumulation o f  stored energy 
negligible a t  5611: temperatures >15O"C a t  the relatively low dose rates 
prevailing i n  s a l t  i n  a waste repository. 

The da ta  obtained a t  these expostire temperatures, 

7.  
THERMALLY ACTIVATED kNNEALSNG OF STORED ENERGY 

RESULTS OF MEASUREMENTS OF POSTIRRADIATION, 

Therrcal ly activated annealing characteristics were investigated by 

This work was presented and d i s -  
exposing portjons o f  some irradiated samples t o  elevated temperatures 
prior t o  measliring the stored energy. 
cussed ir! a previous report; most o f  this previous presentation i s  i n -  
cluded i n  Appendix VII.  

The Harshaw s a l t  t h a t  had been irradiated a t  95°C showed rap id  
annealing t o  a maximum value i n  the range o f  2 t o  3 cal/g i n  the tempera- 
ture range of 115 t o  120°C. 
only a t  temperatures above %18O0C. Most of our quantitative measurements 
dealt  w i t h  the higher temperature stage o f  the annealing. 
t h a t  had been irradiated a t  temperatures 2126°C exhibited only the 
higher temperature stags. 

A brief sirrmry i s  given below. 

The remainder annealed a t  measurable rates 

Specimen2 
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The r e s u l t s  o f  annealing experiments i n  the temperature range o f  
195 t o  23OoC, which were designed t o  determine the e f fec ts  o f  t i m e  a t  a 
constant temperature and the ef fects o f  the amount o f  stored energy i n  a 
specimen on the  r a t e  o f  annealing, showed tha t  the annealing process i s  
o f  zero-k inet ic  order: 

dE/dt = K. (7) 

That i s ,  the r a t e  of annealing i s  independent of the amount o f  stored 
energy i n  a specirrzn. This i s  a very ra re  type o f  r a t e  process, bu t  i t  
can be explained by assuming tha t  a rap id equi l ibr ium ex i s t s  between 
d i f f e r e n t  types of defects i n  which the types t h a t  are react ing t o  
produce the annealing remain a t ,  essent ia l ly ,  a constant concentration 
throughout the annealing period. 
between F centers and c o l l o i d a l  sodium i n  NaCl and t h a t  the concentrat ion 
o f  F centers i n  t h i s  equi l ibr ium depends upon temperature but i s  inde- 
pendent o f  ihe amount o f  c o l l o i d a l  sodium i n  the s a l t  ~ r y s t a l . ' ~ , ' ~  
can be speculated tha t  t h i s  o r  a comparable equi l ibr ium accclunts f o r  the 
zero-order k ine t i cs .  0 

The r e s u l t s  of otner annealing experiments i n  the temperature range 
o f  185 t o  260°C showed t h a t  the temperature dependence of the zero-order 
r a t e  constant can be expressed by an Arrhenius-type relat ionship,  a1 though 
the pre-exponential f ac to r  may depend upon the exposure h i s to ry  o f  a 
specimen and upon the type o f  sa l t ,  t h a t  i s ,  Harshaw o r  bedded. Equa- 
t i o n  ( 8 )  shows the most conservative re la t ionship between the r a t e  
constant and the temperature f o r  Lyons s a l t  rvhich was indicated by our 
data : 

It i s  known t h a t  an equi l ibr ium ex i s t s  

I t 

K = 1.92 x 1 0 l 6  exp-1.96 x lO" /T  ca l  g-' hr"'.  ( 8 )  

Values of K i n  the temperature range o f  158 t o  17OoC, which are found 
from t h i s  equction, are i n  near agreement wi th  those deduced f r o m  informa- 
t i o n  we obtained w i t h  samples of Lyons s a l t  which were i r rad ia ted  i n  

. -. . . r _  I . ~  . .  
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s i tu  i n  PSV a t  % 1 5 8 O C  (maximum) and those irradiated i n  the range o f  160 
to 173OC i n  our laboratory experfrnents (see Sects. 6.1.9 and 6.2) .  

Harshaw s a l t  t h a t  was indicated by the annealing experiments was: 
The relationship between the rate constant and the temperature for 

K = 4.97 x 10l6 exp-1.96 x 104/T cal g-' hr-'. (9) 

The v-lue of the pre-exponential factor in Eq. (9)  i s  24 times greater 
t h a n  t h a t  given for the Lyons s a l t  by Eq. (8). 

8. MISCELLANEOUS OBSERVATIONS 

8.1. Color 

Most of the irradiated specimens were very black. Some specimens 
of bedded s a l t  contained white ssecks which showed clearly against the 
black background. The specimen o f  New Mexico s a l t  which was used i n  
HFIR exposure No. X had the largest amount of this  white material; 
visual inspection indicated t h a t  1 or 2% o f  the sample was white. 
The white materia was probably gypsum. 

meter, the black color disappeared, and the specimens became more o r  
less clear. Specimens t h a t  had the largest amount o f  stored energy 
became cloudy, whereas specimens w i t h  the smaller amounts of stored 
energy became clear. 
cloudy specimcrs showed negligible amocnts of stored energy associated 
w i t h  th is  appearance. 

diated Harshaw s a l t  a f te r  annealing. 

Upon thennal annealing o f  irradiated specimens i n  the drop  calori-  

Additional high-temperature measurements of the 

Numerous small negative crystals could be seen i n  the heavily irra- 

8.2. Chlorine Odor 

An odor of chlorine was emitted dUr';ilg the cleaving or crushirig o f  
samples of heavily irradiated sa l t .  The saurce o f  this odor may have 
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been the aggregates of trapped holes (Cln-) on the grain boundaries 
whicb  were exposed t o  air by the cleaving or crushing. 

8.3.  Cleaving 

Sal t  w i t h  large amounts of stored energy, 10 t o  20 cal/g, was dif-  
f i c~ l l  t to  cl eave . 

8.4. The pH of Solutions of Irradiated, 
Unirradiated, and Annealed Sal t  

A few measurements of the pH of solutions of d!fferent s a l t  samples 
Were made. The results of the most careful measurements are given i n  
Table 5. 

The s e t  of measurements on the Ha,.shaw s a l t  showed t h a t  the pH o f  
the so lu t ion  o f  the irradiated s a l t  was substantially greater t h a n  the 
pH of the unirradiatcd and thermally annealed salt  solutions. 
the pH of the irradiated s a l t  was significantly less t h a n  t h a t  predicted2 
by calculation, assuming equal numbers of trapped electron and trapped 
hole defects were undergoing the dissolution reactions, 

However, 

and 
(Cl')' + iHzO -f iC7- + fH+ + iHOC1, 
HOC1 H+ + OC1- ( K  = 3 x 10"). 

Several other pH measurements, n o t  shown, on samples of Harshaw s a l t ,  
also irradiated a t  95°C and a t  11 megarads/hr, showed comparable d i f -  
ferences between observed and predicted values o f  the pH. 

that  about 10% o f  the trapped electron defects (Na'e-) d i d  n o t  contribute 
an OH- t o  the solution during dissolution. Several different explanations 
can be postulated: 
some carbonic ac!8 d u r i n g  the cobalt irradiations (the specimens were 

The difference between the observed and predicted values indicates 

( 1 )  the s a l t  may have absorbed some nitrogen acid or  

c 
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Table 5. The pH o f  solutions of i r r id ia ted ,  unirradi3ted, 
and annealed s a l t  

Sample Solution pH o f  
descri ptiona Sample wei gSt 70 I ume solution 

!g) fcm') 
Observed Predicted 

Harstlaw u n i  rradi ated 

Hars haw i rrad Z a ted 
sample C-2,  exposed 

n;egarads/hr; H2 
evolution measured 
by method 3 was 31.5 
w l e l g  

Hars haw i rradia ted 
sample C-2 a f t e r  
thermal annealing 
a t  500°C; c lear  
specimen 

Core from Project 
Sa l t  Vault Ho;e 6 

Uni rradi ated 
sample 
Sample from highest 
dose region a f t e r  
thermal annealing 
f o r  5 mfn a t  450°C; 
c lear  specimen 

Sample located 16 i n .  
froni t i p  o f  core 
annealed a t  2 5 0 ° C  
for  1 hr; c l ea r  
specimen 

Sample taken from 
highest dose region; H P  
evolution mcasured by 
method 3 was 4.8 wnolelg 

a t  95°C dnd 11 

0. oU3 
0.03 
0.15 5.0 6.25 2 O.O!jb 
0.30 

0.9425 5.0 

G.lO1l 5.0 

e 

0.351 10 

0.131 10 

0.076 10 

0.300 5.0 

8.OSb 8.96 

5.9ob 

5.40' 

5.60' 

5. 5gC 

7.80' 8.99 

These samples a re  fu l ly  described i n  re f .  1. P 

%olvent was demineralized and boiled In water i n  an open beaker. 
A glass electrcde was used for  the masurement. 

'The soivent was demineralized water. 
reagent s a l t  added. A glass electrode i n  h n  open beaker was used fo r  
the pH measurement. 

The pH was equal to  6.0 w i t h  



wrapped i n  aluminum foil b u t  were n o t  completely sealed dur ing  irradia- 
t i o n ) ;  (2) the solution formed by dissolvfng the s a l t  nay have absorbed 
COZ very rapidly from the a i r  dur ing  the dissolution and measurement 
steps to  neutralize some of the OH-; (3) partbof the trapped electron 
defects may have undergone some unrecognized reaction with water or 
HOC1-OC1’ durlng dissolution i n  which either OH- was not  produced or  H* 
was not consunied. We believe t h a t  the f i r s t  and second o f  the above 
explanations are more !ikely t h a n  the third.  

aga.in showed t h i t  the pH o f  the solution o f  irradiated s a l t  was less 
than the value predicted, assuming Eqs. (10) and (11). However, i n  this 
case, the difference was explained by the acid properties shown by the 
unirradiated and the annealed bedded sa l t .  
resulted from the preseflce of traces of hydrolyzable impurity cation i n  
the bedded sa l t .  

The results for the bedded s a l t  specimens from Project Salt  Vault 

These acid reactions probably 

8 . 5 .  Loss of  Water from Bedded Sal t  Specimens 
!luring Gamma IrradSation 

Several specimens of bedded sa l t  from the Lyons mine and one Harshaw 
s a l t  specimeiip which were irradiated i n  previous HFIR-y exposures 2 and 
3, were examined for changes i n  weight t h a t  took piace during the radia- 
t i o n  exposures. The msasurements and the results are presented and 
discussed in Appendix VIiI. 

8.6. Gases trt Unirrad-iated and Irradiated 
Specimens of Bedded Sal t  

Two samples of Lyons bedded s a l t  which had been g a m  irradiated 
and one t h a t  had not  been irradiated were analyzed for  contained amounts 
of Htr 02, and N? + CO. The measurements and the results are described 
and discussed i n  Appendix I X .  
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9. SUMMARY AND DISCUSSION OF INFORMATION ON THE FORMATION 
AND ANNEALING OF STORED ENERGY IN SODIUM CHLORIDE 

9.1. In i t ia l  hate of Fornlation of Stored Energy in NaCl* 

O u r  experimental da t a  for irradiation temperatures (145°C (30 t o  
1 4 4 O C )  showed t h a t  the ra te  o f  fornation 0: $tored rad ia t ion  energy i n  
NaCl could be expressed: 

dE/dt  = KlI, 

value o f  K1 i n  the range fnvestigated C1.6 t o  ~ 1 0 0  megarads/hr i n  labora- 
tory expei-iments and 0.007 t o  0.07 meyarads/hr in s a l t  irradiated i n  
Project Sal t  Vault (see Table l ) ] .  We a1ss deduced the same value of K1 
from the reywted results of others f o r  dose rates in the range of 0.2 
to 2000 megarads/hr (see Sects. 6.2 and 10). The source o f  the s a l t  had 
no effect  on the K1 value. 
t o  173°C) was about  the same or slightly less t h a n  i t s  value a t  the 
1 ower temperatures (see Sect. 6.3) . 

reported experimental results of others led us to  conclude t h a t  the 
plastic s t ra in  in the s a l t  has no significant effects  on the value of K1 
a t  the temperatures, dose rates,  and doses @i interest  i n  a high-level 
waste repository. These considerations are svlmarized i n  the following: 

strain on the late-stage accumulatlon o f  ra4;at ion defccts in a7kali 
halides probably results fram the effects of the s t ra in  06 the defect 
reactions which take place a f te r  the defects are formed. 

