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Foreword 

The present report, Mound Laboratory Activitie's in Chemical and 
Physical Research, issued semiannually, replaces the former semi- 
annual report entitled Mound Laboratory Activi't'ies for the 
Division of Physical Research. Under the sponsorship of the ERDA 
Division of Physical Research, Mound Laboratory is responsible 
for producing materials for use in the physical sciences to fur- 
ther the progress of science and technology in the public interest. 
Additional research activities of related interest under the spon- 
sorship of the Division of Military Application are also reported 
here. 

This report is submitted by W. T. Cave, Director of Nuclear 
Operations, and R. E. Vallee, Manager of Technology Applications 
and Development, from contributions prepared by W. M. Rutherford, 
Science Fellow (Thermal Diffusion); W. L. Taylor, Science Fellow 
(Gas Dynamics and Cryogenics); G. L. Silver, Senior Research -.. -- - 
Speciali-st (Separation Chemistry) ; R. C . Bowman, LeadZr , Metal-- 
Hydride Research, aKiT'from members of the Isotope Separation 
Section: R. A. Schwind, Isotope Separation Manager; E. Michaels, 
Leader, Isotope Separations Development; W. J. Roos, Leader, 
Stable Isotopes Production; B. E. Jepson, Leader, Metal Isotope 
Separation; R. M. Watrous, Leader, Radioisotopes Separation; and 
V. L. Avona, Leader, Stable Isotope Sales. 

These reports are not intended to constitute publication in any 
sense of the word. Final results will either be submitted for 
publication in regular professional journals or be published in 
the form of MLM topical reports. 

P. A. Semple, Editor 
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Isotope Separation , 

ARGON 

The 13-column, hot wire, thermal diffusion 
cascade has continued to produce approxi- 
mately 7% argon-38. This material is being 
collected and saved for later enrichment 
to 95%. The system also produced argon-36 
at 99.5% enrichment. ( G i l b e r t  E. S t u b e r )  

C A R B O N  

During this period, methane with a carbon- 
13 concentration of 99% and containing 
19.5 grams of carbon-13 was produced. 
Carbon dioxide with a carbon-13 concentra- 
tion of 97% and containing 22.3 grams of 
carbon-13 was produced. Elemental carbon 
with a carbon-13 concentration of 97% and 
containing 78 grams of carbon-13 was pro- 
duced. 

Production and shipment of two special 
batches of carbon-12 methane were reported 
previously. Product specifications re- 
quired that the carbon-13 content be less 
than 10 ppm relative to total carbon. 
Results of preliminary experiments with 
the first batch are now available. No 
carbon-13 was detected and this material 
will, therefore, be suitable for the pro- 
posed experiments. 

Enrichment of a special batch of carbon-13 
to 99.9% has been completed. The carbon-13 
is in the form of methane, which will have 
to be carefully purified and then burned 
to carbon dioxide, which is the chemical 
for111 that the customer requires. 
( W i l l i a m  J. R o o s  a n d  J e r o m e  C .  L i n e r )  

H E L I U M  

During this period approximately 4400 ,STP 
liters of 99.9% helium-3 was produced. 
( ~ , e r o m e  C .  L i n e r  a n d  W i l l i a m  J .  R o o s )  

K R Y P T O N  

The nine-column, five-stage thermal diffu- 
sion cascade has been used to partially 
enrich the heavy isotopes of .krypton. This 
material is then fed to a 19-column, eight- 
stage thermal diffusion cascade where kryp- 
ton-86 is enriched to 99% in the bottom 
stream and depleted to less than 8% in the 
top stream. This top stream has been col- 
lected and will be used in the future for 
the enrichment of krypton-82, -83, and -84. 

The 10-column, nine-stage cascade was used 
to produce a batch of 90% krypton-82 and 
a batch of 90% krypton-80. The feed gas 
used for both of these enrichments was 
krypton, collected and saved from many 
previous operations, which did not meet 
any present product specifications. This 
is the first time either of these isotopes 
of krypton has been enriched to 90% at 
Mound Laboratory. ( G i l b e r t  E .  S t u b e r )  

- - - - - . - . - 
Radiometric Krypton During this period, 
three,batches of krypton, highly depleted 
in krypton-85, were shipped from Mound 
Laboratory. Previously, an additional 
batch of depleted material had been shipped. 
Also shipped was a'quantity'of krypton with 
a somewhat lower krypton-85 depletion fac- 
tor. ERDA and the customer have agreed 
that the requirements of the program have 
been' completed. The thermal diffusion 
system which had been used in this program 
is now available for use in the inventory 
program. ( W i l l i a m  J. R o o s )  

NEON 

A six-column, double cascade thermal dif- 
fusion system produced approximately 0.5 
STP liter of 90% neon-21 during this period. 

Upgrading of neon-20 and neon-22 to product 
grade has continued in a four-column ther- 
mal diffusion system. The materials being 
upgraded are slightly below product speci- 
fications. ( G i l b e r t  6 .  S t u b e r )  

O X Y G E N  

The pilot-scale electrolysis system for 
producing oxygen-16 gas has been completed. 
The system, which utilizes a General Elec- 
tric Solid Polymer Electrolyte Water Elec,- 
trolysis Unit, has been operated and appears 
to give satisfactory results. This system 
will now be turned over to oxygen-18 gas 
production, and the work on a similar 
.large-scale electrolysis system for oxygen- 
16 will proceed. ( J e r o m e  C .  L i n e r )  

S U L F U R  

A'thorough helium leak check of the sulfur 
isotopes chemical exchange system and a 
checkout of system operation with air, . 
water, and nitrogen in place of system 
chemicals have been completed. Start-up 
has been delayed due to lack of manpower. 
( R e g i s  F. C m a r )  



XENON column system produced approximately 2.5 
STP liters of 5% xenon-124 and 1.0 STP 

During this period a 19-column thermal liter of 2% xenon-126; and an 8-column 
diffusion system produced approximately system produced approximately 11 STP liters 
0.65 STP liter of 40% xenon-124; a 24- of 80% xenon-136 and a batch of 50% xenon-'134. 

(~illiam J. Roos) 

Low Temperature Research 

VAPOR PRESSURE STUDIES 

The measurements of the vapor pressure 
differences between mixtures of ortho-para 
deuterium and equilibrium deuterium (2.15% 
para) have been extended to mixtures with 
higher concentrations of para molecules. 
Two 1-liter samples of approximately 80% 
para-deuterium were obtained from Professor 
David White of the University of Pennsyl- 
vania. Very large and irreproducible 
time dependent differences were measured 
against the eD2 standard. The rate of 
conversion of the para to the ortho species 
increases as the square of the concentra- 
tion of the former. The samples (-80% 
para) converted markedly (to -60% para) in 
two days in the cryostat. This rate of 
conversion raises questions about the va- 
lidity of the data. The data will there- 
fore be presented qualitatively rather than 
quantitatively. 

The data can be related to the difference 
in the free energies of the mixtures 
through quantity J derived in a previous 
report."he relationship among the meas- 
ured quantities AP, Pe, T, and J is given 
by: 

where B1l is the virial coefficient for 
D2. From a quantum mechanical ode1 of 
solid D2 ,' one would expect 4 to be a 
nearly linear function in 1/T for a given 
X-Xe. Since the following data do not 
follow this model, it was decided to quench 
the samples from the liquid state to below 
10 K and then warm them up. 

side the results from the fresh 50% sample 
on July 7. Below 1/T = 0.066 (T > 15 K), 
the results on the 50% sample on the two 
days are the same. In the high 1/T region 
(T < 15 K), there is a marked difference 
in the two runs. There is clearly an aging 
process in the solid which reduces the low 
temperature-vapor pressure ratio. Note 
that there is a threshhold for diffusion in 
solid D2 at about 15 K. 

In the July 7, 8, and 9 run there is a 
decrease in (X-Xe) with time as seen in 
Figure 3. The 50% data are the same as in 
Figure 2. The low temperature aging effect, ' 
can again be seen but it is not as pro- , '.. 
nounced as in Figure 2, There is also an : 

evident decrease in the vapor pressure 
ratio with decreasing (X-Xe). At the time 
these measurements were made there was a 
question as to the quality of the sample. 
There was also a problem in that the first 
sample had been sublimed into the vapor 
pressure bulbs rather than condensed be- 
cause of the low sample pressure. The 
second sample was then obtained f_rz Prof-: 
White; it was 82% para-deuterium at 1 atm. 

The new sample was condensed to a liquid 
and then cooled to 12 K. The first run-up 
in temperature to the triple point was taken 
very fast, six points in one hour, and the 
resilts are shown in Figure 4 as data (1) 
for July 20. The sample remained at a 
temperature just above the critical point A* iq.., 

for one-half hour and then was cooled to 
11 K. Data was again taken up to the triple 
point, this time seventeen points in five 
hours. These points are shown in Figure 4 
as data (2) for July 20: they exhibit a 
minimum like the 37% data in Fisure 3. The 
points measured the next day are relatively The first sample had a beginning value of linear and the concentration difference was . 

X-Xe = 0.71. The first data shown in found to be 63%. Fiaure 1 were taken from 12.5 X to 18.75 K 
on-~une 24. The sample was then cooled 
and kept at 12 K overnight. The sample 

A second run using the 82% para sample is . ', 

exhibited completely different behavior represented by the graph in Figure 5. 

above 1/T = 0.65, as shown by the data The samples were condensed to liquid and 

from June 25. After the re-measurement, cooled slowly to 11 K; data were then taken 

X was determined again and (X-Xe) had de- up to the triple point. The samples were 
cooled again to 11 K and maintained over- creased to 50%. nisht. After the July 29 data  were taken, 

The 50% (X-Xe) sample was withdrawn, stored, the concentration of para species was de- 

and measured aqain on July 7, 8 and 9. termined to be 65%. 

Figure 2 reproduces the ~ u n e  25 data along- 



FIGURE 1  - T e m p e r a t u r e  dependence o f  o r t h o - p a r a  D 2  m i x t u r e  vapor  
p r e s s u r e  r a t i o  a f t e r  ( a )  sample  quench and ( b )  a n n e a l  o v e r n i g h t .  

FIGURE 2 - T e m p e r a t u r e  dependence o f  o r t h o - p a r a  D 2  m i x t u r e  vapor  
p r e s s u r e  r a t i o  a f t e r  ( a )  sample  s low c o o l  and ( b )  a n n e a l  o v e r n i g h t .  
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FIGURE 4 - T e m p e r a t u r e  d e p e n d e n c e  o f  o r t h o - p a r a  D, m i x t u r e  v a p o r  
p r e s s u r e  r a t i o ,  d a t a  t a k e n  i n  t h r e e  d i f f e r e n t . w a y s  ( s e e  t e x t ) .  

FIGURE 3 - T e m p e r a t u r e  d e p e n d e n c e  o f  o r t h o - p a r a  D 2  m i x t u r e  v a p o r  
p r e s s u r e  r a t i o  a f t e r  s l o w  c o o l  on  t h r e e  s u c c e s s i v e  d a y s .  
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FIGURE 5 - T e m p e r a t u r e  d e p e n d e n c e  ' o f ' o r t h o - p a r a  D . 2 . m i x t u r e  v a p o r  
p r e s s u r e  r a t i o  a f t e r  c o n d e n s i n g  s a m p l e  a s  l i q u i d  on  t w o  s u c c e s s i v e  d a y s .  . . I - 

0.10 

0.08 

FIGURE 6 - D e u t e r i u m  v a p o r  p r e s s u r e  r a t i o s  
c o m p a r e d  w i t h  p u b l i s h e d  m e a s u r e m e n t s .  
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These data present several problems. It 
is quite clear that the conversion of para 
to ortho species has ko be slowed. It is 
also clear that quenching the samples to 
the solid produces large unexplainable 
effects at the low temperature end of the 
measurement, as seen in Figures 1 and 2. 
Even when the sample is condensed to a 
liquid, the results depend on the speed 
with which the run is taken, as seen in 
Figure 4. The faster run of July 20 is 
the only one.that produced data comparable 
with that of Meckstroth and White.' 

Metal Hydride 

P U L S E  NMR S T U D I E S  

Studies of TiFeH, A nuclear magnetic res- 
onance (NMR) investigation of the physical 
properties of 8-phase and 7-phase TiFeHx 
has continued. The TiFeHx system is a pri- 
mary candidate for hydrogen storage appli- 
cations. Previous pulse NMR measurements 
have provided some information on the nu- 
clear relaxation times for,protons in 
the TiFeHx  phase^.^ However, analysis and 
interpretation of these results were com- 
plicated by difficulties with both instru- 
mentation and sample properties. Iron and 
oxygen impurity levels of 0.3% greatly in- 
fluence the hydride phase composition and 
magnetic susceptibilities. Consequently, 
a sample of Til.04Fe0.96H2.0 Was obtained 
from Dr. G. C. Carter of National Bureau 
of Standards (NBS). This sample is near 
the maximum composition for the y-phase 
and was prepared from high purity materials 
with minimum oxygen contaminant. The pro- 
ton relaxation times T2*, T2', and T1 were 
measured between 150 K and 320 K at 34.5 
MHz using the previously described tech- 
nique~.~ These results can be compared 
with similar measurements on a sample of 
y-phase TiFeH1.7 prepared at Mound Labor- 
atory. 

The proton line width relaxation time (T2*) 
was 2.9 us for Til.04 Fe0.96H2.0 (NBS) and 
2.6 us for TiFeH1.7 (Mound). This suggests 
a somewhat lower magnetic impurity content 
in the NBS sample; however, there is still 
a high enough magnetic susceptibility to 
interfere with the NMR measurements. The 
small T2* values are caused not only by 
intrinsic bulk susceptibility from the 
paramaqnetic lattice but also by at least 
two extrinsic factors (i.e., excess iron 
and a ferromagnetic surfacc film formed 
by expos-ure of TiFeH, to air as a stabili- 
zation technique). The slightly larger 

Since the data near the triple point seemed 
to be the most reproducible, five new data 
points were added to the graph (see Figure 
4 in the last progress report1) which com- 
pares this work to that of Meckstroth and 
White. The new data points, i.e., where 
X-Xe = 0.37, 0.44, 0.50, 0.63, and 0.80, ..' I:.': 

are shown in Figure 6. The slope of the . 
line determined by the new points is 
greater than that of Meckstroth and White, 
although at this stage it is not clear 
whether the difference is slopes is real. 
As seen from earlier work (Equation 7 in 
the last progress report1), the slope is 
related to the electric quadrupole con- - 
stant for solid D2. (George T. M c C o n v i l l e )  

Research 

T2* for the NBS sample, which contained 
an excess of titanium, seems to indicate 
that the surface film is more important 
than the excess iron in producing the 
nonhomogeneous magnetic field. The de- 
pendence of bulk magnetic susceptibility. 
on TiFeHx phase composition must still be 
determined. 

