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OAK RIDGE NATIONAL LllBORATORjI 

STATUS AND PROGRESS FLEPORT 

MARCH 1964 

This Status  and Progress Report summarizes 
t h e  unc lass i f ied  portion of t h e  Laboratory’s work. 
Some of the  topics  are included every month, but 
t he  majority a re  reported on a bimonthly schedule. 

REACTOR DEVELOPMENT 

GAS-COOLED REACTOR PROGRAM 

Graphite Oxidation Experiment. - The t h i r d  experiment i n  which we 
determined the r a t e s  of react ion between reactor-grade (TSF) graphite 
specimens and t r a c e  impurit ies i n  a helium coolant w a s  terminated a f t e r  
985 hr of operation. I n  t h i s  t e s t  t he  CO and CO;! impurit ies i n  the  
c i rcu la t ing  helium were control led a t  125 and 1000 ppm by volume re- 
spectively.  Based on the  graphite geometric surface area, the  react ion 
r a t e  ranged from 2 .8  x hr-’, f o r  t he  graphite sample main- 
ta ined a t  an average surface temperature of 1590°F, t o  4 x lo-* mg 
hr-l, f o r  samples maintained a t  a surfa-.,e temperature of 1800°F. 
t e s t  data ind ica te  an ac t iva t ion  energy of 70 kcal/mole. 

graphite specimens, designated s m a l l  t ens i l e ,  small compressive, l a rge  
bend, and small bend, were tes ted ,  and the  data were analyzed. Stress- 
s t r a i n  diagrams w e r e  prepared fo r  each of t he  individual  specimens, and 
composite curves were prepared f o r  each type of specimen. We evaluated 
the  data s t a t i s t i c a l l y  t o  obtain the  means and standard deviations of t he  
modulus of e l a s t i c i t y  both i n  tension and i n  compression, t he  f rac ture  
s t r e s s ,  t he  f rac ture  s t r a in ,  and t h e  t o t a l  s t r a i n  energy a t  f rac ture .  
Confidence in t e rva l s  a t  90, 95, and 99% were computed. 

e l a s t i c i t y  i n  tension i s  less than t h a t  i n  compression. 
f rac ture  s t r e s s  and t h e  mean f rac ture  s t r a i n  a re  about t he  saxe f o r  the 
two s izes  of bend specimens tes ted ,  but  the  mean values f o r  t he  t e n s i l e  
specimens are much lower. 
t he  mean values. The l a rges t  spreads i n  the  data were f o r  t he  small ten- 
s i l e  specimens. 
fac tors  t h a t  caused the  observed differences.  

induced creep data generated i n  the  ORR were used t o  evaluate the  be- 
havior t o  be expected of the  EGCR graphite f u e l  sleeves.  

mg 

The 

Development of Graphite Rupture Cr i t e r i a .  - Four types of EGCR 

The s t rength data show t h a t  on a s t a t i s t i c a l  bas i s  the  modulus of  
The mean t e n s i l e  

Standard deviations range from 13 t o  20% of 

Additional s tudies  must be conducted t o  ident i fy  the  

Viscoelastic Analysis of EGCR Graphite Fuel Sleeve. - I r radiat ion-  

We based the  



* -  J 

- 2 -  

analysis on an assumption of generalized plane strain for an average 
fast-neutron exposure equivalent to a fuel burnup of 10,000 Mwd/metric 
ton. 

was 213 psi for the assumed exposure, and it approached asymptotically 
a limit of 256 psi. 
tensile stress of 771 psi that increased linearly with exposure. 

were unchanged by creep. The maximum strain, which was the same for 
both analyses, was of the order of 0.04%. 

Design Criteria for Graphite Components. - We conducted further 
studies on the relative importance of the stress-strain relationship in 
predicting the behavior of graphite bodies. The current studies were 
made with the stress-strain diagram for type ATJ graphite at 5000°F, 
which exhibits a large strain to failure (12.?%), most of which is in 
the plastic range. Two linear elastoplastic approximations were made to 
the stress-strain diagram: an elastic perfectly plastic case and an 
elastic strain-hardening case. 

cylinders loaded with an internal pressure. 
showed that the ultimate loads predicted by the two approximations were 
in good agreement; however, the distributions of the strains and stresses 
within the body may be quite different at pressures less than the maxi- 

of the accuracy with which the stress-strain diagram was represented. 

termining the behavior of radioactive fission products in a circulating 
helium stream following release of the fission products, from a small 
hole in a stainless-steel-clad U02 fuel element, into the helium stream. 
The loop operating temperature was increased gradually un%il the fuel 
element was operating at cladding and central temperatures, respectively, 
of 1400 and 2400°F. During initial operation, no release of fission 
gases into the loop was detected. After approximately three weeks of 
operation, the Xe135 concentration increased to approximately 10 dis 
min-' (STP). The Xe133 isotope was just detectable. The unex- 
pectedly low release rate compared with that in the previous experiment 
may indicate either that the hole is partially plugged or that its 
smaller size and location have effectively restricted the release of noble 
gases. The arrangement of the vent hole and the MgO insulator spacers 
used at the top of this element should more effectively restrict the con- 
vection of fission gases within the fuel can. We will continue the ex- 
periment for at least one more ORR cycle. 

. 
The maximum tensile stress obtained from the viscoelastic analysis 

a 

The corresponding elastic calculation yielded a 

Despite the large reduction in stresses, the strain distributions 

The stress and strain distributions were calculated for thick-walled 
The results of the study 

mum. We concluded that the degree of correlation was a strong function 9 

GCR-ORR Loop No. 1 Operation. - We continued the experiment for de- * 

LITR Capsule Irradiations. - In a new capsule for the irradiation of 
pyrolytic-carbon-coated particles, the particles will be in graphite con- 
tainers instead of the tantalum cans used previously. 
more closely approximates actual service conditions for the particles. 

one EGCR-type stainless-steel-clad capsule and two capsules containing 
fueled graphite spheres 6 em in diameter. 

The new design 

ORR Poolside Capsule Irradiations. - We continued the irradiation of 
Special tests for determining 
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t he  fission-gas re lease as a function of power density and temperature 
were conducted on one capsule (05B-7) containing pyrolytic-car'oon- coated 
p a r t i c l e  f u e l  i n  spherical  graphite matrix elements following -1.2 a t .  '$ 
heavy-metal burnup. 
the corresponding change i n  power density. 
temperature from 1135 t o  1600'F resul ted i n  an increase by a f ac to r  of 4 
i n  t he  fission-gas release r a t e .  Near t h e  conclusion of these experi- 
ments, argon from t h e  blanket gas region w a s  observed i n  the sweep gas 
samples, suggesting t h a t  a leak had developed i n  the  primary containment 
vessel .  We therefore  removed the  capsule from the  high-flux region and 
w i l l  withdraw it during the  April  ORR shutdown. 

containing 1/2-in.-diam spheres fueled with pyrolytic-carbon-coated UC2 
f u e l  p a r t i c l e s  continued t o  operate. The sphere surface temperature has 
increased s l igh t ly ,  t o  -1750'F. 

The r a t i o  of re lease r a t e s  w a s  s l i g h t l y  greater  than 
Increasing the f u e l  surface 

Eight-Ball Experiment. - The fourth eight-bal l  experimental assembly 

Thermal Shock Effects on Fueled Graphite Spheres. - Fueled graphite 
spheres (1-1/2 in .  i n  diameter) were dropped i n t o  a graphite res is tance 
f urnac e 
dropped 
e f f e c t s  

operating a t  2000°C, held a t  temperature f o r  15 min, and then 
i n t o  a water-cooled graphite crucible t o  determine whether thermal 
were responsible f o r  dimensional decreases noted a f t e r  irradia- 

t i on .  After treatment, most spheres showed increases i n  diameter, indi-  
cating t h a t  t he  dimensional decreases of i r rad ia ted  spheres were not 
associated with thermal shock. 

Total Replication of Fueled Spheres. - A rep l ica t ion  technique 
(Proc. Conf. Hot Lab. Equipment, 9th, Chicago, 1961, pp. 166-72) w a s  used 
successfully on i r rad ia ted  fueled spheres, both 1-1/2 in .  and 6 cm i n  
diameter. 
and f i l l i n g  the  mold with epoxy resin.  With the  use of t h i s  technique, 
we can compare the  surface of a sphere before and a f t e r  a prescribed 
treatment without l o s s  i n  d e t a i l .  Because of t h e  reduced radioact ivi ty  
of the repl ica ,  t h e  repl icated surface of t h e  i r rad ia ted  sphere can be 
examined outside the  hot c e l l .  

The process consisted i n  making a rubber mold of the sphere 

APPLIED AND BASIC REACTOR PHYSICS 

Basic Reactor Shielding: A Method f o r  Analyzing Neutron and Gamma- 
Ray Spectra. - Many instruments, such as s c i n t i l l a t i o n  counters, commonly 
used t o  detect  nuclear radiations produce such a large amount of data t h a t  
it i s  not f eas ib l e  t o  examine the  r e s u l t s  of a given experiment d i r ec t ly .  
Instead, t he  data a re  customarily p lo t ted  automatically or  displayed on a 
television-type screen, with each d i f f e ren t  energy of the incident radia- 
t i o n  producing a charac te r i s t ic  response curve. 
ferent  energies present, however, t h e  curves become scrambled or folded 
together, and only the  mixture i s  seen. I n  order t o  determine the  in- 
t e n s i t i e s  of the d i f fe ren t  components, the scrambled curve must be un- 
scrambled or  unfolded. This i s  a comnon problem, and many methods and 
computer programs e x i s t  fo r  i t s  solution. A l l  these methods, however, 
have the  serious l imi ta t ion  t h a t  i f  there  a r e  too many Components scrambled 
together, very large e r ro r s  occur i n  the  unfolding. 

If there  a re  several  d i f -  
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A code has recently been developed which la rge ly  overcomes t h e  e r r o r  
problems associated with the  other methods and makes possible t h e  unfold- 
ing of t he  energy spectra of neutrons and gamma rays f ron  reactors  and 
accelerators routinely,  even though the  spectra  contain an unlimited 
number of components. The new code i s  unique i n  t h a t  information usually 
ignored i n  other codes i s  used advantageously t o  obtain much smaller 
errors .  It u t i l i z e s  the  r e l a t i v e l y  new technique of quadratic programming 
(a mathematical technique developed t o  a i d  i n  optimum economic scheduling) 
t o  make the  bes t  use of cer ta in  known properties of t he  radiation, such as 
continuity, decrease i n  pulse s i z e  with radiat ion energy, nonnegativity of 
response, e t c .  

The new code consis ts  of a main program, known as SLQP, and four 
special  programs which must be wr i t ten  f o r  each d i f fe ren t  application. The 
f i r s t  of these describes the shapes of t he  curves resu l t ing  from single- 
energy radiations,  the second defines the  shapes of t h e  unfolded curves, 
the t h i r d  reads the  experimental data i n t o  the  computer, and the  fourth 
specif ies  r e s t r i c t i o n s  t o  be placed upon the  radiation. 

. 

Basic Reactor Shielding: Low-Energy Neutron Spectra i n  LiH, - Fre- 
vious investigations have shown t h a t  i n  c e r t a i n  hydrogenous materials the 
low-energy neutron spectrum a t t a i n s  an asymptotic shape beyond some mini- 
mum distance from a f i s s i o n  source, which would indicate  t h a t  t h e  spectrum 
beyond t h a t  distance depends only on the  sca t te r ing  properties of t h e  
medium and not on the  source term or  the geometry. If t h i s  i s  found t o  be 

asymptotic spectrum f o r  a par t icu lar  medium should provide a sens i t ive  
check on shielding calculat ions f o r  t h a t  medium, even though the  calcu- 

l i thium hydride i s  a frequently proposed neutron shield,  t h e  neutron 
spectrum through various thicknesses of t he  mater ia l  w a s  measured, and the  
r e s u l t s  were cornpared with Monte Carlo, moments method, and NIOBE code 
calculations,  as well  as with some infinite-medium calculat ions performed 
a t  General Atomic. 

The measurements were performed a t  t h e  General Atomic l i n e a r  accel- 
erator ,  where a near-fission neutron source w a s  obtained by placing a 
lead t a r g e t  i n  t h e  electron beam. Three types of spectra  were measured: 
spectra of t he  leakage f l u x  of low-energy neutrons, spectra  of the 
forward-directed angular f l u x  a t  an i n t e r n a l  point, and spectra  of t he  
sca l a r  f l u x  a t  an i n t e r n a l  point. Time-of-flight spectronetry techniques 
were used t o  determine the  energies of t he  moderated neutrons. The en- 
ergy range covered w a s  from about 0.01 t o  1000 ev. 

It i s  apparent from the measurements and the  calculations,  which 
were i n  agreement f o r  energies above 0.4 ev, t h a t  the spec t ra l  d e t a i l s  of 
neutrons moderated i n  LiH a r e  prac t ica l ly  invariant  with posi t ion a f t e r  a 
minimum penetration depth t h a t  l i e s  between 2.5 and 5 em. It i s  a l s o  
shown t h a t  a t  any point i n  a sh ie ld  where t h e  gradient t e r m  vanishes, t he  
spectrum of angular f lux and the spectrum of sca l a r  flux become iden t i ca l .  
This spectrum should then be i d e n t i c a l  t o  the  infinite-medium constant- 
source density spectrum. The spectrum measured i n  an almost-gradient-free 
region of LiH compared favorably a t  very low energies with an i n f i n i t e -  
medium calculat ion t h a t  employed f i rs t  a sca t te r ing  kernel f o r  hydrogen as 

t r u e  f o r  materials of i n t e r e s t  as radiat ion shields,  a measurement of t h e  * 

l a t i o n s  do not accurately reproduce the  experimental conditions. Since 

I 
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bound i n  water (oa = 72 barns) and then a sca t t e r ing  kernel f o r  LiH. 
This agreement suggests t h a t  e i t h e r  hydrogen sca t te r ing  kernel i s  ade- 
quate and t h a t  both the  sca t te r ing  by hydrogen and the  r a t i o  Cs/Ca, 
which depends on chemical binding, a re  most important i n  determining the  
spec t ra l  shape. 

Radiation Shielding Inforination Center. - "he Radiation Shielding 
Information Center (RSIC) has developed an inforination r e t r i e v a l  system 
f o r  s tor ing  bibliographic and indexing information on magnetic tapes and 
fo r  producing l i t e r a t u r e  searches and shielding bibliographies.  I n  pre- 
paring information f o r  the system, each l i t e r a t u r e  specimen i s  iden t i f i ed  
by an accession nmber and indexed under as many subject categories as 
a re  applicable.  
each a subcategory of nine major topics  ( f o r  example, "Shield Design 
Techniques" and "Shielding Materials").  

an emphasis ro l e  indicator  nun3er i s  a l so  assigned which gives a semi- 
quant i ta t ive evaluation of t he  emphasis o r  relevance placed upon t h e  
category by the  specimen. Where applicable,  another ro l e  indicator  i s  
assigned which indicates  whether t h e  specimen describes or merely uses a 
given technique, theory, o r  device. 

The information r e t r i e v a l  system has been used t o  produce a shield- 
ing bibliography d i f fe r ing  from the  usual bibliography i n  t h a t  it i s  i n  
a readi ly  searchable form. It contains two par t s :  a l i s t  of documents 
under each of t h e  118 subject categories and an author index. 
j e c t  category l i s t s  a l l  t he  documents dealing with t h a t  par t icu lar  sub- 
jec t ,  the  information being repeated under other categories when appro- 
p r i a t e .  Tie author index gives a l l  relevant document accession numbers 
and subject category numbers f o r  each author. 

The Center has a l so  organized a computer code sect ion t o  accumulate 
experience with various compter  codes; t o  examine the  codes as t o  op- 
e rab i l i t y ,  ease of dissemination, and production of the  desired resu l t s ;  
and t o  intercompare codes. Code packages a re  prepared f o r  d i s t r ibu t ion .  

A t o t a l  of 118 subject categories a re  current ly  i n  use, 

For each subject  category number assigned t o  a l i t e r a t u r e  specimen, 

Each sub- 

REACTOR FUELS AND iMATERIALS 

Nondestructive T e s t  Development. - Radiography has proved t o  be a 
valuable inspection method f o r  nuclear materials.  However, it i s  nor- 
mally considered t o  be impractical  or impossible i n  the  presence of a 
high rad ia t ion  background. Nevertheless, we a re  achieving some promising 
r e s u l t s  i n  i n i t i a l  s tudies  of t he  f e a s i b i l i t y  of performing usefu l  radi-  
ography under those conditions. An aluminum specimen containing several  
penetraxeters was radiographed numerous t i m e s  with a technique designed 
t o  produce an average acceptable qua l i ty  image. The exposed f i l m  was then 
subjected t o  varying amounts of background fogging radiat ion a t  energy 
l eve l s  of 50, 100, and 300 kv (constant po ten t i a l )  and 1.1 Mev. The fi lms 
were subsequently chemically processed according t o  standard procedures t o  
allow viewing and evaluation. The penetrameters were evident on f i lm t h a t  
had received fogging i r r ad ia t ion  up t o  values of 1 r a t  100 kv (constant 
po ten t ia l ) ,  2 r a t  50 o r  300 kv (constant po ten t ia l ) ,  and 32 r a t  1.1 Mev. 
It mst be remembered t h a t  these a re  accuxulated doses. Since the  primary 
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exposures can be made in less than a minute, substantial dose rates can 
be tolerated. Further studies are being made to increase the tolerance 
to background radiatiog . 
often adversely affected by reactor radiations. Thus, reactor co-nponents 
that are adequate on the basis of conventionally measured properties may 
fail in service under irradiation. Since the defects introduced into ma- 
terials by irradiation are affected by the temperature of irradiation, we 
have investigated the influence of irradiation temperature on the post- 
irradiation tensile properties of type 347 stainless steel. The alloy, 
ASTM grain size No. 8, received 5% cold work prior to being irradiated to 
an integrated dose of approximately 7 x lo2' neutrons/cm2 (E > 1 MeV). 
To ascertain the effect of irradiation temperature, the 0.2% offset yield 
stress, ultimate engineering stress, true stress-true strain relation- 
ship, fracture stress, uniform and total elongation, reduction in area, 
and the energy necessary to cause plastic instability are being deter- 
mined for each test. The strength of stainless steel, determined at any 
temperature in the range 70 to 1400°F, is not significantly affected by 
irradiation at temperatures above 1100°F. 
lower temperatures, the yield strength measured above 1100°F is unaffected, 
but the yield strength at lower temperatures increases as the irradiation 
temperature decreases. 
cause it is half the absolute melting point, the temperature at which dif- 
fusion generally becomes important. For a given alloy, test temperature, 
and strain rate, the true stress at wnich plastic instability starts ap- 
pears to be unaffected by irradiation at any temperature. 
elongation, which is a measure of ductility, depends on both irradiation . 
temperature and test temperature. 
cold-worked type 347 stainless steel irradiated at 700°F and tested at 
1400 OF. 