The value of K1 a t  temperatures ,145OC (160 

n 

Our considerations of theory, our  expsirental  results,  and the 

1. Theory - As discussed i n  Sect. 5, any effects of plast ic  

pair) .  
effects (see Sect. 5 ) .  

Accordingly, we were generally dealing w i t h  late-stage radiation 
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2. Ow- indirect exper mental ev dence - Harsh?.: sycthet : crystals 
are quite free from strain,  as indicated by the low yield s t ress  ( less  
than  15 k g / ~ r n ~ ) . ~ ’ . ’ *  Bedded and dome s a l t  h a w  usually undergone 
considerable deformation in s i  t u  (tectonic deformation) and d u r i n g  
min ing ,  and i t  i s  l ikely t h 6 t  our samples of natural s a l t  retained some 
of the effects of this  strain.18.* T h a t  i s ,  i t  is l ikely t h a t  removal 
by the recrystallizatfon of a l l  dislocations, etc., t h a t  wetG groduced 
d u r i n g  the stralning war incomplete. 
which were exposed a t  tenperatures greater t h a n  %l 30°C probably underwent 
some plastic strain as a r e u l t  of the thermal expansion of brine inclu- 
sions w i t h i n  the sa l t . 20  
residual effects of plastic s t ra in ,  there were no differences between 
the values of K1 for  the different s a l t  samples. 

Experimental results of others - k‘owick21 reported t h a t  both 
the zarly- and late-stage coloration (F-center formation) in Harshaw 
crystals under gama irradiation a t  roo% tmperature were increased by 
prior plastic strain. Later workers’ suggested t h a t  Nowick’s apparent 
la te  stage was, i n  fact ,  p a r t  of the early stage (Nowick’s maximum F- 
center concentration was 2.5 x 70’’ c N 3 )  and t h a t  most of the evidence 
indicates no significant effects of prior s t ra in  on late-stage coloration. 
In any case, the F-center formation rate for Nowick’s 4.3 and 8.5% 
strained specimens i n  his l a t e r  stages was somewhat less t h a n  the r a t e -  

value of 4.25 e\/ per defect pa i r  i n  the sa l t .  

A l s o ,  those sample of bedded s a l t  

Despite these probable differences i n  the 

3.  

* that  corresponds t o  our K1 value (1.4 x cal g’’ r ad” )  w i t h  our 

9.2. Stsbilization and Annealing of Stored Energy 

Most of our experimental results showed t h a t  an annealing (or 
effective annealing) of the radiation defects was t a k i n g  place dur ing  
irradiation. 

*Bulk samples cf bedded and dome s a l t  are usually comprised of 
aggregates o f  small irregularly shaped crystals. The yield s t ress  of 
unannealed samples of these aggregates ranges from about  150 to 200 
k g / ~ m ~ . ’ * , ’ ~  \!e do not have yield s t ress  infomation for annealed 
samples o f  the aggreyates. 

... 
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For the temperature range of 30 t o  144°C dur ing  irradiation, and 
for stnred energies less  i'1ti-m %20 cal/g, the appropriate kinetic 
expression for the formatioq and annealing of stored energy was:* 

The form of the annealing term, -K21E, can be explained by assuming 
t h a t  a fraction of the radiation defects produced i n  the primary process 
react, d u r i n g  formation, with existing defects t o  reform undamaged NaCl 
and that  the fraction which reacts i s  proportional t o  the number o f  
defects already i n  the crystal ,  as given by E. 

th i s  temperature range i s  included in Table 2. 
of 126 to  1 4 4 O C ,  the value of K 2  for the Harshaw salt  increased with 
increasing temperature, and this  increase CL,  responds to an activation 
energy of 14.0 kcaljmole. However, the KZ value for 95'; i s  t r i p l e  t h a t  
predicted by extrapolation of the 126 t o  144°C values, and the value for  
the temperature range of 30 t o  55'C is several hundred times the extra- 
polated value. The K2's for the bedded s a l t  evaluated a t  130 and 1 4 4 O C  
were less  t h a n  those for Harshaw s a l t  by 45%. 
and 130°C, the amounts o f  stored energy deviated from those predicted by 
extrapolation from the lower E values a t  these temperatures. 
these deviations. resulted from alterations i n  the rates of annealing 
when the stored energy i n  a sample exceeded certain amounts. 

Kz,  were qualt i tatively explained by assuming: 
of back reaction between freshly formed defects and those already present 
depended upon the s ta tes  of aggregation of the defects a1 ready present 
and (2)  t h a t  the s ta tes  of aggregation for exposures i n  the temperature 

A l i s t  of values of K 2  determined from our experivental d a t a  for  
In the temperature range 

Above %20 cal/g a t  126 

Presumably, 

The effects of  temperature on the values of the annealing constant, 
( 1 )  t h a t  the probability 

* A t  30 t o  55OC. the expression differed s l ight ly  from this [see 
Eqs. (3 )  t o  (6), Sect. 6.21.  
process is  given by K l I ,  as discussed above in Sect. 8.1. 

The rate of formation i n  the primary 
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range above %125OC differed f r m  those for the temperature range of 30 
to  50' and, to a lesser  degree, from those for the 95OC exposures." 
Both of these assumptions are consistent with the available experimental 
and theoretical information ( w e  Sect. 5).  Thi ;  inforrnatiop suggests 
that  most of the anion vacancy defects nay be present as aggregates of 
colloidal sodium during irradiatior, i n  the higher temperature range b u t  
that  they may be present as indjvidual F centers and i n  c lusterr  of a 
few F centers a t  the lower temperaturei;. This difference could resul t  
from dlfferences between the mobility of the F and/or Ft centers in the 
two temperature ranges. The trapped hole defects would probably be 
present as aggregates (probably as C l z - )  i n  both temperature ranges. 
The differences between the values of KZ for  the two different tempera- 
ture ranges would then be a result of differences between the reactivity 
of aggregates of colloidal sodium and of the smaller c luster  of enion 
vacancy i? fec ts  w i t h  newly formed defects. The increase i n  the value of 
K2 w i t h  temperature above %125OC could be a resul t  of the increase w i t h  
temperature of the concentration o f  F centers that  are i n  equilibrium 
with colloidal sodium in NaCl. 

s a l t  and the changes i n  the apparent value of K2 a t  stored energies 
above %20 cal/g a t  126 and 130'C can be qualitatively explained on the 
basis of assumptions similar to those described above. 
agglomerates of colloidal sodium and of C l z -  presumably form on grain 
boundaries, dislocations, and other crystal defects, and i t  i s  very 
l ikely tha t  the numbers and types of these agglomerates are  different 
for  the two types o f  sa l t .  Accordingly, the d i s t r i b u t i o n  and sizes o f  
the agglomerates and the i r  react ivi t ies  could be different for  the two 
types of s a l t .  Similarly, the very accumulation of large numbers of '  
radiation defects w i t h i n  a crystal could lesd to  the formation of 

The differences between the values of KZ for Harshaw and bedded 

For example, the 

*The occurrence of two-stage, thermally actlvaied annealing for  the 
specimens irradiated a t  95OC (see Sect. 7 )  supports the idea t h a t  defects 
were present in two different s ta tes  of aggregation during the 95°C 
exposure. 
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additional crystal defects (e.g., plastic s t ra in  dislocations) t h a t  
would providc new t r a p p i n g  and agglomeration s i t e s  and  thus a l t e r  the 
overall reactivit ies between freshly formed and accumulated defects. 

sures a t  IO rnegarads/hr and those for the 80°C exposures a t  2000 mega- 
rads/hr (see Sect. 6.2) can also be explained along lines similar to 
those described above. Thus, a t  the h i g h  dose rate  used i n  the 80°C 
exposures and a t  the possible low mobilfty of the anion  vacancy defects 
i o  this range of temperatures, i t  can be assumed t h a t  most o f  these 
defects remained as  F centers and clusters o f  a few F centers, so that 
the value o f  KZ was approximately the same as i t s  value for the exposures 
i n  the temperature range of 30 t o  55°C.  On the other hand, a t  the mgch 
lower dose rate used w i t h  95°C exposures and a t  the correspondingly 
longer exposure times, most of the anion vacancy defects ~4ere probably 
able t o  move into aggregates of colloidal sodium. A t  higher temperatures, 
where the movement o f  anion vacancy i s  more rapid, there would be less 
likelihood of a dose rate  effect  on KZ.  
Lindenbaum" for  an exposure a t  140'C and 5000 meqarads/hr included i n  
F i g ,  4 conf'ims this  expectatfcn. 

The diffsrsnce between the stored energy results for the 9 5 O C  expo- 

The datum o f  Sonder and 

For the temperature range 
as those found i n  a repository 
kinetic expression i s :  

dD/dt = 

above %150'C and a t  low dose rates such 
( ~ 0 . 1  w g a r a d l h r ,  maximum), the appropriate 

where K i s  the ra te  o f  thermally activated annealing and is given con- 
servati vely by: 

K = 1.92 x 10l6 exp-1.96 x 104/T cal 9-' h r - ' .  (8) 

The value of K2 i n  this temperature range was n o t  firmly established. 
However, this  was unimportant from the practical s t andpo in t  o f  predicting 
the amounts of stored energy i n  s a l t  i n  a waste repository since the 
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predicted K value a t  temperatures 2150°C exceeds the predicted value of  
KII a t  the relatively low values of I t h a t  k I1 prevail in s a l t  i n  a 
waste repository. 

thc thermally activated annealing process was described in Sect. 7. 
A possible explanatlon for the occurrence of rero-order kinetics in 

10. RETENTION OF RADIG'TION DEFECTS WITHIN 
SODIUM CHLORIGE CRYSTALS 

The fac t  t h a t  our irradiated crystals were entirely or essential1.y 
entirely bleached upon heating indicated t h a t  no trapped electron defects 
( i .e. ,  colloidal sodium, F centers, e tc . )  remained af te r  annealing and thus 
indicated t h a t  EO chlorine had escaped from the crystals dur ing  i r rad ia t ion  
or during annealing. 
(i ,e . ,  sodium) had escaped could n o t  be : uled o u t  by the bleaching 
results since we could not  be sure t h a t  the excess chlorine defects 
would produce color centers i n  the annealed crystals. However, the 
results of pH measurement (Sect. 8.4) indicated t h a t  no significant 
aqount of chlorine veniained in crystals a f te r  thermal annealing. 

