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Experimental Atomic Scatterin~ Factors and Anomalous Dispersion 
Corrections for Th, U, and Pu*~ 
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Experimental atomic scattering factors have been determined for Th, U, and Pu with :Me Ka,  
Cu Ka, Fe Ks,  and Cr Ks  X-radiations. The Thomas-Fermi-Dirac scattering curves were used 
as a theoretical basis, and the difference between the experimental and TFD curves was taken 
as a measure of the anomalous dispersion correction. 

As a result of determining the scattering factors for Th, U, and Pu from experimental samples 
of ThO~, UO 2, and PuO2, the scattering factor for oxygen was also determined. The experimentally 
derived scattering curve for oxygen is in good agreement with the theoretical scattering curve for 
oxygen according to McWeeney. 

Calculated values f o r / l f '  a n d / I f " ,  the real and imaginary portions of the anomalous dispersion 
correction are compared with experimental values for these quantities. Agreement can be described 
as semi-quantitative since the experimental terms are of the same order of magnitude and have 
the same signs as those indicated by theory. 

Introduction 

Accurate atomic scattering factors are essential for 
any careful study of interatomic distances and ther- 
mal vibration parameters by diffraction methods. 
Because of the interest in this laboratory in precise 
studies of the structures of intermetallic and other 
compounds of various heavy metals, the atomic scat- 
tering factors of Th, U, and Pu have been determined 
experimentally for Me, Cu, Fe, and Cr Kc¢ X-radia- 
tions. 

The Thom~-Fermi-Dir~c scattering curves are 
used as a theoret ical  basis, and the difference between 
the  exper imental  curves and the TFD curves is t aken  
as a measure of the anomalous dispersion correction. 
The L n i  absorpt ion edges of Th, U, and Pu lie very 
close to Me K a  radiat ion,  and the M~, M n  absorpt ion 
edges of these elements are close to Fe K s  and Cr K s  

* Work done under the auspices of the United States 
Atomic Energy Comm.ission. 

t A brief summary of this paper was presented at the Fifth 
Congress of the International Union of Crystallography at 
Cambridge, England, August, 1960. 

radia t ion  respectively. Since no really sound theoret-  
ical t r ea tmen t  of anomalous dispersion for the L and 
M electrons has been developed, the agreement  be- 
tween the experimental  and calculated values for 
anomalous dispersion in this region must  be described 
as qualitative or at best semi-quantitative. Further- 
more, any theoretical treatment is complicated be- 
cause the L and M absorption edges themselves are 
quite complex. 

Experimental  theory 

The atomic scat tering factors of Th, U, and Pu were 
exper imental ly  determined by utilizing techniques 
first proposed by the author  (Roof, 1959a), corrected 
by Chipman and Paskin (1960), and subsequent ly  
revised by the author  (Roof, 1960a). A brief descrip- 
t ion of these experimental  techniques is given in the  
following paragraphs.  

The experimental  samples consisted of a powdered 
mater ia l  having the geometrical shape of a slab. The 
equation relating the atomic scattering factor of a 
material having the shape of a slab to experimental 
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measurements of reflected X-ray intensities has the 
following form" 

Z'o  (ez  z 23 ( l+cose 
,0 (i) 

where 
Z = integrated intensity of a reflection, counts, 
w = angular velocity of the detector, sec. -1, 
I0 = intensity of the incident beam, c.p.s, 

IFol = the structure factor per unit cell, 
l = height of detector slit, cm., 
r = distance from specimen to detector, cm., 

(e2/mcZ) 2 = 7"9402 _+ 0"0005 x 10 -26 cm. e, 
2 = wavelength of incident radiation in cm., 

= multiplicity factor, 
# = theoretical linear absorption coefficient, 

cm.-1, 
(I + cos z 20/sin 9 0 cos 0) = combined Lorentz-polariza- 

tion factor, 
N = number of unit cells per unit volume. 