The temperature dependence of the proton 
spin-spin relaxation time, T2',._f_qg-., 
Ti1.0~Fe0.96~2.0 is shown in Figure 7. 
Here, T2' is nearly independent of temper- 
ature with an average value of 36 + 3 us, 
which is in excellent agreement with the 
value for TiFeH1., obtained earlier.3 i 
The slight decrease with temperature ob- 
served in Figure 7 is within experimental 
uncertainty, but it may be the result of 
an esoteric relaxation mechanism for the 
highly paramagnetic TiFeHx. This possi- 
bility is currently being evaluated. 
However, the equivalent T2' values for 
the Mound and NBS samples indicate that 
the arrangement of hydrogen atoms is iden- 
tical (i.e., both samples are y-phase 
TiFeH-2). Furthermore, the absence of a. 
Tz' increase at higher temperatures veri- 
fies the previous concl-usion that hydrogen 
mobility in y-phase TiFeHx is too slow to 
significantly reduce the dipolar interac- 
tions between rigid spins.3 This finding 
leads to an upper limit of <lo-" cm2/s 
for the hydrogen diffusion constant at 
room temperat~re.~ 

The. spin-lattice relaxation (TI) has also 
been measured for the NBS sample of 
Til.04Fe0.96H2.0. A plot of 1/T1 versus 
temperature is given in Figure 8 where T1 
obeys the Korringa relation: 

with CK = 5.4 sK. Similar behavior was 



found f o r  T1 i n  t h e  TiFeH1.7 sample pre- 
pared a t  Mound, where CK = 5.6 + 0.4. 
Since  CK is  r e l a t e d  t o  t h e  dens i ty  of e lec-  
t r o n i c  s t a t e s  a t  t he  Fermi energy, these  
r e s u l t s  imply t h a t  t he  e l e c t r o n i c  s t r u c -  
t u r e s  o f  t h e s e  two samples a r e  nea r ly  t h e  
same and t h a t  both samples r ep re sen t  
y-phase TiFeH-2. Unfortunately,  t h e  CK 
d a t a  a lone  is  unable t o  provide an under- 
s t and ing  of t h e  e l e c t r o n i c  s t r u c t u r e  of 
y-phase TiFeH-2. However, a s i g n i f i c a n t  
d i f f e r e n c e  between the  e l e c t r o n i c  s t r u c -  
t u r e s  o f  t h e  y and f? phases is  ind ica ted  
s i n c e  CK f o r  6-phase TiFeHl.o has  been re- 
po r t ed  a s  3.0 + 0.3 s K . ~  

I n  conc lus ion ,  t h e  r ecen t  measurements on 
t h e  NBS sample tend t o  v e r i f y  t h e  e a r l i e r  
obse rva t ions  on t h e  s p i n  r e l axa t ion  pro- 
p e r t i e s  f o r  y-phase TiFeH1.7 samples pre- 
pared a t  Mound. With an increased conf i -  
dence i n  t h e  experimental  approach, fu r the r  
s t u d i e s  of  t h e  TiFeHx system a r e  i n  pro- 
g r e s s .  Immediate a t t e n t i o n  i s  d i r e c t e d  
toward determining whether t h e  hydrogen 
mob i l i t y  i n  t h e  6-phase causes.motiona1 
narrowing4 ( i . e . ,  i nc rease  i n  T2') above 
-350 K a s  r epo r t ed  by Ca r t e r  and Chabre 
( p r i v a t e  communication wi th  D. C .  C a r t e r ) .  

Temperature, K, 

100 200 300 

Temperature, K 

.FIGURE 7 - Proton s p i n - s p i n  re laxa t ion  
r a t e s  in y-phase Til.ot,Feo.ssHz.o. -. 

FIGURE 8 - P r o t o n  s p i n - l a t t i c e  re laxa t ion  
r a t e s  i n  y-phase T i l . o b F e ~ . 9 6 H 2 . 0 .  



Low Tempera ture  Hydrogen Orde r ing  i n  VHx 
The i n t e r r e l a t i o n s h i p s  between phase  f o r -  
ma t ion ,  s t a b i l i t y ,  e l e c t r o n i c  s t r u c t u r e ,  
hydrogen l a t t i c e  s i t e  occupanc ie s ,  and 
hydrogen m o b i l i t y  a r e  b e i n g  i n v e s t i g a t e d  
i n  o r d e r  t o  b e t t e r  c h a r a c t e r i z e  m e t a l  
h y d r i d e s  f o r  ene rgy  s t o r a g e  a p p l i c a t i o n s .  
I s o t o p e  s u b s t i t u t i o n  does  n o t  seem t o  s i g -  
n i f i c a n t l y  i n f l u e n c e  e i t h e r  phase  forma- 
t i o n  o r  s t r u c t u r e  i n  s e v e r a l  m e t a l  h y d r i d e  
sys t ems ,  i n c l u d i n g  uranium, t i t a n i u m ,  
l i t h i u m ,  and t a n t a l u m  h y d r i d e s .  However, 
r e c e n t  s t u d i e s  5 - 1  l i n d i c a t e  a s u r p r i s i n g l y  
g r e a t  d i f f e r e n c e  i n  t h e  phase  d iagrams o f  
t h e  V-H and V-D sys t ems .  B r i e f l y ,  t h e s e  
d i f f e r e n c e s  i n c l u d e :  

A t  room t e m p e r a t u r e  t h e  body-centered- 
t e t r a g o n a l  (bck)  6-phase e x i s t s  f o r  VHx 
compos i t i ons  between x  = 0.4 and 0.9 
w h i l e  6-phase VD, e x i s t s  o n l y  between 
V D o S b 5  and  V D o . 5 5 .  A body-centered- 
c u b i c  ( b c c )  phase  forms f o r  compos i t i ons  
above V D o . 5 5  and e x i s t s  t o  t e m p e r a t u r e s  
a s  low a s  80 K. 

2)  The J3 -g - . t r ans i t i on  f o r  VDx o c c u r s  a t  a  
. . 50-90 K lower  t e m p e r a t u r e  t h a n  f o r  VHx. 

3 )  A phase  dhange t h a t  o c c u r s  n e a r  -200 K 
' 

f o r  B-phase VH, i s  n o t  obse rved  f o r  
@-phase VDX. 

S t r u c t u r a l  c h a r a c t e r i z a t i o n s  o f  t he ,  d i s -  
t b r t e d  b c c  VHx and VDx phases  a r e  compli-  
c a t e d  by t h e  e x i s t e n c e  o f  twe lve  t e t r a h e d -  
r a l  and s i x  o c t r a h e d r a l  s i tes p e r  u n i t  
ce l l .  S t a l i n s k i  h a s  d i s c u s s e d , t h r e e  t e n -  
t a t i v e  models12 o f  t h e  o r d e r e d  V H ( D )  r . o  
s t r u c t u r e s :  

I .  b c t  H - s u b l a t t i c e  i n  o c t a h e d r a l  sites,  
11. b c t  H - s u b l a t t i c e  i n  t e t r a h e d r a l  

s i tes,  and 
XI1 . or tho rhombic  H-sl.iblatt.j.ce i n  te t ra-  

h e d r a l  s i t e s .  

I n  a d d i t i o n ,  s e l e c t i v e  occupancy o f  t h e s e  
s i t e s  r e s u l t s  i n  o r d e r e d  s u p e r s t r u c t u r e s  
f o r  V 4 H 2 ,  VcH~,.and V e H 6 .  Neutron d i f f r a c -  

Tab1 

CRYSTALLOGRAPHIC DATA 

Meta l  Deuterium Site 
. Phase L a t t i c e  Occupancies  

' a bcc  Di so rde red  i n  
t e t r a h e d r a l  s i tes  

. , B b c t  Ordered i n  

. . o c t a h e d r a l  s i tes 
Y .  bc c  Ordered i n  

t e t r a h e d r a l  s i tes 
6 bcc  Ordered i n  

' t e t r a h e d r a l  sites 

"from r e f c r e n c c o  7 ,  9 ,  and 11. 

t i ~ n " ~  and NMR s t u d i e s  o f  t h e  d e u t e r o n  
quadrupo le  s p l i t t i n g s l 1  have e s t a b l i s h e d  
t h e  occup ied  d e u t e r i u m  l a t t i c e  s i tes  i n  
t h e  VDx phases .  These r e s u l t s  a r e  summar- 
i z e d  i n  Tab le  1. U n f o r t u n a t e l y ,  n e i t h e r  
t h e s e  t e c h n i q u e s  n o r  X-ra d i f f r a c t i o n 5 r 6  
and e l e c t r o n  d i f f r a c t i o n 1 '  c a n  l o c a t e  t h e  
hydrogen atoms i n  t h e  VHx p h a s e s .  

I n  p r i n c i p l e ,  t h e  d i p o l e - d i p o l e  i n t e r a c -  
t i o n s  i n  t h e  p r o t o n  NMR l i n e  shape  w i l l  
p r o v i d e  i n f o r m a t i o n  on t h e  hydrogen l a t t i c e  
sites th rough  t h e  second moment, M ~ D ,  
where : 

H e r e ,  8 i s  p l a n c k ' s  c o n s t a n t  d i v i d e d  by  
2 r ;  y I  and ys a r e  t h e  gyromagnet ic  r a t i o s  
f o r  p ro t ium ( I  = 1 /2 )  and vanadium (S  = 
7 / 2 ) ;  f 1  and f s  a r e  t h e  f r a c t i o n a l  s i t e  
occupanc ie s  o f  H and V s i n s ;  and t h e  
l a t t i ce  sums, ri-' and r . - 6 ,  f o r  t h e  
occup ied  H and v l a t t i c e 7 s i E e s  r e s p e c t i v e l y ,  
c o n t a i n  t h e  s t r u c t u r a l  i n f o r m a t i o n .  S i n c e  
M Z V  >> M Z H  f o r  any p o s s i b l e  s t r u c t u r e  o f  
bcc  o r  b c t  VHx p h a s e ,  t h e  t o t a l  M ~ D ,  a s  
o b t a i n e d  from t h e  continuous-wave spec t rum,  
f r e e  i n d u c t i o n  decay ,  o r  s o l i d  echo,  
c a n n o t  be  a d e q u a t e l y  ana lyzed  t o  a c c u r a t e l y  
d e t e r m i n e . t h e  occup ied  hydrogen l a t t i c e  
s i tes.  However, it 'is p o s s i b l e  t o  d e t e r -  
mine o n l y  M Z H  u s i n  t h e  n/2-T-r s p i n  echo  
p u l s e  sequence  1 4 , "  when E ( T )  , t h e  r a t i o  
o f  t h e  echo  maximum f o r  p u l s e  s p a c i n g  ( T )  
t o  t h e  e x t r a p o l a t e d  maximum a t  T = 0 ,  
obeys  t h e  f o l l o w i n g :  

.e 1 

, OF THE V-D ALLOYS* 

U n i t  C e l l  Space 
Symmetry Group 

Cubic Im3m 

Monocl in ic  Cm 

Orthorhombic Pcc2 

Orthorhombic Pnnn 

U n i t  C e l l  
Formula 

-- 



and MbE and M ~ E  are the fourth- and sixth- 
moment error terms. If the echo decay 
train shows Gaussian behavior, Eq. 2 be- 
comes 

1 E (T) = exp [-- M ~ H  ( 2 ~ )  2] 
2 (3) 

and the H-H contribution to the proton 
second moment can be directly determined. 

  he proton spin echoes generated with the 
n/2-T-n pulse sequence have been measured 
at temperatures, below 200 K for VH, com- 
positions between x = 0.39 and x = 1.03. 
The experiments were performed at 34.5 
MHz on a Bruker BKR-323s pulse spectrom- 
eter using a Biomation 8100 transient 
recorder and Nicolet 1074 computer for 
signal enhancement and background sub- 
traction. Representative proton spin 
echo trains are presented in Figure 9 
for VHoO5 0 and VHo.88. The envelopes of 
echo maxima exhibit Gaussian behavior 
over at least 85-90% of their decay; 
hence, the M ~ H  values are readily ob- 
tained from Eq. 3. 

~iie M2" values obtained for VH, from spin 
echo measurements at 100 K (i.e., the 
lowest temperature which is reproducible 
to *5 K in the apparatus) are summarized 
in Figure 10. Proton spin-lattice re- 
laxation times and line widths indicate 

that hydrogen diffusion in VHX should be 
extremely slow at this temperature; hence, 
the experimental MZH should represent 
only the static interactions between hy- 
drogen spins. The dipolar MZH values cal- 
culated with Eq. l for the three struc- 
tural models discussed by Stalinski as 
well-as for the ordered-superstructures 

7 V4D2 , V ~ D S  , ' and V ~ H Q  , are also pre- 
sented in Figure 10. These calculations 
were performed assuming random occupancy 
of the hydrogen lattice sites for com- 
positions below VHl.0 (except for the 
V4H2r V6H4, and V8H6 superstructures 
where fI = 1,.0) and using the measured 
lattice constants"for VHo.5 at 100 K. 
For VHx compositions other than VH'o.s 
and.,VHo.70, the lattice constants at -100 
K are unknown. ' 
It is obvious from Figure 10 that Models 
I, 11, and 111 as wel1.a~ the ordered 
superstructures all predict MZH signifi- 
cantly larger than obtained from the 
IT/~-T-IT pulse sequence. Since both 
motional narrowing and spin exchange are 
unlikely major contributors to the M2H 
values at -100 K, this large difference 
between the dipolar and experimental 
moments implies that none of these models 
for the hydrogen lattice corresponds to 
VH, structure at this temperature. In 
fact, other studies indicate. 0-VH, 

experimental 
O calculated for V Q H ~ ,  V S H ~ ,  

and VeHs(ordered1 

FIGURE 9 - The n/2-T-n maximum echo ampli- FIGURE 10 - Dipolar moments for VHX at 
tude E(T) for protons i n  VHO.SO and VHo.88 -100 K compared to values calculated for 
at 100 K. Models I and I1 (random), Model I1 1  (ran- 

dom), and Model I V  (ordered). 



Table 2 

COMPARISON OF CALCULATED AND 
EXPERIMENTAL MZH VALUES 

SITES OCCUPIED 

"b.6 
AND 0 

""1.0 *.D.ANDX 

F I G U R E  1 1  - Proposed arrangement o f  hy- 
drogen atoms (Model I V )  i n  V H x  phases 
a t  temperatures below -200 K .  

(which is isomorphic1 with $-VDO.$) under- 
goes a phase transformation below -200 K 
and the hydrogen atoms occupy different 
interstitial sites.'' This -phase trans- 
formation has not been observed for $-VD,. 
Consequently, dipolar MZH values have 
been calculated for several other pos- 
sible hydrogen arrangements in bct VHx. 
The best agreement between calculated 
and experimental MZH for VHO.5 (where 
measured lattjce parameters are available) 
is obtained with Model IV illustrated in 
Figure ll., This hydrogen arrangement 
provides the maximum separation between 
hydrogen atoms for VHo.5. Model IV pre- 
dicts that MzH will increase rapidly for 
compositions above VHo.5; however, elonga- 
tion of the tetragonal axis ratio will 
greatly reduce this increase in MZH. 
Since the lattice parameters at -100 K are 
unknown for compositions.near VHl.0, the 
calculated MzH values for these composi- 
tions are not reliable, and.accurate com- 
parisons between the various models are 
not currently possible. However, the 
models can be evalua-ttd -.£or VHO.s +n.d- . 
~~0.70 since the- lattice parameters are 

near -100 K. The calculated 
dipolar moments for several of the models 
f6r hydrogen site occupancies in VHo,so 
and VHo.70 are given with the experimental 
.M?H values in Table 2. Model IV clearly 
gives the best agreement with the spin 

Mzkl 
Source VH 0.5 0 VH 0.7 0 

Model I or I1 5.9 7.7 

V,D2 Model 5.55 --- 
V8D6 Model --- 10.3 

Model ' IV 3.2 7.0 

Spin Echo (-100 K) 2.820.3 4.920.5 

echo measurements. However, some dis- 
crepancy still remains, particularly for 
VH0.70. Several possible explanations in- 
clude : 

1. Residual hydrogen motion - perhaps 
localized hopping between adjacent 
sites (this seems unlikely for VHo.50 
since the experimental MzH was essen- 
tially constant below -200 K). 

