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S u m m a r y  

Pho to lys i s  o f  UF 6 in the  spec t ra l  range  275 .0  - 404 .7  n m  leads to  the  
p r o d u c t i o n  o f  fi-UF5 and f luor ine  a t o m s  wi th  an a p p a r e n t  q u a n t u m  yield  
which  varies grea t ly  wi th  l ight in tens i ty ,  UF 6 pressure  and  the  na tu re  o f  the  
inner  a b s o r p t i o n  cell surface .  No  cor re la t ion  of  the  a p p a r e n t  q u a n t u m  yie ld  
wi th  wave leng th  of  the  l ight source  is observed.  R e d u c t i o n  o f  the  a p p a r e n t  
q u a n t u m  yield  f r o m  un i ty  is a t t r i b u t e d  to  the  r e c o m b i n a t i o n  reac t ion  UF  5 + 
F -* UF 6. C o m p e t i t i v e  processes  which  r educe  the  f luor ine  a t o m  concen t r a -  
t ion  or the  UF 5 m o n o m e r  c o n c e n t r a t i o n  p r even t  the  y ie ld  f r o m  a p p r o a c h i n g  
zero.  These  are f o r m a t i o n  o f  m o l e c u l a r  F2, d i rec t  r eac t ion  of  f luor ine  a t o m s  
wi th  the  wall  mate r ia l ,  f low o f  f luor ine  a t o m s  ou t  o f  the  cell and  po lymer i za -  
t ion  of  UF 5 m o n o m e r .  The  add i t ion  o f  the  f luor ine  a t o m  scavenger  H 2 
increases  the  yie ld  to  1.75. 

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

In  the  near  u l t rav io le t  a b s o r p t i o n  s p e c t r u m  o f  u r a n i u m  hexa f luo r ide  a t  
wave leng ths  grea te r  than  250 n m  the re  are two  re la t ively  w e a k  bands  fo r  
which  the  p h o t o n  ene rgy  is grea t  enough  to  d issocia te  one ,  bu t  n o t  m o r e  
t han  one,  U - - F  bond .  T h e  pub l i shed  t h e r m o d y n a m i c  [1 - 3 ] ,  spec t ro scop ic  
[4 - 6] and chemica l  l i t e ra ture  [3] indica te  tha t /3 -UF 5 and F2 are p r o b a b l y  
the  on ly  s table  p r o d u c t s  o f  this d e c o m p o s i t i o n  and  t h a t  the  p r i m a r y  p h o t o -  
ly t ic  p rocess  is 

UF  6 + hv -~ UF5(g  ) + F (1) 

R e c e n t  X-ray  d i f f r ac t ion  analyses  o f  the  solid p r o d u c t  c o n f i r m  t h a t  i t  is 
indeed  fi-UF 5 [ 7 ] .  S o m e  obv ious  s e c o n d a r y  processes  are t h e r e f o r e  

UF5(g  ) -~ ~-UFs(s  ) (2) 

*Work performed under the auspices of the U.S. Department of Energy. 
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and 

2 F + M - ~  F 2 + M  (3) 

where M is a third body. Only the rate of  the latter reaction has been deter- 
mined. However,/~-UF 5 is readily converted to UFs by fluorine atoms, e.g. 
by F 2 gas in the presence of  UV radiation, suggesting that  the recombinat ion 
reactions 

UF5(g ) + F-~ UF 6 (4) 

and 

(UF5),(s) + F -~ UF 6 + (UF5) n _l(S)  (5) 

must  also be considered as secondary processes. Depending upon the relative 
rates of  each of  these secondary reactions, the apparent quantum yield for 
the photolysis of UF 6 may be substantially less than unity.  In fact, the yield 
should vary according to the conditions of the photolysis,  i.e. pressure of 
UF 6 and light intensity, even though the primary yield may be unity at all 
wavelengths in the absorption bands. 

The present experiments were under taken in an ef for t  to determine the 
relative importance of  the above reactions and the degree to which they 
influence the apparent  quantum yield, and at least to infer the primary 
quantum yield at several wavelengths in the absorption spectrum. 