The possibility t h a t  some trapped electron defects 

7 

11. COMPARISONS BETWEEN RESULTS OF OUR EXPERIMENTS 
AND C3RRELATIONS TO THOSE REPORTED PREVIOUSLY 

We previously reported' correlations of experimental da ta  i n  which 
values o f  KI and K2 a t  certain temperatures differed by small amounts 
from values 'in this report. The present values are based on correlations 
of addi t iom1 experimental d a t a  and on additional theoretical coti- 
sideration:. 

exposure temperatures of 80°C and below reported saturation of stored 
energy il.1 Harshaw s a l t  a t  'L 1 t o  2 cal/g. 
work are included i n  Sect. 6.2,  As discussed i n  Sect. 9, the difference 
between our present results a t  95°C and the previously reported da ta  ob- 
tained a t  a higher dose rate and a t  temperatures o f  80°C and below i s  

Earl!er workers12 who used very big$ dose rates (>lo9 rads/hr) a t  

The results of this  previous 
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probably associated w i t h  the effects of the dose rate on the fraction of 
the trapped-electron defects t h a t  diffuse into -table agglomerates 
before these defects react w i t h  trapped-hole defects i n  an annealing 
reaction. 

been reported for Lyons sa l t , I2  but the temperatures i r i  t h a t  study were 
either poorly established or were greater t h a n  those used i n  our work. 
The maximum amount of s:ored energy found i n  the earlier work was ?, 20 
cal /I,. 

F centers upon heating previously irradiated NaCl in the temperature 
range of 150 to  206°C. 
tinued heating i n  this temperature range. Plots of the absorbance o f  the 
colloids vs heating time a t  200°C were prpsented, b u t  no comments were mde 
concerning .he kinetics or rate constants. However, we concluded from 
these plots t h a t  a L: *aioht-line relationship ex;sted between the absorb- 
ance and time and t h a t ,  therefore, the anneal ing process was zero order; 
this i s  i n  agreement with our findings. 

specimens that were irrad-iated i n  s a l t  mine locations i n  near proximity 
t o  our PSV specimens. Th?y used a differential thetmal amlysi:; (DTA) 
device to measure the stwed energy. Their values for stored energy a t  
given doses (or locations) were greater t h a n  ours by amounts ra rq ing  up 
to factcrs of 'L 3.  k'e do no t  have a firm explanation for this 4!ffcrence. 
However, we believe t h a t  we have established the accuracy of tl-e results 
for our specimens, which  had a stored energy o f  5 1 cal/g. by rheck'ng 
our H1 evolution measurements w i t h  our measurements o f  the amount o f  
heat released i n  the drop calorimeter. 

Dreschkoff and Zeller also reported" that, i n  a plot of stored 
energy vs dis tawe u p  the 45°C sample core, a discontiwit/ occurred a t  
about 8 i n .  such t h a t  the amount o f  stored enerqy i n  the specimen a t  6 
i n .  Kas greater 'than t h a t  i n  the preceding specimen a t  6 i n .  They suggested 
that stress w i t h i n  the i n  s i t u  s a l t  a t  this location ma;, have caused 
this discontinuity. Our analysis of their  da t a  sbowcd t h a t  specimens 

Some results obtained a t  h i g h  dose rates and h i g h  tenperatures have 

Previous workers reported' t h a t  co1lc;ids eC Sodium were fomed from 

The colloids were thermally annealed dur ing  ccn- 

Dreschhoff and Zel le r  reported" measurement: of stored erergy i n  P2V 
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located a t  distances of 8 i n .  or more were exposed t o  temperatures of 
less t h a n  - l l O ° C  for  the first 400 days and temperatures less t h a n  136°C 
for the f i n a l  80 days when the temperatures were a t  the maxima. 
average dose rates (< lo4  rads/hr) and doses (51Ge rads) were very low a t  
distances o f  8 i n .  or more 

We previously suggested' that  the discontinuity and relativeTy 
higher amounts of stored ecergy a t  distances 
tenperature and dose rate  effects rather t h a n  w i t h  s t ress  and t h a t  the 
value of K1 a t  temperatures less t h a n  -120°C m i g h t  be greater t h a n  the 
K1 values a t  higher temperatures by a factor o f  ?r3. We now agree t h a t  
s tress may have been a factor and t h a t  the discontinuity may have been a 
result  of differences between plastic strain effects a t  the two locations. 
As disciissed i n  Sect. 9, we found t h a t  the value of K1 i s  independent of 
the several different exposure variables t h a t  were considered, including 1 

tmperatc* e and plastic strain. 
stage-t;tpe rad ia t ion  damage i s  affected by the plastic s t ra in ,  and i t  i s  
likely t h a t  the discontinuities observed by DreschhofF and ZellerZ2 were 
p a r t  of early-stage effects. 

Previws workers reported' t h a t  NaCl which was exposed t o  high 
doses of fas t  electrons a t  either room or elevated temperatures bias 

conipletely bleached upon heating t o  250°C and t h a t  equal numbers of 
oxidizing and reducing species were observed during aqueou:; dissolution. ~ 

These results are in agreement with our findings. 

sodium chlorine from the surface of- NaCl crystals d u r i n g  exposure to 
low-energy electrons i n  a highly evacuated 
investigators who exposed NaCl t o  h i g h  doses of fas t  electrons or t o  
gama rays while the NaCl was sealed within evacuated ampoules could no t  
detect chlorine by sensitive mass spectrometry upon opening the irradiated 
 ampoule^.^^^^^ No explanation has been offered for the apparent differ-  
ence between the results of the two types o f  experiments. 

Also, 

8 In. were associated w i t h  

However, the accumulation of early 

Various workers have reported sputtering of chlorine, sodium, and 

HGWeVer, 
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12. 'PREDICTED AMOUNTS OF STORED ENERGY 
IN SALT IN A WASTE REPOSITORY 

/ 

The experimental data and correlations showed t h a t  the maximum rate  
of formation of stored energy in s a l t  i n  a waste repository will be 
1.4 x 10'' cal g-' rad". T h i s  rate will be independent of temperature, 
dose rate  (a t  <lo8 rads/hr), d x e ,  and the type of s a l t .  Then, the 
maximum amount of stored energy t h a t  will accumulate i n  the s a l t  adjacent 
to a waste canister i s  given by the product of the maximum formation 
ra te ,  1.4 x lo-' cal g-I r ad - l ,  and the dose i n  the sa l t .  As stated 
above, the maximum gama dose i n  s a l t  imediately adjacent to  a waste 
canister will be ?r 2.8 x 10'' rads, 3.1 x 1O'O rads, and 4.3 x 1O'O rads 
a f t e r  90, 1000, and lo7 years of burial. The corresponding maximum 
values o f  stored energy are 39, 43, and 60 cal/g, respectively. 

i n  the repository, depending on the temperature and other factors. 
temperatures - >15OoC, thermally activated annealing will be the dominant 
process and will l imit  the accumulation of stored energy to  negligible 
artounts. Thc rates o f  this thermally activated annealing increase w i t h  
temperature b u t  are independent of the amounts of stored energy i n  the 
irradiated sa l t .  I i?ustrative values for  the annealing rates indicated 
by the experimental ua ta  are 1.4 x 10" t o  9 x lo'", 0.019 to 0.12, and 
5.6 t o  34 cal g-' hr" a t  150, 200, and 275"C, respectively. 

processes a t  temperatures <150°C in a repository could n o t  be predicted 
reliably fro3 the results o f  the experimental studies. 
of assessing hazards resulting from stored energy accumulations i n  the 
s a l t ,  i t  was assumed that the maximum amounts of stored energy a t  tempera- 
t w e s  <150"C will be those calculated from the maximum formation rates and 
the maximum gama doses i n  the preceding paragraph. 

The salt that  i s  located w i t h i n  6 t o  7 i n .  of a waste canister and 
receives significant ganm-ray doses wi 11 normally have mximum tempera- 
tures >200°C, and the maxima will occur 10 t o  20 years following the burial 

Some annealing of the stored enersy will take place during exposure 
A t  

The rates o f  thermally activated annealing or  annealing by other 

For the purposes 
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o f  10-year-old-wastes. 
1 to  2 years of burial and will remain above 1 5 O O C  for more t h a n  50 
years. Accordingly, energy storage i n  sa l t  in the normal burial area 
will be negligible for mwe t h a n  50 years following the burial of 10- 
year-old wastes. 

Some canisters on the periphery of  the repository will have salt  
temperatures less t h a n  ,those within the normal burial area becavse of 
their semi-isolation from thermal effects o f  other canisters. A rare 
canister may be isolated from the thermal efrects o f  other canisters 
and, accordingly, have s t i l l  Icier temperature;. A t  times, significant 
concentrations o f  stored energy might accumulate in the sal t  around 
these canisters in less than 50 years following burial. 

The tmperatures wil l  exceed 1 5 O O C  after 

13. CONCLUSIOdS REGARDING HAZARDS ASSOCIATED WITH THE 
srowa OF RADIATION ENERGY I N  SALT IN A WASTE REPOSITORY 

A principal concern of stored energy in the sal t  around a waste 
canister i s  the excessive temperatures and/or the release of hazardous 
amounts of mechanical energy tha t  could resuJt from the rapid release of 
very large amounts of the stored energy. No conditions t h a t  would 
promote a sudden release of stored energy i n  repository sa l t  or in the 
contained waste are apparent other t h a n  rapid heating of the sa l t  or 
waste to  a AT of a few hunured degrees by a source other t h a n  the contained 
stored energy. No such source o f  external heat i s  known. However, i f  a 
sudden release o f  the entire amounts o f  stored energy in the waste 
w i t h i n  a canister and w i t h i n  the surrounding s a l t  occurs i n  some unforeseen 
way, i t  i s  estimted t h a t  there would be no serious adverse effects on 
waste containment, and safe operation of the repository would result. 

year-old UOn-fueled PUR high-level waste a t  burial (2.25 kW when aged 10 
years), the maximum temperature rise from the release of stored energy 
after 55 years o f  burial in sal t  would be 4 3 0  and 9°C near the edge o f  
the canister and a t  7 i n .  from the edge, respectively (Fig. 8). If the 

Thus ,  w i t h  a reference lZ-in.-ID canister containing 3.65 kW of 5- 
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F ig .  8.  Maximum stored energy in sa l t  after 55 years of burial of 3.65 
kid of 5-year-old UOn-fueled PWR waste in refereace 12-in.-ID 
canister, temperature change upon the adiabatic release of 
stored energy; and volume change in sa l t  and in brine inclusions 
( 1  vol %) accompanying change in temperature. 

. 
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s a l t  colttmn undergoing these ATs i s  8 f t  h i g h ,  the mechanical energy 
release ranges i, u l ~ ~  %lo4 cal , when the overburden pressure is 2000 psi, 
to %lo5 ca lo  depending upon the rate o f  the release. For the maximum 
stored energy ai; 100 years, the respective values are 'L 1.3 x lo4 cal 
and 2.4 x lo5  cal .  The larger amounts result  when the temperature r i s e  
i s  so rap id  t h a t  no imnediate expansion of tho  s a l t  takes place; instead, 
the local pressure increases by an amount determined by the com- 
pressibil i ty of the s a l t  (Appendix X ) .  The explosive effects of the 
1.3 x lo5 cal of mechanical energy would be practically negligible 
(4.9 x lo5 cal correspond t o  heat of detonation o f  1 lb  of heavily 
confined TNT). The maximum amount of mechanical energy t h a t  would be 
released i n  the wastes w i t h i n  the 12-in.-ID canister as a result  o f  the 
release of the saturation amount of stored energy (250 cal/g) would be 
% 0.8 x l o5  cal , azstiming that the heat capacity and compressibility o f  
the wastes are the same as  those for Pyrex 
explosive energies from th:! mechanical energy released i n  the wastes and 
i n  the surrounding s a l t  would also be practically negligible. 

stored energies i n  s a l t  and the other sal t-related variables considered 
wou?d a l l  be increased by a factor o f  ~ 1 . 6 .  The explosive energies from 
the assumed rapid release o f  the stored energies would remain negligible. 

temperature r i s e  resulting from the sudden release of stored energy, the 
contraction of the s a l t  upon cooling t o  the pre-release temperature 
would leave some crevices and cracks i n  the temperature-affected s a l t ,  
probably along crystal boundaries. These would disappear with time as 
the s a l t  reconsclidates under the pressure o f  the overburden. Small 
amounts of brine, which m i g h t  be located on the crystals '  boundaries, 
would be free t o  move about th rough  the tomperature-affected region 
around the canister while the cracks remained open. The brine would be 
retrapped during the reconsolidation. 
unlikely, t h a t  the cracks would extend t o  the room above the canister 
and that  some of the brine (~40 l i t e r s )  would escape into the room. An 
analysis of the f a t e  of water w i t h i n  the room will be made by others 

\ 

The sum of the z 

After 1000 years of burial of the above-described waste, the maximum 

If appreciable thermal expansion o f  the s a l t  accompanies the transient 

I t  i s  conceivable, a1 though 

- 
*The value o f  1.7 x lo5  cal quoted i n  ref .  27 is too  h igh  by a 

factor o f  2; see Appendix X. 
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and will be reported elsewhere. The s i tua t ion  postulated above will be 
included i n  this analys's. 