In order to determine IF01, and hence obtain an 
observed scattering factor from equation (I), a mono- 
chromatic wavelength is required, as is data concern- 
ing ~u, Z, ]0, and the constants. 

A monochromatic wavelength is obtained by oper- 
ating the X-ray tube at a voltage sufficiently high 
to generate the characteristic Ks  and Kfl radiation 
but low enough so that  2__<K~/2 is not generated; 
then the Kfl radiation is filtered from the X-ray 
beam leaving only the characteristic Ks  radiation. 

The theoretical linear absorption coefficient, #, is 
obtained by multiplying the mass absorption co- 
efficient by the theoretical density. 

The integrated intensity, Z, of a reflection is ob- 
tained by determining the total number of counts in 
traversing from one side of a reflection to the other 
and then subtracting the number of background 
counts. 

The intensity of the incident beam, I0, is deter- 
mined by the multiple foil, linear absorber technique. 
:For low values of n (the number of foils) coincidence 
losses cause I (the measured intensity) to deviate 
from a straight line, and, therefore, the measured I 
for n = 0 does not accurately represent I0. I0 is found 
by extrapolating the linear portion of a plot of log I 
vs. n to n=0 .  

In order to reduce to a negligible value the random 
variations in day to day operation of an X-ray unit, 
a separate value of I0 was computed for each inte- 
grated intensity, Z, measured for any reflection. 

The observed structure factor squared, IF012, ob- 
tained from equation (1), is corrected for the effect 
of temperature by multiplying by (exp 2B sin e 0/2 z) 
where 2B is determined from the Debye characteristic 
temperature according to: 

2B = 12hZT(qbx + ¼x)/m]~O 2 (2) 
where 

h-- Planck's constant, 6.6252 _+ 0.0005 x 10 -2~ erg.- 
sec., 

m=average mass of a lattice point, g, 
T = temperature, °K., 
O = characteristic temperature, °K., 
k = Boltzmann's constant, 

1.38042 +_ 0.00010 x l0 -16 erg.-deg. -1, 
x = O / T ,  and 

~bx = Debye function. 

The observed structure factor squared and cor- 
rected for temperature, ]FT[ z, should now be corrected 
for the effects of surface roughness, and for primary 
and secondary extinction. Since the present experi- 
mental samples consisted of small, nearly equidimen- 
sional particles and were formed in the shape of slabs 
the surfaces of which were metallographically polished, 
the effects of surface roughness, and primary and 
secondary extinction were assumed to be negligible. 

The structure factor squared, corrected for tem- 
perature, ]FTI 2, is related to the atomic scattering 
factor, fi, by 

IFT] z= {ZJfjlG:} z (3) 
J 

where G: is the geometrical portion of the structure 
factor equation and in general is equal to 

(exp - 2gi(hx: + ky: + lz:)) . 

The atomic scattering factor derived from the above 
expression must be modified by using the anomalous 
dispersion correction in order to obtain a true atomic 
scattering factor. The relationship between the true 
atomic scattering factor and the anomalous dispersion 
correction is given by the complex quantity 

f = f o  + A f" + iA f"  (4) 

where f =  atomic scattering factor corrected for disper- 
sion, f0 = true atomic scattering factor, A f ' =  real part 
of dispersion correction, and Af"=imag inary  part of 
dispersion correction. 

1"10 ' ' ' ' 1 
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:Fig. 1. Variation of an instrument calibration constant, k, as 
a function of sin 0/2. The quantity k is derived from a 
comparison of an observed scattering factor for aluminum 
with the theoretical scattering factor (Parry, 1955) for 
aluminum. 
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Appl ica t ion  of the  t echn iques  descr ibed above  to a 
s lab of powdered  a l u m i n u m  (Roof, 1959a) resu l ted  in 
a n  observed  va lue  of the  a tomic  sca t t e r ing  factor ,  
f(obs.) ,  which  m a y  be compared  (Roof, 1960a) w i t h  
a theore t ica l  va lue  of the  a tomic  sca t t e r ing  factor ,  
f ( theo. ) ,  according  to  