2. Experimental  

Although we have the opt ion of using either a continuous working (CW) 
arc lamp and monoch r oma t o r  or tunable UV lasers as light sources for de- 
composing UF6, we have chosen the arc lamp and monochroma to r  source 
since interpretat ion of the quantum yields through compute r  modelling of 
the kinetics is much less complex.  Particularly with the use of  pulsed lasers, 
the temperature  and pressure profiles across the reaction zone as a funct ion 
of time are not  easily determined.  Even though CW UV ion lasers could be 
substi tuted for an arc l a m p - m o n o c h r o m a t o r  source, kinetic modelling would 
also be exceedingly difficult  unless the laser beam were expanded to  fill a 
substantial fract ion of the cavity, and ion lasers have useful ou tpu t  levels at 
fewer frequencies in the UF 6 absorption bands. 

In the experiments  described later the apparent  quantum yield is defined 
as the ratio of the number  of molecules of  product  UF 5 collected as aerosol 
on an impactor  to the number  of photons  absorbed by the UF 6. With the 
except ion of  reaction (3), reactions (1) - (5) are exceedingly fast, so that  the 
quantum yield defined in this way represents an effective yield unless reac- 
tions (3) - (5) are suppressed by adding a fluorine atom scavenger to remove 
them much more rapidly than does UFs. A variety of such scavengers have 
been repor ted in the li terature [8] but only H 2 was included in this 
investigation. 
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The light source consisted of a 1 kW x e n o n - m e r c u r y  arc lamp whose 
ou tpu t  was passed through a 0.25 m monochroma to r  with a predispersion 
prism to remove higher order  radiation. The bandwidth was typically 10 nm 
full width at half maximum or less, and the corresponding power ou tpu t  was 
15 mW at the f ront  cell window. Power levels were measured with a carbon 
disc calorimeter  whose calibration was verified with a ferrioxalate act inometer .  

Mixtures of  UF 6 in helium carrier gas were photo lyzed  by flowing them 
from a storage cylinder through a reaction cell with quartz or CaF2 windows 
and irradiating them in transit at room temperature  with an arc l amp-mono-  
chromator  source. The UF 5 produc t  was collected on a single hole impactor  
at slightly subsonic velocities and analyzed for uranium conten t  colorimetri- 
cally with a Cary-14 spec t rophotometer .  The impactor  collection efficiency 
was determined to be at least 95%, both by calculation [9] and calibration. 
The collected UF5 particles consist of agglomerates of  smaller primary par- 
ticles, the agglomerate size being in the range of  0.1 - 0.2 pm or more than 
ten times that  of the primary particles [10] .  

The UF6 was carefully separated from HF by condensat ion from the 
gas phase at --23 °C and the helium carrier gas was dried by passage through 
a trap filled with copper  turnings and cooled by liquid nitrogen. Blanks were 
run on each mixture  in duplicate before and after  photolysis runs by repeat- 
ing the exper iment  with the light source off. They averaged 2 pg of  uranium 
or 2 - 10% of  the photolysis yields. The storage cylinder, which was always 
filled to a total pressure of helium of  25 lbf in -2, was discharged until  the 
final pressure was 5 lbf in -2, the elapsed time for this operat ion being in the 
range 55 - 106 s, depending upon the composi t ion of the gas mixture.  

The irradiated volume in the cell was roughly shaped like a t runcated 
pyramid and occupied about  one-third of  the total  cell volume. The cell 
dimensions were 4 in long × 1.5 in diameter  and the flow rate was sufficient 
to give a particular UF 6 molecule a half-time of 1 - 2 s in the cell. 

Materials used in construct ion of the photolysis system consisted of  
stainless steel storage cylinders and photolysis cell, brass and Teflon in valves 
and fittings, and copper  tubing. The system as a whole was treated by expo- 
sure to fluorine overnight but  the irradiation cell required more drastic pro- 
cedures to keep blanks low. Owing to the extraordinary reactivity of  fluorine 
atoms, it was necessary to expose the cell interior to fluorine atoms by 
irradiating fluorine inside the cell for  periods of 1 - 2 h, and keeping the cell 
and photolysis system filled with a small amount  of  WF 6 until experiments 
commenced.  