Finally,  H 2  i s  generated upon aqueous dissolution o f  the iwadiated 
s a l t .  The experimental r e s u l t s  showed tha t  the amount of H2 i s  5.2 x 
mole/cal. A t  40 cal/g,  the s a l t  t h a t  dissolves t o  saturation i n  1 m l  of 
water would generate and release 1.7 cm3 of H2 a t  STP. 
found tha t  the i r radiated s a l t  may dissolve much more rapidly than 
unirradiated s a l t .  Normally, there will be no occasion t o  introduce 
water iilto the spaces around a waste can, and there will be no H2 evolution 
hazard. If a need t o  b r i n g  water into contact with s a l t  should a r i s e  
d u r i n g  the development work i n  a repository, the poss ib i l i ty  o f  an h2 
hazard can be eljminated by us ing  an a i r  sweep or  by us ing  saturated 
brine rather  than freshwater. 

I t  was a l so  
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14.1. Appendix I :  Reference Concept for s: 
High-Level GIaste Repository i n  S a l t  

The  final-phase concept t h a t  will most l ikely be used w i t h  any 
future s a l t  mine reposftory for high-leve? waste was developed a t  ORNL 
and was te.ct?d i n  the Carey Sa?: Company Mine a t  Lyons, Kansas, i n  Project 
Salt  Vault. 
sealed within metal canisters, and the scaied canisters are lmrerer! i n t o  
vertical holes beneath the floors of r o m  w i t h i n  a s a l t  formation ( F i g .  
9) .  The space around each waste package i s  backfilled with crushed 
s a l t ,  and the room is also backfilled with crushed salt af ter  the 
specified number o f  packages have been buriea. 
s a l t  throughout the burial area takes place as  a result  of overburden 
pressure and elevated temperatures, ar;d this deformation causes the 
reconsoli4ation and recrystallization of the crushed s a l t  backfills. 
After several decades, when this process is complete, the waste materials 
are contained w i t h i n  a sol id-sal t formation and are permanently isolated. 

operations ( in i t i a l  phase) during which the retrievabili ty of the waste 
canisters and their  contents will De maintained. This will entail  the 
use of  a sleeve o r  a large a i r  gac betNeen a car is ter  and the s a l t  
formation. 
second container (an  overpack). 
the retr‘evabil i t y  mode of  operation. 

have 
n o t  been firmly established. The canister refercoce dimensions t h a t  are 
presently i n  use are: ID, 12.0 i n . ;  03, 12.75 in.; height, 10 f t ;  f i l l  
height, 8 ft; and waste volume, 6.3 f t 3 .  The reference room dimensions 
are 18 ft by 18 f t .  The hole i n  the f loor  would be 18 f t  deep, and the 
hole diameter would accomodate a waste package w i t h  Ql-in. radial 
clearance. 

I n  this  concept, the solidified radioactive wastes are 

Deformation o f  the solid 

This  final-phase disposal concept will  De preceded by restricted 

I t  may also include the enclosure o f  each canister w i t h i n  a 
The room will not  be backfilled under 

The dimensions of the high-level waste canisters, rooms, etc. 

Reference sleeves would have an OD of $19 i n *  
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14.2. Appendix 11: Temperatures i n  Salt  Surrounding 
Hi gh-Level Waste Packages 

I n  general, HLW waste packages in a repository will be spaced such 
that,  regardless of the amount of waste i n  each, most of the s a l t  i n  the 
vicinity o f  a package will reach peak temperatures >2OO0C. The s a l t  
t h a t  i s  imediately adjacent t o  a package may reach peak temperatures 
exceeding 250°C.* Of course, there will be exceptions i n  which lower 
temperatures wfll occur, for examDle, in the s a l t  near isolated canisters 
and canisters contaicing very small amounts o f  waste. Also, the tempera- 
tures will approach the in i t i a l  ambient temperatures a f te r  a burial  
period of a few hundred years. 

Table 6 shows a l i s t  of some thermal-power characteristics of h igh -  
level wastes generated i n  the reprocessing of spent fuel elements fron 2 

UOz-fueled pressurized water reactor (PWR). 3 o  Relatively rapid decay of 
the heat generation rate occurs dur ing  the f i r s t  5 to 10 years a f t e r  
discharge from the reactor. A decay factor- of 220 i n  the f i r s t  10 years 
and a factor of a10 in the next 90 years are shown by these numbers. 
The volume of this  PWR waste a f te r  solidification is expected to be ~3 
f t 3  per metric ton of heavy metal (MTHM). 3 1  9 3 2  Accordingly, we will 
have 20.35 kW/f t3  i n  the 10-year-old waste and ‘L 1.6 timec this i n  5- 

f 

year-old waste. The high-level wast?s t h a t  are placed i n  a repository 
will have been aged for 5 t o  10  year^.'^,^^ 

The 10-year-old waste from PUR mixed oxide (Pu  recycle) fuel will 
generate about  four times more heat per MTHM t h a n  t h a t  from the enriched 
UOs fuel because of the add i t iona l  actinides in the mixed oxide (MOX) 
wastes.30 The MOX waste will  be mixed w i t h  a t  least  2 parts UOz-fuel 
wastes during proces~ing; ’~  so the maximu3 difference will De a factor 
of a2 i n  10-year-old waste (the maximum factor i s  a l .7  i n  5-year-old 
waste) . 

*Design cr i te r ia  t h a t  have been established s ta te  t h a t  less than  
25% of the s a l t  contained i n  a u n i t  cell  exceeds 200OC and less t h a n  1% 
exceeds 250°C.28 These c r i te r ia  1 imi t the thermal-loading o f  10-year- 
old waste to %180 kW per a ~ r e . * ~ * ~ ’ .  



Table 6. Thermal c h a r a c t e r i s t i c s  of hfgh-level waste from the reprocessirig 
of spent fuel elements from 3 U02-fueled presurized water reactor  (Power = 30 MW/MTHM, 

Burnup = 33,000 MWd/MTHM). 

b 

Power from waste froa cne metric ton Total 
of uranium (kW) power per u n i  t volume 

of s o l i d i f i e d  T h e  since 
reprocessi nga F i s s i o n  productsb Actinides‘ Total waste (kW/ft3)d 

(Years 1 

0 19.2 0.72 19.9 6.6 

3 

5 

10 

100 

1000 

2.5s 0.091 3.02 

1 .ss 0.080 1.76 

1.01 0.067 1.98 

0.105 0.0097 0.115 

0.0255 x 10’’ 0.0022 0.0022 
3 

7 .G 

0.59 

0.36 

0.038 

O.OC07 
- ~ 

Fuel is reprocessed 150 days a f t e r  i t s  discharge from the reactor .  a 

i s  assumed t h a t  a l l  o 
p-:ducts i n  the spent fuel a r e  

All the act inides  remain 
pl  utoni um dur: ng reprocessing. 

dArsumes 3.0 f t 3  o f  h i s h -  

C 

the tritium and noble gases and 99.9% of the halogen fissiori  
separated front the high-level waste d u r i n g  reprocessing. 
ng a f t e r  the removal of the 99.5% of the uranium and 

eve1 s o l i d  wastes per metric ton of uranium. 

cn 
P 
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High-level wastes from UO2-fuel ed BWRs and from LMFBRs are expected 
to  have thermal and radiation properties t h a t  are similar t o ,  b u t  somewhat 
below, those for PWRs. 3 0  * 3 3  

Temperatures t h a t  will prevail i n  a s a l t  mine repository with h i g h -  
level waste are i l lustrated i n  the plots i n  Figs. 10 to  12. 
temperatures vs distance from the cmter  o f  a 6-in. waste canister are 
plotted for several different tiries a f te r  burial o f  10-year-old PiJR 
~ a s t e . ~ ~ ~ ~ , ~ '  The height i s  the reference (8  f t ) ,  and the thermal powers 
a t  burial are 0.95 and 3.2 kW. Good thermal contact between the s a l t  
and the canister wall is assumed. I t  can be estimated t h a t  w i t h  packages 
of larger diameter and w i t h  the cime total power, the temperatures a t  
the canister-salt interface would be approximately equal to  those i n  the 
sa l t ,  a t  the given radius, around the 6-in. canister, Thus ,  the tempera- 
tures a t  the surface of  the 12- in .  reference canister loaded w i t h  3.2 kW 
of 10-year-old wastes from UO2-fue1ed LWQs would be near those a t  0.5 f t  
i n  the graph ( F i g .  1 2 ) .  
reference canister would r i s e  rapidly t o  over 300°F and would reach a 
maximum of about  5 5 O O F  (290OC) af te r  about  20 yehm o f  burial. After 50 
years, the temperatures would s t i l l  be above 200°C o u t  t o  distances 
exceeding 1.5 f t  from the center of the canister. After 70 to 80 years, 
the temperatures probably would drop below about 150°C.2* The tempera- 
ture-time characteristics in the s a l t  around a reference-size canister 
containing 0.96 kW of 10-year-old waste from UO2-fue1ed LWRs are similar 
to those around the 3.2-kW canister. In particular, i t  i s  notable t h a t  
the SO-year temperatures around the lower power canister would s t i l l  be 
above 200°C a t  distances exceeding 1.5 f t  from the center of the canister. 

strong heat sources i n  the repository. I f  a package is isolated from 
other packates ( i , e . ,  i t s  temperature is not  affected by the presence of 
other packages), the temperature of the s a l t  adjacent t o  the isolated 
package will oe much lower t h a n  t h a t  around packages w i t h i n  the ma.0 
portion of the repository. 
temperatures around a lZ-in.-diam, 10-ft-high, isolated waste package. 
The package contains 5 kW of 10-year-old waste a t  burial. The temperatures 

Calculat2d 

As indicated, the temperatures around this  

The local temperatures are influenced by the presence of other 

Figure 13 shows plots of the calculated 
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Fjg. 10. S a l t  temperature vs distance from the center of a waste package 
for several different times after burial (midplafie of canister). 
Canister dimensions: 
burial: 10 years; wdioactive decay heat: 0.96 kW (0.61 kW/ft3) 
a t  burial; conditions: 18-ft room, 3-ft  pttch, 183 kW/acre, 
2000-ft-deep mine, 60-ft pi1 lars. 