Mechanical Properties. - The strength and ductility of metals are 

For the alloy irradiated at 

The 1100°F temperature is probably important be- 

The uniform 

The least value found is 3.0% for 5%- 

S o l i d  Reaction Studies. - The processes that limit the useful life 
of structural materials, such as creep and corrosion, often depend on 
rates of diffusion. We are continuing to study several factors governing 
diffusion in solid materials. 

metal under a temperature gradient, completing our investigation of the 
redistribution of in silver. In four silver specimens containing 
Sb12': and annealed in a gradient, the antimony concentration increased 
at the hot side and decreased at the cold side. The steady-state con- 
centration was described by a straight line in a log c vs 1/T plot, and 
the heat of transport was -29 k 3 kcal/mole for the thermal diffusion of 
antimony in silver. The magnitude is remarkably high. In a similar ex- 
periment with a silver specimen initially containing uniformly distri- 
buted Ru103, the concentration profile was quite different from what one 
would expect by thermal diffusion. Rutheniun had apparently diffused 
fron both ends of the specimen into the tungsten barriers. 

We are studying the effect of alpha irradiation on the anomalous 
near-surface diffusion of Pb212 in silver. 
to 470°C without the radiation source, we find that this diffusion can 

We have continued experiments on the diffusion of impurities in a 

In the temperature range 380 
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be described by an Arrhenius-type e uation with an act ivat ion energy of 
61,700 cal/mole. Bombardment by 10” alpha p a r t i c l e s  emM2 see-’ (from a 
lo-curie Po2’’ source) a t  any temperature i n  the  range 360 t o  440°C in- 
creases the diffusion coeff ic ient  by 7 X 
error .  This r e s u l t  i s  consistent with the  exis t ing theory of radiation- 
enhanced diffusion. 

Materials Compatibility Studies. - The resis tance of refractory 

cm2/sec within experimental 

metals t o  corrosion by a l k a l i  metals can be seriously impaired by t h e  
presence of oxygen i n  the  l i q u i d  metal. 
as t h e  working f l u i d  i n  several  proposed space reactors .  I n  order t o  i m -  
prove the l i fe t ime and r e l i a b i l i t y  of such systems, we a re  studying meth- 
ods t o  remove and t o  analyze oxygen i n  potassium. 
demonstrated t h a t  oxygen i n  potassiuwrefractory metal systems can s e r i -  
ously a f f ec t  the corrosion resis tance of the s o l i d  metal. 
content i n  refractory metals can be analyzed accurately by a vacuum fusion 
technique, but no proven method e x i s t s  f o r  measuring the  oxygen concen- 
t r a t i o n  i n  potassiua. 

Recent experiments indicate  t h a t  oxygen i n  potassium can be deter- 
mined by a fast-neutron act ivat ion technique. 
it i s  specif ic  f o r  oxygen. 
ORNL 150-kv Cockcroft-Walton neutron generator converts the 0 l 6  i n  po- 
tassium t o  N 1 6  by an (n,p) reaction. 
only a few seconds f o r  t r a n s f e r  of the i r rad ia ted  sample t o  the  counter. 
The sample i s  transported rapidly i n  i t s  sealed container through poly- 
ethylene tubing under the  p u l l  of vacuum. 
sample capsule because it inherently has a low oxygen concentration, i s  
compatible with potassium, and has a negligible induced a c t i v i t y  a f t e r  
i r r ad ia t ion .  
sea l ,  w a s  found by analysis t o  contain 98 ppm 0 when empty and 328 ppm 0 
when f i l l e d  with purif ied potassium. I n  duplicate t e s t s ,  known weights 
of K20 ,  equivalent t o  520 and 330 ppm 0, were added t o  the  potassium, and 
the  system w a s  thermally equi l ibrated a t  200°C f o r  1 hr.  
t i v a t i o n  analysis of t he  oxygen i n  the  potassium yielded 95 and 98% re- 
covery respectively.  
capsulated sample, since the  sudden discharge of t he  container i n t o  the 
counting cubicle loosened the  cap and permitted a i r  contamination of t he  
potassium. I n  similar experiments with a second type of molybdenum cap- 
sule, having a 0.020-in.-thick w a l l  and sealed by a press - f i t  polyethyl- 
ene cap, a recovery of 102% w a s  found. 
a f t e r  a single determination. 

Fuel Element Development. - To improve the  economy of t he  nuclear 
f u e l  cycle, simpler and more d i r ec t  methods of f u e l  element fabr icat ion 
a re  needed. We a re  invest igat ing t h e  pyrolytic decomposition of gases 
as a method of d i r e c t l y  depositing f u e l  element materials.  I n  previous 
work (ORNL-3517, p. 7 )  we have prepared tungsten tubing of unusual qual i ty  
and refractory carbides with unique properties.  
uranium dioxide by t h e  reaction of m6 with steam and hydrogen. 

Potassium i s  being considered 

Previously, we had 

The oxygen 

Unlike most other methods, 
Bombardment with 14-Mev neutrons from the  

The 7 . 4 - s e ~  h a l f - l i f e  of N 1 6  permits 

Molybdenum w a s  selected f o r  the 

An i n i t i a l  capsule, with a 0,030-in, w a l l  and an O-ring 

Subsequent ac- 

Only one determination could be made on each en- 

However, t h i s  capsule a l so  leaked 

We have now prepared 
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Uranium dioxide can be deposited as either powder or massive ma- 
terial. At 1300°C, lower steam concentrations favor the massive form. 
Both products have been identified by x-ray and chemical analyses as UO2, 
and examination of the powder by electron microscopy gave a mixture of 
particle sizes ranging from 60 to 203 A. The massive U02 is highly 
crystalline, and the crystallite size depends on the deposition tempera- 
ture. Too low a hydrogen-steam ratio allows the formation of UO2F2 and 
UF4.  In continuing work we are emphasizing the deposition of massive ma- 
terial, with the prime objectives being to determine the effects of steam 
and hydrogen proportions on the characteristics of the deposit and to 
achieve a dimensionally uniform deposit. 

- 

REACTOR COMPONENTS 

Reactor Controls Dnvelopment. - A wide-range counting channel [Trans. 
Am. Nucl. SOC. 3, 454 (1960)l has been assembled and tested by use of the 
production prototypes of the instrument modules recently developed (ORNL- 
3436, p. 7). A fission-chamber drive unit intended for the HFIR was used 
to control the position of a 3/4-in. fission chamber and preamplifier as- 
sembly [Trans. h. Nucl. SOC. 5, 185 (1962)] at the BSR. 
adjustment, the instmnent indicated reactor power and period over the 
eight-decade range of the BSR. 
see period was slightly underdamped, with 10% overshoot in indicated 
period. 
sitioning servo has an effective time constant of 300 msec when operating 
at its normal setting of 10,030 counts/sec. 
negligible even when the reactor control or other equipment is operated. 
Further testing will be directed toward optimizing fluctuations and time 
constants, evaluating other drive mechanisms, and gaining experience with 
different reactor configurations. 

The two 3/4-in. fission chamber and preamplifier assemblies now in 
service at the ORR have operated continuously since their installation, 
one on August 28, 1962, and the other on August 29, 1963. The ultimate 
limitation on the service life of this instrument has not yet been es- 
tablished. 

in reactors. One, in the LITR since August 1963, has a gamma-compensated 
neutron-sensitive section operating the period safety channel, and an un- 
compensated section for future use in a power safety channel. A similar 
chamber is under test in the ORR. Also under test at the ORR is a gamma- 
sensitive ionization chamber for safety use [Trans. Am. Nucl. SOC. 6, 74 
(1963) 1 .  

After initial 

The transient response to a simulated 5- 

The po- The effective time constant at 10 counts/sec is 6 see. 

The pulse pickup noise is 

Three PCP-I1 ionization chambers (ORNL-3191, p. 70) are now installed 

- 

POWER FSXCTOR FUEL PROCESSING 

Dissolution Studies with U02 Fuel Pellets. - In order to calculate, 
according to the dissolution rate, the time required to dissolve U02 fuel 
pellets, the variation in the surface area during dissolution must be 
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known. 
of 17 unirradiated U02 p e l l e t s  were dissolved i n  4.5 t o  10 N HN03. 
t e s t s  showed a marked var ia t ion i n  the  time f o r  t he  dissoluxion with the  
different  acid strengths.  Regardless of acidi ty ,  however, t h e  dissolution 
curves had similar shapes. 
dissolved i n t o  t h i n  wires when concentrated acid w a s  used, but dissolved 
i n t o  dumbbells and l e f t  f l a t  end pieces undissolved i n  low a c i d i t i e s .  

Therefore, a s e r i e s  of experiments w a s  conducted i n  which batches 
These 

An in te res t ing  observation w a s  t h a t  p e l l e t s  

Dissolution Studies with Th02-UO2 Fuel Samples. - I n  order t o  compare 
the  dissolution r a t e s  cf both unirradiated and i r rad ia ted  ThO2-UO2 (con- 
ta in ing  4% U02) prepared by the  sol-gel  and arc-fusion processes, samples 
were reduced t o  powder and dissolved under i d e n t i c a l  conditions. The s i z e  
d is t r ibu t ion  of t h e  p a r t i c l e s  w a s :  > 20 mesh, about 60%; 20 t o  60 mesh, 
20%; and < 60 mesh, 20%. All samples were digested f o r  7 hr i n  bo i l ing  
13 M HNO3-O.04 M HF-O.04 M Al(NO3)3. The volume of dissolvent w a s  suf- 
f i c i e n t  i n  each-test t o  produce a 1 M solut ion of thorium i f  t he  sample 
had t o t a l l y  dissolved. With unirradzated samples, 67% of the  sol-gel  
mixed oxide dissolved i n  7 hr, and 85% of the  arc-fused material  dis-  
solved i n  the  same time. 
i r r a d i a t e d  t o  35,000 Mwd/ton dissolved under s i m i l a r  conditions i n  a t e s t  
conducted a t  the General Electr ic  Company Vallecitos hot-cel l  f a c i l i t i e s .  
These t e s t s  indicate  t h a t  sol-gel-derived Th02-UO2 dissolves slower than 
arc-fused fue l .  However, f o r  t he  oxide produced by the sol-gel process, 
dissolution i s  f a s t e r  a f t e r  i r r ad ia t ion .  These t e s t s  a r e  being continued. 

Ninety-one percent of a sol-gel-derived sample 

Leaching Studies with U02-Zr02 Pressurized Water Reactor Seed. - Un- 
i r rad ia ted  samples of PWR f u e l  wafers (35% U02-65% Zr02) were ground t o  
200 mesh. A sample of t h i s  powder w a s  then leached f o r  7 hr with boi l ing  
13 M HN03. Only 11.2% of the  uranium i n  the  sample dissolved. This con- 
firms p r io r  r e s u l t s  t h a t  n i t r i c  acid leaching, under v i r t u a l l y  a l l  condi- 
t i ons ,  w i l l  not y ie ld  acceptable uranium recoveries. 

Stoichiometry of t h e  Reaction of Uranium Monocarbide with Steam. - 
Previous s tudies  showed t h a t  when uranium monocarbide i s  contacted with 
steam a t  high temperature (650 t o  800°C) t h e  reaction proceeds stepwise. 
The r e l a t i v e l y  fas t  reaction 

UC + 2H20 d U02 + C + 2H2 

occurs f irst ,  and then the f r e e  carbon i s  converted t o  oxides a t  slower 
r a t e s  according t o  the  reactions 

C + H20- CO + H2 9 

C + 2H20- C 0 2  + 2H2 

Several runs have been made t o  es tab l i sh  the  stoichiometry of t he  overa l l  
reaction. The bes t  r e s u l t s  were obtained with a specimen of uranium mono- 
carbide obtained from Atomics Internat ional  which contained 4.51wt  % 
carbon. 
with steam a t  75OoC, t h e  overa l l  reaction 

From analysis of t he  products of t he  reaction of t h i s  material  

UC + 0.06U + 3 . 7 1 H z O A  1.O6U02 + 3.68H2 + 0.66C02 + 0.27CO 
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was obtained. 
0.03H2 remain unaccounted for. 
fall within the limits of experimental and analytical error. 

Fyrohydrolysis of Irradiated UC-PuC. - Two pyrohydrolysis experi- 
ments were made with irradiated samples of %O$ UC-20% PUC to determine 
the radioactive components in the off-gas by filtration of the gas im- 
mediately after condensing the excess steam. One-gram samples irradi- 
ated to 1000 and 20,000 Mwd/metric ton were contacted with steam at 750°C 
for 2 hr in order to produce a stream of particles, some of which were 
trapped during condensation of the steam; the remainder were caught on a 
paper filter. The radioactivity trapped on the filter was due to Cs137, 
leached from the specimen during the reaction with steam. 
taken downstream from the filter were free of fission product contamina- 
tion. These and previous results show that during the pyrohydrolysis of 
irradiated carbide fuels, about 0.5% of the cesium is carried by the steam 
off-gas stream. However, the cesium can be effectively trapped by steam 
condensation plus filtration to yield a nonradioactive off-gas. 

The material balance is not complete, since 0.07C and 
However, these slight disparities may 

Dry gas samples 

Protactinium Adsorption. - Inorganic ion exchangers are being inves- 
tigated as a possible means of separating protactinium from aqueous Th- 
U233-Pa fuel solutions. 
preliminary experiments show that 70- to %o-rnesh Bio-Rad ZP-1, a zirconium 
phosphate exchanger, will also adsorb Pa233 from nitric acid solutions. 
The protactinium distribution coefficient from solutions containing thorium 
( 4  g/liter) and Pa233 (1.5 to 3 X l o 5  counts min-' m l - l )  ranged from 100 
(when the concentration of nitric acid was 0.5 M) to 29,000 (for 12 M 
HN03). About 45% of the protactinium was in an-unadsorbable form in-0.5 
M HNO3, but less than 0.4% was unadsorbable from solutions containing more 
than 3 M HNO3. 

as construction materials for equipment in which carbide fuels will be 
pyrohydrolyzed at high temperatures. Welded specimens of both materials 
exposed to steam at 825°C and atmospheric pressure corroded at rates which 
averaged 0.2 and 0.7 mil/month, respectively, for 1008-hr exposures. "A" 

nickel tested in steam containing 1 vol % 02 under these same conditions 
showed a weight gain equivalent to a corrosion rate of l.% mils/month for 
a 16%-hr exposure. 

carbide fuels is 10% HN03-90% HzSO4. 
showed a corrosion rate of 5.6 mils/month for a 16%-hr exposure in the 
oxidizing mixture. 
(48-hr exposures) were %.% and 17.5 mils/rnonth respectively. 
of these rates are acceptably low, other alloys will be tested. 

Hastelloy F, and Corronel 230 tested in boiling 7 M HN03-0.05 M HF, a 
proposed dissolvent for high-fired U02-Pu02 fuels, corroded at-maximum 
rates of 14.% (72 hr), 6.7 (192 hr), 31.7 (72 hr), and 1.6 (192 hr) 
mils/month respectively. 
rare-earth oxides (to simulate P u O z ) ,  rates for 144-hr eyposures were OT4, 
0.8, 0.6, and 0.2 mil/month respectively. 
resistance of Corronel 230. 

In addition to the work with unfired Vycor, 

.) 

- 
- 

Corrosion. - Type 304L stainless steel and "A" nickel were evaluated 

One reagent being considered for chemically "burning" graphite and 
At 150"C, type 304L stainless steel 

Rates for type 309SCb and Carpenter 20 stainless steel 
Since none 

Welded specimens of type 309SCb stainless steel, Haynes alloy No. 25,  
- 

In a solution containing 0.24 M U02 and 0.06 M 

These tests show the superior 
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Fluoride Volatility Processing: Aluminum-Alloy Flowsheet Develop- - ment. - A 67-21-12 to 52-16-32 mole % KF-ZrF4-AlF3 system is being studied 
for use in dissolving Al-U alloy fuels with HF. Supplementalto the 
studies of the corrosivity of the KF-ZrF4-AlF3 melt made at Bsttelle 
Memorial Institute (ORNL-3543, p. 7), the corrosion of Hastelloy N (INOR-8) 
was investigated during hydrofluorination in molten KF-ZrF4-AlF3 and in 
LiF-NaF-ZrF4. These studies made possible the direct comparison of cor- 
rosion in processes for dissolving Al-U and Zr-U alloys. Gravimetry in- 
dicated that KF-ZrF4-A1F3 is less corrosive to Hastelloy N than LiF-NaF- 
ZrF4, but the results remain to be confirmed by metallographic examination 
of the specimens. 

The tests were made at 6OO0C, with each specimen exposed in both the 
salt and gas phases without fuel dissolution. If the computations are 
arbitrarily based only on the area of each specimen actually submerged in 
salt, corrosion rates of 0.006 and 0.013 mil/hr are found at 67-21-12 and 
51.8-16.2-32 mole % KF-ZrF4-AlF3, respectively, for the Al-U alloy process 
case, and 0.022 and 0.018 mil/hr at 37.5-37.5-25 and 27.5-27.5-45 mole '$ 
LiF-NaF-ZrF4, respectively, for the Zr-U alloy process. The compositions 
used represent the initial and final conditions of the two processes. 
calculated corrosion rates should be considered only as relative and not 
as absolute values, inasmuch as the specimens were exposed to both the 
gas and salt phases. 

taining Th02. - Adaptation of the fused-salt volatility process to reac- 
tor fuels containing Tho2 would require use of a salt system in which 
Tho2 will dissolve rapidly by hydrofluorination and in which the solu- 
bility of ThF4 is high. Dissolution rates in the LiF-NaF-ThF4 mixture, 
recommended as a system with a high ThF4 capacity, were found to be un- 
satisfactory. Eydrofluorination attack rates on Tho2 pellets at 600°C 
were 0.7 and 0.9 mil/hr in 44.5-38.5-17 and 40-35-25 mole '$ LiF-NaF-ThF4 
respectively. In a single test with 37.5-37.5-25 mole '$ LiF-NaF-ZrFq, a 
rate of 4.6 mils/hr was measured at 6OO0C, confirming previous work which 
indicated that ZrF4 is helpful (Om-3153, p. 35). 
therefore being given to use of the quaternary system LiF-NaF-ZrFh-TkiF4 
for a Tho2 flowsheet. 