3. Results 

Photolysis quantum yields in pure UF 6 proved to  be ext remely  variable 
even with the same cell in spite of  extensive efforts to find a t rea tment  for  
the cell wall which would render  it inert to fluorine atoms. The problem is 
part ly one of  surface condit ion.  For  example,  polished quartz windows 
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appear to have no effect ,  but  a quartz cell fabricated by fusing tubing and 
plates destroys nearly all of  the fluorine atoms released. The problem is also 
part ly due to deposition of UF5 on the walls which results in an increasing 
yield in a series of  repeated experiments.  Since the loss of UF 5 in the impac- 
tor  is only a few per cent,  we believe the lowest yields for  a given set of  con- 
ditions represent the best values. The variations in yield for  a given set of  
condit ions did no t  occur at random but  occurred slowly over a period of 
more than a year. The yields in the earlier experiments  gradually decreased 
as the method of  cell passivation improved but  eventually the trend reversed. 
Consequently,  loss of  fluorine atoms at the wall is the most  reasonable source 
of  error in the higher yields. 

The results for  mixtures of UF6 in helium carrier gas are collected in 
Fig. 1. The UF6 content  of  the mixtures varied over the range 0.3 - 90 Torr,  
depending upon the light intensity and absorption coefficient.  The quant i ty  
Iabs represents the initial number  of  photons  absorbed by UF 6 in einsteins 
per second. Actual yields were calculated by integrating this quant i ty  for  the 
durat ion of  each experiment .  The apparent  quantum yield q~ was obtained 
through the expression 

(/o ,), 
q~ = Nu Iabs [1 -- exp{--2 .303 Coelexp(--kt)}] d 

o 

(8) 

where Co is the initial UF 6 concentra t ion in mol cm -3, e the molar absorptiv- 
ity in cm 3 mo1-1 cm -1, I the cell length, k the discharge rate constant  in s -~, 
to the durat ion of flow and Nu the uranium conten t  of  the produc t  in moles 
(assumed to be UF5}. It  is evident that  the minimum yields are around 0.10 
at both 366 and 275 nm. 
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Fig .  1. P h o t o l y s i s  q u a n t u m  y i e l d  o f  i r r a d i a t e d  U F  6 in  h e l i u m  m i x t u r e s  as a f u n c t i o n  o f  
p h o t o n  a b s o r p t i o n  r a t e .  E a f o r  c u r v e s  a, b a n d  c is 5 .0  k c a l  t o o l  - 1  a n d  E a f o r  c u r v e s  d a n d  
e is 1.4 k c a l  t o o l  - 1 .  S t i c k i n g  c o e f f i c i e n t s  a re :  a = 1 .0 ,  b = 0 .3 ,  c = 0 .1 ,  d = 0.1 a n d  e = 0 .03 .  
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When H2 is added to remove fluorine atoms more rapidly than reactions 
(4) or (5), the additional reactions 

F + H 2 - ~  H F + H  

H + F 2 - ~ H F + F  

H + UF 6 -~ HF + UF 5 

H + H + M - ~ H 2 + M  

H + F + M - ~ H F + M  

(9) 

(10) 

(11) 

(12) 

(13) 

must also occur. These reactions have been extensively investigated in the 
development  of the chemical laser systems H2-F2 and H2-UF6 [11, 8] .  
Since we have defined the quantum yield in terms of  UF5 collected, it is 
evident that  reactions (9) and (11) together  will increase the yield beyond 
1.0 with sufficient H2 present. Reaction (10) never becomes impor tant  be- 
cause the rate of reaction (3) is too  slow to accumulate significant amounts  
of  F 2. As the results in Fig. 2 show, only a trace of H 2 (about  2 mTorr)  is 
necessary to give a quantum yield close to 2.0, while the initial UF6 pressure 
for  these experiments  was 18 Torr.  The remainder of  the mixture  was helium 
to give a total pressure of  25 lbf in -2. The fraction of  UF 6 photo lyzed  was 
typically about  1 part  in 104 of  the total  UF 6. The fact that  the yield is no t  
quite 2.0, even with a large amount  of  H 2 present, is no t  indicative of  loss of  
UF5 in the impactor  but  only that  reaction (11) has a rate constant  less than 
about  1 × 10 s cm 3 mo1-1 s -1. Values of  this constant  lower than 1 × 106 
cm 3 mol 1 S-1 reduce the quantum yield even fur ther  by making it impos- 
sible for  all of  the hydrogen atoms to react with UF 6 before being swept out  
through the impactor.  