6-in. ID,  8 f t  high; age of wastr a t  
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F i g ,  11. S a l t  temperature vs distance from the center o f  a waste 
p a c k q e  for several d i f fe ren t  t i m e ?  a f t e r  burial ( t o p  o f  
canis te r ) .  Canister dimeasions: 6 - i n .  ID, 8 f t  h i g h ;  age 
of w a s x  a t  burial:  10 years; radioactive decay heat: 0.96 
kW (0.51 k!J/f~') a t  bur ial ;  conditions: 1 8 - f t  room, 3-f t  
pi tch,  183 kWlacra, 2009-ft-deep mine, 60-ft  p i l l a r s .  
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Fig .  12. S a l t  temperature vs distance from the center of a waste package 
for  several different times a f te r  burial (midplaae of canister) .  
Canister dimensions: 6-in. ID, 8 ft high; age of waste a t  
burial: 10 years; radioactive decay heat: 3.2 kW a t  burial; 
conditions: 
deep mine, 60-ft pi l lars .  

. 

18-ft room, 10-ft pitch, 183 kW/acre, 2000-ft- 
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tile surface and a t  a radius o f  f t  a t  the horizonta 
midplane and a t  a horizontal plcne through the top of the cackage. The 
calculated temperature r i s e  i s  nearly progortiona' t o  the heat output o f  
the  package (assuming t h a t  therxal conductivity o f  the  s a l t  i s  constant) ,  
and i f ,  f o r  example, this package contaiped 2 kW ra ther  than 5 kW o f  10- 
year-o?d haste a t  bur.,al, the maximum temperatwe a t  the midplane surface 
would be ~170'F.  
Cheverton,' * 2 8 s 2 9  using two-dimensional calculations.  

i 
' I  

i 

The information plotted i n  Fig. 13 was obtained by 

f 
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F i g .  13. Temperature r i s e  vs  t.irne a f t e r  burial  o f  an isolated waste 

0 

package. Conditions: i2-in.-OD by 10-ft-high can; 5 kW of 10- 
year-old waste a t  burial .  
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14.3. Appendix 111: Gama-Ray Dose Rates and Doses 
i n  Sa l t  Around High-Level Waste Packages 

Detsi'led calcclat isns  of dose r a t e s  and doses i n  sait  surrounding a 
6-in. cicr f s t e r  (6.365-in. ID, 0.28-in. wall, 8 f t  of i c t i v e  length) 
loatiid N ; t h  PWR (UOz-fuel) wastes were reported by Blomeke e t  a1.l' 
More r a x r t  calcularions by others3'  f o r  canis ters  o f  6-, 12-, and 24- 
i n .  IC' w i t h  8 f t  of act ive length f u l l y  loaded w i t h  UOz-fueled PWR h i g h -  
level waste of the sane power density ( re la t ive  thermal powers of 1 ,  4, and 
16 i n  the 6-, 12-, and 24-in. canis ters ,  respectively) indicated t h a t  
the dose ra tes  and doses i n  surrounding s a l t  a re  not strongly dependent 
on the diameter of the loaded canis ter  tecause o f  self-shielding and 
changing surfzce dreas. Specifically,  the re la t ive  dose ra tes  z t  the 
midplane surfaces were 1 ,  1.19, and 1.30 for the 6-, 12-, and 24-in. 
canis ters ,  respectively,  when the canis ters  contained so l id i f ied  (glass  
form, 3 g/cm3) 10-year-old waste f-om a UO,-fueled PWR. 
values for  older wastes were n o t  s ignif icant ly  d i f fe ren t  from these 
values. 

values of Blomeke e t  a i . , 3 5  and the r a t i o  values for d i f fe ren t  can is te r  
diameters discussed above are i l l u s t r a t e d  i n  F ig .  14. Dose vs time 
a f t e r  burial are  plotted for  several distances f r o m  the edge of  the 
canis ter .  The so l id i f ied  waste assumed .in these plots is from UOZ- 
fueled PWRs and is aged 10 years a t  burial ,  and the radioactfve decay 
heat a t  buriai i s  1 .7  kb!. 

of C l a i b ~ r n e , ~ ~  we estimated tha t  the rcaximum doses a t  the surface of a 
.-eference 2.25-kW canis ter  (10-year-old UOz-fuel waste) a f t e r  100, 1000, 
and 10 million years of burial are  2 . 3  x i o ' ' ,  2.6 x l C ' O ,  and 3.8 x 10" 
rads,  respectively. The maximum dose r a t e  occurs a t  the time of emplace- 
ment, and this maximum r a t e  a t  the surface of the 12-in., 2.25-kW canis ter  
i s  8.8 x 10' rads/hr. 
e a r l i e r ,  the maximum dose r a t e  a t  the surface a t  emplacement would have 
been 1.80 x lo5  radslhr,  b u t  the maximum doses accumulated i n  the s a l t  

The r e l a t i v e  

The gama doses around a 12-in. canis ter  evaluated from the calculated 

From the information i n  F ig .  14 and from long decay time calculat iors  

I f  t h i s  same waste had bee;) emplaced 5 years 



I 
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io 
TIME AFTER BURIAL (years)  

Fig. 14. Gama-ray dose i n  s a l t  a t  several distclnces frov surface o f  . 
waste canis ter  a t  midplane vs time a f t e r  burial. 

f 
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would have been increased only Q 0.5 x 10" rads above those values for  
the 10-year-old waste. 

w i t h  increasing distance from the canis ter ;  for example, the dose 
As shown i n  F ig .  1 4 ,  the dose received by the s a l t  drops of f  rapidly 

from the decreases by mor2 than a factor  of 10 a t  a distance o f  6 i n .  
surface of the 12-in. canis ter .  

Waste o f  the s m e  age Prom MOX-fueled PWRs wculd give r 
nearly the same gama-ray doses and dose r a t e s ,  altt-mgh the 
decay heat would exceed the decay heat i n  waste f r x  UOn-fue 
(see Appendix I i ) .  

I, 

se to  
radi oacti  ve 
ed PWRs 
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14.4. Appendix IV: Drop Calorimeter Measurements o f  Salt  
Specimens After Irradiation a t  130°C; 

y-Exposures i ,  8, 9, X and 11 + 12 

14.4.1. Quipriient and procedure The calorimeter used in the ear 
ineasurementsl was modified to f a c i l i t a t e  the dropping and retr iev 

i e r  
ng of 

the san,ple container. The method o f  dropping the sample container is 
shown i n  F i g .  75. The tool used i n  retrfcving i s  shown i n  F ig .  16, The 
lowered tool i n i t i a l l y  contacted the t o p  rim of the container, since the 
container res t s  i n  a t i l t e d  position w i t h  i ts  top rim against the drop 
tubc. However, rotating the tool caused i c  to  s l i p  past the  rim of the 
container and gr ip  the container. 
since the seam of the tapered nickel cylinder was l e f t  unwelded, and the 
cylinder was free to expand when i t  was forced around the container. 

used i n  the ea r l i e r  work i n  order to  achieve the r i g i d i t y  necessary t o  
r;ithstand the grippin9 pressure from the tool.  The nickel container was 
fabricated by bending 10-mil nickel sheets t o  form two cylinders. One 
end o f  each was closed by crimping. 
l e f t  unwelded, and thus, the i r  diameters could be altered by bending so 

A spring-like gripping action resulted 

A njckel sample container was use4 instead of the platinum ccmainer 
* 

The seams of the cylinders were 

that  one cylinder could be f i t t e d  t ight ly  into the other. An inner 
container w i t h  closer tolerances was made o f  a 2-mil-thick p l a t i n u m  
sheet to re ta in  f ine-par t ic le  samples. 

used i n  the ea r l i e r  work from the standpoint tha t  i t s  heat capacity was 

temperature measurements was required to  deterinine the heat content of 
the container w i t h i n  a given accuracy. 
could’be made w i t h  suff ic ient  accuracy, and the use of nickel d i d  not 
increase the error  I n  the stored energy measurements. 

the temperature gradients in such a way that  the top was hotter t h a n  the 
bottom. 

The nickel Container was not as  favorable as the platinum container 
. .._ - ._. 

i 

, 
, higher thsn that o f  the platinum, and, therefore, higher precisian of 

However, temperature measurements 
, .’ 

Convection currents i n  the predrop oven were s t i f l ed  by adjusting 

.- 
, 
/- - 

- -  

--.- . -I _ _  I 

-- - ~ ------- ----- --- __--_.-, . _ _  _ _  .. _-____- 



65 

ORNL DWG. 75-15044 R I  

SPRING 

\ 
GUiDE TUBE- 

PREDROP OVEN 

SAMPLE CONTAINER 

THERMOCOUPLE 

- LIP4ER TUBE 

CALORIMETER C 
1.N S CJ L AT ION 

THERMOCOUPLE THERMOPILE 

TUBE FURNACE 
CERAMIC TUBE 
SUPPORT 

ELL 

Fig. 15. Schematic al*;iwing o f  t h e  drop calor!rneter. 
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Fig .  16. Schematic showing the  method of r e t r i e v a l .  
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14.4.2. 
liminary experiments shawed t h a t ,  f o r  most cf the sanples from natural 
deposits, reproducible stored energy mmsurenicnts i w l d  De obtained by 
crushing to a sufficiently sndll particle size. With larger particle 
sizes,  there was interference from the rurture of brine occlusions and the 
vapori7ation of brine i n  the calorimeter. 
la1 ger occlusions t h a t  were most susceptible t o  rupture. 

Ne believe t h a t  the particle size required t o  make brine release 
effects  negligible was determined largely by the mechanical strength of 
the polycrystalline s a l t  matrix. We f o u n d  t h a t  a f iner  particle size 
was required for s a l t  from IVew Mexico (5,000 t o  20,000 particles/gram) 
tlian from Lyons, Kansas (Q 500 particles/gram), in order t o  avoid decre- 
pitation of the s a l t  sample. The properties o f  the New Mexico s a l t  were 
no t  uniform over the core from which we took samples since, i n  the case 

Effects from the release of the occluded connate brine Pre- 

Crushing destroyed the 

of a few samples, i t  was necessary t o  crust, these samples to a f iner  
par t ic le  size (10,000 to 20,000 particles/gram) than t h a t  which was 
adequate for most of the samples (5,000 t o  10,000 particles/gram). 
this report, we have l is ted only the results for which we obtained 
nearly the same value for more t h a n  one particle size (usually for b o t h  
5,000- and lO,OOO-particle/gram sizes i n  the case o f  the New Mexico 
s a l t ) .  

u s i n g  5,000- to  20,000-particle/gram sizes. The results were independmt 
of par t ic le  s i z e  i n  the case of the Weeks Island and Winfield Mine 
deposits. However, a dependence on particle size was found w i t h  the 
Grand Saline and Asse deposits, which indicates effects from either 
residual brine or surfacc-sorbed moisture. 

I n  

Measurements were also made on four different dome s a l t  deposits 

14.4.3. 
more stringent drying t h a n  in the ear l ie r  work.' 
this are: 
rneasuremsnt, ( 2 )  the hurnidi t y  of the 1 aboratory atmosphere might have 
been higher (ranging from 40 t o  go%), dnd ( 3 )  smaller particle sizes 
were used i n  the case of the natural deposits, as explained above. 

Surface-sorbed moisture We found t h a t  i t  was necessary t o  use 
Probable reasons for 

(1)  the samples were stored longer (several months) prior to 

The 

c 
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samples were dried in the predrap oven ( F i g .  15) a t  a temperature usually 
i n  the range of 150 t o  1 8 5 O C  for usually ".90 min. ,  although several 
hours were needed in a few measureirents w i t h  smaller particle s i z e s .  In  
most cases, duplicate s a l t  snmDles v4ere measured using different predrop 
oven temperatures or different times. 
adequacy o f  moisture r:moval arid to  check for possible annealing of 
defects a t  the predrop oven temperature. Such comparisons showed t h a t  
there was no defect annealing below %185OC. These results agreed w i t h  
our ear l ier  annesjing studies.' 
range of % 105 t o  1?5"C was not observed i n  the present work because of 
the Iiiqher temperature of irradiation (130'C) .] 