f ( t h e o . ) = k f  (obs.) (5) 

where  k is def ined as an  i n s t r u m e n t  ca l ib ra t ion  con- 
s tan t .  The  v a r i a t i o n  of k as a func t ion  of s in 0/~t is 
shown in Fig.  1 a n d  was der ived  from a compar i son  
of t he  observed  sca t t e r ing  fac tor  of a l u m i n u m  wi th  
the  theore t i ca l  s ca t t e r ing  fac tor  for a l u m i n u m  ac- 
cording to  P a r r y  (1955). 

Experimental method 

I n t e n s i t y  m e a s u r e m e n t s  were m a d e  a t  room t empera -  
tu re  w i th  a Genera l  E lec t r ic  X R D - 5  d i f f rac t ion  un i t  
equ ipped  wi th  a 1 ° inc iden t  beam slit,  a 0.2 ° de tec tor  
slit ,  a n d  m e d i u m  reso lu t ion  Soller slits. Four  wave  
l eng ths  were employed ,  Mo K s ,  Cu Kc~, Fe  Ka,  and  
Cr Kc~. P ropo r t i ona l  coun te r  tubes  were used to de tec t  
the  X- rad ia t ion .  A k ryp ton- f i l l ed  p ropor t iona l  t ube  
was used for Mo, a n d  an  argon-f i l led p ropor t iona l  t ube  
was used  for Cu, Fe,  a n d  Cr. Pulse  he igh t  ana lys i s  
was used to  d i sc r imina te  aga ins t  u n w a n t e d  rad ia t ion .  

The  samples  consis ted of pressed a n d  s in te red  slabs 
of powdered  Th02,  U02,  a n d  Pu02.  The  la t t ice  con- 
s t an t s  for these  cubic ma te r i a l s  were t a k e n  f rom 
D o n n a y  & Nowack i  (1954) a n d  are, a0=5 .584 ,  ao= 
5.470, a0=5 .397  Jk, respect ive ly ,  for ThOe, UO2, a n d  
Pu02.  The  theore t i ca l  densi t ies  were ca lcu la ted  as 
10.07, 10.96, a n d  11.58 g.cm. -8 for Th0e ,  U02,  and  
PuOa. The  mass  absorp t ion  coefficient  for oxygen  was 
t a k e n  f rom the  work of Grods te in  (1957). The  mass  
abso rp t ion  coefficients for Th,  U, a n d  P u  were t a k e n  
f rom prev ious  work  b y  the  a u t h o r  (Roof, 1959b). 

E x p e r i m e n t a l  cons tan t s  for use in  equa t ion  (1) are, 
l = l  cm., r = 1 4 . 6 0 5  cm., ~t=0.7107 A for M o K a ,  
1.5418 A for Cu Kc~, 1.9373/~ for Fe  K a ,  a n d  2 .2909/~ 
for Cr Kc~. N2=(1/aoa) ~ a n d  co=3.33 × 10 -a sec -1. The  
theore t i ca l  l inear  absorp t ion  coefficients for the  re- 
spect ive  ma te r i a l s  and  X - r a y  wave l eng ths  are g iven  
in Table  1. 

Table  1. Theoretical linear absorption coefficients for 
Th02,  U0e ,  and 1)u02 

Mo Ka Cu Ka Fe Ka Cr Ka 
ThO~. 986-9 cm. -1 3731 6288 8622 
UO 2 1249.4 4012 6765 8673 
PuO~. 557.8 5043 9518 12854 