2. Partially disordered lattice through 
occupancy of two types of interstitial 
sites. or incomplete phase transfor- 
mation. 

3. Uncertainties in the lattice param- 
eters at -100 K used to calculate 
the dipolar M Z ~  values. 

4. Errors in the experimental procedures 
:' (i.e., pulse widths, timing, back- 
ground correction, etc.) , although 
these are believed to be <lo-20%. 

Nevertheless, the present proton spin 
echo studies strongly indicate that the 
arrangement of hydrogen atoms in VHX 
near -100 K is not described by the pro- 
posed models for the VDx superstructures. 

Model IV as described'in Figure 11 is 
proposed as an alternative arrangement of 
hydrogen atoms in VH, at low temperatures. 
This model cannot distinguish between 
tetrahedral or octahedral lattice site ' 

occupancies from MZH data alone. However, 
vanadium quadru ole splittings obtained 
by Arons et al." indicate the normal 
octahedral sites gf the 0-phase are not 
occupied below -200 K in VHx. 

Future work on the low temperature struc- 
ture of VHx will include X-ray diffrac- 
tion measurements of the concentration 
dependence of the lattice parameters at 
-100 K. In addition, the NMR techniques 
will be refined, if possible, to improve 



the accuracy of the experimental MZH 
data. ( R o b e r t  C. B o w m a n ,  J r .  a n d  A l b e r t  
A t t a l l a )  

E L E C T R O N  P A R A M A G N E T I C  R E S O N A N C E  S T U D I E S  
O F  T R A N S I T I O N  M E T A L  I O N S  I N  M E T A L  H Y D R I D E S  

Electron paramagnetic resonance (EPR) 
studies of transition metal and rare 
earth ions in diamagnetic metal hydrides 
have been undertaken to obtain a better 
understanding of metal-hydrogen chemical 
bonding. Trends in the covalent contri- 
bution to the metal-hydrogen bonds are in- 
vestigated by analyzing magnetic g-fac- 
tors and hyperfine constants of paramag- 
netic impurity ions in binary and ternary 
hydrides where the bonding characteris- 
tics vary from ionic to metallic. 

Rhodium Ions in LiH and LiD Single 
Crystals The previous progress report 
described EPR spectra for two paramaq- 
netic rhodium (Rh) centers in single- 
crystals of LiH and LiD after ultraviolet 
irradiation.I8 Species A with ortho- 
rhombic symmetry was observed between 77 
K and -120 K, where the short spin-lat- 
tice relaxation time produced excessive 
line-broadening and a disappearance' of 
the EPR spectra above 120 K. . A  Rh-center 
having axial symmetry (Species B) was 
detected between 77 K and 325 K. A.pre- 
liminary analysis18 of the g-factors for 
Species B indicated the rhodium oxida- 
tion state was either Rh+2 (4d7) or 
~hO(4d') with the paramagnetic electron . 
primarily occupying the dx2-y 2 molecular 
orbital. Evidence for covalent bonding 
between Rh and,the hydride ligands was. 
provld-ed-by the presence of super-hyper- 
fine (shf) lines in the EPR spectra for 
Rh-doped LiH crystals. 

During the past several months, more de-. 
tailed analysis of Species B has indicated 
that the spin Hamiltonian (H) for this 
S = 1/2 axial complex is: 

where KRhis the Rh hyperfine tensor; Kn 
and In are shf tensors and nuclear spin 
operators, respectively, of the nearest- 
neighbor nuclei; and the other terms 
have their usual meanings.'' 

The LiD complex shows no shf effects and 
the last term in Eq. 1 can be ignored. 
The values obtained for the phenomenolog- 
ical parameters are: g,, = 2.112; 

= 2.038; A~~:,26.2 x lo-' cm-'; and 
g1 1 4 . 5 ~ 1 0  cmdl; whereAph and BRh = 
BRh are, respectively, the magnitudes of 
the-parallel and perpendicular components 
of ARh. 

The observed g-values. and Rh hyperfine 
constants are consistent with either a 
~ h + ~  (4d7) or Rho (4d9) paramagnetic ion. ' 
Since gil > gl > 2.0, the paramagnetic 
electron belongs to the 4dx7-y~ orbital. 
The observed hyperfine constants give 
x = -5.22 a.u. (atomic units) for the core 
polarization parameter, favoring the ~h+' 
configurati~n.~~ 

For the LiH complex, the shf terms of Eq. 
1 are important; unfortunately the proton 
Zeeman term is comparable with the proton 
hyperfine interaction, giving rise to 
satellite lines1' that cause extensive 
interference and poor resolution. How- 
ever, when H is along a principal axis, 
the, satellites disappear and simple ex- 
pressions for resonance apply. When H 
is along tfie z-axis (H 1 1  ) , then 

and when H ,is along the x- or y-axis 
(HL) , then 

In Eg. 2 and 3, A,,-, is the magnitude of 
the component of A,, along thc q-principal 
axis, while m, = ml + mt,, my = mz + ms, 
and mZ = m3 + m6 are nuclear spin mag- 
netic quantum numbers for nearest-neigh- 
bor protons along the positive and nega- 
tive x-, y-, and z-axes, respectively. 
The observed shf splittings are consis- 
tent with Alx = 14.7; A32 5 5.5; and A ~ x ,  
AzX , A1 4.5 in units of cm-' . 
This is the only solution compatible with 
the theory (vide infra) . Since A 1, = BR I, , 
the shf pattern at HI appears as a 1:3:3:1 
(intensity ratio) quartet. 

The .observed shf structure of the LiH 
complex can be explained by assigning the 
paramagneLic e tron to the molecular 
orbital'' $ =&[4dx2-y2 - A(ol + O I ,  - 0 2  

-cr5)/2], where o is the hydrogen ls-orbi- 
tal and N is a normalization constant. 
Through this participation, each ligand 
in the xy-plane contributes an isotropic 
shf term, A, = faas, where f, = X2/4~ is 
the paramagnetic spin density transferred 
to each xy-ligand .nd a, = 474 x lo-' cm-' 
is the hydrogen Is hyperfine coupling con- 
stant. 



There are also anisotropic shf terms due 
to the dipolar interaction of the nuclear 
moment of each ligand with the distribu- 
tion of magnetization carried by the 
4d~2-y 2 orbital. ~arshall~ derived a 
general solution of this problem for 
various transition ion complexes. His 
results for a d9.ion with a hole in the 
dx2-yz orbital (also applicable to a 
strong field d7 ion with an electron in 
dXxy2) provide the following expressions: 
Alx = As + 2Ad[1 + 6<p2>./7 + 95<p4>/28]; 
APX = As - AdX [l + 3<p2>/7 + 125<p4>/28]; 
and A3Z = 2Ad[1 - 12<p2>/7 + 5<p4>/7] 
while A!, = A z X  and A ~ x  = -0.5A3z. 
In these expressions Ad = g, 6gN6N~-3 and 
p = r/R, where r is the electron radius 
about the central ion and R is the cen- 
tral ion-ligand internuclear separation. 

In the usual approximation for the di- 
polar interacti~n'~ the terms in brackets 
are rep1aced.b~ unity; however, in the 
present case these terms produce a con- 
siderable effect, not only on the abso- 
lute magnitude of the shf parameters 
but also on their relative magnitudes. 

Taking R = 3.85 a.u. (the LiH internu- 
clear separation), and using free ion 
valueslg for ~ h ~ +  of <r2> = 2.374 a.u. 
and' <r4> = 10.60 a.u., the dipolar terms 
can be calculated, giving: Alx = A s  + 
8.12; AZX = t S  - 4.01; A3, = 4.7 in 
units of 10- cm-l. This agrees with 
the observed values when As = 6.6 + 0.7, 
giving 4f, = 0.056 + 0.006 for the total 
magnetic spin density on the xy-ligands. 

Future work on this system will include: 
1) a more detailed characterization of 
the orthorhombic species A, and 2) com- 
parison of rhodium g-factors and hyper- 
fine constants for LiH and LiD with pub- 
lished data for ~ h + ~  ions in other crys- 
tal systems. This study should provide 
an improved assessment of both crystal 
field and covalent bonding contributions 

Studies of LibRhHs and Li4RhH4 The 
primary objective for EPR studies of 
metal hydrides is to determine differ- 
ences in the metal-hydrogen bonding 
parameters as the hydride properties 
change from ionic to metallic. Since EPR 
spectra are observed for paramagnetic 
Rh ions in LiH crystals, similar Rh 
centers may be formed in the ternary hy- 
drides Li4RhH4 and LibRhHs. These hy- 
drides, which are structurally relatedZt2 
tq LiH, have physical properties indicat- 
ing metallic character. Hence, Li4,hH4 
and Li4RhHS provide a potential opportun- 
ity of sxtendS,ng thc observations for Rh 
ions in ionic LiH, to similar systems 
with properties resembling transition . 
metal hydrides. 

It was decided first to prepare and 
examine a sample of Li4RhHSr which has 
properties of a semiconductor and is 
more closely related22 to the LiH-Rh 
system. The possibility of producing 
paramagnetic Rh ions may be greater in 
Li4RhH5 since Rh has a formal oxidation 
state of +1 and the rhodium-rhodium bond- 
ing suggestedzz for LibRhH4 is absent. 
The synthesis procedure described by 
~ u n d b e r ~ ~ ~  was used where the stoichio- 
metric mixture 4LiH + Rh (metal) was 
heatecto -873 K (-600°C) with H2 gas 
at 241 kPa (35 psis) pressure. A reaction . 
occurred with a subsequent pressure drop 
to 165 kPa (24 psia). Unfortunately, 
volumetric-mass spectrometric analysis 
on the "LiH" powder indicated the actual 
composition was L ~ H O , ~ D O . ~  which resulted 
in an error in the mixture composition. 
The product Li4RhHs is slightly rich in 
Rh . 
Some preliminary EPR measurements were 
performed on a powder sample of this 
Li4RhH5 product. A weak, narrow (AH-1-2 
gauss) peak, probably due to lithium 
metal impurities, and a possibly weak 
and very broad (AH 1000 gauss) absorp- 
tion were the only EPR spectra found in 
this sample. Measurements were performed 
at room temperature and with the sample 
cooled in liquid argon. In addition, 
room temperature irradiation for several 
minute's with an unfiltered mercury lamp 
had no noticeable effect on the EPR 
spectra. The Rh+' (4d8) ion in pseudo- 
cubic symmetry, which Lundberg et a1.22 
have suggested as the possible Rh species 
in Li4RhH5, may be responsible for the 
very broad EPR spectra. The LisRhHs 
sample did not show EPR spectra Corres- 
ponding to species A and B in Rh-doped 
LiH. A more severe form of irradiation 
(i.e,, X-rays) may give rise to the ~ h + ~  
species in T.,isRhH5. Another si3mple of 
Li4RhHS will be prepared after a new 
batch of LiH is synthesized. Careful 
sample handling and various irradiation 
techniques will be used in the attempt 
to produce paramagnetic Rh centers. 
( G e o r g e  C . . A b e l l ,  R o b e r t  C .  B o w m a n ,  J r . ,  
a n d  C a l v i n  M. L o v e )  

B A N D  T H E O R Y  A N D  E L E C T R O N I C  S T R U C T U R E  

At Mound Laboratory a unified package of 
computer programs for the ab initio cal- 
culation of electronic properties of atoms, 
molecules, and small clusters of atoms 
has been successfully developed. This 
package makes it possible to calculate 
electronic properties within the open- 
shell (restricted) Hartree-Fock, the 
Generalized Va1,ence Bond, and the unre- 
stricted Hartree-Fock (UHF) schemes. The 
package consists of four major parts: 



1) the BIGGMOLI molecular integrals 
programs BMOlO and BM020 written by 
Dr. R. C. Raffenetti (NASA, Langley); 

2) the integral processing programs 
. BIGPLY, PLYIJLK, and PLYPAIR written 

by Dr. F. W. Bobrowicz, now of Mound 
Laboratory; 

3) the generalized self-consistent field 
(SCF) programs, GENSCF, by Bobrowicz 
for performing open-shell Hartree- 
Fock and/or Generalized Valence Bond 
calculations of electronic wave func- 
tions; and, 

4) the unrestricted Hartree-Fock SCF pro- 
grams, UHFSCF, by Bobrowicz. 

The output files from the integrals pro- 
grams are acceptable both to the GENSCF 
and to the UHFSCF programs. 

A period of testing of the present codes 
has been completed. During this period 
it has been possible to compare, in a 
limited manner, the present program pack- 
age with previous unrestricted Hartree- 
Fock programs of Prof. A. B. Kunz of the 
Univ. of Illinois (Urbana) , and Dr. R. N. 
Euwema of Battelle Laboratory (Columbus). 
In selected test cases, agreement was 
obtained among all three sets of UHF 
codes. This, of course, is a check not 
only upon the SCF portion of the codes, 
but also upon the integrals calculation 
and the integrals processing portions. 
~ l l  three sets of codes are completely 
different and share no common parts. The 
advantages of the present version, however, 
are (1) the improved efficiencies, both 
of the integrals calculation and of the 
basis function representation, because of 
the use of the BIGGMOLI code, and (2) the 
unified treatment Of open-shell restricted 
and unrestricted Hartree-Fock codes. 

  he output from the open-shell Hartree- 
Fock and the Generalized Valence Bond 
programs can be used as input to MCSCF 
(multi-configuration self-consistent field) 
or CI (configuration interaction) programs, 
if,desired. But, because of the use of 
different computers and compilers for the 
three different programs, it has not yet 
been possible to compare timing in detail. 

Also the advantages to be gained by the 
integral processing schemes of the 
present programs will not become appar- 
ent until test cases involving several 
metal atoms are studied. 

Since the objective of this computer 
program development is to obtain a com- 
putational research tool for the inves- 
tigation of the effects of hydrogen in 
metals, the direction set at Mound Lab- 
oratory is toward a balance between the 
computational (and physical) accuracy 
of a model and the computational ex- 
pense. It is, therefore, not expected 
that a major effort will be expended 
toward the use of such relatively power- 
ful techniques as MCSCF and CI for the 
Metal-Hydrogen Program. Rather,' the 
major effort is to be directed at the 
Hartree-Fock level, both restricted and 
unrestricted. The use of MCSCF and CI 
is to be considered fnr small numbers of 
metal atoms for a basic understanding 
of metal-metal interactions. However, 
these techniques are prohibitively diffi- 
cult and expensive for more than two or 
three metal atoms. 

The major activity of the next several 
months will be the implementation of 
an "effective potentials" computer code 
within the current package of programs. 
This will allow the calculation of much 
larger clusters of atoms because it can 
be used to reduce the number of electrons 
in a system under consideration to only 
the valence electrons. The relatively 
small decrease in computational accuracy 
is far outweighed by the decrease in 
computer time and memory requirements. 