Stainless Steel Flowsheet Develop- 
ment. - The results of preliminary studies indicate that molten mixtures 
of KF and ZrF4 may have sufficient capacity for dissolving FeF2 to warrant 
consideration of their use in the application of the volatility process to 
f'uels dispersed in a stainless steel matrix. As an example, a melt con- 
taining 40 mole '$ ZrF4 and 60 mole % KF dissolved sufficient FeF2 at 
575°C to give a final concentration of 21.9 mole % FeF2. 

or gas-phase-continuous fluorinator is being considered as a means of 
eliminating fluorinator corrosion, for achieving rapid volatilization of 
plutonium hexafluoride, or possibly for use in developing a continuous 
fluorination step (ORNL-3543, p. 9). A new falling-drop fluorination 
tower 3 in. in diameter has been constructed and has operated with 47.5- 
47.5-5 mole '$ NaF-ZrF4-UF4, with results significantly better than those 
obtained with the first tower, which was 1 in. in diameter. 

The 

Fluoride Volatility Processing: Flowsheet Development for Fuel Con- 

Consideration is 

Fluoride Volatility Processing: 
- 

Fluoride Volatility Processing: Drop Fluorination Test. - A spray 

In designing 
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the new equipment, some cold spots at flanges were eliminated to obtain 
a more uniform temperature. The larger diameter resulted in greater salt 
recoveries. 

An experiment at 580°C produced droplets with a residual uranium 
content of less than 1 ppm (better than a 99.9% uraniuq recovery) at 
droplet diameter ranges of 63 to 88, 88 to 105, and 105 to 125 p. 
lets in the diameter range 125 to 149 p had a residual uranium concentra- 
tion of only 3 ppm. 
uted mainly to the absence of cold spots along the column. 

Drop- 

The improved results in the new equipment are attrib- 

Fluoride Volatility Processing: Tellurium Removal from Process-Gas 
Effluent Stream. - The use of hot nickel beds is being considered as a 
means of absorbing Te127 and Te12' (as tellurium hexafluoride) from the 
gas effluent of the Volatility Pilot Plant, thus preventing its release 
to the stack system. 
further laboratory tests emphasizing material balances were made in order 
to study the effectiveness of hot nickel beds in removing tellurium hexa- 
fluoride from helium. The results again confirmed that a nickel bed at 
400 to 500°C is highly effective in sorbing tellurium hexafluoride, there- 
by preventing tellurium from escaping with the helium carrier gas. The 
tellurium escaping through the hot nickel test beds was trapped for anal- 
ysis in three consecutive bubbler traps containing aqueous potassium 
hydroxide and held at 80°C. 
runs at 400, 450, and 480°C were only 65, 67, and 5876, a negligible amount 
of tellurium was found in the potassium hydroxide traps. Analyses made of 
different sections of the nickel beds indicated that 450" was better than 
400°, since more sorption occurred at the inlet end. 

Supplementing previous work (ORNL-3568, p. S), 

Aithough the overall material balances for 

* 

Fluoride Volatility Processing: Fluoride-Catalyzed Destructive Oxi- 'e 

dation of Stainless Steel. - Previous tests with APPR fuel elements es- 
tablished that the presence of fluorides permitted the destructive oxida- 
tion of stainless steel at temperatures of 600 to 700°C (ORNL-2271, p. 71). 
To explore the feasibility of such a process, a quantitative study was 
conducted in which €IF-02 and =-air mixtures were contacted with stainless 
steel (principally type 304L). 
by showing that high oxidation rates for stainless steel can be obtained 
at temperatures as low as 600OC. Conclusions concerning oxidation rates 
are still uncertain because of discrepancies between results from two lots 
of type 304L stainless steel. With one lot of type 304L specimens (cylin- 
ders l/4 in. in diameter and 1 in. long), oxidation rates of 0.9, 15.2, 
54.8, 67.5, 53.7, and 35.9 mils/hr were obtained at 10, 20, 30, a, 50, 
and 60 vol % HF in oxygen at 65OoC at a total flow rate of 200 ml/min 
(STP). At a flow rate of 100 ml/min, the oxidation rates were lower, but 
the utilization of oxygen was higher, as was expected. The first lot of 
specimens also yielded a high temperature coefficient. With a second lot 
of specimens, the maximum oxidative attack also occurred at about 40% HF 
in oxygen but at only 9.2 ml/hr at 575°C. 
lower temperature coefficient, and the metal pitted severely, in contrast 
with the smooth surface noted for the first lot. 

The reaction products from the above tests were predominantly Fe203, 
with no more than approximately a 1% fluoride content, consistent with a 
thermodynamic evaluation. 
based on this reaction would probably require the recycling of the HF. 

The results confirmed the previous work 

The second lot had a much 

Since little of the HF is used, a process 



- 13 - 

Since nickel 200 might be considered as a constructional material 

In 1 vol % KF-02 at 6OO0C, weight gains were some- 
for use with the stainless steel oxidation process, its resistance to 
HF-02 was studied. 
what erratic but increased with exposure time, at least up to 500 hr. 
Corrosion rates corresponding to average weight gains increased from 0.1 
rnil/month at 24 hr to 0.4 mil/month at 504 to 1008 hr. 

Vapor Equilibrium Studies. - One 
method of separating volatile fluorides from uranium hexafluoride in a 
fluoride volatility process is by distillation. 
design distillation equipment for separation, detailed data on the vapor- 
liquid equilibrium are necessary. Accordingly, an apparatus for deter- 
mining the vapor-liquid equilibria of volatile fluorides has been built. 
Its ranges of operating conditions are 50 to 25OoC and 0 to 8 atm of 
pressure. 
ples and for determining the total pressure of the system. The apparatus 
is being used to establish the 1 5 O o C  isotherm for the NbF5-W6 system. 
The system has a marked positive deviation from Raoult's law in the lower 
range of UF6 concentration, as shown below: 

Fluoride Volatility Processing: 

In order to develop and 

Provisions are made for obtaining both vapor and liquid sam- 

Total Pressure (atm) Mole Fraction of W6 
in Liquid Pre die ted Experimental 

0.027 1.70 0.40 

0 .om 2.18 0.55 

0.053 2.73 0.61 

0.075 3.43 0.97 

0.105 3.95 1.34 

Fluoride Volatility Pilot. Plant. - After completion of the series 
of runs in which short-cooled Zr-U alloy fuel elements were processed, 
the Volatility Pilot Plant was shut do& for a cleanout and inspection 
prior to the start of AL-U alloy fuel processing. 
the extent desired was completed. 
1 was reduced from 2500 mr/hr to 150 mr/hr. 

mote pulse-echo techniques. Since the last set of measurements, there 
had been nine conplete dissolutions and two HF sparge tests. Comparison 
with the previous measurements gives a more encouraging picture of cor- 
rosion than the one appearing from earlier measurements. Data are sum- 
marized below for the first 29 runs and for the 40 runs which include 
last year's operations. 
for each of four sections of the dissolver, and they show the maximum 
measured loss and the average of all the thickness-loss measurements in 
that section: 

Decontamination to 
The background at the bottom of cell 

Dissolver-wall thicknesses were measured from the penthouse by re- 

The data are in terms of thickness loss in mils 

In the enlarged vapor section, the maximums were 18 and 
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25 m i l s ,  and the  averages were 10.6 and 10.1 mils f o r  29 and 4.0 runs 
respectively.  
were 16 and 25 m i l s ,  and the  averages were 12.4 and 15.3 mils f o r  29 and 
40 runs. In  the  lower section, maximums were 16 and 2 1  mils, and averages 
were 9.84 and 10.25 mils f o r  29 and 40 runs. 
w a s  a new sect ion and thus exposed t o  only the  l as t  11 runs, t he  maximum 
loss  w a s  27 m i l s ,  and the  average l o s s  w a s  8.7 mils. 

In  the  conical sect ion (normal in te r face) ,  t he  maximums 

In  the  bottom 18 in. ,  which 

THORIUM UTILIZATION PROGRAM 

Uranium-233 Purif icat ion and Sol-Gel Oxide Preparation. - During 

February, 6.5 kg of U233 was pur i f ied  by a solvent ex t rac t ion  process w i t h  
2.5% d i  (sec-buty1)phenyl - phosphonate i n  diethylbenzene. The U233 feed so- 
l u t i o n  consisted of 4200 g obtained by dissolut ion of Jezebel f i e 1  sect ion 
P-2 and 2300 g of mater ia l  recycled from previous runs. The pur i f ied  U233 
met a11 sol-gel  requirements. 
f o r  the  Kilorod Program. 

was in s t a l l ed ,  and operations were resumed t o  meet t ho r i a  requirements f o r  
process development and other  requests.  Suff ic ient  t ho r i a  i s  avai lable  t o  
complete the  Kilorod Program. 

fabricat ion.  
preparation i s  thus about 96% complete. 

The rad ioac t iv i ty  released by the  blending, drying, and calcining 
s teps  w a s  measured throughout each operation. Preliminary r e s u l t s  ind ica te  
t h a t  s ign i f icant  quant i t ies  of long-lived alpha a c t i v i t y  as well as  short-  
l i ved  radon a c t i v i t y  a re  released i n  each operation. 
t i v i t y  from t h e  dryer was iden t i f i ed  as Th228 (5%) and U233 (go%), with 
the  remainder being short-l ived U2 3 2  daughter a c t i v i t i e s  s t i l l  present a t  
the  time the  analysis w a s  m a d e .  

The air-driven var iab le  transformer was found t o  be defective and w a s  re- 
placed. The cont ro l  c i r c u i t  w a s  thoroughly serviced. 

This run completes t h e  U233 requirements 

The replacement steam superheater f o r  t he  thorium n i t r a t e  deni t ra tor  

During February, about 60 kg of mixed oxide w a s  prepared f o r  rod 
A t o t a l  of 960 kg has been prepared i n  the  program. Oxide 

The long-lived ac- 

The previously reported ca lc iner  control  t roubles  were corrected.  

Thorium-Uraniuq Fuel Cycle Development Fac i l i t y .  - The TUFCDF i s  t o  
be used i n  the  development of processes f o r  remotely recovering f i s s i l e  
and f e r t i l e  mater ia ls  and f o r  fabr ica t ing  Th-U233 f u e l  assemblies. 
design of t he  f a c i l i t y  w a s  completed i n  January 1964, and project  comple- 
t i o n  by ear ly  1967 i s  scheduled. 

r e l a t e d  t o  bui lding design has been aimed a t  reductions i n  cost  of bui lding 
components o r  improvement of opeyational capabi l i ty .  
furnace and r e l a t ed  components f o r  calcinat ion of ge l  t o  oxide a r e  almost 
completely designed. The dryer design study has es tabl ished the  need for 
addi t iona l  invest igat ions of t h i s  operation, and these a re  now under way. 
Crushing and grinding experiments ind ica te  t h a t  a disk pulverizer may be 
acceptable a s  a replacement f o r  t h e  roll and j a w  crushers and t h a t  a 
s m a l l ,  continuously operated b a l l  m i l l  can produce l a rge  quant i t ies  of oxide 

T i t l e  I 

Approval t o  start t i t l e  I1 design w a s  received on March 5, 1964. Work 

The ver t ical- tube 

I 
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f ines .  
a tube-transfer  device. Studies and design e f f o r t  continued on the  various 
other items of fabr ica t ion  equip'nent . 
t he  commitment t o  Brookhaven National Laboratory i s  continuing. The re- 
quired 900 rods 42 in .  long are  now fabricated,  and 133 of the  required 
200 rods 19 in .  long were made during February. P a r t  of t h e  month w a s  
spent on f a c i l i t y  cleanup f o r  c r i t i c a l i t y  control  and on modifications t o  
t he  system t o  permit production of t he  19-in.-long rods. On the  bas i s  of 
t he  days spent i n  ac tua l  rod production, t h e  average production r a t e  was 
18.5 rods/day . 
fabr ica t ing  t h e  p e l l e t  rods f o r  use by BNL i n  ca l ibra t ion  of t h e i r  zero- 
power c r i t i c a l i t y  t e s t s  w a s  i n s t a l l e d  i n  the  interim alpha laboratory i n  
Building 3019. 
was prepared f o r  use i n  the  p e l l e t  fabr icat ion.  

was used t o  prepare 850 g of thoria-8 wt  % urania  (highly enriched) micro- 
spheres having diameters i n  t h e  range 150 t o  300 p ( a f t e r  calcinat ion a t  
115OOC) f o r  i r r a d i a t i o n  t e s t ing .  Because of particle-agglo'neration 
problems, it was necessary t o  change the  surfactant  (used t o  adjust  the  
i n t e r f a c i a l  tension)  from Ethomeen S-15 ( t e r t i a r y  amine) t o  Span 80 
(sorbi tan monooleate). The effectiveness of Ethomeen, which i s  cat ionic ,  
appears t o  depend on the  f r e e  n i t r a t e  or urania content of the  sol. 
system Span 80 and 2-ethylhexanol produced spherical  pa r t i c l e s  of thoria-  
urania up t o  1000 p i n  diameter. 
shaped pa r t i c l e s  were produced with Span 80 f o r  s izes  greater  than 300 t o  
500 p. With a g lass  two-fluid nozzle f o r  forming the  droplets, the  y i e ld  of 
thoria-urania product i n  the  s i ze  range 150 t o  300 p varied from 50 t o  80%. 

The s tudies  t o  optimize the  procedure f o r  forming microspheres a re  
continuing. A laboratory-scale c o l m  f o r  preparing spheres w a s  used t o  
prepare microspheres i n  experiments i n  which the  e f f ec t s  of adding 5 t o  10 
vol $ of various mater ia ls  were determined. ?&e most sa t i s fac tory  addi- 
t i v e s  found t o  date f o r  forming urania-thoria-carbon spheres i n  2-ethyl- 
hexanol are t he  secondary and t e r t i a r y  alcohols. 

I n s t i t u t e  t o  apply techniques t h a t  t he  I n s t i t u t e  has developed t o  the  en- 
capsulation of thoria-3$ urania s o l  droplets.  The encapsulated droplets 
can be gel led and dr ied t o  microspheres. 
methacrylate o r  ce l lu lose  acetate  butyrate  polymer solutions f o r  forming 
the  encapsulating she l l .  Good capsules of s o l  have been formed, but  they 
usually collapse o r  break when the  so l  shrinks on drying t o  form gel .  
Procedures intended t o  make the  s h e l l  shrink as the  s o l  gels have not ye t  
been successful. 

In  one t e s t ,  unencapsulated sol was formed t o  spheres by passing it 
as  droplets through hexane i n t o  diethylenetriamine. 

I r r ad ia t ion  of Thorim Fuels. - Replicas of i r r ad ia t ed  arc-fused and 
sol-gel  oxides a re  being examined by electron microscopy t o  es tab l i sh  the 
nature of t he  dark spots observed. 
being made t o  fur ther  ver i fy  the  higher r a t e s  observed on i r r ad ia t ed  fuel ,  
compared with wiirradiated fue l .  

Conceptual assembly drawings were made of a welding machine and 

Rod Fabrication. - Operation of t he  rod-fabrication f a c i l i t y  t o  meet 

The equipment f o r  preparing the  Th02-U308 p e l l e t s  t o  be used i n  

Toe proposed operating procedure w a s  approved, and U23308 

Sol-Gel Microsphere Preparation. - A tapered 1 2 - l i t e r  glass  column 

The 

I n  e a r l i e r  t e s t s  with tho r i a  sols ,  pear- 

Studies a re  i n  progress under subcontract a t  Southwest Research 

Most of t he  t e s t s  were made with 

Additional dissolut ion s tudies  a re  
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X-ray d i f f r ac t ion  data from Be t t i s  Atomic Power Laboratory examina- 
t i o n  of p e l l e t s  i r r ad ia t ed  t o  50,030 and 95,003 Mwd/metric ton  showed a 
broadening of t he  high Th02-low U02 sol id-solut ion peaks. An appreciable 
decrease i n  un i t  c e l l  dimensions as a function of increased burnup was 
noted. 

Vibratory Compaction. - Laboratory and equipment modifications have 
been completed t o  permit the  f i l l i n g  and vibratory packing of 10-ft-long 
tubes with powdered fue l .  Ef for t s  t o  f i l l  these thin-walled (0.012-in.) 
tubes with the  a i d  of t he  new high-energy v ibra tor  resu l ted  i n  f a i l u r e  
of t he  tube w a l l .  A r e l a t ive ly  high transverse component may be respon- 
s ib le ,  and some redesign i s  under way t o  cor rec t  t h i s  problem. 

Th02-U308 p e l l e t  rods f o r  use a t  Brookhaven National L3boratory i s  being 
used t o  continue t o  look f o r  ways t o  improve the  fabr ica t ion  techniques. 
I s o s t a t i c  pressing i s  being used t o  produce p e l l e t s  of very uniform axial 
density. Whether o r  not t h e  BNL p e l l e t s  a r e  fabr ica ted  i n  t h i s  way, the  
method may be useful  t o  produce very uniformly dense ThOz-UO;! p e l l e t s  f o r  
use as reference standards i n  the  gamma scanning of rods f i l l e d  by vi-  
bratory compaction. 

Pe l l e t  Fabrication. - The time remaining before fabr ica t ion  of t he  

c 

Dispersion Hardening of Thorium Alloys. - Hot t e n s i l e  t e s t s  t o  evalu- 
a t e  hardening by dispersion and al loying were Completed. 
conducted a t  800°C, using thorium strengthened by al loying with zirconium 

5 w t  $I indium and dispersions containing 4 vol  $I t ho r i a  were much stronger 
than the  other compositions studied. A spread of 1500 t o  2000 p s i  i n  ten- 
s i le  s t rength was found f o r  samples prepared by presumably iden t i ca l  meth- 
ods. The f a c t  t h a t  4 vol  $I Tho2 produced y i e ld  s t rengths  about 60% higher 
than t h e  y i e ld  s t rengths  produced by 7 t o  13 vol ‘$I Tho2 was unexpected, 
and the  reason i s  being sought. 

The t e s t s  were 

o r  indium, or  using tho r i a  i n  the  form of a dispersoid. Alloys containing w 

ic 

Coated-Particle Developsnent . - A coated-particle- developrnent labora- 
t o r y  i s  being s e t  up t o  evaluate methods proposed f o r  preparing coated- 
f u e l  microspheres by sol-gel  techniques. 

laboratory i s  t o  be located has been completed. Layouts f o r  a i r  handling, 
piping, and e l e c t r i c a l  i n s t a l l a t i o n  a re  being prepared. Procurement 
specif icat ions f o r  the  hood, glove box, and coating furnace w i l l  be issued 
shortly,  and t h e  design of t he  furnace enclosure i s  about 30% complete. 
The concept of t he  coater and, more spec i f ica l ly ,  the  concept of i t s  gas 
d i s t r ibu to r  have been reviewed i n  the  l i g h t  of t heo re t i ca l  calculat ions,  
observations of f lu id i za t ion  models, and consultations.  Detailed design 
of t h i s  equiprnent was s ta r ted .  