The large number  of  reactions involved in the post-photolysis of  UF 6 
and mixtures with H 2 made it essential to develop a compute r  model  to 
account  for  the behaviour of  the quantum yield as a funct ion of  composi t ion 
and light intensity. The model  uses a hard sphere plus attractive potential  to 
estimate polymerizat ion rate constants for UF 5. The recombinat ion rate of  
UF5 (monomer)  + F -~ UF 6 was assumed to be given by the produc t  of the 
hard sphere collision rate and a sticking coefficient.  For  UF 5 po lymer  recom- 
bination an activation energy term e x p ( - - E a / R T  ) was also added. Fur ther  
details on the calculation are given in the Appendix.  The lowest yields of 
about  0.10 in Fig. 1 are consistent with a sticking coefficient  of 0.6 or 
greater and an activation energy of  about  3 kcal or greater. The same model  
has been applied to the results of Lewis et al. [12] ,  in which the recovery of  
UF 6 after  partial photolysis  by a KrF laser pulse was followed by observing 
the UF 6 fluorescence induced by a tunable dye probe laser. Their  data were 
f i t ted using an activation energy E a of  2.37 kcal with a sticking coefficient  of 
1.00. The solid curves in Fig. 2 show the variation of quantum yield with H 2 
densities when the sticking coefficient  is assumed to be 1.00 and E a = 5.0 kcal 
mo1-1. It  should be noted that  the model  accounts for  the limiting effect  of 
the rate constant  of  reaction (11) on the maximum yield when a substantial 
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Fig. 2. Photo lys is  q u a n t u m  yield o f  i r radiated UF6, hel ium and H 2 mix tures  at  a p h o t o n  
absorp t ion  rate o f  4.5 x 10 -`11 p h o t o n s  s -1 .  Solid curves are c o m p u t e d  for  a recombina-  
t ion  s t icking coef f ic ien t  o f  1.00 and E a = 5.0 kcal tool -1 .  

a m o u n t  o f  H 2 is present  and suggests a value of  ks ~ 1 × 10 7 cm 3 mo1-1 s -1. 
I t  is ev ident  t ha t  the  mode l  underes t ima tes  the  q u a n t u m  yield in the  region 
o f  the  inf lect ion.  We believe this is largely due  to  a mixing ra te  tha t  is t o o  
slow relative to  the  reac t ion  rate  o f  F wi th  H 2 in addi t ion  to  the  usual vari- 
able loss o f  f luor ine  a toms  at the wall. The  mode l  assumes an ins tan taneous  
mixing rate.  I f  the  rate  of  mixing is t oo  slow, however ,  some f luor ine  a toms  
reac t  wi th  H2 at a high concen t r a t i on  of  Hu while o thers  reac t  wi th  an H2 
c o n c e n t r a t i o n  tha t  is t oo  low, the ne t  resul t  in (I) being in the vic ini ty  o f  1.0. 
At  the  expe r imen ta l  inf lec t ion  po in t  there  is on ly  half  as m u c h  H 2 as the 
m ode l  predic ts  to  be necessary to  give q) = 1.0. O th e r  possible exp lana t ions  
are tha t  the  H 2 c o n c e n t r a t i o n  is t oo  high by  a fac to r  o f  2 or  t ha t  the mea- 
sured light in tens i ty  is t oo  high by  the same factor .  These  exp lana t ions  are 
re jec ted  as e x t r e m e l y  unl ikely.  An e r ror  in l ight in tens i ty  o f  this am o u n t ,  fo r  
example ,  would  also lower  the  q u a n t u m  yields by  the  same factor .  