With this additional code it will be 
possible to embark upon the actual 
calculation of selected systems of in- 
terest. The initial subject of these 
programs will be small numbers of 
scandium and titanium atoms with and 
without hydrogen atoms. The direct 
results will be such information as 
(1) metal-metal and metal-hydrogen bond- 
ing mechanisms, (2) hydrogen-hydrogen 
interactions within a metal lattice, 
( 3 )  hydrogen diffusion within a metal 
lattice, and (4) interactions of hydro- 
gen atoms and molecules with a metallic 
surface. ( J e r r y  L. I v e y )  



Separation Chemistry 

E L E C T R O S T R I P P I N G  S O L U T I O N S  F O R  I R I D I U M  

It is often desirable to strip or polish 
the surface of iridium metal for various 
applications, such as transmission elec- 
tron microscopy, for which Murr has sug- 
gested a 2M potassium cyanide s~lution.'~ 
A disadvantage of this procedure is that 
potassium cyanide is a very poisonous 
chemical. Several recent experiments 
aimed at dissolving iridium metal anodi- 
cally have pointed to solutions of sodium 
dicyanamide, NaN(CN) 2, and disodium cy- 
anamide, Na2NCN, as new electropolishing 
solutions for iridium. Not only are these 
materials much less toxic and dangerous 
than potassium cyanide, but they also 
can be used for the anodic dissolution 
of much smaller quantities of iridium. 
For example, when a strip of metallic 
iridium about 3 cm long and 0.3 cm wide 
was immersed into a NaN(CN)2 solution 
[lo0 ml of solution containing 10 g of 
NaN(CN)2]as the anode and electrolyzed 
at a total current of 1 A for 5 min, the 
resulting 100-ml solution contained 
iridium to the extent of 27 pg/ml. Sim- 
ilarly, the same piece of iridium when 
immersed in 100 ml of a solution con- 
taining 11 g vf Na2NCN and electrolyzed 
at 3 A for 5 min, gave a solution with 
iridium cuncent:ration of 32 ug/ml. In 
comparison, a NaN(CN) solution (5 g per 
100 ml) was hardly effective for platinum: 
a strip of platinum electrolyzed as the 
anode at 1 A for 5 min dissolved only to 
the extent of 2 pg/ml. (Gary L. Silver) 

P R O T A C T I N I U M - 2 3 1  A N D  T H O R I U M - 2 3 0  

Mound Laboratory recovers thorium-230 and 
protactiriium-231 from a uranium mill by- 
product known as Cotter Concentrate and 
ships the products to Isotope Sales at 
ORNL. Previous reports contain detailed 
descriptions of the origin and character 
of the Cotter Concentrate, the facilities, 
and the development n f  t.he current re- 
covery and purification process. ' 5-2 g 
One change during this period was that 
piping and pipe fittings on one of the 
Karr extraction columns were changed from 
plastic to stainless steel. 

Briefly, the process consists of leaching 
approximately 20-liter hotchco of the 
solids with hot, concentrated HN03 and 
then diluting and filtering off the in- 
soluble residue. Uranium is removed from 

the 90-liter batches of filtrate by 
liquid-liquid extraction with 10% DSBPP/ 
CC14 (di-sec-butylphenylphosphonate in 
carbon tetrachloride) after which it is, 
stripped from the organic with 0.005E 
HN03. Thorium is extracted from the 
filtrate by multiple contacts with 0.1g 
TOPO/CC~I, (tri-n-octylphosphine oxide 
in carbon tetrachloride) with each con- 
tact followed by a 0.3M H2S04 strip. 
After the thorium has been removed from 
the filtrate, further contacts with 
TOPO/CC~I+, each followed by an 0.5g 
oxalic acid strip, result in recovery 
of the protactinium. Uranium strip solu- 
tions are precipitated with ammonia and 
the precipitate collected for eventual 
return to the uranium processor. The 
thorium strip solutions are purified by 
oxalate precipitation and calcined to 
the oxide. Protactinium strip solutions 
are concentrated by evaporation after 
which they are purified by a series of 
precipitation steps. 

Cotter Concentrate, previously stored in 
Colorado, was redrummed and 1237 drums 
were moved to Mound Laboratory for storage 
pending processing. Since the last semi- 
annual reportrZ9 20 additional batches of 
Cotter Concentrate have been processed 
from Drums 180, 168 and 169. A shipment 
of 17.1 g of purified thorium-230 was 
made to Isotope Sales at ORNL, completing 
the FY-1976A inventory quota. Thorium 
purity was equal to that of previous 
shipments. In addition, 29.9 g of par- 
t.ially purified thorium-230 are on hand 
from recent product.ion. 

A shipment of 165 mg of protactinium-231 
was made to the Isotope Sales at ORNL. 
The recnvery and purification of this 
material was described in earlier re- 
ports.28'29 The shipping value was based 
on alpha counting of a solution, corrected 
for losses in the conversion to oxide and 
for a small contribution of alpha-emitting 
.daughter isotopes. Impurity analyses by 
emission spectroscopy indicated some iron 
impurity, and possibly nickel. The oxide 
had a slight brown color. Total weight 
of the oxide was 211 mg. Unpurified pro- 
tactinium-231 recovered from the 20 
batches is estimated by gamma spectrum 
analysis to be 109 mg. 

An improved protactinium purification 
process is being developed and tested, 
based on additional cycles of TOP0 



extraction. Evaporation of oxalate strip 
solutions produced concentrates of 3-7M_ 
HN03. Prior experience with the process- 
ing of Cotter Concentrate had indicated 
that extraction of the protactinium into 
TOPO improved as the acid concentration 
increased, while the extraction of thor- 
ium decreased. The high acidities were 
undesirable for the previously used 
phosphate precipitation method, so the 
TOPO extraction seems to have several 
advantages. 

Five evaporation solutions totaling 8.6 
liters and containing 50 mg protactinium 
are being used to test the TOPO extrac- 
tion. Processing and process develop- 
ment have not been completed, but the 
results are encouraging. Under the best 
conditions, 90% of the protactinium was 
extracted from a 600-ml aqueous solution 
into 200 ml of 0.1E TOPO/Amsco* during a 
5-minute contact period. Attempts to 
extract from 3-4M_ HN03 gave extractions 
of 50% or less under the same conditions. 
Stripping with 0.5M oxalic acid was used 
at first, but sometimes resulted in a 
precipitate which was difficult to separ- 
ate from the organic phase. Dilute 
(0.075g) HF was found to strip the pro- 
tactinium without problems. Following 
the HF strip, the organic phase was re- . 
generated by stripping with 0.25% sodium 
carbonate solution (a precipitate often 
formed) and washing with water twice. 
The stripped organic was contacted with 
7M HNOj before reuse. Hydrofluoric 
strip solutions are currently being con- 
centrated by precipitation with caustic. 
The sizes of the resulting precipitates 
were variable and seemed to be related to 
the magnitude of problems encountered 
during the extraction steps. Eventually 
the protactinium will be converted to 
sulfuric acid medium for additional puri- 
fication by either DIBC (di-iso-butyl- 
carbinol) extraction or recrystallization 
of the protactinium from sulfuric acid. 
( P a u l  E. F i g g i n s  a n d  M a r t i n  R .  H e r t z )  

A total of 10.87 mg of thorium-229 has 
been extracted and purified since the last 
semiannual report. One shipment, desig- 
nated LP-3 and made in June 1976, com- 
pleted the FY-1976 requirement. This 
shipment contained 3.47 mg of thorium-229. 
The designation "LP" indicates low purity, 
or material not previously processed at 
Mound Laboratory. Isotopic analysis of 

*An odorless insecticide base from 
Arnsco Solvents and Chemicals Co. 

the LP-3 material by mass spectrometry 
gave the following results: 

Peaks at 233, 234, and 237 were also de- 
tected. Mass spectrometric values on 
LP-4, the 7-mg remainder of the 10.87 mg 
total, are not yet available. 

In order to obtain a larger quantity of 
thorium-229 per batch, the extraction 
equipment had been doubled in size, to 
1000 ml capacity, increasing its extrac- 
tion capacity to a maximum of 200 g of 
uranium-233. Problems with the extrac- 
tion steps during this reporting period 
have been attributed to this increase 
in volume, although some of the problems, 
since they were not apparent during the 
processing of high-purity material, may 
be partially due to the higher impurlty 
level in the "cow" currently being pro- 
cessed. The problems appeared to be poor 
contacting of the phases, and lower rates 
of removal and stripping of uranium-233. 
To compensate, a larger volume of strip 
had to be concentrated. Evaluations of 
the effect of equipment size on extrac- 
tion efficiency are under way. 

A General Plant Project was approved with 
the objective of keeping the uranium-233 
in a liquid state at all times. Ry 
eliminating the dissolution, concentra- 
tion, and ignition-to-the-oxide steps 
and by eliminating the manual transfer 
of uranium-233 to and from solid storage 
containers, it should be possible to 
nearly double the production rate. 
( R o n a l d  L. D e a t o n  a n d  M a r t i n  R .  H e r t z )  

Mound Laboratory has been separating and 
recovering high isotopic purity uranium- 
234 from aged plutonium-238 materials 
for several years. The general chemical 
procedures have been described previous- 
ly. 3 0  

Final purification of uranium-234, pro- 
duct A15-1, was described in the last 
report.31 Calcination and analysis of 
this product have now been completed. 
Oxide weight of the final product was 
27.818 g. Results of alpha pulse height 
analysis (6/12/76) and mass analysis of 
product A15-1 are listed below. Impur- 
ities detected by emission spcctroscopy 
included boron, silicon, iron, magnesium, 



Alpha Pulse 
Height Analysis 

U-234 = 92.28% 
U-232 = 6.43% 
(21 ppm) 
Pu-238 = 0.59% 
(2.3 ppm) 
Other =. 0.70% 
(U-232 daughters) 

Mass Analysis 
: (wt % )  

Mass 234 = 95.972 
Mass 235 = 0.10Z 

Mass 236 = 0.045 - 
Mass 238 = 3.818 - 
(some mass 237 
observed) 

lead, manganese, chromium, gallium, nickel, 
aluminum, calcium, copper, and silver. 
Total impurities were estimated to be 
1.35% of the oxide, with silicon being the 
major impurity at 1.15%. Total heat vaiue 
of the product was determined by calorim- 
etry. 

The weight of uranium-234 in product A15-1 
was 21.706 g, as calculated from alpha 
pulse height data and total heat value. 
Based on mass data and oxide weight cor- 
rected for impurities, the uranium-234 
content was calculated as 22.292 g. Using 
the more conservative calculation of 21.706 
g, a shipment of 20.100 g of uranium-234 
(i.e., 25.758 g of oxide) from product 
A15-1 was made to Isotope Sales at ORNL on 
June 21, 1976. The remaining 1.606 g of 
this product is being held for reprocess- 
ing with other material from batch A15. 

The preparation of recovered material from 
the initial processing of product A13-2 
for recycle through the final purification 
was described previou~ly.~~ Two solutions 
containing approximately 5.6 and 1.9 g, 
respectively, had been prepared. For a 
final purification run with each of the 
two solutions, the uranyl chloride solu- 
tion was loaded onto a column of Dowex 
1 x 4 anion exchange resin (,chloride form). 
Plutonium was eluted with 9; HC1, which 
contained 0.05; NH41 as a reductant for 
the plutonium, and the column was washed 
with 9M HC1. Neptunium-237 was eluted 
with 4Fj HC1, and the uranium-234 was 
eluted with 0.5M HC1. Analyses indicated 
5.5 g of uranium-234 with about one ppm 
plutonium-238 in the uranium fraction 
from the first run, and 2.5 g of uranium- 
234 with about 20 ppm plutonium-238 in the 
uranium fraction from the second run. The 
uranium fraction from the second run was 
held for reprocessing, since the pluton- 
ium level was higher than desired. The 
uranium in the uranium fraction from the 
first run was precipitated with NH40H, 
calcined to an oxide weight of 6.678 g, 
and designated product A13-3. 

Alpha Pulse 
Height Analysis 

U-234 = 90.77% 
U-232 = 7.11% 
(23 ppm) 
Pu-238 = 0.28% 
(1.1 ppm) 
Other = 1.84% 
(U-232 daughters 

Mass Analysis 
(wt % )  

Mass 234 = 99.08- 
Mass 235 = 0.068- 

Mass 236 = 0.053 

Mass 238 = 0.798- 
(some mass 237 
observed) , 

Results of alpha pulse height analysis 
(.8/26/76) and mass analysis on product 
A13-3 are listed above. Impurities de- 
tec'ted' in productA13-3 by emission spec- 
troscopy included beryllium, boron, silicon, 
iron, lead, manganese, magnesium, nickel, 
aluminum, copper, silver, and calcium. 
Total impurities were estimated to be 
0.39% of the oxide. Total heat value of 
the product was determined by calorimetry. 

The weight of the uranium-234 in product 
A13-3 was 5.552 g, as calculated from 
alpha pulse height data and total heat 
value. Based on mass data and oxide 
weight corrected for impurities, the 
uranium-234 content was calculated as 
5.574 g. Based on ,the more conservative 
calculation of 5.552 g, a shipment of 
5.056 g of uranium-234 (i.e., 6.082 g of 
oxide) from product A13-3 was made to 
Isotope Sales at ORNL on October 23, 1976. 
The remaining 0.494 g of this product are 
being held for reprocessing. 

The initial separation of uranium from 
plutonium "cow" B14-02, which contains 
36.6 g of plutonium-238, was completed. 
This was the third cycle of separation 
for B14-02, the previous separation 
having been made about 3-1/2 years ago. 
This will provide about one gram of very 
high purity uranium-234 for FY-1977 pro- 
duction. The plutonium "cow" was dis- 
solved in hot, concentrated HN03. The 
solution was divided into two equal parts 
and adjusted to 2M_ HN03 with NHuOH. The 
plutonium in each part was precipitated 
as the oxalate by a homogeneous precipita- 
tion with dimethyloxalate. The oxalate 
precipitates were collected by vacuum 
filtration, and calcined to the oxide 
at 673-773 K (400-500°C) for return to 
plutonium "cow" storage. The uranium- 
rich filtrate is ready to be prepared 
for intermediate separation. 
( P e r l e  L. K e i s t e r )  



Separation Research 

C H L O R I N E  ISOTOPE S E P A R A T I O N  

C h l o r i n e  i s o t o p e s  a r e  being s e p a r a t e d  by 
l i q u i d  phase  thermal  d i f f u s i o n  of ch lo ro-  
benzene i n  an exper imental  cascade  of 15 
columns. P rev ious  r e p o r t s  d e s c r i b e d  
e a r l y  exper iments  d e a l i n g  w i t h  t h e  r e l a -  
t i v e  m e r i t s  o f  1-chloropropane and ch lo ro-  
benzene a s  working f l u i d s .  Chlorobenzene 
had been found t o  be a  b e t t e r  f l u i d  from 
t h e  s t a n d p o i n t  of m a t e r i a l s  c o m p a t i b i l i t y ;  
a  f u l l - s c a l e  s e p a r a t i o n  exper iment  using- 
chlorobenzene was s t a r t e d  i n  February 
1976. The d e s i r e d  g o a l  of 95% c h l o r i n e -  
35 had been achieved a t  t h e  t ime  t h e  l a s t  
r e p o r t  was prepared;  however, it had n o t  
been p o s s i b l e  t o  reach chlor ine-37 con- 
c e n t r a t i o n s  above 87%. 

where w l  i s  t h e  mass f r a c t i o n  of c h l o r i n e -  
37 and t h e  s u b s c r i p t s  B and T r e f e r  t o  
t h e  bottom and t o p  of t h e  column, respec-  
t i v e l y .  The v a l u e s  expected f o r  each 
column, which a r e  a l s o  g iven  i n  t h e  t a b l e ,  
a r e  based on t h e  r e s u l t s  of e a r l i e r  r e -  
sea rch  w i t h  60-cm columns. 