The design of s t r u c t u r a l  modifications of t he  bui lding i n  which the  

Microsphere Coater Development. - The analysis  of t he  e f f e c t  of t he  
many var iables  on f lu id i za t ion  and on the  r a t e s  of pyrolyt ic  carbon coat- 
ing of microspheres has been completed. 
determining the  in t e r r e l a t ions  of t he  flow r a t e  of t h e  coating gas, i t s  
viscosi ty ,  i t s  density, and p a r t i c l e  diameter. Scale models of various 
designs of coating-gas d i s t r ibu to r s  were studied, and a de ta i led  design 
f o r  a coater  i s  under way. 

A nomograph was developed f o r  
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data 
f o r  

Equipment Development. - Experimental s tudies  were s t a r t e d  t o  obtain 
I f o r  drying s o l s  t o  gels  by using radiant  heating panels, as proposed 
the  dryer a t  t he  Thorium-Uranium Fuel Cycle Development Fac i l i t y .  

The only data on drying previously avai lable  were those obtained inc i -  
dental  t o  t he  process development f o r  t h e  Kilorod F a c i l i t y  and i n  i t s  op- 
erat ion.  
and a 0.42-ft2 t r a y  i n  a small oven t h a t  employs overhead heating. 
liminary r e s u l t s  ind ica te  t h a t  drying r a t e s  5 t o  10 times those used i n  
t h e  Kilorod Program may be prac t ica l .  

cining furnace w i l l  be t e s t ed  has begun. 
t he  f loo r  w a s  painted, and the  drain system w a s  upgraded. 
a vacuum dryer and i n s t a l l a t i o n  of a slab-tank sol-preparation system 
should be completed during April.  
thorium n i t r a t e ,  which i s  a l so  located i n  t h i s  area, w i l l  not be moved, 
t he  area w i l l  house a complete sol-gel  system f o r  t he  conversion of thorium 
n i t r a t e  t o  t he  dense oxide product. 

Rate data a re  being col lected f o r  a spec ia l  radiant  element 
Pre- 

Preparation of t he  area i n  which t h e  3-in.-diam, ver t ical- tube cal-  

Relocation of 
Unused equipnent was removed, 

Since the  ro ta ry  deni t ra tor  f o r  t he  

Extension of Sol-Gel Process t o  Newer Fuel Types. - The preparation 
of 850 g of thoria-8% urania (highly enriched) microspheres (150 t o  300 p 
i n  diameter) f o r  i r r ad ia t ion  s tudies  t o  be conducted a t  General Atomic, 
Ba t t e l l e  Memorial I n s t i t u t e ,  and t h e  ORNL Metals and Ceramics Division 
has been completed up t o  the  4% hydrogerr-argon f i r i n g  step.  Measurements 
of physical propert ies  were made on the  ge l  spheres dried a t  100°C and on 
the  a i r - f i r e d  spheres obtained by calcining the  ge l  spheres i n  a i r  f o r  4 
hr  a t  115OOC. The ge l  spheres had a density of 4.53 g/cm3 as  determined 
by mercury displacement and a density of 7.1 g/cm3 as determined by helium 
displacement. Their BET (nitrogen-adsorption) surface area was 56 m2/g. 
The a i r - f i r e d  oxide spheres had a mercury displacement density of 9.99 
and a helium displacement density of 10.03. 
0.004 m2/g. 
from t h i s  material .  
not been established. 

by the  sol-gel  procedure w a s  s ta r ted .  
molybdenum oxide gel,  and a dense zirconium oxide have been prepared so 
f a r .  

Physical and Chemical Properties of Molten Chlorides. - Studies a re  
continuing i n  t h e  i r r ad ia t ion  of mixtures of A l C 1 3  and ThCl4 i n  order t o  
produce Pa233 and then t o  t r y  t o  sublime it and the  A l C l 3  away from the  
ThCl4. 
mixtures of 50 mole % A1Cl3-50 mole $ ThC14 when heated a t  250°C f o r  a 
number of hours, even though the  A l C l 3  sublimes readi ly .  

above 1.0 .nole $. 

Their BET surface area w a s  

Those l a rge r  than 10 p looked hollow, but  t h i s  has 
Extremely small spheres (1 t o  30 p) have a l so  been prepared 

Work on the  preparation of a var ie ty  of types of dense mixed oxides 
A 20% urania-thoria, a thoria- 

Results show t h a t  protactinium chloride i s  not v o l a t i l e  from 

The so lub i l i t y  of ThC14 i n  A l C l 3  a t  25OOC was indicated t o  be s l i gh t ly  

MOLTEN-SALT RFACTOR PROGRAM 

Molten-Salt Reactor Experiment. - Progress w a s  made i n  a l l  a c t i v i t i e s  
concerned with the  fabr ica t ion  and i n s t a l l a t i o n  of t h e  MSRE. 
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Machining, cleaning, and final inspection of the reactor vessel were 
completed, and work was started on installing the graphite moderator as- 
sembly in the vessel. 

Binding of the tubes with INOR-8 spacing bars was nearly coxpleted. 

tank cell; leak checking of this system was started. The entire coolant 
system was checked for leaks with helium. Heaters and insulation were 
installed on the coolant drain tank, and work continued on the installation 
of other heaters and insulation in this area. 
completed around the radiator. The radiator door drive mechanism was in- 
stalled. The radiator system is almost ready for air flow test. 

on March 1. 

A water flow test was completed on the heat exchanger tube bundle. 

A l l  fuel piping, including freeze valves, was completed in the drain 

The cooling-air duct was 

The critical-path schedule showed the MSRE project to be 91% complete 

Metallurgy. - Studies were continued to evaluate the effect of heat 
treatment on the properties of Hastelloy N. In previous work we showed 
that the ductility of this alloy went through a minimum between 1400 and 
1800°F and that the low fracture strains were related to the heat treat- 
ment. 

melted heat of Hastelloy N (heat 2477) could be dissolved by annealing 
the alloy at 2400°F for 1 hr. 
precipitate formed if the solid-solution alloy was held at temperatures 
near 1503'F. 
slightly. 
heating to the reprecipitation temperature resulted in a reduction in 
ductility and an increase in strength. 
fluence of the additional nucleation sites brought about by cold working. 

Chemical Development. - The main oxidizing agent in the MSRE fuel 
(LiF-BeF2-ZrF4-TJF4; 65-29.1-5-0.9 mole $I) is UF4, a few percent of which 
is converted to UF3 as equilibrium is approached. Measurements of the 
solubility of UF3 in the fuel, along with results on the UF3-UF4 equilib- 
rium in the presence of H2 and HF, suggest that UF3 may be rather more 
stable in the MXRE fuel than in some of the fuel solvents previously 
studied. Also, the solubility of UF3 is apparently considerably lower 
than that predicted by analogy with rare earths or plutonium in LiF-BeF2 
melts. Thus, while the measured solubility provides a margin of tenfold 
or so at operating temperatures, the possibility that the used fie1 freezes 
as a five-component system, rather than a four-component system, is being 
studied. 
presence of UF3 has been encountered in the examination of frozen deposits 
from the Engineering Test Loop. 

Estimates of the surface tension of MSm fuel, based on the shape of 
a sessile drop (1 cm in diameter) on graphite, give, at MSRE operating 
temperatures, about 230 dynes/cm, compared with previously accepted esti- 
mates of about 200 dynes/crn or slightly lower. 
of surface tension was about 0.1 dyne em-' ('C)-l, as is also character- 
istic of alkali fluorides. 
that of other fluorides indicated that fluorides change (contact angle of 
90") from wetting to nonwetting on graphite as the surface tension at the 

healing studies showed that the precipitate present in a vacuum- 

These studies also showed that a fine 

This reprecipitation influenced the tensile properties only 
Cold working the alloy after the solution anneal and before 

4 
This is probably due to the in- 

So far, no evidence of a different freezing pattern due to the 

The temperature coefficient 

Correlation of the behavior of MSRE melts with 

e 
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melting point r i s e s  through 180 dynes/cm. 
change occurs a t  210 dynes/cm; presumably the  change occurs s imilar ly  on 
INOR-8 when the  l a t t e r  i s  su f f i c i en t ly  clean. 
nickel, a contact angle of  130' i s  predicted f o r  f u e l  o r  coolant on INOR-8 
a t  65OOC. 

On platinum or nickel  t he  

Based on comparison with 

Preparation of MSRE Materials. - The horizontal  ro ta ry  kiln,  in- 
s t a l l e d  f o r  use i n  t h e  densif icat ion of t he  Li7F feed material, w a s  put 
i n to  service. 
excess water was removed, and the  bulk density of t he  product was in-  
creased from an average of 0.5 t o  about 1.0 g/cm3. 
raise the  temperature of t he  t r ea t ed  mater ia l  only t o  5OO0C, which w a s  
lower than t h a t  desired on the  bas i s  of development work. Since enough 
mater ia l  had been t r ea t ed  t o  provide f o r  i n i t i a l  f luoride production op- 
erat ions,  t he  k i l n  was shut down f o r  i n s t a l l a t i o n  of addi t ional  heaters.  

and BeF2 r a w  mater ia ls  f o r  t h e  purpose of making the  coolant salt .  The 
s t a r tup  operation proceeded more smoothly than had been anticipated; nine 
batches of coolant (120 kg each) were prepared i n  a 20-day period. 
lowing t h i s ,  t he  f a c i l i t y  was shut down f o r  inspection of the  meltdown 
and treatment tanks, routine maintenance, review of t h e  ana ly t ica l  re- 
sults, and the  production of f u e l  samples containing enriched uranium f o r  
use i n  the  rad ia t ion  experiment now i n  preparation (Om-MTR-47-6). 
seems probable t h a t  t he  r a t e  of coolant and f lush  sal t  production can be 
increased subs tan t ia l ly  over t he  i n i t i a l  r a t e .  

A t o t a l  of 911 kg of mater ia l  was t r ea t ed  (11 batches); 

It proved possible t o  

The f luor ide  production f a c i l i t y  w a s  put i n t o  operation with Li7F 

Fol- 

It 

Radiation Effects .  - Parts  from previous in-p i le  exposures of INOR-8 
capsules containing MXRE f u e l  were examined fur ther .  For example, t he  
metallography of coupons from exposure 47-3 was finished. 
which were exposed i n  contact with graphite a t  higher temperatures (-SOO'C) 
than the  previously examined walls, suffered changes t h a t  were more readi ly  
detectable, such as  carburization and corrosion. The extent t o  which these 
e f f ec t s  are inherent with molten f u e l  remains i n  doubt, because the  cor- 
rosion was generally worse i n  t h e  capsules t h a t  presumably evolved the  most 
F2 from frozen s a l t  during shutdowns. 

assembly 47-4 w a s  reexamined a f t e r  more than a year i n  storage; whereas 
the  f u e l  c rys t a l s  had formerly been uniformly darkened by radiat ion damage, 
t he  outer two-thirds w a s  now found t o  have returned t o  a normal green 
color.  
The f u e l  i n  a companion capsule t h a t  underwent 11.3% burnup, and was thus 
even darker, w a s  unbleached. 

(molecules of Fz per 103 ev of absorbed energy, not counting 

the  induction period) i n  exposure 47-5 w a s  reassessed on the  bas i s  of 
neutron f lux  determined f rox  t h e  Co60 contents of pieces of the  capsules. 
Power dens i t ies  determined i n  t h i s  manner were approximately twice the  
design values. Thus, t he  GF values ranged from 0.005 t o  0.031 during 

shutdowns, and fur ther  revis ions of previously reported values may be 
necessary when b e t t e r  estimates of the  power dens i t ies  a re  obtained from 
isotopic  analyses of t he  uranium i n  the  fue l .  

These coupons, 

Half of  t he  capsule t h a t  received the  l e a s t  exposure (1.3% burnup) i n  

The mechanism of t h i s  apparant bleaching has not been established. 

The GF 
2 

2 
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Irradiation Tests. - The sixth capsule irradiation experiment of the 
0RNT;-MTR-47 series in support of the MSRE is in the assembly stage, and 
the instrument panels and gas-flow systems are being modified at the MTR. 
This experiment is designed primarily to further the study of CF4 genera- 
tion and general compatibility of reactor fuel and materials. The experi- 
ment will also provide an additional opportunity to examine the purge gas 
for the presence of fission products, such as iodine, which would affect 
the design of the reactor off-gas system. Irradiation at the J!ECR is 
scheduled to begin during the last quarter of FY 1964. 

The gas-sample station associated with the two capsules equipped for 
purging has been built, and external instrumentation is being connected for 
final tests of the system and the sampling technique. The sample station 
is designed for measuring the generation and radiolytic decomposition rates 
of CF4 from fissioning MSRE fuel. The CF4 is adsorbed in molecular-sieve 
traps cooled by liquid nitrogen. Samples of the trapped gas are analyzed 
for CF4 to obtain generation and decomposition data. A thermal conductiv- 
ity cell calibrated for CF4-He mixtures will be used as an alternate means 
of obtaining data on the rate of radiolytic decomposition of CF4 within 
the capsules. 

to severe crumbling of the precast fuel pieces - a condition not experi- 
enced with trial castings. 
and equipment is being prepared for an alternate technique of filling the 
capsules with powder. 

paring the fuel-salt samples for analysis was tested and was satisfactory 
after a few minor improvements were made. 
tained from the Engineering Test Loop by means of the prototype of the 
sampler-enricher. Maximum recovery of the sample after preparation for 
analysis was -E$; average recovery was -90%. 

tions are being used to evaluate the analyses of U, Zr, Cr, Be, and F. 

fuel salt by means of the inert-gas fusion technique. 
a closed graphite container, is ignited by induction heating for 1 min in 
an argon atmosphere at temperatures of the order of 2500OC. Oxide ion is 
released as CO, which is then oxidized to CO;! and measured by any of sev- 
eral methods. Gas chromatography appears to be the most feasible method 
for hot-cell application. The graphite container is shielded to prevent 
arcing from the graphite to the quartz assembly. 
dicate higher oxide values than those previously reported by the KBrF4 
technique. 

The first attempt to load the capsules with fuel was unsuccessful due 

Another set of fuel castings is being made, 

Analysis of Radioactive MSRE Fuels. - The equipment for use in pre- 

The tests were on samples ob- 

Fractions of each of the prepared samples were dissolved. These solu- 

Investigations were continued on the determination of oxide in MSRE 
The salt, packed in 

Preliminary results in- 

HIGH FLUX ISOTOPE REACTOR DESIGN AND DEVELOPMENT 

Metallurgy. - Proposals to fabricate 33 HFIR fuel elements were re- 
ceived from six qualified vendors. Representatives from all vendors had 
visited ORNL and observed our techniques before submitting their proposals. 
Visits have been made to evaluate the plants and capabilities of all the 
vendors. The final evaluations of the proposals are now being made. 

t 
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A segment of an HFIR cy l indr ica l  control  p l a t e  w a s  formed without 
occurrence of t he  core cracking, which has been a problem. 
had been made i n  the  plate:  (1) A second aluminum p la t e  w a s  glued t o  
the  p la te  t o  be formed so as  t o  move the  neut ra l  ax is  of the  composite 
i n t o  the  all-aluminum plate;  t h i s  made a l l  s t r e s ses  i n  t h e  cored p l a t e  
compressive s t resses ,  which a re  l e s s  l i k e l y  t o  cause cracking. 
europium oxide dispersion core was fabricated as a s ingle  piece ra ther  
than made up from s m a l l  segments. Additional work i s  required t o  show 
whether both changes a re  necessary t o  eliminate the  cracking. 

annulus has been completed, and f o r  the  outer  annulus over two-thirds 
have been inspected. 
high speeds) f o r  a f i r s t  tes t .  
ta ined has not been examined i n  de t a i l ,  bu t  seems t o  confirm the  spot- 
t e s t i n g  r e s u l t s  and shows the  p la tes  t o  be acceptable. 

T'o changes 

(2)  The 

The homogeneity inspection of a l l  p la tes  f o r  t he  c r i t i c a l  inner 

The scanner has worked surpr is ingly well  (even a t  
The tremendous volume of data being ob- 

Component Development. - Dynamic corrosion t e s t s  a re  being conducted 
on 0.250-in.-thick p l a t e l e t s  consis t ing of europium oxide clad with 6061- 
M aluminum. 
S t e l l i t e  3, type 304 s t a in l e s s  s t ee l ,  and 6061-T6 aluminum. 
mens a re  immersed i n  pH 5.0 demineralized water a t  195'F throughout t he  
t e s t s .  
Division and a re  considered representative of "as fabricated" HFIR con- 
t r o l  p la tes .  
and a force of 100 l b  i s  applied by the  r o l l e r .  
motion i s  used t o  simulate motion t h a t  i s  typ ica l  of reactor  operation. 
After one week of operation, p i t s  0.002 i n .  deep were noted on a l l  t he  
plates ,  regardless of r o l l e r  material .  
pr incipal ly  a t  t h e  ends of t he  surface over which the  r o l l e r  tracked. 
After 18 days of exposure, t he  i n i t i a l  p i t s  were 0.005 i n .  deep and new 
p i t s  were noted. 

The prototype HFIR outer control-rod drive has been t e s t e d  under 
f u l l  pressure and temperature i n  t h e  high-pressure t e s t  stand. Dummy 
weights were used t o  load the  drive ra ther  than a control  p la te .  The 
drive performed s a t i s f a c t o r i l y  during the  t e s t s .  
dence c i r c u i t  magnet has been received and i s  presently being tes ted .  

a l l  major welding operations on s t r u c t u r a l  pa r t s  a re  now complete. 
the  beryllium components a re  under fabr icat ion.  The permanent re f lec tor ,  
semipermanent re f lec tor ,  v e r t i c a l  experiment f a c i l i t y  plugs, and control-  
rod access plugs w i l l  be completed i n  Apri l1964.  Welding procedure de- 
velopment i s  continuing f o r  control-rod t racks.  

element s ide p la tes  except t he  outer s ide p l a t e  of t he  outer annulus i s  
being increased 25 m i l s  t o  improve the  weld in t eg r i ty .  

fuel-element coolant channels w a s  undertaken. 

The p l a t e l e t s  a re  i n  contact with 2-in.-diam r o l l e r s  of 
These speci- 

The europium oxide specimens were prepared by the  Metallurgy 

The specimens a re  mounted v e r t i c a l l y  i n  the  bearing t e s t e r ,  
Intermit tent  reciprocat ing 

These p i t s  were concentrated 

This t e s t  i s  being continued. 