4. Conclusions  

Pho tod i s soc ia t ion  o f  U F  6 b e y o n d  250 n m  initially p roduces  UF 5 
molecules  and f luor ine  a toms  with essential ly un i t  q u a n t u m  yield.  The  
p r imary  p roduc t s  are e x t r e m e l y  react ive,  however ,  and if  the  con ta ine r  walls 
are suff ic ient ly  iner t  on ly  a small f rac t ion  fails to  r ecombine .  The  var ia t ion 
o f  the apparen t  q u a n t u m  yield based on  the mole  ra t io  o f  UF~ col lec ted  to  
p h o t o n s  absorbed  can be p red ic ted  wi th  the aid of  a c o m p u t e r  mode l  which 
assumes tha t  UF 5 p o l y m e r i z a t i o n  is m u c h  fas ter  than  gas kinet ic ,  r ecombina-  
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t ion  o f  UF5 m o n o m e r  wi th  f luor ine  a t o m s  is equa l  to  the  gas k ine t ic  ra te ,  
and  r e c o m b i n a t i o n  of  p o l y m e r  wi th  f luor ine  a t o m s  involves an ac t iva t ion  
ene rgy  of  a b o u t  3 kcal  or  greater .  

The  p resence  o f  H2 dur ing  pho to lys i s  o f  UF~ causes  the  a p p a r e n t  quan-  
t u m  yield to  reach  values s o m e w h a t  less than  2.0 owing  to  rapid  r e m o v a l  o f  
f luor ine  a t o m s  b y  H2 and the  s lower  reac t ion  o f  h y d r o g e n  a t o m s  wi th  UF  6. 
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A p p e n d i x  

The  m a j o r  p a r t  o f  the  k ine t ics  which  fo l lows the  p h o t o l y s i s  o f  UF~ 
deals  wi th  par t ic le  g rowt h  o f  UF 5. E lec t ron  p h o t o m i c r o g r a p h s  o f  UF 5 
p r o d u c e d  by  arc l amp  or  K r F  laser  p h o t o l y s i s  show t h a t  the  UF5 condenses  
ini t ial ly in to  spheres  o f  a b o u t  100 3, d i a m e t e r  or  g rea te r  and  t h a t  these  
agg lomera t e  la ter  to  p r o d u c e  i r regular  chains  or  c lumps  o f  par t ic les  [ 10 ] .  
F o r  chemica l  p r o p e r t i e s  we assume t h a t  the  par t ic les  are spher ica l  and  u n i f o r m  
in size, the  m a x i m u m  size being d e t e r m i n e d  by  the  n u m b e r  dens i ty  o f  cri t ical  
nucle i  and  the  a m o u n t  of  UF 5 p h o t o l y z e d .  

The  p o l y m e r i z a t i o n  ra te  cons t an t s  are e s t ima ted  b y  a m e t h o d  similar  to  
t h a t  o f  Bauer  and  Fru r ip  [ A 1 ] .  We use, howeve r ,  b i m o l e c u l a r  ra te  cons t an t s  
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since UF5 is polyatomic,  calculating the constants according to expressions 
given by Amdur and Hammes [A2] for a hard sphere plus attractive potential 
but adding additional factors for polymer size [A1].  From their eqn. (2 - 15) 
we can obtain the rate constant expression 

2 [ 8 R T  ~1]2[ U(d12) / 
~12 =~Td12[--~ -) ~1 ~-~ ] ( i4)  

by replacing ~d22 for the hard sphere potential by 

S(vr)=ud22(1 U(dl2) ) (15) 
RT 

In these equations k12 is the rate constant for the reaction between species 1 
and 2, d12 the distance of closest approach if they are hard spheres, V(dl2 ) 
the potential minimum at d12, which we assume to be the heat of vaporiza- 
tion of ~-UF5 or +34.2 kcal mo1-1 [1],  S(ur) the scattering factor for the 
potential U(d12 ) and M* the reduced mass of the pair of species 1,2. In 
addition, U(d12 ) is multiplied by a factor similar to that  used by Bauer and 
Frurip [A1] to adjust U(d12 ) for different size polymers. This factor is 
completely empirical, but it results in a dimerization rate constant  of 7 × 
1014 cm 3 mol 1 s-1. The model considers all UF 5 polymer collisions up to 
n = 30. All UF 5 which exceeds that  size is considered to have a uniform 
particle size which grows in time, being determined by the number density 
of nuclei and rate of production of UF 5 polymer with n > 30. The resulting 
particles are about 60 A in diameter for the conditions reported here, or 
within a factor of 2 of actual particle size. Processes leading to reevaporation 
of  UF 5 were considered but are negligible for UF 5 since Hildenbrand [A3] 
has found that  A G for dissociation of the dimer is too large and positive and 
is comparable with A G for vaporization. 