Of t h e  s i x  columns, on ly  PC8A was found 
t o  have an adequate  s e p a r a t i o n  f a c t o r  
a t  t o t a l  r e f l u x .  The remaining columns 
e x h i b i t e d  vary ing  degrees  of poor per-  
formance, down t o  approximately 25% of 
t h a t  expected.  Experience suggested t h a t  
t h e  poor ~ e r f o r m a n c e  was r e l a t e d  t o  non- 

The f a i l u r e  of t h e  chlor ine-37 s e c t i o n  of unifbrm d i s t r i b u t i o n  of temperature  on 

t h e  c a s c a d e  t o  perform accord ing  t o  theory the Of the It had pre- 
was a t t r i b u t e d  t o  poor performance of t h e  v i o u s l y  been p o s s i b l e  t o  g a i n  l a r g e  in -  

i n d i v i d u a l  thermal  d i f f u s i o n  columns near  c r e a s e s  i n  column e f f i c i e n c y  by reducing 

t h e  end of t h e  cascade.  Accordingly ,  s i x  c o o l i n g  wate r  f low r a t e s  t o  v a l u e s  w e l l  

of t h e  l a s t  seven columns were i s o l a t e d  w i t h i n  t h e  laminar  f low reg ion .  The r e -  

f o r  a  s e r i e s  of measurements of t h e i r  per-  s u l t i n g  e l i m i n a t i o n  of h e a t  t r a n s f e r  by 

formance a t  t o t a l  r e f l u x .  The columns t u r b u l e n t  conduct ion was be l i eved  t o  have 

were empt ied,  r e f i l l e d  w i t h  chlorobenzene r e s u l t e d  i n  a  much more uniform flow of 

of n a t u r a l  i s o t o p i c  abundance, and re- h e a t  from t h e  c o l d  w a l l ,  hence, a  more 

s t a r t e d .  Samples were t aken  a f t e r  f i v e  uniform c o l d  w a l l  temperature .  

and twe lve  days  of o p e r a t i o n ,  and t h e  re -  
s u l t i n g  s e p a r a t i o n s  a r e  g i v e n  i n  Table  3. The c o o l i r ~ g  water  f low r a t e  f o r  t h e  ,meas- 

The s e p a r a t i o n s  a r e  r e p o r t e d  i n  terms of urements r e p o r t e d  i n  Table 3 was such 

t h e  s e p a r a t i o n  f a c t o r ,  q ,  d e f i n e d  by: t h a t  Re, t h e  Reynolds number, was approxi-  
mately 1000. T r a n s i t i o n  from t u r b u l e n t  

Table  3  

EQUILIBRIUM SEPARATION FACTORS FOR COLUMNS I N  THE 
CHLOROBENZENE LIQUID THERMAL DIFFUSION CASCADE 

Cooling Water 
Flow Rate I n  q, 

Column Type ( l i t e r s / m i n )  Meashred 

PClOD D 4 . 4  0.178 

111 Y, 
Theor. 

0.6 

0.76 



to laminar flow in the annular cooling 
water jacket is presumed to occur at 
approximately Re = 2000. It would seem 
that further reduction of the flow rate 
would have no effect on the mechanism 
of heat transfer from the cold wall or on 
the radial temperature distribution; thus, 
no advantage would be gained from a lower 
flow rate. 

Additional experimentation with columns 
PC8B and PC7A (type C) showed this presump- 
tion to be false. The results of three 
sets of measurements are given in Table 
4. The first set, transcribed from Table 
3, corresponds to the original coolant 
flow ratc of 4.4 liters/min;' the second, 
to half of the original flow. The third 
was taken after thorough cleaning and 
flushing of the flow distributors and 
after some minor rearrangements of the 
inlet piping. 

Table 4 

PRELIMINARY MEASUREMENTS 
OF COOLANT FLOW EFFECT 

In q 
Coolant Flow Column Column 
(liters/min) PC8B PC7A 

. 4.4, original 0.230 0.294 
measurement 

2.2, after 0.651 0.780 
flushing and 
cleaning 

On the basis of the large increase in 
separation obocrvcd in the~e experiments, 
the lower section of the chlorobenzene 
cascade was reassembled, filled with par- 
tially enriched material, and restarted 
with cooling water flow rates reduced to 
half of the previous rates. Figurc 12 
depicts the configuration of the cascade 
at the time it was restarted. . Dimensions 
of,the six types of columns that comprise 
the system are given in Table 5. 

Shortly after the Lower seckinn was put 
Back into operation the conccntration of 
chlorine-37 reached the desired value of 
90%. Withdrawal of product was started 
immediately at a rate egui.vaJ.ent to 
approximately 0.5 g of chlorine-37 per . 
week. Total production during the period 
June 24 to October 20, 1976, amounted to 
5.4 y 01 chlorine-37 at an average conccn- 
tration of slightly more than 90%. In the 
meantime, withdrawal of enriched chlorine- 
35 from the top of the cascade continued 

FEED 

24.6% 3 7 ~ ~  
75.4% 35cl - 

F I G U R E  12 - C h l o r o b e n z e n e  l i q u i d  t h e r m a l  
d i f f u s i o n  c a s c a d e  f o r  s e p a r a t i n g  c h l o r -  
i n e - 3 5  and c h l o r i n e - 3 7 .  The t y p e  o f  e a c h  
co lumn i s  i n d i c a t e d  b y  t h e  l e t t e r  c o d e ;  
t h e  l e n g t h  o f  each  c o l u m n  i.s shown p r o -  . 
p o r t i o n a t e l y .  

Table 5 

CHARACTERISTICS OF LIQUID THERMAL 
DIFFUSION .COLUMNS USED IN THE 

. 15-COLUMN CHLOROBENZENE CASCADE 

Annular 
Column Length Spdci l ly  Diameter 

(m) Type - (urn) (mm) 

at a steady rate equivalent to 0.5 g of 
chlorine-35 per day. Total production 
on September 22 amounted to 23.9 g of 
chlorine-35 at 95% enrichment and 14.0 y 
at 90% enrichment. Earlier experiments 
with 1-chloropropane had yielded 10.6 g 
of chlorine-35 at 90% enrichment. 



On September 22 t h e  columns used f o r  
c h l o r i n e - 3 5  enrichmen.t were r e a r r a n g e d  t o  
augment ch lo r ine -37  p r o d u c t i o n ,  and t h e  
s e p a r a t i o n  of  h i g h l y  e n r i c h e d  ch lo r ine -35  
was s topped .  One t y p e  A column was i n -  
s t a l l e d  a s  a  s t r i p p e r ,  and t h e  remaining 
columns w e r e  used t o  form two p a r a l l e l  
c h l o r i n e - 3 7  cascades .  The p r e s e n t  (Decem- 
b e r  1976) c o n f i g u r a t i o n  of t h e  system i s  
shown i n  F i g u r e  13. The l e f t  cascade '  i n  
F i g u r e  13  i s  t h e  o r i g i n a l  chlor ine-35,  
s e c t i o n .  

F i g u r e  1 4  shows t h e  c o n c e n t r a t i o n  p r o f i l e s  
i n  t h e  two s e c t i o n s .  The l e f t  cascade  
s u s t a i n e d  a  major  l o s s  of  f l u i d  through 
a  l e a k  i n  l a t e  October 1976; conseque.ntly,  
t h e  p r o d u c t  c o n c e n t r a t i o n  i s  somewhat 
below t h e  d e s i r e d  va lue .  The r i g h t  cas-  
c a d e  i s  s t i l l  accumulat ing t h e  o p e r a t i n g  
ho ldup  of  ch lo r ine -37 ;  t h u s ,  concen t ra -  
t i o n s  a r e  lower t h a n  t h o s e  i n  t h e  l e f t  . 
cascade .  F l a t  s e c t i o n s  i n  t h e  p r o f i l e  
of t h e  l e f t  c a s c a d e  s u g g e s t  t h a t  some' of 
t h e  columns a r e  .not  performing p r o p e r l y .  
T h i s  i s  now be ing  i n v e s t i g a t e d .  

A n  e s t i m a t e  o f  *he u l t i m a t e  p r o d u c t i o n  
r a t e  of  ch lo r ine -37  from t h i s  system can 
be  o b t a i n e d  from t h e  f low r a t e  and corn- 
p o s i t i o n  of t h e  d e p l e t e d  s t ream.  Thus, 

FEED 
24.6% 
75.4% 

PRODUCT 
90% 3 7 ~ 1  

F I G U R E  1 3  - P r e s e n t  c o n f i g u r a t i o n  o f  t h e  
c h l o r o b e n z e n e  l i q u i d  t h e r m a l  d i f f u s i o n  
c a s c a d e .  The t y p e  o f  e a c h  ,co lumn i s  i n -  
d i c a t e d  by t h e  l e t t e r  c o d e ;  t h e  l e n g t h  o f  
e a c h  c o l u m n  i s  shown p r o p o r t i o n a t e l y . !  

where P  i s  t h e  p roduc t ion  r a t e  of c h l o r -  
ine-37,  W i s  t h e  f low r a t e  of  t h e  d e p l e t e d  
s t ream,  W F  i s  t h e  weight f r a c t i o n  of 
ch lo r ine -37  i n  t h e  f e e d ,  and ws  i s  t h e  

,. weight  f r a c t i o n  of chlor ine-37 i n  t h e  
d e p l e t e d  s t ream.  From t h i s  equa t ion  and 
t h e  d a t a  g i v e n  i n  F igure  13 a  s t e a d y  s t a t e  
p roduc t ion  r a t e  of approximate ly  0.2 g  
of  chlor ine-37 p e r  day  i s  p r e d i c t e d .  

Eva lua t ion  of  Column Parameters  One type  
' D column (PClOD) and one type  E  column 
i ( S C 2 B ) ,  i d e n t i f i e d  a s  having excep t ion-  

a l l y  poor c h a r a c t e r i s t i c s ,  were removed 
from t h e  cascade f o r  f u r t h e r  e v a l u a t i o n .  
Each column was i n s t a l l e d  i n  a  t e s t  loop  
s i m i l a r  t o  t h e  one shown schemat ica l ly  i n  
F i g u r e  15.  I n  each  loop t h e  column was 
connected t o  a  l a r g e  r e s e r v o i r  o f  ch lo ro -  
benzene f e e d  m a t e r i a l  c i r c u l a t e d  con t inu-  
o u s l y  a c r o s s  t h e  top.  

T h e . c o n c e n t r a t i o n  of chlor ine-37 a t  t h e  
bottom o f  each column was measured a s  a  
f u n c t i o n  of  t ime a t  a  s e r i e s  of  c o o l i n g  
wa te r  f low r a t e s  up t o  n e a r l y  5  l i t e r s /  
min. Some t y p i c a l  exper imenta l  r e s u l t s  
a r e  p l o t t e d  i n  F i g u r e  16.  A t  t h e  conclu- 
s i o n  of  each experiment t h e  c o n c e n t r a t i o n  
of chlor ine-37 i n  t h e  t o p  r e s e r v o i r  was 
measured; then  t h e  f l u i d  i n  t h e  system 
was remixed t o  a  uniform c o n c e n t r a t i o n  

0.1 I I I I I J 
0 2 4 6 8 10 

Distance From Top of Carcade, m 

F I G U R E  1 4  - C o m p o s i t i o n s  i n  t h e  d u a l  
l i q u i d  d i f f u s i o n  c a s c a d e  f o r  c h l o r i n e - 3 7  
e n r i c h m e n t .  



by c i r c u l a t i n g  l i q u i d  from t h e  t o p , t o  
t h e  bottom of t h e  column and through t h e  
r e s e r v o i r .  For some of t h e  exper iments  . 
with  column PClOD a  c i r c u l a t i n g  pump 
was added t o  t h e  bottom of  t h e  column 
t o  p rov ide  a d d i t i o n a l  holdup, t h u s  ex- 
t end ing  t h e  t ime s c a l e  of t h e  experiment.  

Column c o e f f i c i e n t s  were d e r i v e d  from 
t h e  measurements by a d j u s t i n g  parameters  
t o  f i t  t h e  s o l u t i o n  of t h e  thermal  d i f f u -  
s i o n  column t r a n s p o r t  equa t ion  p e r t a i n i  
i n g  t o  t h e  boundary c o n d i t i o n s  of t h e  
exper iments .  The d i f f e r e n t i a l  equa t ion  
which d e s c r i b e s  t h e  behavior  of t h e  
column s e p a r a t i n g  a  b ina ry  mix tu re  i s :  

where w l  i s  t h e  mass f r a c t i o n  of compo- 
n e n t  1 ( c h l o r i n e - 3 7 ) ;  U i s  t h e  holdup 
p e r  u n i t  l e n g t h ;  H i s  t h e  i n i t i a l  t r a n s -  
p o r t  c o e f f i c i e n t ;  K i s  t h e  remixing co- 
e f f i c i e n t ;  z i s  t h e  v e r t i c a l  c o o r d i n a t e ;  
and t i s  t h c  time. 

Cooling 
Water 
out 

Cooling 
Water 

In 

FIG.URE 1 5  - S c h e m a t i c  o f  s y s t e m  u s e d  f o r  
c o l u m n  t e s t i n g .  

, . 
Time,. hr 

F I G U R E  1 6  - ~ e p a r ' a t i o n '  i n  c o l u m n  PClOD a t  a w a t e r  f l o w  r a t e  o f  1  .4 l i t e r s / m i ' n .  



Eq. 3 can be transformed to :  

where W i s  t h e  t o t a l  holdup i n  t h e  
column and 8 ,  y ,  and Y a r e  def ined  by: 

8  = H t ,  (5 

and HL y = -  
K ( 7 )  

where L i s  t h e  length  of t h e  column. 

E x i s t i n g  computer programs were used t o  
s o l v e  Eq. 4 a s  a  func t ion  of 8  f o r  a. 
s e r i e s  of t e n  va lues  of Y. A simplex 
op t imiza t ion  r o u t i n e  was then used t o  
s e l e c t  t h e  va lues  of H and Y which r e -  
s u l t e d  i n  t h e  b e s t  f i t  of an i n t e r -  ' 

pola ted  t h e o r e t i c a l  curve t o  t h e  experi-  
mental  s e p a r a t i o n  da ta .  The f i t  was 
based on t h e  minimization of t h e  quan- 
t i t y  d l  according t o  t h e  fol lowing 
equat ion:  

where q x i  and q t  i a r e  t h e  experimental 
and t h e o r e t i c a l  s epa ra t i on  f a c t o r s  f o r  
t h e  ith experimental t ime value.  The 
va lues  of q t i  were obtained by double 
t a b l e  lookup and parabol ic  i n t e r p o l a t i o n  
of t h e  riumerical s o l u t i o n s  of Eq. 4 .  

The r e s u l t i n g  column parameters a r e  
p l o t t e d  i n  Figures  17 and 18 a s  a  func- 
t i o n  of water flow r a t e .  A s t r i k i n g  
f e a t u r e  of both p l o t s  i s  t h e  l a r g e  i n -  
c r e a s e  i n  Y a s  t h e  water flow i s  reduced. 
I n  bo th  ca se s  t h e  expected va lue  of 0.6 
i s  exceeded. An equa l ly  s t r i k i n g  f e a t u r e  
i s  t h e  f a c t  t h a t  H ,  t h e  i n i t i a l  t r a n s -  
p o r t  c o e f f i c i e n t ,  i nc reases  wi th  de- 
c r e a s i n g  water flow f o r  column PClOD, 
whereas t h e  oppos i te  behavior i s  ob- 
served f o r  column SCZB. 