Tlne prototype coinci- 

Fabrication of t he  HFIR s t ruc tu ra l  components i s  progressing, and 
All 

Design and Analysis. - The fue l -p la te  s l o t  depth i n  a l l  of t he  fuel-  

A b r i e f  study of t he  e f f ec t s  of p a r t i a l  blockage of t he  i n l e t  t o  t he  
Assuming t h i s  r e s t r i c t i o n  
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to result in only a contraction and expansion loss at the channel inlet, 
with a uniform distribution of coolant across the channel width downstream 
of the restriction, the results of this study indicate that over 50% of 
the channel inlet could be blocked before hot-spot incipient boiling would 
occur at the design power of 100 Mw. 

veloped for predicting the velocity and temperature distributions of the 
control-region coolant. It was found that use of correction factors on 
the momentum equations (called momentum coefficients) of values 0th.. er than 
1 resulted in predicted pressure drops through the system close to those 
measured experimentally. 

The outer control-rod thermal deflection experiment is being modified 
to investigate the effect of a step change of the tenperature in the axial 
direction on the deflection. 

An effort was made to correct the digital computer code being de- 

Instrumentation and Controls. - The coincidence element for the HFIR 
(The theory of operation of a magnet safety system is the electromagnet. 

of this type is described in ORNL-3191, pp. 6672.) 
produce a sufficient excess holding force to ensure that the rod is not 
inadvertently dropped. 
the H F I R  shim system, which is 880 lb. 

A prototype FeNi magnet having the folloxing properties has been 
designed and tested. 
is produced; two coils produce 1380 lb, and three coils energized produce 
1620 lb. 
500 lb is produced. The release time of this magnet was measured by using 
the pulse current technique described in ORNL-231%. 
ferential transformer was used to detect the first armature motion. With 
a load of 880 lb the release time is 4.3 msec when three coils are de- 
energized, and 7.5 msec when only two of the coils are de-energized. 

of a system composed of the above magnet and the mechanical components 
of the scram latch. 

The magnet must 

The holding force is based on the design load of 

With one coil energized, a holding force of LOO lb 

Thus with only two coils energized a holding-force margin of 

Also, a linear dif- 

Further investigation is now under way to determine the performance 

t 
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PHYSICAL R3SEARCH 

. 

c 

Reactor Operations. - The ORR operated 70.0% and the  LITR 9 5 . 9  of 

A prototype of the newly designed ORR control-rod drive mechanism 
the  time during January and February 1964. 

w a s  i n s t a l l e d  i n  the ORR. If t h i s  proves t o  be successful, f ive  more 
drive mechanisms w i l l  be i n s t a l l e d  i n  June. The new drives  are  expected 
t o  be more r e l i ab le  and t o  cause less trouble.  

Four new beryllium r e f l e c t o r  core pieces were i n s t a l l e d  i n  the  ORR. 
A l l  r e f l ec to r  pieces a re  being replaced, a s  the rad ia t ion  damage causes 
dimensional tolerances t o  be exceeded. 

holes,  and one beam experiment i s  i n  operation. Equipment f o r  t he  second 
hole i s  being in s t a l l ed .  

The north la rge  engineering f a c i l i t y  has been converted t o  two beam 

Waste Disposal. - A  review of the l i q u i d  waste discharges during 1963 
has shown t h a t  l e s s  than one-half of the  radioactive strontium released 
t o  the  Clinch River went through normal radioactive waste system channels. 
The remainder w a s  released a s  a r e s u l t  of  leaks i n  the  underground waste 
pipes through other  routes, such a s  the sani tary sewage disposal system 
and storm sewers. I n  sp i t e  of these f a i lu re s ,  t he  monitoring system b u i l t  
up during the  l as t  several  years enabled the  operators t o  de tec t  the  l i n e  
leaks soon a f t e r  they occurred, and the t o t a l  re lease of strontium (8.8 
cur ies )  compares favorably with those of previous years. 

Hot-Cell Operations. - Operations i n  the  hot c e l l s  were normal. Four 
fueled capsules from the  ORR were dismantled and examined; three of the  
capsules contained f i e l e d  graphite b a l l s  containing UC2, and the  other  
contained pyrolytic-carbon-coated UC2 pa r t i c l e s .  The NaK was removed from 
four  UOz-fieled capsules i r r ad ia t ed  a t  the ETR; these were stored f o r  fu- 
t u re  examination. Two UO;! meltdown experiments designed t o  study f i s s ion -  
gas re lease were disassembled and examined. Two experimental Army PM f u e l  
bundles were disassembled and examined visual ly ,  and t h e i r  dimensions were 
checked; they were reassembled f o r  re inser t ion  i n  the  Om. Bend t e s t  
measurements were made on about 128 i r r ad ia t ed  specimens. Physical meas- 
urements were made on nine ORR beryllium re f l ec to r  pieces, and several  
OF3 f u e l  elements were visual ly  examined f o r  scratches.  

diation-Level Examination Laboratory. 
I n s t a l l a t i o n  and f i n a l  check of equipment continued a t  the High-Ra- 

rmYSICS AND MATHEMATICS 

Neutron Diffraction. - Neutron d i f f r ac t ion  measurements were made on 
a se r i e s  of rare-ear th  in te rmeta l l ic  compounds t o  determine the  type of 
magnetic order and i t s  relat ionship t o  the  number of valence electrons 
i n  the  system. The compounds studied included TbCu, TbZn, TbGa, TbAg, 
TbHg, and TbIn. The compounds with Cu, Zn, A g ,  and Hg were found t o  have 
the  C s C l  type of s t ructure ,  TbGa  the CrBtype, and TbIn a complex t e t r ag -  
onal u n i t  ce l l .  The compound TbGa i s  ferromagnetic with a Curie tempera- 
t u re  of 155'K, and TbIn i s  antiferromagnetic below 190'K. 
pounds with the  C s C l  s t ructures ,  TbCu and TbAg are  antiferromagnetic with 

For the  com- 
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d e l  temperatures of 115 and 10O0K, whereas TbZn and TbHg are  ferromag- 
ne t ic  below 160 and 80°K respectively. This difference i n  magnetic be- 
havior between the compounds w i t h  group Ib and I I b  metals must be asso- 
c ia ted with the number of valence electrons ra ther  than with interatomic 
separations, because the l a t t i c e  constants of the two groups overlap. 

Low-Energy Neutron Time-of-Flight Spectroscopy. - Neutron transmis- 
sion and radiat ive capture measurements have been carr ied out from 1 ev 
t o  30 kev a t  the Rensselaer Polytechnic I n s t i t u t e  e lectron l i nac  labora- 
tory. The measurements were made with enriched samples of V50, La138, 
Sn12', the W isotopes, and the H f  isotopes and with natural ly  abundant 
samples of V, La, Sn, W, Pr, Cu, Y, F, Sc, Z r ,  Zn, and Ga. The f a s t -  
chopper group's 4096-channel analyzer was moved from ORNL t o  RPI t o  f a -  
c i l i t a t e  th i s  experiment; and it was possible, by using a l l  the RPI ana- 
lyzers  as  well, t o  simultaneously accumulate data on neutron radiat ive 
capture as  a function of time of f l i g h t ,  neutron transmission a s  a func- 
t i o n  of time of f l i g h t ,  and the pulse-height d i s t r ibu t ion  from the large 
l i qu id  s c i n t i l l a t o r  capture detector a s  a f'unction of time of f l i g h t .  
A l l  these data are  being processed, but some preliminary r e s u l t s  can be 
s ta ted.  
s ten a t  15.5 ev which i s  assigned t o  W 1 8 0 ;  t h i s  confirms p a r t i a l  capture 
measurements a t  Argonne, i n  which the resonance was observed but an i so-  
topic  assignment was not possible. 
the detection eff ic iency of the l i qu id  s c i n t i l l a t o r  i n  the case of the 
tungsten isotopes (approximately 8% f o r  a l l  the  isotopes) ,  and the tung- 
s ten resonance parameters have been sent t o  the Sigma Center a t  Brook- 
haven. Capture measurements upon f luorine indicate resonances a t  11.8, 
13.5, 15.0, and 27.8 kev, whereas thick-sample transmission measurements 
exhibi t  only the strong resonance a t  27.8 kev and a very weak ( i f  r e a l )  
resonance a t  -22 kev. Resonances were observed i n  La138 a t  21.0, 67.1, 
90.5, 132, 220, 240, 261, and 308 ev; no new resonances were observed i n  
V50 below 4 kev. Capture measurements upon Sn120 indicated resonances a t  
366, 427, 926, 955, 1282, 1441, 1730, 2900, 3170, 3930, 4330, 4470, 5230, 
5350, 6780, (7120), 7630, (84201, and 8880 ev, where the energies within 
parentheses indicate  weak resonances. A measurement of the resonance a t  
62 ev i n  t i n  (due t o  Sn124) indicates  a possible weak s a t e l l i t e  resonance 
a t  62.2 ev. 

res is tances  of nickel and of an al loy of nickel with 2 a t .  % gold have 

A resonance has been observed i n  capture measurements upon tung- 

Measurements have been completed on 

L 

Low-Temperature, Nuclear and Solid S ta te  Physics. - The e l e c t r i c a l  

been measured i n  the temperature range 4.2 t o  1240°K. The divfference i n  
resistance Ap between the two samples r i s e s  from a value of 0.76 microhm- 
em a t  4.2'Kto a highest measured value of 3.3 microhm-em near the Curie 
point. A t  temperatures above the Curie point, Ap f i rs t  f a l l s  sharply, 
and then decreases slowly t o  a value near 1.2 microhm-em a t  1240'K. The 
sharp r i s e  of Ap below the Curie point may be associated with magnetic 
scat ter ing,  whereas the r e l a t ive ly  constant value f o r  Ap above the Curie 
point a s  well as  the value a t  4.2'K may be re la ted  t o  the gold impurity 
scat ter ing.  

High-Voltage Experimental Program : A Search f o r  Interference Effects  
I Between Nuclear Resonance and Coulomb Excitation i n  the Na23 (p,p ) Reac- 

t ion.  - The narrow, i so la ted  resonance i n  the Na23(p,p1) react ion a t  873 - 
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kev, s i tuated upon a continuum due t o  Coulomb exci ta t ion,  would appear t o  
be a favorable case f o r  observing interference e f f e c t s  between compound- 
nucleus ine l a s t i c  scat ter ing and Coulomb excitation. The i e l d  of 439-kev 
gamma radiat ion emitted from the first excited s t a t e  of NaT3 was measured 
from 828 t o  1100 kev incident proton bombarding energy. 
accuracy of the experimental data, about S j b ,  the  noninterfering compound- 
nucleus and Coulomb-excitation contributions adequately account f o r  the 
shape of the resonance, although the presence of an interference e f f ec t  
cannot be def in i te ly  excluded. 

To within the 

High-Voltage Experimental Program: Search for a Spin-Spin Effect  i n  

the Interact ion of Polarized Neutrons with a Polarized H0165 Target. - 
U s i n g  the Bureau of Standards portable He3 re f r igera tor  [Advan. Cryog. 
Eng. 8, 443 (1963)], a single c rys t a l  of holmium metal was cooled t o  
0.34'E. 
a nuclear polar izat ion of approximately 75% i s  obtained owing t o  the ex- 
tremely large hyperfine interact ion.  The magnetic f i e l d  was produced by 
a superconducting s p l i t  solenoid. To invest igate  the spin-spin interac-  
t i o n  a t  350 kev, where the neutron polar izat ion from the Li7(p,n) reaction 
i s  about 5576, measurements were made of the transmitted i n t e n s i t i e s  with 
the ta rge t  nuclei polarized p a r a l l e l  and an t ipa ra l l e l  t o  the neutron po- 
la r iza t ion .  The observed difference i n  in tens i ty ,  (4.11 k 0.32)$, cor- 
responds t o  a difference i n  cross section of +30 5 85 mb, where the plus 
sign corresponds t o  a l a rge r  cross section for the p a r a l l e l  orientation. 
Since the H0165 nucleus i s  highly deformed, a transmission measurement 
was made t o  determine the difference i n  cross section between a polarized 
and an unpolarized ta rge t .  The transmission f o r  the polarized t a rge t  was 
smaller by (1.3 5 0.4)%, which corresponds t o  a cross-section increase 
of 350 5 100 mb upon polarization. 
section i s  i n  agreement with the e f f ec t  from the coupled channel calcula- 
t i on ,  

A t  t h i s  temperature, and with a magnetic f i e l d  of 3 kilogauss, 

This deformation e f f ec t  on the cross 

CHEMISTRY 

Effects  of Radiation on Analytical Methods. - The invest igat ion of 
the e f f ec t  of gamma radiat ion on the polarographic determination of ura- 
nium(vI) i n  uranium(1V) solutions has been continued. It has been found 
t h a t  rad io ly t ic  oxidation of uranium(1V) i n  85% phosphoric acid i s  much 
slower when the solution i s  saturated with argon rather  than a i r .  The 
e f f ec t  of the uranium(1V) concentration on t h i s  radiolyt ic  oxidation i s  
under examination. 

The study of the e f f ec t  of gamma radiat ion on the nickel-dimethyl- 
glyoxime complex has been continued. 
dimethylglyoxirne color, due t o  the complex, i s  quite sensi t ive t o  gamma 
radiation. It has been observed, however, t h a t  on removal of solutions 
containing the complex from the radiat ion f i e ld ,  the color grows back t o  
i t s  or ig ina l  intensi ty .  
able mechanism of t h i s  reaction. 
i n  the color complex i s  rad io ly t ica l ly  reduced and then i s  reoxidized 
a f t e r  removal from the radiat ion f i e l d .  

It has been found t h a t  the nickel-  

Tests are being conducted t o  ascer ta in  the prob- 
It i s  hypothesized tha t  the n i cke l ( I I1 )  
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Separations Chemistry Research. - Commercial diethylbenzene (61% 

meta, 28% para, 5% ortho),  a diluent used i n  radiochemical solvent extrac- 
t i o n  processing, was i r rad ia ted  f o r  approximately 100 whr/ l i ter  i n  a 
10,000-curie Co60 source while being mixed with 2 M aqueous n i t r i c  acid. 
The i r rad ia ted  mater ia l  contained 0.7% nitrogen, and gas-liquid chromato- 
graphs showed t h a t  the  products formed were the s m e  as  those previously I 

observed (ORNL-3568) a f t e r  n i t r a t ion  i n  the absence of radiation. I r r a -  
d ia t ion  of a 1 M t r i b u t y l  phosphate ( T P )  solution ( i n  diethylbenzene) 
incorporated more nitrogen (0.85$), with no change i n  the types or dis -  
t r i bu t ion  of products. 

I n  a previously reported study of in te rac t ion  between the components 
of synergi s t  i c  ex t rac t  ion combinat ions (ORNL-2471) , molecular associat ion 
between d i  (2-ethylhexy1)phosphoric acid (HA) and tri-n-octylphosphine 
oxide (TOPO) was demonstrated by means of infrared spectrophotometry. 
However, the poss ib i l i t y  of a corresponding molecular association between 
HA and TBP could not be examined because of a for tu i tous  overlapping of 
the infrared absorption bands. Reexamination by means of d i e l e c t r i c  meas- 
urements reconfirmed the association between HA and TOPO, and a l so  showed 
association between HA and i t s  complex s a l t  NaA*3HA, but showed almost no 
association between HA and TEE'. 

extract ion (Phenex) process f o r  recovering cesium from pol luc i te  ore leach 

w 

Separations Process Development. - I n  t e s t ing  the use of the phenol 

l iquors,  a carbonate s t r ipping process was successfully demonstrated i n  
continuous mixer-set t ler  equipment. The feed l iquor  was prepared by 
roasting the ore with a mixture of sodium chloride and sodium carbonate 
a t  7OO0C and leaching with water. 
i n  four extract ion and f ive  water-scmb stages with 1 M 4-sec-butyl-2- 
(a-methylbenzy1)phenol (RAMP) i n  kerosene. Contact OF the ex t rac t  with I 

carbon dioxide and water gave a pure cesium carbonate product solut ion 
containing only 0.00% combined alkali-metal  impurities. Overall cesium 
decontamination fac tors  f o r  the solvent extract ion process were 360 from 
rubidium, >40,000 from potassium, 500,000 from sodium, >9000 from lithium, 
>37,000 from s i l i c a ,  500 from iron, and >260 from aluminum. 

Vo la t i l i t y  Studies. - The compound NaF-UF6 was prepared by gas-solid 
reaction f o r  the f i r s t  time, and the decomposition-pressure curve was de- 
termined. The compound forms readi ly  with pulverized Harshaw p e l l e t s  of 
sodium f luoride or from HF-activated sodium f luoride by reaction with UF6 
a t  55 t o  85°C. The compound i s  white. The decomposition data conform t o  
the equation log P = 10.965 - 3.45 X 103/T, where P i s  the decomposition 
pressure i n  millimeters and T i s  the absolute temperature. 

The compound .?.NaF*UFg was a l so  prepared f o r  the  f i r s t  time by gas- 
so l id  react ion from Harshaw p e l l e t s  of sodium f luoride without HF act iva-  
t ion ;  the p e l l e t s  were pulverized f o r  t h i s  preparation. 

d i m  Harshaw sodium f luoride pe l l e t s ,  on the same p e l l e t s  broken t o  1 2  t o  
16 mesh, and on powder made by pulverizing the same p e l l e t s  demonstrated 
some in te res t ing  differences. 
on the second and t h i r d  cycles was diminished i n  the case of the broken 
p e l l e t s  and absent with the powder. 
the  t h i r d  cycle with the p e l l e t s  was accentuated w i t h  the  broken pe l l e t s .  

About 99% of the cesium was recovered 
- 

Repeated, a l te rna t ing  sorption and desorption of uF6 from 1/8-in. - 

The i n i t i a l  l o s s  of sorption capacity noted 

The gradual increase i n  capacity a f t e r  
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The i n i t i a l  complete conversion t o  2NaF-UF6 obtained with powdered sodium 
f luoride on the f i rs t  cycle was retained on subsequent cycles for the  
powder. 

ference between the  pulverized p e l l e t s  and the  HF-activated sodium f luo-  
ride : 
l e t s ,  whereas the  HF-activated mater ia l  gradually l o s t  t h a t  a b i l i t y  with 
repeated cycling. 

Radiolysis of Metal Fluorides. - Continuation of i r r ad ia t ion  of MSRE 
f u e l  s a l t  of <0.002 in .  i n  diameter (0.52 m2/g) with 250-kv x rays gave 
G(F2) values a s  high a s  0.07 (calculated from F2, CF4, and COF2). I n  a l l  
cases, analysis  showed oxygen and carbon dioxide i n  excess of t h a t  ex- 
pected from the  a i r  content (based on argon and nitrogen).  
sumed t h a t  t he  0 2  and C02 were generated by f luorine reactions with i m -  
p u r i t i e s  i n  the  s a l t ,  even higher G values are  obtained. 

higher r a t e  of energy input,  a beryllium-window type of x-ray tube was 
obtained i n  order t o  t e s t  the  e f f ec t  of the very high output available.  
Cel ls  f o r  containing the  t e s t  s a l t s  were designed with very t h i n  beryllium 
windows i n  place of the t h i n  nickel  diaphragms previously used. A fer- 
rous su l fa te  dosimeter indicated an average dose r a t e  of lo2' e v  g-l hr-l 
i n t o  a 10-g sample of MSRE fuel-type s a l t .  This input r a t e  i s  about 15 
times t h a t  obtained with the  tube used i n  previous experiments. Subse- 
quent i r r ad ia t ion  experiments with the  150-kv beryllium-window tube and 
a port ion of the long-irradiated MSRE f i e 1  s a l t  gave r e su l t s  consistent 
with those obtained with the  lower-dose-rate apparatus. An elemental 
f luorine concentration of 3.6% was obtained during a 69-hr i r r ad ia t ion  
of f u e l  s a l t ,  which was a t  l e a s t  an order of magnitude higher than might 
have been expected under previously used conditions. 