Recombination of fluorine atoms with UF 5 monomers has been assumed 
to be gas kinetic, i.e. that  given by eqn. (14) when U(d12) = 0. The data of 
Lewis etal. [ 12] indicate that  the UF 5 monomer  recombination rate constant 
must  be roughly equal to or greater than the gas kinetic value; otherwise, a 
distinctly non-linear rate would have been observed. The recombination rate 
constants for the UF 5 polymers were further assumed to be equal to their 
respective gas kinetic values multiplied by the factor exp(--Ea/RT), where 
the activation energy Ea ~> 3 kcal mo1-1 gives the best fit to the data in Fig. 
1. Other reactions such as (3) and (9) - (13) were included using selected 
constants from the literature which are given in Table A1. 

The flow system characteristics were simulated by adding appropriate 
terms to the differential equations describing the kinetics. The gas components  
coming into the cell contribute both positive and negative terms to their 
respective differential equations, since they flow both into and out  of the 
cell. The products formed in the cell, however, contribute only negative terms 
due to their being swept from the cell. The differential equations were inte- 
grated by a modified Gear method,  and the apparent quantum yield q) 
calculated for each set of conditions. 
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R e a c t i o n  ra te  c o n s t a n t s  at  298  K 

401 

R e a c t i o n  Ra t e  c o n s t a n t  Re fe r ence  

2F + M --> F 2 + M 3 × 1013 cm 6 m o 1 - 2  s -1  A4 
F + H 2 --> H F  + H 1.5 x 1013 cm 3 tool - 1  s -1  A5 
H + H + M - - > H  2 + M  4 . 2 x  1015 cm 6 tool - 2 s  -1  A6 
H + F 2 ~ H F  + F 2.1 x 1012 cm 3 tool -1  s -1  A7 
H + F + M --> HF + M 1 × 1016 cm 6 tool - 2  s - 1  A8 

R e f e r e n c e s  to the  A p p e n d i x  

A1 S. H. Bauer  and  D. J. F ru r ip ,  J. Phys. Chem., 81 ( 1 9 7 7 )  1015.  
A2  I. A m d u r  and  G. G. H a m m e s ,  Chemical Kinetics, McGraw-Hil l ,  New York ,  1966 ,  p. 36. 
A3 D. L. H i l d e n b r a n d ,  Thermochemistry of  Gaseous Uranium Fluorides, Progress Rep. 

of  Feb. to Nov., 1977, Project 6216, SRI I n t e r n a t i o n a l ,  Men lo  Park,  Ca l i f . ; J .  Chem. 
Phys., t o  be  pub l i shed .  

A4 P. Gangul i  and  M. K a u f m a n ,  Chem. Phys. Left., 25 ( 1 9 7 4 )  221.  
A5  M. A. A. Clyne,  D. J. M c K e n n e y  and  R. F. Walker,  Can J. Chem., 51 ( 1 9 7 3 )  3596 .  
A6  J. E. B e n n e t t  and  D. R. B]ackmore ,  Proc. R. Soc. London, Ser. A, 305 ( 1 9 6 8 )  553.  
A7 R. G. Alb r igh t ,  A. F. D o d o n o v ,  G. K. Lavroskaya ,  I. I. Morosov  and  V. L. Tal roze ,  

J. Chem. Phys., 50 ( 1 9 6 9 )  3632 .  
A8 G. S. Bahn ,  S. S. Cher ry ,  P. I. Gold ,  R. C. Mi tchel l  and  J. Q. Weber ,  AIAA J., 7 

( 1 9 6 9 )  181.  