The remixing coe f f i c i en t ,K ,  ca l cu l a t ed  
from Eq. 7 and from t h e  experimental  
parameters  H and Y ,  i s  a l s o  p l o t t e d  i n  
F igu re s  17 and 18. The remixing co- 
e f f i c i e n t  f o r  column PClOD is  a f f e c t e d  
on ly  s l i g h t l y  by water flow; however, 
a  l a r g e  i nc rease  i s  observed f o r  SC2B a t  
h igh  flow r a t e s .  The inc rease  i s  most 
l i k e l y  t h e  r e s u l t  of a  p a r a s i t i c  c i r cu -  
l a t i o n  which i s  suppressed by t h e  v e r t i -  
c a l  temperature  g rad i en t  imposed on t h e  
column by low r a t e s  of coolan t  flow. 

(The temperature increase  of t he  water 
is  p l o t t e d  i n  Figures  17 and 18 f o r  r e f -  
erence. ) 

There does no t  appear t o  be a  p a r a s i t i c  
con t r ibu t ion  t o  t h e  remixing c o e f f i c i e n t  
f o r  PClOD. I n  f a c t  a  rough c a l c u l a t i o n  
of K from theory g ives  a  value of about 
0.002 g cm/sec -- somewhat higher than 
a l l  of t he  experimentally der ived values .  
A t e n t a t i v e  conclusion i s  t h a t  t h e r e  a r e  
two e f f e c t s  assoc ia ted  with the v a r i a t i o n  
i n  water flow. The f i r s t ,  and dominant 
one i n  t h e  case  of SC2B, i s  a  suppression 
of p a r a s i t i c  c i r c u l a t i o n  by an imposed 
v e r t i c a l  temperature grad ien t .  The 
second e f f e c t  i s  most r e a d i l y  apparent  
f o r  .PClOD; however, it may a l s o  be 
marginally ev ident  a t  low flow r a t e s  f o r  
SC2B. The second e f f e c t  i s  charac te r ized  
by t h e  covar ian t  increase  of H and Y a s  
water flow i s  reduced. There does not  
seem t o  be any s a t i s f a c t o r y  explanat ion 
f o r  t h i s  behavior o the r  than a  pos s ib l e ,  
bu t  very un l ike ly ,  l a rge  e f f e c t  of tem- 
pera ture  on the  i so top i c  thermal d i f f u -  
s ion  f a c t o r .  ( W i l l i a m  M .  R u t h e r f o r d l  . 

M O L E C U L A R  B E A M  S C A T T E R I N G  

I n i t i a l  t e s t i n g  of t h e  molecular beam 
quadrupole de t ec to r  system was com l e t ed .  
The des i r ed  s e n s i t i v i t y  (1.0 x lo- '  beam 
f r a c t i o n )  has been obtained using t h e  
lock-in ampl i f i e r  technique. S igna l  
averaging by computer program was i n -  
corporated with good r e s u l t s .  The s ig -  
na l  averaging technique can r e t r i e v e  t h c  
s i g n a l  a t  t h e  same l e v e l  a s  t h e  lock-in 
ampl i f i e r ,  bu t  with a  p o t e n t i a l  f o r  one 
or  two o rde r s  of magnitude improvement. 
Detector measurements have thus  f a r  been 
made using reduced s i n g l e  heam i n t e n s i t y  
s ca l i ng  by source pressure  con t ro l .  The 
beam f r a c t i o n  of 1.0 x  l o - '  i s  t h e  lowest 
which can be accura te ly  obtained by t h i s  
method. The l i m i t  of d e t e c t o r  s e n s i t i v -  
i t y  w i l l  be determined a f t e r  the  second 
arm of t he  beam chamber has been o u t f i t t e d  
with i t s  source.  The lower l e v e l  
s ca t t e r ed  i n t e n s i t y ,  produced from 
crossed beam c o l l i s i o n s ,  w i l l  then be 
obtained. 

The nozzle-skimmer source f o r  t he  second 
arm of the  molecular beam chamber has 
been assembled, a l igned ,  and leak  t e s t e d  
s a t i s f a c t o r i l y .  This  source i s  the  twin 
t o  t h e  one cu r r en t ly  being used i n  t h e  
primary-beam arm which has been descr ibed 
i n  The same Cryotip r e f r i g -  
e r a t i o n  system w i l l  be used f o r  cool ing 
both sources .  The new source is  cur ren t -  
l y  being i n s t a l l e d  i n  the chamber, and- 
t he  secondary bcam forming components a r e  
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Water flow, literslmin 

F I G U R E  1 7  ' -  E x p e r i m e n t a l  p a r a m e t e r s  f o r  co lumns S C 2 B .  



0 1 2 3 4 5 

- Water flow, liters/min 

FIGURE 18 - Experimental parameters f o r  c o l u m n  P C l O D .  



being a l i g n e d  t o  g i v e  t h e  c rossed  beam 
d i f f e r e n t i a l  s c a t t e r i n g  c a p a b i l i t y  men- 
t ioned  above. 

A new c r y o g e n i c a l l y  cooled t a r g e t  g a s  
c e l l  was des igned  and f a b r i c a t e d .  Th i s  
new c e l l  w i l l  pe rmi t  g r e a t e r  p r e c i s i o n  
i n  t h e  p o s i t i o n  adjus tment  of  t h e  t a r g e t  
o r i f i c e ,  and w i l l  have t h e  c a p a b i l i t y  
f o r  low tempera tu re  o p e r a t i o n  through 
t h e  u s e  of a Cryo t ip  r e f r i g e r a t i o n  sys -  
tem s i m i l a r  t o  t h a t  used on t h e  sources .  
Th i s  low temperature  c a p a b i l i t y  w i l l  
g r e a t l y  i n c r e a s e  t h e  r e l a t i v e  v e l o c i t y  
range over  which t o t a l  c r o s s  s e c t i o n s  can 
be measured. The new c e l l  i s  scheduled 
t o  be i n s t a l l e d  i n  t h e  primary-beam arm 
of  t h e  chamber dur ing  t h e  f i r s t  q u a r t e r  
of CY-1977. 

Work h a s  begun on t h e  d e s i g n  and con- 
s t r u c t i o n  of a d r i v e  mounting system f o r  
one o f  t h e  v e l o c i t y  s e l e c t o r  r o t o r s  which 
were f a b r i c a t e d  some t ime ago. This  
r o t o r  d e s i g n  was d e s c r i b e d  i n  an  e a r l i e r  
qeport.3"he a d d i t i o n  of  v e l o c i t y  
s e l e c t i o n  w i l l  g i v e  a n e a r l y  monoenergetic 
primary beam and t h e  c a p a b i l i t y  f o r  accur-  
a t e  v e l o c i t y  d i s t r i b u t i o n  measurements f o r  
nozz le  beams. Knowledge of  t h i s  d i s t r i b u -  
t i o n  w i l l  a l l o w  c r o s s - s e c t i o n a l  measure- 
ments of  d i f f e r e n t i a l  s c a t t e r i n g  t o  be 
a c c u r a t e l y  c o r r e c t e d  f o r  r e l a t i v e  veloc-  
i t y  sp read .  F a b r i c a t i o n  and t e s t i n g  of 
t h e  v e l o c i t y  s e l e c t o r  a r e  scheduled t o  
be completed by l a t e  summer 1977. 

The r e s u l t s  of t h e  argon-krypton t o t a l  
c r o s s  s e c t i o n  exper iments  d e s c r i b e d  
p r e v i o u s l y 3 5  were r e p o r t e d  i n  a paper  
e n t i t l e d  "Low Energy T o t a l  Cross  S e c t i o n s  
f o r  t h e  Argon-Krypton System" p resen ted  
a t  t h e  Tenth I n t e r n a t i o n a l  Symposium on 
Rare f j ed  Gas Dynamics ( J u l y  18-24) i n  
Aspen, Colorado. The p r e s e n t a t i o n  was 
w e l l  r e c e i v e d  and evoked s e v e r a l  good 
q u e s t i o n s .  S ince  t h e  symposium, t h e  
manuscr ip t  has  been accepted f o r  pub l i ca -  
t i o n  by t h e  American I n s t i t u t e  of Aero- 
n a u t i c s  and A s t r o n a u t i c s ,  New York, i n  
January 1977. (Robert W .  York)  

T R A N S P O R T  P R O P E R T I E S  

Thermal Dif fu ,s ion F a c t o r s  f o r  3 ~ e -  ' H e  
The exper imenta l  low-temperature thermal  
d i f f u s i o n  f a c t o r s  f o r  t h e  3 ~ e - 4 ~ e  sys -  
tem,which were measured i n  t h e  two-bulb 
a p p a r a t u s  a t  t h i s  l a b o r a t o r y  s e v e r a l  
y e a r s  ago,  have been re -eva lua ted .  The 
need f o r  such an e v a l u a t i o n  a r o s e  because 
subsequent  d a t a  taken a t  low tem e r a t u r e s  
j.n o seven-tube t r e n n s ~ h a u k e l ' ~ ~ ' ~ . ~ ~  i n -  
d i c a t e  a behavior  somewhat a t  v a r i a n c e  
w i t h  t h e  two-bulb r e s u l t s .  The t r enn-  
schauke l  r e s u l t s  showed aT i n c r e a s i n g  

g r a d u a l l y  wi th  d e c r e a s i n g  temperature  
from -0.068 a t  250 K t o  a broad f l a t  
maximum a t  -0.08 i n  t h e  r e g i o n  from 3 
t o  30 K .  Below 3 K ,  ciT dropped r a t h e r  
r a p i d l y .  On t h e  c o n t r a r y ,  a . t h e r m a l  
d i f f u s i o n  f a c t o r  of -0 .1  appeared t o  b e  
i n c r e a s i n g  a t  4.2 K based on t h e  admit ted-  
l y  incomplete  two-b.ulb dat ,a.  'v4 ' The 
n a t u r e  of  t h e  van d e r  Waals f o r c e s  i n  t h e  
helium i n t e r a c t i o n  should be s e n s i t i v e l y  
r e f l e c t e d  i n  t h e  behavior  of a~ a t  
very  low tempera tu res ,  and i t  i s  t h u s  i m -  
p o r t a n t  t o  have r e l i a b l e  and a c c u r a t e  
exper imenta l  the rmal  d i f f u s i o n  f a c t o r s  
i n  t h i s  temperature  reg ion .  

A fundamental d i f f e r e n c e  e x i s t s  between 
t h e  two exper imenta l  methods. With t h e  
t r ennschauke l  t h e  e n t i r e  exper iment  i s  
conducted w i t h  t h e  a p p a r a t u s  and g a s  a t  
very  n e a r l y  t h e  ass igned  t empera tu re  f o r  
a ~ .  Thus f o r  aT a t  3 K ,  t h e  h o t  and c o l d  
b locks  may be he ld  a t  3 . 2  and 2 . 8  K ,  re- 
s p e c t i v e l y ,  d u r i n g  t h e  c o u r s e  of t h e  ex- 
per iment .  A v a l u e  of  aT i s  ob ta ined  from 
t h e  i s o t o p i c  s e p a r a t i o n  o b t a i n e d  i n  t h e  
dev ice .  (See Reference 36 f o r  a d e t a i l e d .  
d i s c u s s i o n  of t r ennschauke l  d e s i g n  and 
o p e r a t i o n . )  I n  t h e  c a s e  of t h e  two-bulb 
a p p a r a t u s ,  t h e  h o t  r e g i o n  i s  he ld  a t  a  
f i x e d  t empera tu re ,  i n  t h i s  c a s e  300 K ,  
and t h e  c o l d  temperature  i s  v a r i e d .  
From a s e r i e s  of  exper iments ,  UT i s  ob- 
t a i n e d  from t h e  s l o p e  of  t h e  l o g a r i t h m i c  
p l o t  of TH/Tc v s  t h e  s e p a r a t i o n  f a c t o r .  
The p i t f a l l  of t h i s  method i s  t h a t  t h e  
numerical  v a l u e  of a~ i s  ve ry  s e n s i t i v e  
t o  t h e  d e r i v a t i v e  of t h e  curve  of un- 
s p e c i f i e d  f u n c t i o n a l  form which must be  
f i t t e d  t o  t h e  exper imenta l  p o i n t s ,  each 
of which i n  t u r n  has  u n c e r t a i n t i e s  i n  
I n  q and I n  TH/Tc a s s o c i a t e d  wi th  it. 
The problem i s  p a r t i c u l a r l y  s e v e r e  a t  
t h e  end p o i n t s  of t h e  curve .  

With t h e  fo rego ing  arguments i n  mind, it  
was deemed a d v i s a b l e  t o  comprehensively 
analyze  t h e  p rev ious  two-bulb,work, ex- 
amining t h e  fo l lowing :  a )  exper imenta l  
appara tus ;  b )  a p p l i c a b i l i t y  of e x i s t i n g  
theory  t o  t h e  exper Fmental c o n d i t i o n s  ; 
and c )  e s t i m a t e d  exper imenta l  u n c e r t a i n -  
t i e s  and i n t e r p r e t a t i o n  of  t h e  d a t a .  

a )  Apparatus 

The a p p a r a t u s  shown i n  F i g u r e  19 was con- 
s t r u c t e d  by D r .  S t a n l e y  Weissman f o r  
measuring thermal  d i f f u s i o n  f a c t o r s  be- 
tween 4.2 and approximate ly  77 K .  I t  
i s  known a s  t h e  "new" a p p a r a t u s  because  
D r .  Weissman had,  p r i o r  t o  1970, measured 
and pub l i shed  exper imenta l  r e s u l t s  down 
t o  55 K i n  a d i f f e r e n t  " o l d "  appara tus . "  

The lower chamber, A ,  i s  connected t o  t h e  
upper p o r t i o n  of t h e  a p p a r a t u s  by t u b e ,  D ,  
through a s topcock ,  K .  Above t h i s  



FIGURE 1 9 . -  T w o - b u l b  a p p a r a t u s .  A ,  l o w e r  chamber ;  B y  exchange  g a s  space ;  C ,  vacuum 
j a c k e t ;  D, c o n n e c t i n g  t u b e ;  E, i n n e r  dewar ;  F ,  o u t e r  dewar ;  G ,  f l a n g e ;  H,  e l e c t r i c  
f e e d - t h r o u g h ;  I, one o f  f o u r  f e m a l e  t a p e r s ;  J, w a t e r  b a t h ;  K,  c o n n e c t i n g  t u b e  s t o p c o c k ;  
and  P t ,  p l a t i n u m  r e s i s t o r .  



stopcock i s  t h e  volume which makes up t h e  
h o t  chamber of t h e  two-bulb c e l l .  T h i s  
volume i s  made up,  i n  p a r t ,  by four  me ta l  
female t a p e r s  denoted by I ,  i n t o  which 
sample b o t t l e s  can be placed.  The e n t i r e  
upper chamber and bo th  s topcocks  a r e  lo -  
c a t e d  i n  a  the rmos ta ted  water  b a t h ,  J.  
S i n c e  t h i s  p a r t  o f  t h e  a p p a r a t u s  i s  a l -  
ways i s o t h e r m a l ,  t h e  g a s  con ta ined  i n  i t  
h a s  uniform composit ion.  