Nuclear Methods of Chemical Analysis. - During March we completed 
and put i n t o  f i n a l  form the f i r s t  port ion of the  report  14-Mev Neutron 
Reactions. This report  contains a descr ipt ion of the  reactions observed 
when pure, na tura l ly  occurring elements (Z = 1 t o  30) a re  i r r ad ia t ed  with 
unmoderated 14-Mev neutrons produced by the  H3 (d,n)He4 reaction. 
sections a re  calculated where possible,  and normalized standard gamma-ray 
spectra are  collected.  These standard spectra are  equivalent t o  the  gamma 
rad ioac t iv i ty  t h a t  w i l l  be produced when 1 g of the pure element i s  ir-  
radiated f o r  a given length of t i m e  a t  a 14-Mev neutron f lux  of 5 X lo8 
neutrons 
t r a l  decay i s  presented. 
d ic t ing  the  s e n s i t i v i t y  of nondestructive spec t ra l  analysis  of almost any 
sample. 

Nuclear Chemistry: Neutron Cross Sections. - A  measurement was made 
of the  thermal neutron capture cross sect ion and the  resonance capture 
in t eg ra l  of U232,  the  73.6-year alpha-emitting isotope of uranium. 
gram quant i t ies  of U232 i n i t i a l l y  containing l e s s  than 1% of U233 were 
i r r ad ia t ed  i n  the  core of the  ORR f o r  times up t o  150 hr .  Measurements 
of the  U233 formed during the  course of the i r r ad ia t ion  were car r ied  out 
on submicrogram quant i t ies  of uranium with a two-stage mass spectrometer. 
By comparing the results obtained i n  i r r ad ia t ions  made with and without 

Repeated sorption-desorption cycling showed another i n t e re s t ing  d i f -  

2NaF.UF6 could be formed repeatedly on cycling f o r  pulverized pe l -  

If it i s  as- 

Since the  e f f e c t s  of impuri t ies  might be overridden by using a much 

Cross 

see-'. If more than one radionuclide i s  produced, a spec- 
These spectra may be u t i l i z e d  i n  accurately pre- 

Micro- 
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cadmium f i l ters ,  a thermal (subcadmium) cross sect ion of 79 barns and a 
resonance i n t e g r a l  of 277 barns were found f o r  rad ia t ive  capture i n  U232. 
The uncertainty i n  the cross sect ions i s  thought t o  be less than 1%. 
These values a re  based upon the  Co5’ cross sections,  since d i l u t e  a l loys  
of cobalt  i n  aluminum were used t o  monitor the  i r r ad ia t ions ,  and t o  a 
minor extent  upon the U233 absorption and U232 f i s s i o n  cross  sections,  
which must be known t o  account f o r  the  burnup of these species during the 
i r rad ia t ion .  

t 

I 

Organic Chemistry. - I n  the  course of our study of t he  mechanisms 
of rearrangement react ions by means of label ing techniques with the  ra -  
dioisotopes C 1 4  and tritium, we have now completed experiments on the  
acid-catalyzed rearrangement of 2-phenylnorbornane-2,3-cis-exo-diol. -- 
react ion proceeds with intramolecular rearrangement of hybogen from one 
carbon t o  the  next one, t h a t  is ,  t o  the  carbon bearing the  phenyl group. 
The phenyl group remains attached t o  the  same carbon atom throughout t he  
rearrangement. Stereochemical s tud ies  show t h a t  the configuration of the  
product i s  inverted with respect t o  the  configuration of the  reactant .  

Electrochemical Kinetics and I t s  Application t o  Corrosion. - I n  many 
and perhaps a l l  cases, the d isso lu t ion  of zirconium i n  solut ions contain- 
ing HF involves the  continuous formation and d isso lu t ion  of a f i lm .  The 
t rue  r a t e s  of the  surface react ions between HF and the  ions a t  the surface 
of the  f i lm have been invest igated with a rotat ing-disk electrode. With 
th i s  apparatus, the e f f e c t s  of mass t r a n s f e r  are  eliminated by measuring 
the  current a s  a function of ro t a t iona l  velocity.  The following systems 
have been invest igated:  zirconium i n  HF-HN03, zirconium i n  HF-H2SO4, and 
zirconium-15$ niobium i n  HF-H2SO&. 
zirconium i n  HF-HNO3 i s  f irst  order with respect t o  HF, but there  i s  a 
small e f f e c t  tending t o  reduce the  r a t e  a t  low concentrations of HF. For 
HF concentrations varying from about lff3 t o  5 X 1ff2 N, t he  r a t e  var ies  
from about 1.2 X l T 3  amp/cm2 t o  2 X UT1 amp/cm2. 
zirconium and zirconium-l5% niobium i n  HF-H2SO4 i s  much more complicated, 
since the  r a t e s  are  lower than i n  HF-HN03 and sharply decrease a t  low con- 
centrat ions of HF. A mechanism involving the  adsorption of su l f a t e  on 
the  surface accounts for most of the  observations. 

The 

The r a t e  of the  surface react ion of 
I 

Thg disso lu t ion  of 

Chemical Physics: Microwave and Radio-Frequency Spectroscopy. - 
Single c rys t a l s  of dimethylglyoxime a f t e r  i r r a d i a t i o n  a t  77°K with gamma 
rays show two prominent paramagnetic resonance spectra. One of these 
spectra  i s  stable a t  room temperature, whereas the  other  slowly disappears 
over a period of several  days. We have studied both spectra  a t  room t e m -  
perature and have evaluated the  appropriate tensors  of the  spin Hamilto- 
nians. A more precise  evaluation than usual was made possible by devel- 
oping programs for a computer t h a t  allowed a l l  parameters t o  be found with 
a least-squares procedure. 

The species s tab le  a t  room temperature has been previously described. 
The spectrum i s  typ ica l  of a paramagnetic species with a single unpaired 
e lec t ron  (doublet s t a t e )  with a hyperfine coupling t o  a single nitrogen 
nucleus. 

and the  g tensor, the  hyperfine tensor,  and the  e lec t ron  spin-spin i n t e r -  
act ion tensor  have a l l  been evaluated. To our surprise ,  the  g and hyper- 
f ine  tensors  (a t o t a l  of 12 numerical parameters) were almost i den t i ca l  

The second species contains two unpaired electrons ( t r i p l e t  s t a t e ) ,  
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with those found f o r  the stable,  doublet-state species. This strongly 
indicates  t h a t  the t r i p l e t - s t a t e  species i s  an in te rac t ing  p a i r  of the 
doublet-state species. The charac te r i s t ic  direct ions and in t ens i ty  of 
the spin-spin in te rac t ion  substantiate t h i s  in te rpre ta t ion  and show t h a t  
the paired e n t i t i e s  l i e  along one of the c rys t a l  axis  direct ions displaced 
j u s t  one un i t  c e l l  distance apart .  The doublet species i s  probably formed 
by the removal of a hydrogen atom from the parent molecule. 
s t a t e  species would then form by t h i s  atom select ively abstract ing a hy- 
drogen atom ( t o  form H 2 )  from a neighboring parent molecule. 

Physical Chemistry of Molten Sal ts .  - I n  a study of the wetting be- 
havior of ionic  melts, l i nea r  re la t ionships  were noted between the surface 
tension of molten f luorides  and the cosine of the contact angle 8 between 
the melts and e i t h e r  graphite or platinum ( t r ans i t i on  from wetting t o  non- 
wetting a t  cos 8 = 0) .  
l iqu ids  and sol ids  had been reported i n  the l i t e r a t u r e ,  but application 
t o  the in t e r f ac i a l  behavior of molten s a l t s  has only begun t o  be e-uplored. 

In te res t  i n  the atomistic s t ructure  of the surface of an ionic  melt 
l ed  t o  consideration of a family of l i n e a r  re la t ionships  between the crys- 
t a l  energy Uo and the surface tension of a l k a l i  hal ides  a t  t h e i r  melting 
point. For mixtures with a common anion, since the surface might be ex- 
pected t o  be r icher  i n  the component of lower surface tension, surface 
tensions t h a t  were low re l a t ive  t o  the l i n e a r  re la t ionship were not sur- 
prising; however, eu tec t ic  melts f e l l  on the l i ne .  The l i n e a r  re la t ion-  
ship was interrupted by a break or a s h i f t  t o  a new l i n e  f o r  C s I ,  RbI; 
CsBr, RbBr; and CsC1, RbC1; t h i s  may be related t o  a d i f fe ren t  surface 
s t ructure  f o r  these melts, since the anomaly i s  present only f o r  those 
s a l t s  known t o  have a C s I  s tructure under cer ta in  temperatures and pres- 
sures and i s  absent with fluorides.  The usefulness of such apparent cor- 
re la t ions,  which may involve the s t ructure  of the surface, has not yet  
been explored i n  any de ta i l .  

High-Temperature Aqueous Solution Chemistry. - I n  high-temperature 
pressurized water systems operated under reducing conditions (e.g., pres- 
surized water reactor  systems), the pr incipal  species of dissolved i ron  
believed t o  be present are Fe2+ and any soluble hydrolysis products. 
a continuing program of high-temperature ac id i ty  measurements, the hydro- 
l y t i c  behavior of Fe2+ was investigated a t  temperatures approaching those 
employed i n  such systems (e.g., 260OC). For these measurements a hydrogen 
electrode concentration c e l l  of the type previously employed (ORPJL-3307) 
i s  being used. A s  anticipated,  the presence of a hydrogen atmosphere pre- 
vented oxidation of Fe2". However, rapid reduction of t races  of Fe( I I1)  
i n i t i a l l y  present appeared t o  occur only when suf f ic ien t  acid (>0.01 m )  
was present a t  the beginning of an experiment t o  prevent extensive hyr  
drolysis  of Fe3+. 

found t o  be consistent with the sFmple hydrolysis reaction Fe2+ + H2O 
FeOp + H+. A value of -lcr9*5 f o r  
1 M NaClO4 has been reported. 
beTore the reaction has reached 1% completion. 
ent ly  estimated as l c r 7 0 5 ,  lT6*3, and 10-5*9 a t  95, 150, and 20OoC re- 
spectively. 

The t r i p l e t -  

A s imilar  re la t ionship f o r  families of organic 

In  

The i n i t i a l  r e su l t s  ( i n  0.1 m NaCl medium a t  95, 150, and 200°C) were 

= [Fe0H+][@]/[Fe2"] a t  25'C i n  
Hydrolytic prec ip i ta t ion  occurs, however, 

Values of Q1,l are pres- 
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Chemical Separation of Isotopes. - The infrared spectrum of gaseous 
chloryl f luoride has been examined i n  d e t a i l  from 300 t o  3000 cm-l. The 
chlorine and oxygen isotopic  s t ructures  of many of the bands were re-  
solved. The Raman spectrum of l i qu id  chloryl f luoride was observed from 
0 t o  1500 em-’, and polar izat ion measurements were recorded. All funda- 
mental frequencies of the molecule were observed i n  both inf ra red  and 
Raman spectra.  Valence force constants were calculated which closely re-  
produce the observed f’undamental frequencies, a s  well as  the isotopic  
s h i f t s  observed when the molecule was labeled w i t h  C 1 3 7  and 0l8. The ob- 
served and calculated f’undamental vibrat ional  frequencies are  a s  follows : 

- 

~ ~ 1 ~ ~ 0 ~  FC1 70 ~ ~ 1 ~ 5 0 s  ~ ~ 1 3 7 0 3  8 

Obs Calcd Obs Calcd Obs Calcd Obs Calcd 

V I  1105.8 1105.8 1098.4 1098.4 1060.4 1058.8 1052.6 1050.9 

~2 630.2 630.2 621.6 621.6 624.7 626.3 616.0 617.7 

v 3  547.9 547.9 544.4 544.4 528.0 524.7 521.3 

~4 401.6 401.6 400.0 400.0 393.5 391.9 
~5 1271.4 1271.3 1258.6 1258.5 1229.6 1226.1 1215.0 1212.8 

V g  367.0 367.0 (365.5) 365.5 357.0 355.6 

TRANSUWIUM-ELEmNT PRODUCTION 

Chemical Process Development: Tramex Modification t o  Produce Cnlo- 
ride-Free Curium. - Since a poten t ia l  hazard would e x i s t  i f  solvent were 
present when curium product i s  converted from chloride t o  n i t r a t e  by d is -  
t i l l a t i o n ,  a modified Tramex flowsheet, which w i l l  produce chloride-free 
curium i n  1 M HpJO3, was developed. 

I n  t h i s p r o c e s s ,  americium and curium are  extracted with 0.6 M_ Al- 
amine 3360HC1 i n  diethylbenzene from 11 M L i C l  feed a s  before; however, 
the Alamine 336 containing the extracted-americium and curium i s  then con- 
verted from the chloride t o  the n i t r a t e  by contacting it with 8 M L i N O 3  
i n  a p a r t i t i o n  column. Solvent from the p a r t i t i o n  column i s  the; s t r ipped 
with 1 M HN03. 
process; made with t r a c e r  a c t i v i t i e s ,  product from the s t r i p  contactor 
contained 98% of the curium, about 30% of the ruthenium, and no detectable 
zirconium. 

indicate t h a t  a good curium product i n  n i t r i c  acid can be obtained. I n  
order for t h i s  process t o  be acceptable, ruthenium decontamination must 
be improved. 
t h i r d  contactor i n  c e l l  4 of the Curium Recovery Fac i l i ty .  

New Actinide-Lanthanide Extraction 
Systems. -Various so l ids  are  being t e s t ed  a s  supports f o r  solvents i n  

I n  a laboratory-scale mixer-set t ler  demonstration of t h i s  

Although chloride analyses have not yet  been made, previous r e s u l t s  

A s  yet ,  there  are  no plans f o r  i n s t a l l i n g  the necessary 

Chemical Process Development: 
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ext rac t ion  chromatography (known a l s o  a s  reversed-phase chromatography). 
Johns-Manville Chromasorb W (60 t o  100 mesh), manufactured f o r  use i n  gas 
chromatography, absorbed about 0.8 m l  of 1 M d i  (2-e thylhe~1)phosphor ic  
acid (HDEHP) i n  diisopropylbenzene per  gramof sol id .  
pium were separated by e lu t ion  w i t h  a mixture 1 M i n  glycol ic  acid and 
0.025 M i n  pentasodium diethylenetriaminepentaacetate from a column of 
t h i s  composition, but t he  separation was not so s h a q  as  expected. 
pium was extracted by HDEHP absorbed on a column of porous unsulfonated 
polystyrene-divinylbenzene copolymer beads (60 t o  100 mesh), but e lu t ion  
by n i t r i c  acid indicated t h a t  diffusion within the  beads was very slow. 

The ex t rac t ion  of lanthanides and americium by a naphthenic acid, 
Sunaptic acid A, was highly dependent on acidi ty .  Distr ibut ion coef f i -  
c i en t s  between 1 M Sunaptic acid i n  Amsco 125-82 and 0.1 M - c i t r i c  acid 
a t  pH 6.8 w e r e  O.z, 0.7, and 1.1 f o r  europium, americium, and cesium. 
high pH's, coef f ic ien ts  grea te r  than 100 were at ta ined,  but more than 24 
h r  was required t o  reach equilibrium. 

s t ea r i c  acids a s  extractants .  

Americium and euro- 

Euro- 

A t  

A survey i s  being made of various subst i tuted ace t ic ,  propionic, and 

Curium Recovery Fac i l i tx .  - Cells 3 and 4 i n  Building 4507 are  being 

Design and in -  
equipped t o  t e s t  transuranium process chemistry a t  f i l l - s c a l e  a c t i v i t y  
l eve l s  and t o  recover gram quant i t ies  of Cm242 and Cm244. 
s t a l l a t i o n  of equipment a re  nearly complete, and cold runs f o r  t e s t i n g  
chemical flowsheets a re  i n  progress. 

dissolut ions,  Tramex and Clanex (eo-lanthanide-actinide n i t r a t e  extrac- 
t i o n )  feed adjustments, and conversion of product from hydrochloric ac id  
t o  n i t r i c  acid solutions.  Flowsheet t e s t i n g  w i t h  the  mixer-set t ler  w a s  
hampered by a i r  locking of the  gravi ty  flow l i n e s  and by severe emulsion 
problems encountered with Tramex reagents. The emulsions are  now believed 
t o  have been caused by molybdenum i n  the  l i thium chloride solution. 

Flowsheet and equipment t e s t s  have been completed on simulated t a rge t  

Process Equipment Development. - Four process pumps are being oper- 
a ted simultaneously, two with annealed Zircaloy-2 diaphragms and two with 
the  mater ia l  a s  received (1% cold work), as  pa r t  of a program t o  de te r -  
mine and s p e c i D  the  optimum diaphragm material .  Six pumps were f ab r i -  
cated f o r  use on the  f i r s t - cyc le  solvent ex t rac t ion  system according t o  
the t en ta t ive  f i n a l  design and are  being tes ted .  These tests show t h a t  
c loser  tolerances a re  required f o r  ce r t a in  p a r t s  t o  ensure t h a t  spare 
p a r t s  are  completely interchangeable. Remote assembly and disassembly of 
a pump were demonstrated w i t h  the  impact wrench, the  master-slave manip- 
u la tors ,  and a simple alignment j i g .  

I n  a c e l l  mockup study t o  demonstrate a remote maintenance procedure, 
the  hot  disconnect well  and tube bundle were removed and replaced com- 
p l e t e ly  by remote operations. Some minor modifications are  needed t o  pro- 
vide b e t t e r  support and t o  simplify the  operation, but the design and pro- 
cedure were shown t o  be adequate. 

HFIR Target Development. - The s i x  P ~ ~ ~ ~ - c o n t a i n i n g  t a rge t  rods t o  
be i r r ad ia t ed  i n  one of the  Savannah River Laboratory production reactors  
were fabricated i n  the  new alpha laboratory i n  Building 3019. 
delayed f o r  several days because of d i f f i c u l t i e s  with the  off-gas system 
for the  glove box, operation with Pu242 was begun on March 1. 