Moisture could not  be removed t o  t h i ?  required extent from the 
5pecimens of bedded sa l t  which were exposed t o  the highest gama dose 
(4.5 x 1P'O rads). 
could bo made on these specimens. 
be possible i f  %he .arnples wcrc crushed, hot-outgassed, and sealed in 
a i r t i g h t  cont,;ners prior t o  irradiation. I n  th i s  case, measurments 
could be made w i t h o u t  removing the samples from the  container^.^' 
course the large!. brine occlusions would have been removed during crushing 
and would not  be present d u r i n g  irradiation.)  

13 a l l  cases crushing was done w i t h i r .  ~ 3 0  m i n  before placing the 
specimen in the predrop oven. 
was dfxarded. 

T h i s  served t o  t e s t  for the 

[The defect annealing stage i n  th'e , 

Accordingly, no determinations of stored energy 
Measurenients w i t h  such samples would 

(Of 

The f iner  fraction (usually % 20 t o  50%) 

14.4.4. Accuracy of measurements A method of correction for d r i f t  i n  
the thermopiie zero t h a t  i s  baseu on the calorimeter time constant'' 
resulted l'n increased sensitivitL as compared w i t h  the earl:ilr work w i t h  
sa l t . '  T h i s  made i t  possible t o  use smaller samples (20 to  40 ng) and, 
thus, faci l i ta ted crushing and sizing szrtples from natural deposits. 
The effects of the sorbed moisture and brine release described above 
were the dominant factors limiting the accuracy. 
estimate of the scatter,  duplicate samples were measured by using different 
predrop oven temperatures or by varying the time i n  the oven. We assuned 
that agreement w i t h i n  +5% between these measurements indicated t h a t  

In order t o  obtain an 
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moisture adsorption effects were absent. Ne believe t h a t  the scat ter  
between the results reflects the accuracy of the measurements. 

The estimated standard error i n  our reported results for  the stored 
energy i n  a given sample of  s a l t  i s  +5%. However, i n  the case o f  bedded 
s a l t ,  the results obtained w i t h  samples from different parts o f  a core 
differed by more t h a n  5%. Presumably, th i s  scat ter  resulted from non- 
uniformity of  impurity contents or other properties between sc;.;ples from 
different locations. Based on the observed scat ter ,  our estimate for 
the standard error in the reported value for stored energy in a given 
aggregate sample of  Lyons salt which was not  sampled representatively i s  
'L 210%. Our estimate for the New Mexico s a l t  is  'L k2OX. 
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14.5 Appendix V: Results o f  Hz and OC1- Measurements 
on Spcxirrzns o f  Harshaw S a l t  Irradiated a t  95 and 126°C 

These measurements employed methods 3 and 5. The stored energy 
values t h a t  were determined from these results were presented and described 
i n  the text (Sects. 6.1.1 and 6.1.3 and Figs. 2 2nd 3 ) .  

Tabulations of the da ta  are presented i n  Tables 7 and 8, together 
with da ta  on the sample weights and solution volumes employed i n  the 
measurements. The procedural information i s  of interest i n  considering 
possible reactions between the radiation defects dur ing  sample dissolution 
w i t h  concomitant decreases i n  the amounts of HZ and HOCl  + OC1- t h a t  
were formed. 
differences between the ampunts of HOCl + OC1’ per calorie o f  stored 
energy in the dissolved sa l t ,  although the amount of stored energy i n  
the samples ranged from 3.2 t o  29 cal/g, and the quan t i ty ,  EW/V,  ranged 
from 0.19 t o  1.16 cal/ml. These results then indicated t h a t  negligible 
inr2:action between defects took place during dissolution i n  these 
experiments. 
cone1 usion. 

I t  can be noted in TaSle 8 t h a t  there were no significant 

The smaller number o f  results i n  Table 7 supports this 
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Table 7. Hydrogen evolved dur ing d i s s o i u t i o n  o f  i r r a d i a t e d  sodium chlor ide"  
(Harshaw s a l t  i r r a d i a t e d  a t  95'C and 10 megarads/hr) 

Observed amount o f  H L  EW Sampleb Dose Stored energy, E W t  o f  s a l t ,  W So lu t i on  vol,  V 
( lo9 rads) (ca 1 /g  1 (mil 1 ( m l )  v- - 

(cal/ml)  ( u m l e / g )  (rmoie/cal) 
F 

c-2 4.1 5. ZC 94.5  1 . 3  0.38 34.4 6.6 

c-2 4.1 5 . f  88.9 1.5 0.31 28.7 5.5 

c-3  10.3 12.0 130.7 1.5 1.05 57.0 4.75 

C-8 47.7 29.0 11.1 1.5 0.21 139.3 4.80 

U Hydrogen evo lu t i on  was measured us ing mass spectrometer mtlth9d (method 3 ) .  
bThese samples were fully described i n  r e f .  1. 
'The s tored energy was read from the upper curve i n  F ig .  3. 



Table 8. Amoiint of  HOCl + OC1- formed during d isso lu t ion  o f  i r r r d i a t e d  sodium chloride' 
b (krshaw s a l t  i r rad ia ted  a t  126 or 95OC and 10 megarads/hr) 

Observe" amount of HOCl + OCl-' 
Sample Dose Stored energy, E W t  o f  s a l t ,  W Solut ion o f  v01, 

( l o 9  rads)  (cal /g)  (VI) 'I (ml) V fvml e/g 1 ( urn0 1 e/ca 1 ) 
(cal  /ml ) 

c-20 

c.-21 

c-21 

c-22 

c-23 

C-24 

c-24 

C-25 

3.2 

7.6 

7.6 

13.1 

19.5 

26.5 

26.5 

27.5 

3,Zd 119.9 2.0 

229.9 3.1 

93.3 2.0 
8.Sd 

1 3 . 4  136.8 2.0 

16.6d 512.3 35.0 

131.' 2.0 
16.3e 

118.4 2.0 

16.7e 122.5 2.0 

0.19 

0.64 

0.40 

0.83 

0.15 

1.07 

0.96 

1.02 

19.8 

43.9 

41.3 

71 

88 

83 

85 

87 

5.0 

5.1 

4.8 

5.4 

5.? 

5.1 

5.2 

5.2 

c-sf 47.7 29.0 0.0602 1.5 1.16 133 4.6 

GThe amount o f  OC1- was measured using an absorption spectrophotometer (method 5).  
bAll samples were i r rad ia ted  a t  126°C except c-8, which was i r r a a i a t e d  a t  95°C. Samples a r e  f u l l y  described i n  r e f .  1. 
'Tile a m u n t  o f  OC1- was meassred a f t e r  d i l u t i o n  and addi t ion o f  enough NaOH t o  increase the  pH t c  s?. 

dStored energy ( E )  was read from curve i n  Fig.  2. 
eStored energy ( E )  was read from dot ted i i n e  i n  Fig. 2. 
fSee Table 10 f o r  H2 measurements on this spximen.  
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14.6. Appendix VI: Hydro 
Specimens of Harshaw and Na 

en Evo l t i t ion  Reasurements on 
ural S a l t  irradiated a t  130’C 

The results of the hydrogen evolution msasurements, which were 
obtaintd by method 4 ,  are shown i n  Table 9. Method 4 i s  briefly described 
i n  the f o ~ t n o t e . ~  Figure 17 shows a plcl-, of the amount of Hi! evolution 
observed with a given specimen vs  the stored energy determined by drop 
ca 1 o r  i me t ry . 

The amount of HZ, which was observed fc r  a given specimen using 
method 4 ,  was below the amount expected; the difference between the 
observed and expected values increased w i t h  increasing amounts of stored 
energy i n  the specimens (Fig. 17). These differences indicated t h a t  
some interaction between defects, which reduced the yield of H 2 ,  was 
taking place during sample dissolution and t h a t  the fraction of the 

energy i n  a specimen increased. 
also increased as  the nurr5er of defects dissolved per unit volume o f  
solution increased, since the r a t io  s i  sample weight t o  solutior, volume 
was the same in a l l  cilses. 
the previous masurements of H 2  and O C 1 - ,  which were conducted using 
methods 3 and 5. However, the values o f  E ! W ,  which are representative 
of the number of defects dissolved per unit volume o f  solution, i n  the 
previous measurements [maxmium = 1.16 (see Appendix V ) ]  were significantly 
lower t h a n  those i n  method 4 measurements c1.5 t o  5.6 (see Table lo)] ,  
and it appeared l ikely t h a t  the method 4 discrepancies could be avoided 
by using larger volumes o f  solution and/or smaller samples o f  sa l t .  

solution volumes, and results of these experiments are presented i n  
Table 10. Methods 4A and 4B differed from method 4 and from each other 
only w i t h  respect t o  the solution volumes and/or sample weights employed 
i n  the dissolutions. 
sample with 3 ml of so?ution) are plotted i n  Fig. 17. 
appeared t o  confirm the expected effects of reducing the values o f  EW/EV 

defects which interacted in this  way increased as the amount of stored f 

The fraction of defects t h a t  interacted 

No differences o f  th i s  type were observed i n  

A few experiments were made t o  verify this  idea. The sample weights, 

The results obtained using method 4A (150-mg 
These results 
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Table 9. Results o f  H 2  neasureaents using method 4' on specimens 
of Harshaw and nattiral s a l t  irradiated a t  130°C 

Ohserved amount o f  H2 

(vmole/s)b ( w l e / c a : )  

EW - 
Dose Stored energy, E V 

Sawpl e (lo' rads) \cal /g)  (cal/ml) 

Harshaw 
9 
X 
7 -9 
9-x 
7-8-9 
7-8-9-X 

New Mexico 
9 
X 
9-x 
7-8 
7 - 8 4  
7-8-9-X 
11-12 
13 
11 -1 2-1 3 

Lyons 
9 
7-8-9 

Ueeks Island 
9 

9.78 
12.5 
21.8 
22.3 
31.5 
44.0 

9.78 
12.5 
22.3 
21.8 
31.5 
44.0 
22.6 

9.75 
32.4 

9.78 
31.5 

9.78 

10.2 

16 
16.5 
21 
37 

13.0 
12 
23.5 
22.0 
31 .O 

14.0 

13.3 
33.5 

10.8 

1.5 41.9 
40.5 

2.4 58.0 
2.5 69.0 
3.2 69.3 
5.6 73.3 

2.0 39.9 
1.8 41.3 
3.5 75.1 
3.3 65.2 
4.7 87.4 

100.3 
2.1 64.1 

40.4 
77.4 

2.0 41.3 
5.0 90.3 

1.6 47.2 

4.11 

: 
3.h5 
4.18 
3.30 
1.98 

3.07 
3.44 
3.20 
2.96 
2.82 

4.58 

3.11 
2.7G 

4.37 

Winfield Mine 
9 9.78 11.5 1.7 46.7 3.54 

aH2 measurements made in ORNL. Analytical Chemistry Bivision by dissolving 2.0.15 g o f  
sample i n  1 m l  o f  boiled water in a 16-rn1, rubber stoppered v ia l .  collecting an aliquot 
of the gas using a syringe an$ needle. and measuring the amount o f  H2 i n  the aliquot using 
gas chromotography with argon c a r r i e r  gas. 

bAll analyses %ere made in duplicate. 
resu l t s .  