The t empera tu re  o f  t h e  lower chamber i s  
mainta ined by sens ing  t h e  g a s  temperature  
w i t h  a  p la t inum r e s i s t a n c e  the,rmometer 
s t a n d i n g  on i t s  pla t inum l e a d s  i n  A ,  
which i n  t u r n  p a s s  through t h e  chamber 
w a l l  by means of a  ceramic-to-metal s e a l .  
Th i s  c o n t r o l s  a  h e a t e r . a r o u n d  A by means 
of a  b r i d g e  c i r c u i t .  An a n a l y s i s  of  t h e  
exper imenta l  a p p a r a t u s  showed t h a t  good 
vacuum and c ryogen ic  t echn iques  were 
followed wi th  one p o s s i b l e  excep t ion :  
t h e  use  of  a  p la t inum r e s i s t a n c e  thermom- 
e t e r ,  and i t s  suspension i n  t h e  g a s ,  f o r  
use  a t  very  low temperatures .  Below 
abou t  15 K t h e  r e s i s t a n c e  o f  t h e  p l a t i -  
num thermometer f a l l s  t o  on ly  a  few t e n t h s  
of an ohm and t h e  b r idge  c o n t r o l  becomes 
r a t h e r  i n s e n s i t i v e .  Also t h e  h e a t  gen- 
e r a t e d  by t h e  b r i d g e  c u r r e n t  i n  t h e  r e -  
s i s t o r ,  i f  n o t  conducted o u t  through t h e  
l e a d s ,  may l o c a l l y  h e a t  t h e  surrounding 
g a s  l e a d i n g  t o  a n  e r r o r  i n  Tc. A second 
pla t inum r e s i s t o r  and a  10n Allen-Bradley 
carbon r e s i s t o r  were t h e r e f o r e  embedded 
i n  t h e  copper base  of  A s o  t h a t  any one 
of t h e  t h r e e  r e s i s t o r s  could  be used i n  
t h e  b r i d g e  c i r c u i t  t o  c o n t r o l  t h e  11eatcr 
c u r r e n t  and hence,  t h e  temperature  of  A. 

The carbon r e s i s t o r  was c a l i b r a t e d  i n -  
dependent ly  of t h e  p la t inum r e s i s t o r s  by 
us ing  t h e  t r i p l e  p o i n t  of neon and t h e  
vapor p r e s s u r e  of helium-4 w i t h  l i q u i d  i n  
A. The c o n t r o l  of  T c  w i t h  t h e  c a l i b r a t e d  
carbon r e s i s t o r ,  a s  w e l l  a s  t h e  accuracy 
w i t h  which Tc can be measured, i s  f a r  
s u ~ e r i o r  below 25 K than  w i t h  t h e  o r i s -  

s e v e r a l  t imes  i n  t h e  l i t e r a t u r e ,  b u t  t h e  
most r i g o r o u s  t r e a t m e n t  i s  by Lonsdale 
and Mason.42 Unfor tuna te ly ,  Lonsdale and 
Mason used r a d i o a c t i v e  t r a c e r s  i n  t h e i r  
work and t h e i r  d e r i v a t i o n  of  t h e  working 
e q u a t i o n s  i s  n o t  s t r i c t l y  a p p l i c a b l e  t o  
Weissman's c a s e  o f  equimolar mix tu res .  
I n  Reference 41, Weissman made s e v e r a l  
s i m p l i f y i n g  assumptions t o  a r r i v e  a t  Eq. 
4 ,  which u n f o r t u n a t e l y  was p r i n t e d  i n -  
c o r r e c t l y  i n  t h e  manuscr ip t .  The r e s t r i c -  
t i o n  of  one component p r e s e n t  i n  t r a c e  
amounts, and t h e  s i m p l i f y i n g  assumpt ions  
used by Weissman a r e  removed i n  t h e  
fo l lowing  d e r i v a t i o n  which u s e s  i n  l a r g e  
p a r t  t h e  l o g i c  of  Lonsdale and Mason. 

The thermal  d i f f u s i o n  f a c t o r  i s  determined 
from : 

where TH = c o n s t a n t  and t h u s  aT a t  any 
t empera tu re ,  Tc, i s  t h e  s l o p e  of I n  q v s  
I n  (TH/Tc) a t  t h e  p o i n t  co r respond ing  t o  - 
I n  t h e  p r e s e n t  a p p a r a t u s  o n l y  'xH of  mass 
3 need be ( o r  can be) measured, s o  it i s  
necessa ry  t o  d e r i v e  t h e  , v a l u e  of 'XC a t  
t h e  end of  t h e  experiment i n  o r d e r  t o  ob- 
t a i n t h e  s e p a r a t i o n  f a c t o r ,  q .  The super -  
s c r i p t  "3"  can be  dropped and h e n c e f o r t h  
X ( t )  w i l l  d e f i n e  t h e  mole f r a c t i o n  of  ' ~ e ,  
i n i t i a l l y  a t  t = 0 and a t  t = m,  when t h e  
s t e a d y  s t a t e  i s  achieved.  

Th i s  i s  t h e  s e p a r a t i o n  f a c t o r  f o r  non- ' 

t r a c e  mix tu res  and does  n o t  c o n t a i n  t h a t  
approximation used i n  d e f i n i n g  q  i n  Ref- 
e rence  42. X c ( m )  i s  d e r i v e d  i n  terms o f :  
XFeed  = X (0 )  ; X H  (a) ; t h e  dimensions o f  t h e  
a p p a r a t u s ;  and t h e  t empera tu res  i n  t h e  
exper iment .  

i n a l  p la t inum r e s i s t o r .  Above 25 K t h e  
A t  t ime t = 0, t h e r e  a r e :  p la t inum r e s i s t o r  i n  t h e  b lock can be 

used f o r  c o n t r o l  wi thou t  f e a r  of  d i s s i p a t -  n c ( 0 )  atoms of  mass 3 i n  Vc a t  Tc; 

ing  I ~ R  h e a t  l o s s e s  i n t o  t h e  gas .  While ntT(0) atoms of  mass 3 i n  V H  a t  TI, ;  and 

i t  was o r i g i n a l l y  thought  t h a t  s e l f - h e a t -  nl: (0) atoms of mass 3 i n  t h e  connec t ing  

i n g  o f  t h e  o r i g i n a l  r e s i s t o r  may have , 
tube  of  a r e a ,  A ,  and l e n g t h ,  L. 

in t roduced  s e r i o u s  e r r o r s  i n t o  t h e  meas- A t  t ime t = m ( s t e a d y  s t a t e j  , t h e r e  die:  urement, comparative r e a d i n g s  above 25 K " n c ( m )  atoms of mass in V c  at Tc;  showed d i s c r e p a n c i e s  of up t o  A = '2 K ,  nl,(m) atoms of mass 3 i n  V I I  a t  TH; and which i n t r o d u c e s  some u n c e r t a i n t y ,  b u t  
; nL(m) atoms of  mass 3 i n  t h e  connec t ing  t u b e .  n o t  o f  a  s e r i o u s  na tu re .  On t h e  o t h e r  

hand, t h e  l a c k  of  s e n s i t i v i t y  i n  e i t h e r  
p la t inum r e s i s t o r  below 25 K i s  a  s e r i o u s  The t o t a l  number of atoms i s  c o n s t a n t  i n  

t i i l ~ e ,  e . g . ,  problem. nc (0 )  + n H ( 0 )  - +  n L ( 0 )  = nC(-)  + nH(m)+  nL(m) , 
b) A p p l i c a b i l i t y  of Theory t o  t h e  Experi-  Or n c ( m )  - n c ( 0 )  = - [ n H ( m )  - n H ( 0 ) l  - 

. ments [ n ~ ( m )  - n L ( 0 ) l .  

  he theory  of  t h e  thermal  d i f f u s i o n  p r o c e s s  I n  terms of c o n c e n t r a t i o n  changes ,  t h i s  i s  

i n  t h e  two-bulb a p p a r a t u s  has  been t r e a t e d  
Anc = AnH - AnL. 



Def in ing  N a s  t h e  t o t a l  number of atoms, AnL = nL(m) - n L ( 0 )  I 
we have : 

The p r e s s u r e  and t o t a l  volume a r e  con- 
s t a n e  everywhere and a t  a l l  t i m e s ,  hence 
t h e  t o t a l ~ , m o l e c u l a r  d e n s i t y  i s  c o n s t a n t .  

Nf,(0) = N H ( m )  = NH and NC(0)"= ~ d f m )  = NC 

Fur thermore,  s i n c e  AXH = AnH/NH, and 
XH(0)  = Xc(0) ,  and us ing :  

n H ( 0 ) / N H ( m )  = nH(0)/NH = X l l ( O )  ; 

Anki/NH(m) = AnH/NH = AXH; 

nc (0)/Nc(m) = nc(0) /Nc = Xc(0) = X H ( O )  ; 

AnH/Nc ( m )  = AXH NH/Nc ; and 

' AnL/NL ( m )  = AnL&: 

we o b t a i n  

Assume t h e  i d e a l  gas  1a.w h o l d s ,  i. e. , 

where NO = Avogadro's number. Then 
NI,/Nc = VHTc/VcTH. S u b s t i t u t i n g  t h i s  
i n t o  t h e  e q u a t i o n  above, d i v i d i n g  through 
by X H ( O ) ,  u s i n g  AXH = X H ( m )  - XH(0)  and ' 

i n v e r t i n g  g i v e s  t h e  e q u a t i o n :  

The e x p l i c i t  e x p r e s s i o n  f o r  t h e  composi- 
t i o n  i n  t h e  c o l d  bulb  a t  t h e  end o f  t h e  
exper iment  is :  

T h i s  e x p r e s s i o n  does n o t  agre& w i t h  Eq. 
4  i n  Reference 41 bu t  it a p p a r e n t l y  was 
used by Weissman i n  c a l c u l a t i n g  numerical  
v a l u e s .  Eq. 4 i n  Reference 4 1  i s  t h e r e -  
f o r e  assumed t o  be a  t y p o g r a p h i c a l  e r r o r .  

I t  remains  t o  de te rmine  an e x p r e s s i o n  i n  
known q u a n t i t i e s  f d r  AnL/Ncl which i s  
t h e  c o r r e c t i o n  f o r  t h e  f i n i t e  volume o f .  
t h e  connec t ing  tube.  A t  t h i s  p o i n t  t h e  
assumptions  t h a t  the  composi t ion and 
t empera tu re  i n  t h e  connect ing tube  a r e  
s imply a r i t h m e t i c  averages  o f  t h e  respec-  
t i v e  q u a n t i t i e s  i n  t h e  h o t  and c o l d  b u l b s ,  
a r e  dropped. Then: 

where n~ ( 0 )  = N L X H  (0)  = N L X F  , and 

nL(m) = f z=L 
d n ~  ( m r Z )  

z=o 
The d i f f e r e n t i a l  dnL(m,Z),  r e p r e s e n t s  t h e  
composit ion g r a d i e n t  a t  t h e  s t eady  s t a t e  
due t o  t h e  temperature  g r a d i e n t  a long t h e  
connect ing tube .  The v a r i a b l e  Z s t a n d s  
f o r  any p o i n t  on t h e  connect ing tube.  
Since  Adz = dv,  t h e  q u a n t i t y  N L  i s  
eva lua ted  a s  Collows : 

I n  o r d e r  t o  i n t e g r a t e  t h i s  equa t ion ,  we 
must o b t a i n  an express ion  f o r  t h e  tem- 
p e r a t u r e  g r a d i e n t .  An a n a l y s i s  of t h e  
p r e s e n t  a p p a r a t u s  and o p e r a t i n g  condi-  
t i o n s  shows t h e  temperature  g r a d i e n t  i n  
t h e  connect ing tube  t o  be determined by 
h e a t  f low i n  t h e  g a s  column and i n  t h e  
tube  w a l l  i n  a  r a t i o  of approximately  
3 : l .  A r easonab le  approximation f o r  t h e  
temperature  d i s t r i b u t i o n  i s  then t h a t  
g iven i n  Reference 42, i . e . ,  

Now N becomes : 

Also,  nL (0 )  = N L X F  = PNOUXF R (TH-Tc 

The q u a n t i t y  nL(m) i s  eva lua ted  a s  
fo l lows  : 

X L  ( m , Z )  PNoAdZ 
dnL(m,Z) = XL(m,Z)dNL = RT ( Z )  

To f i n d  X L  ( a r  Z )  dNLl we assume a  compo- 
s i t i o n  d i s t r i b u t i o n  f o r  xL( - ,Z)  g iven by: 



since . X ( l i q h t ) l / p  (heavy) X ( l i g h t ) ]  (heavy) 

H T c 
and T L  <TH. 

Here zT is  i n i t i a l l y  an es t ima ted  mean 
v a l u e  f o r  t h e  temperature  range.  So lv ing  
f o r  X ( m ,  Z )  , t h e  fo l lowing  a r e  ob ta ined :  

Th i s  r a t h e r  horrendous expre'ssion can be 
a n a l y t i c a l l y  i n t e g r a t e d  by making t h e  
change o f  v a r i a b l e  X = a + bZ wi th  t h e  
r e s u l t :  

The c o r r e c t i o n  term AnL/Nc is :  

s i n c e  AL = VT. The c o r r e c t i o n  term is  now 
expressed i n  known q u a n t i t i e s  and i n  t u r n  
a l lows  X C ( m )  t o  be c a l c u l a t e d  from t h e  
exper imenta l  c o n d i t i o n s  and appara tus  d i -  
mensions. Only one s t e p  remains and t h a t  
i s  t o  c a l c u l a t e  t h e  thermal  d i f f u s i o n  
f a c t o r ,  c l ~ ~  f o r  t h e  experiment.  .This,  of 
c o u r s e ,  should  agree  w i t h  t h e  mean v a l u e ,  
a T ,  used i n  e v a l u a t i n g  t h e  c o r r e c t i o n  

f a c t p r .  If it does  n o t ,  t h e  c a l c u l a t i o n  
must be i t e r a t e d  u n t i l  it is  c o n s i s t e n t .  
The v a l u e  of  t h e  s e p a r a t i o n  f a c t o r ,  q ,  
used i n  t h e  p l o t  of  I n  q v s  I n  ( T ~ / T ~ )  
i s  t h a t  o b t a i n e d  us ing  t h e  s e l f - c o n s l s -  
t e n t  v a l u e  of X c (  w) . 
A computer program was w r i t t e n  which 
c a l c u l a t e d  t h e  d e r i v e d  q u a n t i t k e s  and 
performed t h e  necessa ry  i t e r a t i o n s  t o  
p rov ide  s e l f - c o n s i s t e n t  v a l u e s  of  X c ( d  
and hence q .  

c )  Est imated U n c e r t a i n t i e s  and I n t e r -  
p r e t a t i o n  o f  Data 

The u n c e r t a i n t y  i n  t h e  d e t e r m i n a t i o n  o f  
t h e  t.hermal d i f f u s i o n  f a c t o r  a t  a  
s p e c i f i c  t empera tu re ,  from t h e  s l o p e  o f  
t h e  I n  q v s  I n  (TH/TC) , w i l l  be depen- 
d e n t  upon t h e  accuracy w i t h  which each 
i n d i v i d u a l  exper iment  i s  conducted.  The 

\ approach h e r e  w i l l  be t o  compute t h e  un- 
c e r t a i n t i e s  i n  i n d i v i d u a l  exper iments ,  
a s s i g n  e r r o r  b a r s ,  and obse rve  g r a p h i c a l l y  
how t h e s e  i n d i v i d u a l  u n c e r t a i n t i e s  c a n  
a f f e c t  t h e  s l o p e  d e t e r m i n a t i o n .  The 
measured exper imenta l  q u a n t i t i e s  a r e  
1) t h e  f e e d  composi t ion,  2 )  t h e  compo-. 
s i t i o n  i n  t h e  h o t  b u l b  and 3 )  t h e  h o t  and 
c o l d  b u l b  t empera tu res .  Each o f  t h e s e  
q u a n t i t i e s  has  a s s o c i a t e d  w i t h  it an i n -  
h e r e n t  exper imenta l  u n c e r t a i n t y .  