After being 

Two batches 
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of t a r g e t  p e l l e t s  (38 p e l l e t s  each) were successfully fabr icated with no 
d i f  f i c u l t i e  s . 

The finned tubes f o r  containing the  p e l l e t s  were machined i n t o  the  
required configuration, and the  closure welds were completed, The round 
spacing can t h a t  w i l l  be attached t o  the  finned tubing was drawn t o  the  
desired dimensions, and the required machining operations were f inished.  
Several t es t s  were performed t o  determine the adequacy of a mechanical 
staking procedure f o r  a t taching the  spacing can t o  the  finned tubing. 
The tes ts  showed t h a t  the  p u l l  strength of the  j o i n t  was about 175 l b ,  
which should be more than adequate, Fabrication of t he  t a r g e t s  was com- 
p le ted  on March 26. 

The design of a glove box t o  enclose the metallograph f o r  t he  plu- 
tonium metallographic sect ion has been completed. 
box, along with the  remainder of t he  required metallographic equipment, 
w i l l  be placed i n  the near f'uture. 

Transuranium Faci l i ty .  - Construction of the  Transuranium Processing 
Plant continues on schedule. The f i rs t -  and second-floor pads i n  the  op- 
e ra t ing  laboratory wing of the building have been poured, and the  south, 
ea s t ,  and w e s t  walls of the  south ha l f  of the  building a re  nearly com- 
p le te .  The 50-ton crane, the  c h i l l e r  units f o r  the  building a i r  condi- 
t ioning system, and the  instrument a i r  compressors were in s t a l l ed .  A l l  
i t e m s  made of Hastelloy C by the  Nooter Corporation, including several  
pipe assemblies, the  tank p i t  sumps, and the  engineering-model cubicle 
f loo r  pan, have been received. 
viding the  remaining e ight  f l o o r  pans, t he  design of which was g rea t ly  
simplified i n  order t o  reduce costs.  Also, the  t e n  cell-shielding-window 
sleeves were received. 

r 

An order f o r  t h i s  glove 

A contract  w a s  l e t  with Nooter f o r  pro- . 
b 

METALLURGY A_T\TD MATERIALS 

Ceramics Research: Sinter ing Studies. - Observations of gra in  growth 
and pore closure i n  Tho2 have continued with a more thorough study of e tch 
p i t s  on the  surface of highly s in te red  Tho2 compacts. Electron micros- 
copy showed t h a t  t he  p i t s  were formed by crystallographic planes t en ta -  
t i v e l y  iden t i f i ed  a s  (loo), (110), and (111). Observation of the  p i t s  i n  
the op t i ca l  microscope indicated t h a t  they may s t a r t  t o  develop by thermal 
facet ing and t h a t  a preferred or ien ta t ion  of grains  may e x i s t  i n  a grain-  
growth specimen t h a t  had been heated f o r  several  hours a t  e levated t e m -  
perature.  
specimen heated f o r  12 h r  a t  2220°C showed de f in i t e  indicat ion of a pre- 
fe r red  or ien ta t ion  of grains.  
termine the  d i s t r ibu t ion  of gra in  or ien ta t ion  i n  more d e t a i l .  

t r o l l e d  var iables  on heat t ransport  i n  so l ids  by several  methods. Using 
our single-sphere thermal comparator, which rapidly measures specimens 
1/4 in .  t h i ck  and 1 in.  or l e s s  i n  diameter i n  the  range 50 t o  400"C, we 
found t h a t  the  thermal conductivity of ThS was 44.8 w m-' deg-l a t  75°C 
and 37.3 w m-l deg-l a t  300°C. 
15% b e t t e r  heat  conductor a t  300°C than the  stoichiometric material. Since 

I n  agreement with t h i s ,  an x-ray analysis  of a grain-growth 

Further x-ray analysis  w i l l  be used t o  de- 

Physical Propert ies  Studies. -We are  measuring the  e f f e c t  of con- 

Oxygen-deficient U02 was found t o  be a 
' 
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the comparator w i l l  not work on coarsely dispersed mixtures or anisotropic 
mater ia ls  such a s  graphite,  we have b u i l t  a longi tudinal  heat-flow appa- 
ra tus  that  gives an absolute accuracy of k3.55. 
used t o  complement the  r a d i a l  heat-flow measurements on graphite.  

With the  r a d i a l  heat-flow apparatus, we measured the  thermal conduc- 
t i v i t y  of CGB graphite of 1.824 g/cm3 density i n  the  range 50 t o  9 0 0 ° C  
i n  a d i rec t ion  perpendicular t o  the  extrusion direct ion.  It decreases 
w i t h  increasing temperature, obeying the  equation l / k  = 0.5454 + 12.65 X 
l C r 4 T  within +5% a t  100°C and *l$ a t  9 0 0 ° C ,  k being the  conductivity i n  
w a t t s  per  centimeter per  degree, and T the temperature i n  degrees Kelvin. 

t a t i o n  t o  high-temperature thermal conductivity measurements. To solve 
t h i s  we are  d r i f t - t e s t i n g  thermocouples a t  high temperatures under high 
vacuum. 
94% platinum+$ rhodium vs 7% platinum-30$ rhodium, tungsten vs 74% tung- 
sten-26% rhenium, and 95% tungsten-5s rhenium vs 74% tungsten-26% rhenium 
d r i f t e d  l e s s  than +5"C when exposed for 350 h r  a t  130OOC and 2 X l c r 7  t o r r  
and l e s s  than + l O ° C  i n  1000 hr  a t  1450°C and 4 X 1Cr8 t o r r .  This w a s  t r u e  
f o r  a l l  thermocouples posit ioned i n  reentrant  wells i n  an isothermal nio- 
bium block. However, thermocouples welded t o  the niobium block and ex- 
posed t o  a severe temperature gradient d r i f t e d  seriously.  

We have measured the  t o t a l  hemispherical emittance and e l e c t r i c a l  
r e s i s t i v i t y  of Nb-lG$ W-1% Zr-O.1% C, a promising high-temperature a l loy,  
a t  temperatures up t o  1500°C. This a l loy  i s  i n e r t  i n  a vacuum of lT7 
t o r r  and does not exhib i t  the  oxidation and subsequent r i s e  i n  emittance 
tha t  have been observed f o r  the -1% Zr a l loy  above 4 0 0 ° C .  The elec-  
t r i c a l  r e s i s t i v i t y  was only 2 t o  4% grea ter  than t h a t  of pure niobium, 
which may be indicat ive of ordering occurring because of the tungsten ad- 
d i t  ion. 

emittance apparatus, i n  which we measure the  time-temperature response of 
a rod specimen given an incremental increase i n  power. The r e s u l t s  on 
i ron  a t  520°C were within 2% of l i t e r a t u r e  values, when the  data  were re- 
duced by an unrefined computation. 
more ref ined computation i s  made. 

This apparatus w i l l  be 

Er ra t i c  thermocouple behavior a t  1 1 0 0 ° C  and higher i s  a major l imi- 

Thermocouples made from 9Q$ platinum-lO$ rhodium vs platinum, 

We have invest igated a method of  determining spec i f ic  heat  w i t h  the  

We expect agreement within 1% when a 

CONTROLLED THERM0NITCL;EA.R HEaARCH 

DCX-1 Fac i l i ty .  -Most of t h i s  report  period has been devoted t o  de- 
t a i l e d  s tudies  of plasmas establ ished by Lorentz-force trapping. These 
experiments have usual ly  involved in jec t ing  the  maximum H*+* beam (260 t o  
320 pa)  and making observations as  the  containment time T w a s  varied by 
control l ing a gas leak  i n t o  the  plasma region. The T range invest igated 
was from the T value a t  base pressures (up t o  40 see decay t i m e  on the  
cent ra l  charge-exchange de tec tors )  t o  ten ths  of a second. Lorentz-force 
trapping dominates gas-dissociation trapping throughout t h i s  T range, so 
f o r  a f ixed Hzf current the  proton current in jec ted  i n t o  the magnetic t r a p  
i s  a constant. Analyses of the  charge-exchange s ignals  from the  usual 
array of neut ra l -par t ic le  detectors  (foil-covered Faraday cups) indicate  
(1) t h a t  the t o t a l  charge-exchange lo s s  current i s  constant over the T 
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range from 0.1 see t o  about 2 t o  4 see, and by ind i rec t  argument, t h a t  
th is  loss current i s  equal t o  the proton current input t o  the t rap;  (2 )  
t h a t  the charge-exchange l o s s  current then f a l l s  off  markedly as  T i s  
f’urther increased; (3) t h a t  as  T i s  increased, ax ia l  sca t te r ing  of the 
plasma rapidly becomes more pronounced, the cent ra l  (maximum) plasma den- 
s i t y  approaches a l i m i t  of about lo8 emm3, and the t o t a l  number of stored 
f a s t  protons approaches a l i m i t  of about Studies of the charge- 
exchange s ignals  as  a f’unction of the outer r a d i a l  l i m i t  of the plasma 
have shown t h a t  the T range of rapidly increasing ax ia l  sca t te r ing  i s  a l so  
one of rapidly increasing r ad ia l  scat ter ing,  and a s  a consequence it i s  
believed t h a t  the apparent l imi ta t ions  are  i n  large pa r t  the r e s u l t  of 
plasma losses  t o  the r ad ia l  walls. The experiments now i n  progress in-  
volve the use of energy analyzers and secondary-emission detectors  f o r  
the charge-exchange l o s s  currents.  These s tudies  should provide informa- 
t i o n  on the extent t o  which the present data a re  influenced by the t rans-  
mission charac te r i s t ics  of the f o i l  detectors.  

has been made of the high-pressure region of the pressure-gradient (mode 
11) arc. 
i n  our beam-plasma in te rac t ion  studies.  It i s  required f o r  the hot-elec- 
t ron  plasma described i n  these reports and i s  the region which a theoret-  
i c a l  treatment describes as  completely ionized or burned out of neutrals .  
Experiments w i t h  the scaled-up version of t h i s  burnout region give quali-  
t a t i v e  data which are i n  fill agreement w i t h  the theory. Spectral  l i g h t  
v i r tua l ly  disappears a t  the t r ans i t i on  t o  the mode I1 regime. 
radio-frequency radiat ion (200 v/m a t  1 /2  m from the plasma) a t  the ion 
cyclotron frequency i s  measured i n  the vacuum chamber housing the appa- 
ratus.  
f o r  as  a r ad ia l  l o s s  t o  the plasma l i n e r .  

c 

* 

Eeam-Plasma Interaction. - A fac tor  of 5 scale-up i n  s ize  ( t o  10 em3) 

This high-pressure region i s  thought t o  be a basic ingredient 

Strong 
4 

Over 9% of the input power (3 kw i n  t h i s  instance) was accounted % 

Theory. - A  program i s  under way t o  analyze the dispersion r e l a t ion  
f o r  e l ec t ros t a t i c  i n s t a b i l i t i e s  i n  in jec t ion  machines i n  much grea te r  de- 
t a i l  than w a s  previously possible. The e f f e c t s  of e lectron temperature, 
anisotropy i n  the ion velocity d is t r ibu t ion ,  and the  f i n i t e  s ize  of the 
plasma are  being surveyed. One e f f ec t  of f i n i t e  s ize  i s  t h a t  a diamag- 
ne t ic  current must flow. I n  t h i s  respect, the  plasma i s  s imilar  t o  an 
ion beam and should exhibi t  the two-stream i n s t a b i l i t y  charac te r i s t ic  of 
beams. On the other hand, anisotropy a l so  produces e l e c t r o s t a t i c  i n s t a -  
b i l i t i e s ,  but generally over a more narrow range of parameters than the 
two-stream type. Preliminary r e su l t s  indicate  t h a t  the anisotropy in s t a -  
b i l i t y  dominates over the beam i n s t a b i l i t y  when both are  possible. 

Radio-Frequency Heating. - The EPA Fac i l i t y  has been under extensive 
modification f o r  the l a s t  two months f o r  the purpose of preparing an ener- 
ge t i c  neutral-beam in jec t ion  experiment. This experiment w i l l  involve the 
in jec t ion  of a 15- t o  22-kev neutral  hydrogen beam equivalent t o  several  
milliamperes of ions i n t o  the hot-electron plasma. The energetic neutrals  
w i l l  be ionized by the hot electrons and trapped i n  the magnetic f i e l d .  
This hot-electron plasma i s  prepared by the application of several  t ens  
of kilowatts of 3-cm microwave power t o  deuterium gas i n  a 3:l magnetic 
mirror. . 
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This in j ec t ion  experiment will check the  "blanket" e f f ec t  of the  
plasma, t h a t  i s ,  the  reduction of neut ra l  gas a t  t he  center of the  plasma 
by ionizat ion by the th ick  blanket of hot electrons.  Measurements of the 
charge-exchange neut ra l s  from the  trapped hydrogen ions w i l l  measure the  
effect iveness  of the  blanket. I n  addition, t he  heating of the ions i n  
the  plasma by the  trapped in jec ted  ions w i l l  be studied. 

I n  the  Physics Test Fac i l i ty ,  a new 4-mm microwave interferometer 
has been constructed with a focusing arrangement improved over previous 
models. 
clusions about the  density as measured by t h i s  interferometer. Further 
measurements with the  interferometer are  continuing i n  connection with 
gridded probe s tudies  and energy density measurements, The gridded probes 
are a l so  being used t o  study the  pecul iar  i n s t a b i l i t i e s  that  can be gen- 
e ra ted  i n  the  plasma. A new type of gridded probe and c i r c u i t  has been 
designed t o  suppress possible discharges i n  the  probe. 

Construction of the  redesigned Elmo Fac i l i t y  i s  under way and i s  ex- 
pected t o  be completed i n  the la te  spring. 
volved i n  electron-cyclotron experiments with 3-em microwave power i n  the 
double-folded cusp configuration and a l so  i n  experiments with 1 or  2 kw 
of 8-mm power with the  device operated a s  a mirror. 

evaluated f o r  the detect ion of low-energy neut ra l  hydrogen atoms. 
entrance window cons is t s  of a t h i n  Formvar f i lm mounted on a 0.001 X 1 in .  
s l i t  which i s  scanned across the  s p a t i a l  extent of the  beam. The counter 
i s  f i l l e d  with methane a t  a pressure of 1 t o  2 mm. The energy resolut ion 
was 7% f o r  2.5-kev neut ra l  hydrogen atoms and was 10.7% a t  30 kev. Par- 
t i c l e s  whose energy i s  1 kev are  detectable,  but with l e s s  eff ic iency.  

The t o t a l  d i ssoc ia t ion  cross sect ions of H2+ and H3+ i n  hydrogen gas 
have been measured i n  the  energy range 40 t o  220 kev. The cross sect ions 
decrease monotonically with increasing p a r t i c l e  energy. The cross sect ion 
f o r  H3+ decreases from a value of 8.3 X 1ffI6 cm2/molecule a t  40 kev t o  
2.8 x 1ff16 cm*/molecule a t  200 kev. 

sociat ion of H3+ have been completed. 
over the energy range 60 t o  200 kev and f o r  t a r g e t  gases of hydrogen, 
w a t e r  vapor, and xenon. Analysis of t he  data by conversion of the angular 
d i s t r ibu t ion  i n  the laboratory system t o  the  center-of-mass systems y ie lds  
information regarding the  react ion kinet ics .  For a given energy the  an- 
gular d i s t r ibu t ion  was constant as the  t a r g e t  gas was changed, indicat ing 
t h a t  the k ine t ics  are independent of t he  mass of the  t a rge t  atom. 

There a re  in su f f i c i en t  data  a t  the  present time t o  draw any con- 

The new f a c i l i t y  w i l l  be in -  

Cross Sections. - A  proportional counter has been fabricated and 
The 

Angular d i s t r ibu t ion  measurements of the  Hzf ions resu l t ing  from dis- 
The measurements were performed 

BIOLOGY AND MEDICINE 

RADIATION EFFECTS 

S t a t i s t i c a l  Services and Research. - Chromosome-type aberrations in-  
duced by 2.5-Mev neutrons i n  humans have been observed t o  be functionally 
r e l a t ed  t o  the  dose of neutrons. I r r ad ia t ed  blood samples from f ive  humans 
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were analyzed f o r  deletions,  
mined  f o r  homogeneity among 
data  on r ings and d icent r ics  
model Y = a + pD, where Y i s  
the  dose of neutrons. 

r ings,  and d icent r ics .  These data  were ex- 
the f ive  humans; the de le t ion  data  and the  
were then f i t t e d  by l e a s t  squares t o  the  
the number of aberrat ions per  c e l l  and D i s  

The same dose of radiat ion of d i f f e ren t  types may a f f e c t  l i v i n g  or- 
e 

ganisms with varying degrees of severity.  It i s  important therefore  t o  
define a term such as " re la t ive  biological  effect iveness"  (m), which 
i s  merely the  number of u n i t s  of type I rad ia t ion  which y i e lds  the same 
response a s  one un i t  of type I1 radiat ion.  The RE3 i s  usual ly  estimated 
from the r a t i o  of the  slopes of two f i t t e d  l i n e a r  regressions.  If t he  
doses of t he  two types of rad ia t ion  are  known precisely,  and the  dose- 
response curve i s  l i nea r ,  there  i s  no d i f f i c u l t y  i n  estimating the  REE. 
Because of the  physical l imi t a t ion  of ce r t a in  rad ia t ion  sources, however, 
the apparent t o t a l  dose of type I1 radia t ion  may be a mixture of both 
type I and type I1 radiat ion.  For instance,  a dose of 100 rads of neu- 
t rons  from a neutron source might r e a l l y  be 90 rads of neutrons and 10 
rads of gamma rays. If an estimate of the RBE of neutrons with respect 
t o  gamma rays i s  being sought, such a confounding of rad ia t ion  types may 
cause some d i f f i c u l t i e s .  Several techniques have been developed t o  over- 
come these d i f f i c u l t i e s .  

Pathology and physiology. - An experiment was done t o  study the  ef-  
f e c t  of var iables  on the  induction of glomerulosclerosis i n  i r r ad ia t ed  

4 
mice. 
x rays a t  3 o r  1 2  months of age, a t  a dose r a t e  of 90 r/min. 
groups, i n j ec t ion  of radioprotective chemical (AFT) was given p r i o r  t o  
i r rad ia t ion .  Necropsy showed t h a t  the  incidence of spontaneous glomerulo- 
s c l e ros i s  was l e s s  than 3% i n  controls.  
only i n  those groups receiving x-ray exposures of 650 r (approximately 
the LD50) or over and only when the  kidneys were d i r e c t l y  exposed, ranging 
from 31% a t  650 r t o  93% a t  1200 r. 
t e r v a l s  a f t e r  i r r a d i a t i o n  indicated t h a t  there  was a long l a t e n t  period 
(about nine months) before such changes of glomerulosclerosis became e v i -  
dent. When rad ia t ion  exposure su f f i c i en t  t o  induce glomerulosclerosis 
w a s  given a t  one year of age, the resu l t ing  f i n a l  incidence w a s  lower. 
It i s  f e l t  that  t h i s  was a t  l e a s t  p a r t l y  due t o  the  length of the l a t e n t  
period, allowing death of many animals i n  such groups before t h e  kidney 
les ions  could become manifest. When one kidney w a s  shielded and the other  
exposed t o  radiat ion,  glomerulosclerosis subsequently appeared only i n  
the i r r ad ia t ed  kidney. 
a l t e r  the  f i n a l  incidence of glomerulosclerosis a t  t he  three  rad ia t ion  
dose l eve l s  tes ted .  