The l i s t e d  value i s  the average o f  the two 



Table 10. Results of H2 measurements using several d i f f e r e n t  r a t i o s  of 
sample weight to  so lu t ion  volme 

-- 
EW Observed amount o f  H2 

Sample Method Stored energy, E Wt o f  sample, W Vol of solut ion -J- 
(-1 /g 1 (my 1 (ml) (cal/ml) (~irno1 e/g P (pmo1 e /ca l )  --- 

Hars haw 
9 8 

4A 
48 

10.2 
10.2 
10.2 

150 
150 
100 

New Mexico 
9 4b 13.0 150 

4A 13.0 150 
48 13.0 100 

X 45 12 
4A 12 
48 12 

7-8 9 22 
4A 22 
48 22 

9 4b 10.8 
4A 10.8 
48 10.8 

150 
150 
100 

150 
150 
100 

150 
150 
100 

1 
3 
5 

1 
3 
5 

1 
3 
5 

1 
3 
5 

1.5 41.9 4.11 
0.51 48.9 4.79 
0.20 41.6 4.08 

2.0 39.9 3.07 
0.65 57.3 4.41 
0.26 41 .O 3.15 

1.8 41.3 3.44 
0.60 63.6 5.30 
0.24 45.3 3.78 

3.3 65.2 2.96 
1.1 97.1 4.41 
0.44 81.3 3.70 

1.6 47.2 4.37 
0.54 49.9 4.62 
0.22 48.2 4.4C 

All analyses were made in duplicate. The  l i s t e d  value i s  the average of the two r e s u l t s .  a 

bThe r e s u l t s  f o r  these samples were presented in Table 9. 

I .  
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ORNL O W  76-5Rl - 

RELATIONSHIP BETWEEN EVOLVED H2 
AND STORED ENERGY IF ALL TRAPPED 
ELECTRONS FORM H2 UPON DISSO- 
LUTlOFv AND IF STORED ENERGY PER 
TRAPPED ELECTRON -TRAPPED HOLE 

PAIR IN SALT IS 4.25 eV, / 
y” 

STORES ENERGY ( cal /g 

Fig .  17 .  HI evo lved  upon d i s s o l v i n g  s a l t  i r r a d i a t e d  i n  HFIR s p e n t  
fuel e l e m e n t s  a t  130°C vs s t o r e d  e n e r g y  i n  s a l t .  

t 
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t o  the range of values employed in the method 3 and 5 mcasurements. 
However, upon increasing the so'gtion volume s t i l l  further and ,  a t  t h ?  
same time, by reducing the sample weight (1GO-mg sample w i t h  5 n.1 of 
solut'ion, method 4 P ) ,  the amounts of H 2  t h a t  were sbserved were apparently 
less  t h a n  those kith method &A (although higher t n a n  those w i t h  rneth;d 
4) 9 

Additional experimental measurercents would be required io establish 
an explanation f a r  the difference between the results o f  methods 4A aitd 
JB. We did not pursue these additional measL:ements since :.le d i d  not 
require the H P  evolution da ta  t o  establish the Stored etiergies i n  our 
13CI'C irradiated specimens. We did use method 4 results t o  help esteb?ish 
the stored energy i n  specimens which were irradiated a t  a temperature 
range of 30 t o  50°C (Sect. 6.2). However, the stored enersy 'n these 
specimens w - s  <5 cal/g, and ,  accordingly, we cocld assume t h a t  the 
amounts o f  HZ which were observed cor!-esponded to  the  amounts of stared 
energy i n  the specimen within G O %  (see F ig .  17). 

G 
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14.7. Appendix VII: Results of Measureinents of Postirradiation 
Theimally Activated Annealing o f  Stored Energy 

Thorma7ly activdted annealing charac te r i s t ics  were Fnvestigated by 
exposing portions o f  some o f  the i r radiated samples to  elevated tempera- 
t z r a  prior to  medsuring the stored enercly. This work was presented and 
discussed i n  a previous report.' 
i s  reviewed i n  this section. 

ntxiiirig to  a maximum value of 2 t o  3 cal/g in the temperature range of 
115 LO 120°C. The remainder anrlealed ( a t  measurable r a t e s ]  only a t  
temperatures above %leO°C. Must of our quant i ta t ive measurements dea l t  

Most of t h i s  previous data presentation 

The Harzhaw s a l t  tha t  had been i r radiated a t  95OC showed rapid an- 

v 5 t h  the higher temperature stage of the annealing. 
been i r radiated a t  tmperatures  - >126"C exhibited only the higher tempera- 
ture stage.  

14.7.7. 
-- annealing - kinet ic  order of the annealing precess The r e s u l t s  o f  
experin:ents conducted t o  deterrciilc the kinet ic  order o f  the thermally 
a c t i v a a d  annealing process a re  presented i n  F igs .  18 and 19. 
anneai i n g  t e m e r t t k r e  for  the experiments sunlmarized i n  F i g .  18 ranged 
from 228 t o  233°C. 

Specimens t h a t  had 

, 

* 
The e f f e c t s  of t ine  a t  a given temperature on the amount of 

The 

We normalized the experimental data t o  228°C i n  
order to  evaluate the ei,-ects of time w i t h o u t  interference from the 
e f f e c t s  dae t o  differences i n  temperature, assuming tha t  the annealing 
reaction was zero order and  the act ivat ion energy wds 39 kcal/rnclc. 
p lo ts  o f  the observed as well as  the plots  of the normalized dats  show 
t h a t  the annealing process v:as zerO order in these experirwnts. 
f o r  the assumption of the 39-kcal/mole act ivat ion energy i s  presented i n  
the nest section. 

The resu l t s  of other experiments tha t  were made t o  fur ther  t e s t  f o r  
the existence of zwo-order kinetics are plotted i n  Fig. 19. 
o f  both Harshaw and Lyons s a l t  i r radiated ae 160OC were studied. Again, 
the data were temperature-normal ized, where appropriate, assuning zero- 
order  kinet ics  and  an activation energy o f  39 kca'l/mole. The normalized 

The 

The b a s i s  

Samples 
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. 18. T h e  e f fec ts  o f  heating time a t  Q 3 C " C  on the amount o f  
annealing o f  stored energy i n  HarshaN sal t  i r radiated a t  95OC. 
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F i g ,  19. The e f f e c t s  o f  time at. indicated temperature on the amount of 
annealjng o f  stored energy in Harshaw and Lyons salt irradiated 
az 160°C. 
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values are shown by arrows, and the nonnalization temperatiires are  given 
jr7 parentheses. The data,  as plotted in F i g .  19, ccnfirm the occurrence 
of zero-order kinet ics  for the sample materials,  radiation exposure 
conditions,  and annealing conditions t h a t  were tested. 

14.7.2. 
ac t iva t ion  energy f o r  the anneal ing process Test conditions and r e s u l t s  
f o r  experiments aimed a t  establishing the e f f e c t s  of temperature on the 
r a t e s  o f  thermally activated annealing are  presented in Table 11. 
these 
the standard method us ing  a preheating temperature of 125°C.' 

data a r e  plotted vs the reciprocal temperature i n  Fig. 20. 
show that the r a t e  constant a t  h given temperature may depend on the 
rad ia t ion  exposure history of the specime- and, possibly, on the type o f  
s a l t  (i.e., Harshaw synthetic crystal  or Lyons s a l t ) .  

f o r  a l l  types of s a l t .  

The e f f x t s  of temperature on the arncurlts o f  annealing - 

In 
iieriments, the measurements of stored energy wer2 conducted by 

The zero-order r a t e  constant values which were calculated from the 
The plots  

The indicated act ivat ion energy i s  9.8 kcal/mole and i s  the same 

The l ines  throush  the data obtained w i t h  a given i r radiated 
specimen were drawn us ing  the following c r i t e r i a :  

1. 
2. 

3.  

The slopes should be equal. 
Lines through the data obtained w i t h  specinen portions from 
a given i r radiated specjmen should give reasonably good 
"eyeball" f i t s  to  the data. 
Extrapolations of t h e  1 i n e s  should pass near zero-order 
r a t e  constant values for  the thermal annealing of Lyons 
s a l t  ( a t  %158'C) tha t  were inferred from correlat ions of 
the stored energy data for  s a l t  i r radiated i n  Project S a l t  
Vault (Sect. 6.1.9) and for s a l t  i r radiated i n  o w  labora- 
tory experiments i n  the temperature range o f  160 t o  ?73"C 
(Sect. 6.3). 
Lyons s a l t  by the lower l i n e  ifi Fig. 20. 

This c r i te r ion  was best s a t i s f i e d  for  the 
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Table 11. Effects of temperature and time on the therm1 annealing 
of Iiarshaw and Lyons s a l t  

I n i t i a l  Annealing treatrrmt Zero-order 

(cal/g) (“C) (hr) (cal /g 1 (ca l  9-l hr-*) 

Sample Ref. No. stored Decrease in r a t e  
and descriptiona energy Tmperature Time stored energ? constant 

8.5 t 0.1 185.12 
225.2 
227.4 

13.1 2 0.3 192.7 
195.2 
212.5 
217.6 
218.3 
226.2 

7.5 f 0.2 220.c 
238.8 
244. El 
258.4 
262.6 

7.4 t 0.4 228.9 

278.3 5.7 i: 0.3 (2)  
15.8 6.3 -I 0.4 (2) 
6.8 2.0 t 0.6 (2) 

70.5 4.9 t 0.3 (2) 
134.3 8.3 f 0.1 (2) 

4.8 6.6 f 0.6 (2) 
9.4 5.3 t 0.5 (2) 

12.0 6.6 t 9.4 (2) 
5.65 6.6 k 0.9 (2) 

47.8 4.9 (1 1 

2.8 2.2 (1 1 
2.4 3.k t 0.2 (2) 

3.6 4.2 2 0.5 (2) 
1.0 4.2 k 0.6 (2) 

4.5 4.7 t 0.8 (2) 

0.020 
0.40 
0.42 

0.070 
0.062 
1.4 
3.56 
0.55 
1.2 

0.102 
1.6 
0.79 
1.2 
4.2 

1.05 

'Exposure - 9 n d i t i o n s  f o r  the s a l t  samples are  as follows: 

Exposure conditions 
Dose r a t e  se 

y-2-4 Harshaw 160 61 13 
y-6-2 Harshaw 144 40 9.8 
y-2-1 Lyons 160 61 13 
y-1-1 Lyons 160 36 7.6 

Sa l t  jgy (megarads/hr) (lOlj”rads) 

bThe number 7 4  netsurrments an the annealed sample i s  shown i n  
pare.;theses. The sFread of  the resu l t s  of two measurements i s  shown as 
a plds-minus value. 
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Fig .  20. Zero-order thermal arinealing constants as a function o f  annealing 
temperature f o r  Harsha1.r and Lyons-sal t .  
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With  respect t o  correlations between our other postirradiation an- 
nealing data and those in F i g .  20, i t  can be noted t h a t  the value o f  
0.33 cal g-' hr'' a t  a temperature o f  2 2 8 O C  for the Harshaw s a l t  d a t a  in 
Fig. 18 f a l l s  very close t o  the l ine representing the Harshaw s a l t  d a t a  
i n  F i g ,  20. Since the specimens represented i n  F i g .  18 were irradiated 
a t  10 megarads/hr and a t  a temperature of 95"C, this  agreement indicates 
t h a t  changing the irradiation conditions for Harshaw s a l t  d i d  n o t  
appreciably affect  the second-stage thermal annealing. 

? 
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14.8. Appendix VIIT: Loss o f  \.later from Bedded 

Sal t  Specimens Dur ing Gama I r r a d i a t i ~ n ~ ~  

Several b i n .  cube specimens o f  bedded s a l t  from the Lyons mine and 
one sample of Harshaw s a l t ,  which were irradiated in previously reported' 
HFIR-gama exposures 2 and 3 ,  were examined for changes i n  weight during 
exposure. 
- ~ 0 . 2 5  w t  % water, which was hk?J in small brine czvities within crystals 
and on crystal boundar ie~ .~"  I t  v&: expected t h a t  some of the water 
would be lo s t  during the HFIR-gama irradiations due t o  the thermal- 
gradient-induced migfation of brine cavities and/or the expulsion o f  
brine o r  steam along crystal boundaries. Table 12 provides information 
on the specimens and shows the results of weight measurements. 
surfaces o f  the irradiated specimens were examined for  deposits which 
would resul t  from evaporation o f  brine a t  a surface, and none were 
detected. 