The r e s u l t a n t  e f f e c t  i s  c a l c u l a t e d , a s  
fo l lows  : 

Uncer ta in ty .  i n  q:  q ( X , , / l - X H )  / ( X C / l - X C )  

where X c  is n o t  measured d i - r e c t l y ,  b u t  
i s  e v a l u a t e d  i n  terms X F  and X H  by t h e  
e x p r e s s i o n  d e r i v e d  p r e v i o u s l y .  Although 
AnL/Nk i s  a f u n c t i o n  of X F  and X H I  t h i s  
term i s  very  smal l  and s lowly va ry ing .  
We t h e r e f o r e  make t h e  approximation:  
X c  c XX,, + a(XF-X,) , where a = V,Tc/VCTH. 

Xi-=-- ' (  l + a )  
ax, (lriH) I L l + a )  X F  -axH] ' 

The pe rcen tage  of  t o t a l  u n c e r t a i n t y  due  
t o  composi t ion a n a l y s i s  of f eed  and h o t  
b u l b  samples i c r  

and t h e r e f o r e  Aln q = dq/q and %Aln q = 
lOOAln q / l n  q.' 



U n c e r t a i n t y  i n  T: a (TH/Tc) = 3; 
a T ~  T c 

ATH ATc s o  t h e r e f o r e .  A l n  ( T , , / T ~ )  = I - I + I - I T  H 

and % Aln (TH/Tc) = lOOAln (TH/Tc) 
I n  (TH/TC) 

The e s t i m a t e d  u n c e r t a i n t i e s  were eva lu -  
a t e d  f o r  each exper iment .  U n c e r t a i n t i e s  
i n  t h e  mass s p e c t r o m e t r i c  a n a l y s e s  were 
e s t i m a t e d  t o  be  t h e  d i f f e r e n c e s  between 
t h e  d u p l i c a t e  samples a s  i s  done i n  
t r e n n s c h a u k e l  exper iments ;  t empera tu re  
u n c e r t a i n t i e s  were i n f e r r e d  from e n t r i e s  
i n  t h c  o r i g i n a l  d a t a .  A l l  o f  t h e  p re -  
v i o u s  exper iments  a r e  shown i n  F i g u r e  29. 
The s o l i d  c i r c l e s  were d a t a  t a k e n  i n  t h e  
" o l d "  a p p a r a t u s  and a r e  p l o t t e d  a s  pub- 
l i s h e d  i n  Reference  41. The twe lve  
open c i r c l e s  w i t h  e r r o r  b a r s  a r e  t h e  
d a t a  t a k e n  i n  t h e  "new_" a p p a r a t u s ,  w i t h  
q  e v a l u a t e d  by means o f  t h e  r e v i s e d  t h e o r y  
i n  s e c t i o n  b )  above,  and w i t h  t h e  e x p e r i -  
m e n t a l  d a t a  t a k e n  d i r e c t l y  from t h e  o r i g -  
i n a l  l a b o r a t o r y  notebook. The e r r o r  b a r s  
were c a l c u l a t e d  based on e s t i m a t e s  made 
a c c o r d i n g  t o  t h e  d i s c u s s i o n  above; 

Computed q v a l u e s  i n  g e n e r a l  d i d  n o t  
d i f f e r  a p p r e c i a b l y  from t h o s e  r e p o r t e d  
i n  Refe rence  39; t h i s  i s  n o t  s u r p r i s i - n q  
i n  v iew of t h e  f a c t  t h a t  t h e  t u b e  c o r r e c -  
t i o n  term,  AnL/Nc, i s  q u i t e  smal l .  The 
r e s u l t s  of  one exper iment  (#40)  d i f f e r e d  
s i g n i f i c a n t l y  upon r e c a l c u l a t i o n ,  which 
p r o b a b l y  r e E l e c t s  a  computa t iona l  e r r o r ;  
r e s u l t s  from a  second exper iment  (#42)  
were v e r y  low and n o t  g i v e n  i n  t h e  
o r i g i n a l  compi la t ion .  The d a t a  a r e  sum- 
marized i n  Tab le  6.  Exper iments  #40 and 
42# a r e  u n r e a l i s t i c a l l y  low and #37 and . 
# 4 1  appear  s u s p i c i o u s l y  low. The l a t t e r  
two exper iments  f a l l  i n t o  t h e  r e g i o n  
where t h e r e  i s  undoubtedly  a  s e n s i t i v i t y  
problem w i t h  t h e  thermometer. 

The s c a t t e r  and est imat-ed u n c e r t a i n t i e s  
o f  t h e  d a t a  a r e  such t h a t  it i s  n o t  
f e a s i b l e  t o  o b t a i n  an a c c u r a t e  eva lua -  
t i o n  of  t h e  s l o p e .  I t  i s  t h e  o p i n i o n  
of t h i s  w r i t e r  t h a t  t h e  b e s t  t h a t  c a n  
be  done i s  t o  p a s s  a  broad band through 
t h e  d a t a  implying an approximate ly  con- 
s t a n t  a~ w i t h  some r e l a t i v e l y  g r e a t  
a s s o c i a t e d  u n c e r t a i n t y .  

I n  o r d e r  t o  o b t a i n  a n  e s t i m a t e  of  t h e  
l e v e l  of s e n s i t i v i t y  t h a t  would be  needed 
i n  t h e  exper iments  t o  d i s c r i m i n a t e  among 
i n t e r m o l e c u l a r  p o t e n t i a l s ,  a  numerical  
i n t e g r a t i o n  procedure  was adopted t o  
e l i m i n a t e  t h e  i n a c c u r a c i e s  of numerical  
d i f f e r e n t i a t i o n  of t h e  widely  s c a t t e r e d  
d a t a .  T h i s  method a l s o  p rov ides  a  
d i r e c t l y  c a l c u l a t e d  v a l u e  of t h e  separa -  
t i o n  f a c t o r  a s  a  f u n c t i o n  of Tc. The 
procedure  used was a s  fo l lows :  t h e o r e t i -  
c a l  c a l c u l a t i o n s  of [ aT]  3 w e r e  performed 
a t  lo i n t e r v a l s  from 1 t o  303 K us ing  
two d i f f e r e n t  s e t s  of quantum t r a n s p o r t  
c o l l i s i o n  i n t e g r a l s  f o r  helium-3/helium- 
4 .  The c o l l i s i o n  i n t e g r a l s  had been com- 
puted p rev ious ly43*"  us ing  t h e  Beck and 
Bruch-McGee p o t e n t i a l s  f o r  helium. The 
logar i thm o f  t h e  s e p a r a t i o n  f a c t o r  was 
o b t a i n e d  a s  a  f u n c t i o n  of Tc by numerical  
i n t e g r a t i o n  of  t h e  computed [ a T ]  3 v a l u e s  
i n  t h e  fo l lowing  equa t ion :  

The t h e o r e t i c a l  s e p a r a t i o n  f a c t o r s  f o r  
t h e  two p o t e n t i a l s  a r e  shown by t h e  s o l i d  
and dashed curves  i n  F i g u r e  20. Th i s  
c a l c u l a t i o n  demons t ra tes  v i v i d l y  t h a t  t h e  
exper imenta l  u n c e r t a i n t y  and t h e  s c a t t e r  
complete ly  mask t h e  d i f f e r e n c e  i n  q  
caused by t h e  p o t e n t i a l s .  The i n s e r t  
shows t h e  advantage of conduct ing t h e  
exper iment  below 4.2 K where t h e  d i f f e r -  
ence  i s  magnif ied .  Under t h e  p r e s e n t  
e x p e c t a t i o n s  wi th  r e g a r d  t o  t e a ~ p e r a t u r e  
c o n t r o l  and accuracy of  a n a l y s i s ,  it w i l l  
be necessa ry  t o  conduct exper iments  a t  
t empera tu res  a s  low a s  approximate ly  2  K 
i n  o r d e r  t o  d i s c r i m i n a t e  between t h e  two 
p o t e n t i a l s .  (W. L A  T a y l o r )  

Thermal D i f f u s i o n  F a c t o r s  f o r  A r - X e  and 
Kr-Xe Thermal d i f f u s i o n  f a c t o r s  f o r  t h e  
f i n a l  two b i n a r y  mix tu res  of t h e  nob le  
g a s e s ,  A r - X e  and Kr-Xe, were measured 
i n  t h e  20-tube t r cnnschauke l .  The com- 
p o s i t i o n  dependence was determined a t  
250 K and t h e  a T ' s  f o r  equimolar mix tu res  
were measured a s  a  f u n c t i o n  of  tempera- 
t u r e  up t o  750 K ,  a s  was done f o r  o t h e r  
b i n a r y  noble  g a s  m i x t u r e s  a s  r e p o r t e d  

The exper imenta l  r e s u l t s  
a r e  g iven  i n  Tab les  7  and 8 .  The com- 
p o s i t i o n  dependences f o r  t h e  two sys tems 
a r e  shown i n  F i g u r e  21 a long  w i t h  t h e  
l e a s t  s q u a r e s  f i t  t o  t h e  d a t a  ( s o l i d  l i n e )  



DATA USING "OLD" APPARATUS 

0 DATA USING "NEW' 4PPARATUS 

FIGURE 20 - S e p a r a t i o n  f a c t o r  ( q )  f o r  h e l i u m - 3 1 h e l i u m - 4  i n c r e a s e s  w i t h  t h e  t e m p e r a t u r e  r a t i o  ( T H / T c )  i n  t w o -  
w b u l b  e x p e r i m e n t s .  The t h e o r e t i c a i  c u r v e s  shown w e r e  o b t a i n e d  by  n u m e r i c a l  i n t e g r a t i o n  o f  t h e o r e t i c a l  t h e r m a l  
w .  . d i f f u s i o n  f a c t o r s  c a l c u l a t e d  u s i n g  t h e  Beck (-) and  Bruch-McGee ( - - - )  p o t e n t i a l s  f o r  . 



T a b l e  6 

THEORETICAL CALCULATIONS OF LOW-TEMPERATURE SEPARATION FACTORS 
FOR HELIUM-3/HELIUM-4 MEASURED I N  "NEW" APPARATUS 

Approximate  Theory R igo rous  ~ h e o r y ~  
I n  . Exper imen t  Tc % U n c e r t a i n t y  . % U n c e r t a i n t y  

Number ( K ) ~  (TH/Tc) I n  q I n  q I n  (TH/Tc) I n  q - -- 

0.09802 

0.14878 

0.17213 

0.16337 

0.20055 

n o t  g i v e n  

0.25953 

0.28521 

0.31018 

0.34024 

0.35008 

0.34691 

a ~ H  was v e r y  n e a r l y  303 K i n  a l l  c a s e s .  

b ~ h e  t e m p e r a t u r e s  and  a s s o c i a t e d  d e v i a t i o n s  were t a k e n  f rom t h e  o r i g i n a l  d a t a .  
The e f f e c t  o f  l a c k  o f  s e n s i t i v i t y  i n  t h e  p l a t i n u m  thermometer  t o  Tc w i l l  b e  
i n v e s t i g a t e d  i n  f u t u r e  e x p e r i m e n t s .  

The e q u a t i o n s  f o r  t h e  least  s q u a r e s  ex-  o f  t h e  e x p e r i m e n t a l  p o i n t s  from t h e  
p r e s s i o n s  are g i v e n  by: l e a s t  s q u a r e s  e q u a t i o n s .  

l/orT = -8;98XA, + 20.4 f o r  A r - X e  (4 .6%)  The t e m p e r a t u r e  dependences  f o r  t h e  two 
s y s t e m s , a r e  shown i n  F i g u r e  22. I n  b o t h  

and  c a s e s  e x c e l l e n t  agreement  was o b t a i n e d  
w i t h  t h e  e a r l i e r  d e t e r m i n a t i o n  made u s i n g  

l/or,r = -5 .39xKr  + 54.8 f o r  ~ r - ~ e  ( 2 . 0 % ) .  t h e r m a l  co lumns .49  (w. L .  T a y l o r )  

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



a, FOR AN EQUIMOLAR MIXTURE OF Ar-Xe 

Run 
No. 

a  .l. correctionsa uncertaintiesa ( + % I  
(corr . ) A B C - D - E - F 

"T FOR AN EQTIIMOLAR MIXTURE OF Kr-Xe 

'(A) Correction from the exponential approach to equilibrium. 
(B) Correction from the disturbance caused by pumping. 
(C) Correction from back diffusion in the capillaries. 
(D) Uncertainty from composition analysis. 
(El Uncertainty from temperature measurements. 
'(F) Total uncertainty. 

Table 8 

c r ~  FOR THE A?:-Xe SYSTEM AT 250 K 

Run X la Corrections b 
a~ uncertaintiesb (i%) 

No._ (feed) (corr . A B C D E F - - - 
564 0.098 0.0491 0.983 1.031 0.970 3.8 0.9 4.7 
567 0.322 0.0598 0.987 1.042 0.979 4.2 2.2 6.4 
561 0.503 0.0648 0.990 1.042 0.979 9.1 0.8 9.9 
566 0.720 0.0752 0.992 1.043 0.980 2.9 1.3 4.2 
565 0.894 0.0756 0.985 1.031 0.970 9.3 0.8 . 10.1 

a ~  FOR T H E  Kr-Xe SYSTEM.AT 250 K 

a~ole fraction of. lighter component. 

b 
(A) Correction from the exponential approach to equilibrium,. 
(B) Correction from the disturbance caused by pumping. 
(C) Correction from back diffusion in the capillaries. 
(D) Uncertainty from composition analysis. 
(E) Uncertainty from temperature measurements. 
('3) Total Uncertainty. 



- 

- 

- Ar-Xe 

Kr-Xe 

Mole Fraction of Ar or Kr 

F I G U R E  21 - C o m p o s i t i o n  dependence  o f  t h e  t h e r m a l  d i f f u s i o n  f a c t o r  
f o r  A r - X e  a n d  K r - X e  m i x t u r e s  a t  a n  a v e r a g e  t e m p e r a t u r e  o f  2 5 0  K.  
E s t i m a t e d  e x p e r i m e n t a l  u n c e r t a i n t i e s  a r e  shown a s  e r r o r  b a r s .  The 
s o l i d  l i n e  f i t s  t h e  d a t a  t o  a l i n e a r  e q u a t i o n  b y  l e a s t  s q u a r e s .  
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FTGllRE 2 2  - Tempe , ra tu re  dependence  o f  t h e  t h e r m a l  d i f f u s i o n  f a c . t o r  f o r  an  e q u i m o l a r  
m i x t u r e  i n  t h e  A r - X e  o r  K r - X e  s y s t e m .  The o  was o b t a i n e d  f r o m  t h e  l e a s t  s q u a r e r  . e q u a t i o n  f o r  l / a T ;  t h e  X i s  t h e  d e t e r m i n a t i o n  b y  S a n t a m a r i a  e t  a l .  ( R e f e r e n c e  4 9 ) .  
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