Recovery from Somatic Ef fec ts  of Radiation. - Studies on the  mor- 
phology and function of bone marrow regenerating after sublethal  i r r a d i a -  
t ion,  t ransplan ta t ion  i n t o  i r r ad ia t ed  rec ip ien t  animals, and long-last ing 
p le thor iza t ion  strongly suggest t h a t  t he  p ro l i f e ra t ive  capacity and hemo- 
po ie t i c  competence of the marrow do not depend on i t s  content of s m a l l ,  
lymphocyte-like, mononucleated c e l l s ,  which a re  capable of incorporating 
t r i t i a t e d  thymidine. The s t ruc ture  and f'unction of these lymphocytes, as 
opposed t o  the  lymph-node and lymph lymphocytes, have not been thoroughly 

LAFl mice were exposed t o  500-1200 r of whole-body o r  partial-body 
I n  ce r t a in  

An increased incidence w a s  noted 

Gross observation of kidneys a t  i n -  

The use of AFT pretreatment did not s ign i f i can t ly  
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investigated,  however, probably because of the complexity and heteroge- 
ne i ty  of the  marrow's c e l l u l a r  composition. 
t o  reduce such heterogeneity by removing most, i f  not a l l ,  of the la rge  
b l a s t i c  elements from mouse marrow c e l l  suspensions. 

Marrow c e l l s  from long bones of adul t  C3H and (C3H X C57B1;)Fl mice 
were suspended i n  Tyrode's solut ion a t  a concentration of lo7 cells/ml. 
Aliquots of the  c e l l  suspensions were f i l t e r e d  twice through packed glass-  
wool columns of varying compactness t o  obtain varying degrees of lymphocyte 
enrichment. 
examination and s ta ined with Ralph's hemoglobin and Wright-Giemsa s t a ins .  
It w a s  possible by f i l t r a t i o n  t o  remove a l l  la rge  ce l l s ,  that  is, a l l  blast  
forms, reticulum ce l l s ,  h i s t iocytes ,  and monocytes, but t o  r e t a i n  s m a l l  
and mediun lymphocytes, normoblasts with pyknotic nuclei ,  metamyelocytes, 
and granulocytes. The lymphocyte enrichment was inversely r e l a t ed  t o  the 
t o t a l  c e l l  y i e ld  and d i r e c t l y  re la ted  t o  the compactness of the columns. 
Known amounts of the  o r ig ina l  and of the  f i l t e r e d  marrow were transplanted 
i n t o  isogenic rec ip ien t  mice exposed a few hours e a r l i e r  t o  900 r of x 
rays. The p ro l i f e ra t ive  capacity of the transplanted marrow w a s  estimated 
by measuring the  marrow's a b i l i t y  t o  promote DNA synthesis i n  the  spleens 
of the  recipients ,  a s  judged by incorporation of labeled 5-iododeoxyuri- 
dine ( 1131U~), a spec i f ic  DNA precursor, f ive  days a f t e r  t ransplantat ion.  
The hemopoietic f inc t ion  of the  transplanted marrow w a s  estimated by ex- 
mining  h is to logic  sect ions of the  rec ip ien ts '  hemopoietic si tes 10 t o  30 
days l a t e r .  Neither the  f i l t r a t i o n  procedure nor the  absence of b l a s t  
c e l l s  was observed t o  reduce the  p ro l i f e ra t ive  and hemopoietic competence 
of the  marrow, since a normal degree of I 1 3 1 U d R  incorporation, of hemo- 
po ie t i c  colony formation, and of 30-day survival  w a s  accomplished by the  
f i l t e r e d  marrow. 
furthermore, t o  be correlated with the content of small and medium lym- 
phocytes i n  both the  un f i l t e r ed  and the  f i l t e r e d  marrow, and not with any 
other c e l l  types. 
phocyte i s  indeed a multipotent hemopoietic s t e m  c e l l  i n  the mouse. 

t o r s  t h a t  regulate p l a t e l e t  production and maintain c i rcu la t ing  numbers, 
the  p l a t e l e t  levels of otherwise normal r a t s  were raised by transf'usion 
of f reshly col lected p l a t e l e t s  t o  two or three times the  normal l e v e l  t o  
study the e f f e c t  on megakaryocytes and on p l a t e l e t  numbers a t  i n t e rva l s  
a f t e r  transfusion. The number of megakaryocytes i n  the bone marrow of 
r a t s  k i l l e d  a t  i n t e rva l s  between 2 and 8 days a f t e r  the beginning of a 
course of two or three t r ans f i s ions  w a s  not a l tered.  I n  addition, p la te -  
l e t  numbers were not appreciably depressed below normal l eve l s  after t h e i r  
decline from the hy-pertransfusion level. These results indicate  that  the 
presence of abnomally high numbers of p l a t e l e t s  i n  the  c i rcu la t ion  does 
not reduce the  numbers of p l a t e l e t  precursors, although it may a r r e s t  meg- 
akaryocyte maturation. 

Described here i s  an approach 

Marrow samples were smeared on g lass  s l i des  f o r  microscopic 

The uptake of I13'UdR i n  the  rec ip ien t  spleens appeared, 

The r e s u l t s  indicate ,  therefore,  t h a t  the marrow l y m -  

Physiology of Blood P la t e l e t s .  - A s  pa r t  of an invest igat ion of fac-  

Medium(Low)-Level Long-Term Effec ts  of Radiation. - Male and female 
mice of the  RF/Up s t r a i n  were exposed t o  whole-boay i r r ad ia t ion ,  beginniw - 
a t  8 t o  10 weeks of age. The radiat ions and dose r a t e s  were as- foliows : 
250-kvp x rays (70430 rads/min), C o 6 0  gamma rays (0 .00350 rads/min), cy- 
c lotron f a s t  neutrons (5C-120 rads/min, -1.3 MeV mean energy), and Po-% 
f a s t  neutrons (0.0003-0.01 rad/min, -5 MeV mean energy). I r r ad ia t ion  a t  
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a given dose r a t e  was continued u n t i l  e i t h e r  a predetermined dose had 
been accumulated o r  50% of the exposed population had died. 
of survival decreased w i t h  increasing dose and dose ra te ,  but the l i f e -  
shortening effectiveness of the radiat ion a l so  diminished a t  high dose 
levels ,  especial ly  i n  those chronically exposed populations subject t o  
onset of mortali ty before the end of exposure. 
t ions,  the extent of l ife-shortening by the gamma rays was only about one- 
t h i r d  a s  high (-0.02-0.07 day/rad, depending on the dose r a t e )  a s  it was 
when the da i ly  gamma i r r ad ia t ion  was discontinued before the onset of mor- 
t a l i t y ,  and about one-tenth a s  high as  when the gamma i r r ad ia t ion  con- 
s i s t ed  of  a single br ie f  exposure. I n  the  case of f a s t  neutrons, the 
l i f e  - shortening e f f ec t  ivene s s under such conditions was about two- t h i r d s  
as great  (-0.31.0 day/rad, depending on the dose r a t e )  as  it was when 
the da i ly  neutron i r r ad ia t ion  w a s  discontinued before the onset of mor- 
t a l i t y  o r  when the neutron i r r ad ia t ion  consisted of a single br ie f  expo- 
sure. 

The duration 
7 

Under the l a t t e r  condi- b 

RADIATION GENETICS 

Mammalian Biochemical Genetics. - A single band of es terase a c t i v i t y  
i n  the serum of C57BL mice and two es te rases  i n  the sera of most other 
s t r a ins  of mice are  observed i n  the region of serum albumin following 
electrophoresis i n  s tarch gels.  Studies on the substrate s p e c i f i c i t i e s  
and gene-controlled molecular a l t e r a t ions  of the allelomorphic forms of 
these serum esterases  require i so l a t ion  of the enzyme. The esterase of 
C57E;L serum was separated from most serum proteins on diethylaminoethyl 
(DEAF,) cel lulose by gradient e lu t ion  with sodium phosphate and sodium 
chloride. 
and gamma-globulins t h a t  remained with the esterase following passage 
through DEAE cellulose.  Ultracentrifuge data indicated t h a t  the esterase 
has a molecular weight of approximately 70,000, which i s  s imilar  t o  t h a t  
of albumin. Guanidine hydrochloride did not dissociate  the esterase i n t o  
smaller components, indicating t h a t  it i s  not an isoenzyme. 

Sephadex G-200 was used t o  remove the small quant i t ies  of macro- 

Mutagen Mechanisms: Bacter ia l  Genetics. - Escherichia c o l i  K-12 - 
AB1899 i s  an encapsulated mutant bacterium sensi t ive t o  x-ray and u l t r a -  
v io le t  (2537-A) radiation. The mutation leading t o  enhanced sens i t i v i ty  
involves an a l t e r a t ion  i n  the genome close t o  the region control l ing sen- 
s i t i v i t y  t o  the bacteriophage T6 [Genetics 49, 237 (1964) ]. An independ- 
en t ly  i so la ted  encapsulated mutant derived from E. c o l i  K-12 HFrH has a l so  
been shown t o  involve an a l t e r a t ion  i n  the region of the T6 locus [ h e -  
t e r i o l .  Proc., p. 107 (1963)l. We have established t h a t  t h i s  mutant i s  
radiat ion sensi t ive.  It, l i k e  AB1899, forms long nonseptate filaments 
a f t e r  exposure t o  ionizing radiation. These filaments can be induced t o  
form cross walls and divide normally by the incorporation of pantoyl lac-  
tone i n  the pos t i r rad ia t ion  p la t ing  medium. 

The apparent linkage between the formation of capsules and the f a i l -  
ure  of the mechanism responsible f o r  cross-wall formation observed i n  
these s t r a i n s  l e d  us t o  search fo r  uncapsulated mutants. One such mutant 
has been obtained tha t ,  although devoid of capsular material  by chemical 

- -  
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and morphological c r i t e r i a ,  r e t a ins  the  rad ia t ion  s e n s i t i v i t y  and other 
charac te r i s t ics  of the  AB1899 cul ture  from which it was derived. 

The i so l a t ion  of t h i s  new mutant es tab l i shes  t h a t  t he  formation of 
capsules i s  not necessar i ly  r e l a t ed  t o  the  rad ia t ion  phenomena described 
f o r  these E. c o l i  s t r a ins .  The genetic bas i s  f o r  t he  new a l t e r a t i o n  i s  
under investigation. 

- 

COMBATING DETmNTAL EFFECTS OF RADIATION 

Mammalian Recovery. - Although short-term cul ture  techniques have 
been successfully applied t o  the  leukocytes of a var ie ty  of animals in -  
cluding man, no reproducible method has ye t  been devised f o r  the  mouse. 
Since the metabolic r a t e  of most dividing c e l l s  i s  higher than t h a t  of 
nondividing c e l l s ,  attempts were made t o  vary the cul ture  conditions i n  
order t o  vary the physiological s t a t e  of the  cultured ce l l s .  To minimize 
the e r rors ,  a s ingle  var iable  was studied a t  a time. Cells were generally 
maintained i n  t i s sue  cul ture  199, with added 25% ca l f  serum, phytohemag- 
g lu t in in ,  and an t ib io t i c s .  The var iables  t e s t ed  included age, sex, and 
s t r a i n  of mice; method of narcotization; methods of leukocyte separation; 
various commercial cul ture  media; and serum a t  varying concentrations 
from a var ie ty  of animals. Physical var iables  were a l so  studied: var ia-  
t i o n  of the  gas phase above the cultures,  regulation of pH over a wide 
physiological range, var ia t ion  of cul ture  temperature, and var ia t ion  of 
cul ture  vessel  and volume. 

Cells were examined a t  da i ly  in t e rva l s  up t o  seven days, when most 
c e l l s  showed signs of dis integrat ion.  Although mouse blood contains a 
high percentage of lymphocytes - c e l l s  t h a t  have been implicated i n  m i -  
t o t i c  a c t i v i t y  i n  leukocyte cul tures  of other species - there  w a s  no evi- 
dence of mitosis  under any cul ture  condition i n  our laboratory. However, 
successful cul tures  were obtained from human, r a t ,  and rabbi t  blood. Three 
p o s s i b i l i t i e s  may be suggested as reasons f o r  the apparent i n a b i l i t y  of 
mouse leukocytes t o  grow i n  cu l ture :  (1) the  cul ture  conditions may not 
be optimal; ( 2 )  mi to t ic  a c t i v i t y  i n  other  animals may be an a l l e r g i c  re- 
sponse t o  phytohemagglutinin from a previous encounter i n  nature; (3) the  
type of mononuclear c e l l  capable of divis ion may not be present i n  the  
mouse. The l a s t  p o s s i b i l i t y  seems t o  be the  most l i k e l y  one a t  present.  

Tissue Culture. - Peripheral  blood samples have been obtained from 
persons i r r ad ia t ed  i n  the  rad ia t ion  incident a t  the  Puerto Rico Nuclear 
Center approximately 18 months ago, and the  mater ia l  i s  being scored f o r  
chromosomal aberrations.  Scoring of human leukocyte samples i r r ad ia t ed  
with 730-Mev protons has been completed, and the scoring of samples ir- 
radiated with fission-spectrum neutrons from the  Health Physics Research 
Reactor operated i n  both steady-state and fas t -burs t  modes i s  i n  progress. 

An electron-microscopic study of the  changes induced i n  human leuko- 
cyte populations by treatment with phytohemagglutinin has been completed, 
and f i r t h e r  s tudies  of this  system by means of fluorescence microscopy 
have been begun. 

radiated with P32 beta  rays during the  weightless phase of the  G e m i n i - I 1 1  
manned space f l i g h t  has been designed, fabricated,  t es ted ,  and delivered 

An experimental "package" i n  which human blood samples w i l l  be i r-  
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t o  the NASA Manned Spaceflight Center. 
approval f o r  the f l i g h t .  
of individual components of the device has been completed. 

The experiment has received NASA 
f i r t h e r  tes t ing ,  both physical and biological,  

RADIOLOGICAL PHYSICS, HEALTH PHYSICS, AND FKDIATION INSTRUMENTATION 

Basic Instrumentation. - The application of f ie ld-ef fec t  t r a n s i s t o r s  
i n  charge- and voltage-sensitive preamplifiers was continued. 
t i o n  of a charge-sensitive preamplifier with a f i e ld -e f f ec t  t r a n s i s t o r  i n  
the input stage produced a minimum noise l i n e  width of 1.5 kev fill width 
a t  half  maximum referred t o  s i l i con  (zero detector capacitance) and a 
slope of 0.05 kev/picofarad. 
and the f ie ld-ef fec t  temperature was approximately 123°K. 
voltage-sensitive preamplifier with a f ie ld-ef fec t  t r a n s i s t o r  a s  the in-  
put stage was developed. 
f l a t  from 60 cps t o  10 Me; the input resistance was 20 megohms shunted 
by 9.5 picofarads capacitance; the output resistance was 100 ohms; and 
the equivalent noise voltage was 6.55 nanovolts/cpsl/*. 

A t  77'K, 
typ ica l  resolutions f o r  1.33-Mev gamma energies from Co60 were 6.5 t o  8 
kev full width a t  half  maximum f o r  depleted volumes of about 160 m3 and 
with a leakage current of approximately lrl' amp. 

Optimiza- 

The RC f i l t e r  time-constant was 4.8 psec, 
A wide-band 

The preamplifier voltage gain was 22, which was 

Lithium-drifted germanium gamma detectors  were produced. 

ISOTOPE DEVELOPMENT 

Analysis of Gamma-Ray Nuclides by Electronic Spectra Resolution. - 
The number of spectra i n  the standard response-function l i b r a r y  has been 
increased and now includes the spectra of 43 radionuclides. A computer 
program for the  r e c a l l  of standard spectra on paper tape or i n  graphical 
form has proved sat isfactory.  Rel iab i l i ty  t e s t ing  of the standard spectra 
i s  now under way. 

The absolute standardization techniques of th i s  program were u t i l i z e d  
i n  assaying an intercomparison sample of Cs137 d is t r ibu ted  by the In t e r -  
national Atomic Energy Agency. I n  addition t o  the IAEA, nine laborator ies  
i n  the United S ta tes  par t ic ipated i n  the evaluation of the intercomparison 
sample. Values f o r  the specif ic  ac t iv i ty  of the solution ranged from 8.58 
t o  10.3 pc/g i n  a t o t a l  of 16 determinations, of which seven "absolute" 
determinations gave a mean of 9.02 
used a t  t h i s  laboratory yielded a mean value of 8.98 5 0.07 pc/g. 
r e su l t s  of t h i s  intercomparison have helped clariSy the decay-scheme pa- 
rameters for t h i s  important radionuclide. 

0.07 pc/g; three independent methods 
The 

CIVILIAN APPLICATIONS OF WCLFAR EXPLOSIVES 

? 

Chemical Applications of Nuclear Explosions. - I n  laboratory develop- 
ment work f o r  Project Coach, leaching experiments with the most recent 
sample obtained from the Gnone cavity show t h a t  the acid-leaching proper- 
t i e s  of the water-insoluble residue d i f f e r  markedly from those of previous 
samples. Treatment with 30 m l  of 1 N - H C 1  per gram of the water-insoluble 
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residue a t  room temperature f o r  4 h r  leached o n l y  20 t o  4q0 of t o t a l -  
rare-earth beta ac t iv i ty ,  plutonium, or americium, whereas with previous 
samples, 75 t o  9 q 0  of these a c t i v i t i e s  were leached under the  same con- 
di t ions.  
insoluble res idues)  for 4 h r  leached ab&t 9% of the  above-mentioned 
radioisotopes, 
when the  i ron  i n  the  water-insoluble residue was completely solubilized. 
Petrographic analysis  showed the  residue t o  contain Fe304, CaS04, quartz, 
and ol ivine (MgFeSiO4) a s  pr inc ipa l  const i tuents :  1% Fe, 2% CaS04, and 
the  balance presumably quartz and s i l i c a t e s .  

Refluxing with 6 N HN03 or 6 N H C 1  (15 m l  per  gram of water- 

Complete leaching of these radioisotopes was achieved on ly  
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