I t  was known t h a t  bedded sa l t  from the Lyons mine contained 

The 

Pertinent infomation concerning the sample identification symbols 
and exposure conditions for the tes t s  on Lyons s a l t  is given ir. refs.  1 
and 3 6 .  The B sample was located a t  the centerline o f  the HFIR spent 
fuel e lment .  The B,, and Bu samples were located a t  2-3/4 and 6 i n . ,  
respectively, above the center1 i n @ .  A i  I Specimens were in contact with 
aluminum conauctors on two opposite faces. The other sides were in 
contact with thick layers of gas (helium) arid, thus, were effectively 
insulated. 
the specimen. 

us ing  Fig .  6.4 o f  ref. 34 and apply t o  brine-filled cavities within a 
crystal. These values mov2 up a temperatur? gradient. Cavities h a v i n g  
b o t h  a gas and a liquid phase would move down a temperature gradient, 
and t h e  ra te  of movement would exceed t h a t  o f  brine Cil'qd cavi t ies .34 

The resul ts  indicated t h a t  a significant fraction of the original 
water was lo s t  f r o m  the Lyons Specimens during HFIR-gama irradiation. 
The insignificant loss of weight observed for the Harshaw specimen 
supported the assumption t h a t  the weight 'IGSS o f  the Lyons specimens 

Accordingly, the high?st temperature was a t  'the midplane of 

The l i s t ed  values for migration distance are those values calcglated 
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Table 12. Change i n  specircen weight  du r ing  r a d i a t i o n  exposure kitt i  
exposure cond i t ions ,  ca l cu la ted  b r i n e  m ig ra t i on  distances, 

and observed weight changes 

Cal c u l  a ted  
Average dose Average m ig ra t i on  Observed 

Sample r a t e  Average temp temp grad ien t  d i stance w;A;;t changYd) 
i d e n t i  f i c a  t i ona (1 0' rads/hr)  ("C) ("C/cm) (cm) 

W 
0-l 

y-2-5; L2-Bm 6.0 

3.4 
U 

y-2-6; L-B 

y-3-7; L-B, 3.7 

y-3-3,4; H-B 6.5 

160 3.4 0.21 -6.1 0.16 

160 .3.8 0.24 -22.4 0.22 

1 i 3  4.1 0.32 -17.2 0.15 

173 3.7 0.29 -0.6 0.01 

aL and Lz i n d i c a t e  Lyons s a l t .  H i nd i ca tes  Harshaw s a l t .  See r e f s .  1 and 36 for f u l l  
d e s c r i p t i o n  o f  specimens and i r r a d i a t i o n  condi t i s n s .  
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resulted from water loss;  the Harshaw s a l t  had no brine inclusions. 
absence of deposits on the surfaces of t k e  i r radiated Lyons specimens and 
the poss ib i l i ty  that  brine migration d is tances  were less  t h a n  sample thick- 
nesses indicate tha t  the water was lost as vapor, which diffused out 
along crystal  boundaries. 

The 
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14.9. Appendix IX: Gases i n  Unirradiated and 
Irradiated Specimens of Bedded S d l  t36 

A mixture of gases and water were extracted from ?.vera1 samples o f  
Lyons bedded s a l t ,  and quantitative analyses were made o f  the molecular 
constituents i n  the off-gas (Table 13). These d a t a  were obtalned u s i n g  
a crystal-crusher device t h a t  was attached to  a mass spectrometer t h r o u g h  
a gas handling system.* The sample was placed within the metal crystal 
crusher, outgassed a t  about  lOO"C, and then crushed by hammering on the 

The released water was trapped a t  liquid nitrogen temperature and was 
subsequently weighed. The gases were analyzed i n  the mass spec t r ae t e r  
making use of a known amount o f  an Ne tracer,  which was mixed w i t h  the 
gases w i t h i n  the gas handling system. Most o f  the s a l t  particles were 
less t h a n  0.5 n af te r  crushing. A few larger particles had dimensions 
ranging  up t o  a maximum of ~2.8 m. 

j e c t  Sa l t  Vault.' The maximum temperature attained in the specinien was 
esTinated to  be 150 t o  155°C. 
and following irradiation exposure. The migration following i r r a d i a t i o n  
occurred becaxse the s a l t  remained a t  h i g h  temperature for an appreciable 
period a f t e r  electrical  and radiation heating was terminated. Cooling 
o f  the brine cavities must have produced gas-vapor phases, and the 
resulting two-phase droplets very likely migrated rapidly down a temperature 
gradient toward the edge of the hole for several days d u r i n g  which air 
was passed through the hole.' 

The y-2-5; La-B, specimeti was described previously. st Brine 
d r o p l e t  migration i t r  this sample took place only d u r i q  irradiation. 
The unirradiated specimen, L,  was a sample o f  the Lyons s a l t  used i n  the 
irradiation experiments. 

. crystal t h r o u g h  a metal rod which was bellows-sealed i n t o  the crus:,er. I 

The PSV-2 sample consisted of s a l t  t h a t  had been irradiated in Pro- 

Brine migrat idn took place b o t h  during 

*Analytical work performed by J.  R.  Walton of the C3ML Analytical 

iSee Appendix 'JIII. 

Chemistry D i v i  sion. 
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The amount of H2 found with the PSV-2 and y-2-5 specimens corresponds 
t o  0.13 and 0.22 M, respectively, w i t h i n  the brine t h a t  remained i n  the 
sa l t .  The low value of G-H2 for y-2-5 clearly indicated t h a t  the amount 
of Hi! in th i s  sample was near a l i m i t i n g  value. A previously reported 
analysis3" based on known r a d i a t i o n  chemistry led t o  the prediction t h a t  
the steady-state amount of HZ would exceed 0.05 M, h u t  the actual value 
could no t  be predicted because o f  the lack of information on ra te  con- 
s tants  for pertinent reactions a t  elevated temperatu. f s .  The available 
experimental values indicate t h a t  the estimates dere approximately 
correct. 

and this indica.ted t h a t  other oxidized Apecies such as C103- were radioly- 
s i s  products. 
less t h a n  0.5. This behavior may have 5een associated w i t h  the rtiigration 
of brine a f te r  termination of .irradiation and the concomitant d<ssolution 
of irradiated salt  k i i t h i n  brine droplets, 
dissolution of irradiated s a l t ,  subsequent t o  i r r a d i a t i o n ,  produces FZ 
b u t  very l i t t l e  02. 
species t h a t  balance the H 2 .  

those p r e r n t  i n  the gas butbles w i t h i n  the brine 
most o f  the a i r  must have been trapped on crystal boundaries. 

The r a t i o  of 02 t o  HZ i n  specimen y-2-5 was somewhat less  t h a n  0.5, 

In specimen PSV-2, the raticr o f  O2 t o  H2 was very riuch 

7 

As described elsewbere,2 

Presumably, H202 and lor  C103- are the oxidized 

The amounts o f  air ,  indicated by the amounts o f  142 9 CO,  gxceed 
Accordingly, 
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14.1G. Appendix X:  P?oceduI*e f o r  Estimat:ilg Mechanical Energy 
Released Upon The Abrupt Release o f  Shred Energy i n  S a l t  

The symbols used in this appendix are ex?ltiined i n  the following 
table: 

Symbol 

E 

d 

GV/V 

a 

K 

-. . 
"., 

, ' ,  

-. \ 

. ,  _. , 

V 

P '  

t ' l ' /V  

6 

I Defini l i on  and unit 

Stored energy, cal/g 

Density, g/cm3 

Ueight of sample, 9 

Heat capaci tJ , caI/g-"C 

Temperature, 'C 

Overburden pressure on 
s a l t ,  atm 

Equal s CAT 

Coef f i ci en:: cub i :a1 
thel?al exp;nsion, OC-' 

Csnverts atn-cm3 t o  cal ,  
cal/atm-cm3 

V O ~ U I P Q ,  cm3 

Awrage pressu: e required to 
prc;mt expansien o f  s a l t  
by u,!ount, P' = V'/,?VE 

ThE ,;la1 expansion c f  s a l t  
t h a c  would occur w i t h o u t  
pressilrc restraint. and ', 
numerically equal t o  L ~ T  

. Compressi b i  1 i ty, aml'; 

Assumed value . - -_ 

2.15 

0.22 

136 

i a 2  x 10-4 

0.0242 

4 x 10'6 

CdSe 1 1 '  
7 

Cdse 2 

# I 
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14.10.1. General P r o c c a e  Xt i s  asscmed t h a t  a l l  stored energy is 
dissipat 1 i n  raising the temperature of  the s a l t  which contaifis the 
stored energy and i n  doing pressure-volume work. In Case 1, the thermal 
expansion of the s a l t  takes place against the overburden p7essure on the 
sa l t .  
energy i s  so r ap id  t h a t  the surrounding s a l t  does no t  move; accordingly, 
the temperature r i s e  produces a local increase i n  pressure the amount of 
which Carl be calculatdd from the compressibility of the s a l t  and the 
thermal expansion t h a t  would occur w i t h o u t  any overpressure. 

In Case 2, the temperature r i s e  caused by the release of stored 

The estimated ,mounts of mechanical energy released from the waste 
package and s a l t  are then compared to  the heat of detonation of TNT. 
For heavily confined charges of TNT, the reported heat of detonation 
4.9 x lo5 ~ a l / l b . ~ ’  

14.10.2. Case 1 For this  case, the energy relationship per cubic 
centimeter of s a l t  i s :  

P4V E d z c A T d i ~ K ,  

b u t  

A T = % *  

S u b s t i t u t i n g  Eq. (2 )  i n  Eq. (1) and rearranging: 

E d - c d A v  + PAv - y - ~  T K .  

PAV Solving for -J- K , 

PSV E d  . 
K = C d  

- 
--+ 1 v 
PG” 

is 

I 

(3  1 

(4) 
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Introducing va luesfor  ' C  d 9 

We have, 

PAV cal  ; K = 8.3 x l o - "  E d, 3 (5)  

t ha t  i s :  0.083% o f  the energy released i s  converted t o  mechanical work. 

14.10.3 - Case 2 The energy re la t ionship i n  t h i s  case i s  analogous t o  
t h a t  f o r  Case 1, 

P'AV'K . E d = C LT d + ,- 

P'AV'K , Solving Eq. (6)  f o r  

-- P'AV'K - E d 
v Cd.l' 

aP'K 

To solve f o r  the value o f  P '  i n  Eq. ( 7 ) ,  f i r s t  l e t  

A T Z c '  E 

(It can be shown t h a t  t h i s  approximation i s  v a l i d  w i t h i n  5% a t  E = 60 . 
cal /g and 4% a t  smaller values of E.) 
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and 

then 

Substituting Eq. (11) ,in Eq.  (7 )  yields Eq.  (12): 

Now, evaluating 

and s u b s t i t u t i n g  Eq. (13)  i n  Eq.  (12) and rearranging we have: 
e 

The term on the l e f t  side o f  Eq. (14) represents the fractional 
amount o f  the stored energy release t h a t  i s  converted t o  mechanical 
work. Equation (14) shows t h a t  the vaiue o f  this  fraction depends upon 
the value of E. 
appears as mechanical energy. If E equals 10 cal/g, then 0.4% appears 
as mechanical energy, approximately 5 times t h a t  found for Case 1 f o r  
a l l  values o f  E. 

If  E equals 60 cal/g, then 2.5% of the released energy 
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