X a n d  I0 for each ref lec t ion were d e t e r m i n e d  as 
ou t l ined  in  t he  preceeding  section.  E x p e r i m e n t a l  d a t a  
for 2: a n d  I0, coupled w i t h  the  e x p e r i m e n t a l  cons t an t s  
g iven  above,  w h e n  inse r ted  in  equa t ion  (1), y i e ld  val-  
ues for t he  observed  s t ruc tu re  fac tor  squared,  [F0l ~. 
The  values  of the  observed  s t ruc tu re  fac tor  squared  are 

corrected for the  effect of t e m p e r a t u r e  b y  use of equa-  
t ion  (2) where  the  charac te r i s t i c  t e m p e r a t u r e  of ThOe, 
UOe, a n d  Pu02  is t a k e n  as 415 °K. The  va lue  of 415 °K. 
for the  charac te r i s t ic  t e m p e r a t u r e  was e x p e r i m e n t a l l y  
d e t e r m i n e d  b y  the  a u t h o r  for Pu02  (Roof, 1960b). 
This  va lue  is a s sumed  to be va l id  for Th02  a n d  U 0 2  
also on the  basis t h a t  since all  t h ree  ma te r i a l s  h a v e  
the  same s t ruc tu re  (CaF2) a n d  the  average  mass  of 
a l a t t i ce  po in t  is v e r y  nea r ly  the  same for all  t h ree  
ma te r i a l s  t h e n  i t  is no t  l ike ly  t h a t  t he i r  charac te r i s t i c  
t e m p e r a t u r e s  would  be s ign i f i can t ly  different .  

Experimental results 

Values  for t he  observed  s t ruc tu re  factor ,  corrected 
for the  effects of t e m p e r a t u r e ,  IFTI, are g iven  in  
Tables  2, 3, a n d  4 for ThOe, U02,  a n d  PuOe for 
Mo Kc~, Cu Kc~, Fe  Kc¢, a n d  Cr Kc~ rad ia t ion .  As an  
example  of the  de r iva t ion  of an  a tomic  sca t t e r ing  
fac tor  a n d  of the  anomalous  d ispers ion  correct ions  
f rom the  da ta ,  IFT[, we will  consider  t he  de r iva t ion  
of the  sca t t e r ing  fac tor  for P u  for Mo K s  rad ia t ion .  
For  the  Pu02  s t ruc tu re  the  s t ruc tu re  factor ,  IFI, is 

Tab le  2. The observed structure factor, corrected for tem- 
perature, IFTI, for Th02  for Mo K~,  Cu K~,  Fe  K ~ ,  

and Cr Kc~. 

hkl Mo Ka Cu K~ Fe K a  
Ii i  314+3 330_+6 326_+5 
200 248 -+ 3 265 _+ 3 260 -+ 4 
220 312_+4 330+3 329+6 
311 251.+3 267_+4 267_+5 
222 211_+2 227+4 229_+4 
400 256.+5 271_+5 271_+5 
331 215_+3 231_+4 235_+4 
420 187 .+ 3 201 _+ 2 204 _+ 3 
422 220 __+ 3 238 -4- 3 240 -4- 4 
440 193--+3 213.+3 212-+3 
531 1 6 9 _ + 3  187+2 - -  
620 176-+2 194-+3 - -  
533 156-+3 172_+2 - -  
622 1 3 8 _ + 4  155_+3 - -  
444 160+-5 177+_4 - -  

Cr Ka 
293_+4 
226 _+ 4 
297_+4 
237+__4 
195_+3 
243_+ 11 
204 +- 3 
177+3 

Table  3. 
perature, 

The observed structure factor, corrected for tem- 
[FTI, for U02  for Mo Kc~, Cu Kc~, Fe  K~,  a n d  

Cr Kc~. 

hkl 
111 
200 
220 
311 
222 
4OO 
331 
420 
422 
440 
531 
620 
533 
622 
444 

Mo Ka Cu Ka Fe Ko¢ 
285 + 3 345 + 4 317 + 5 
218__+3 277_+3 24~_+4 
282 -+ 3 343 -+ 4 315 .+ 3 
224 + 3 280 .+ 3 254 + 4 
180+4 236__+3 213_+3 
224 + 5 282 .+ 5 264 -+ 4 
186-+3 239+4 220.+3 
156-+3 211_+4 190.+3 
190 _+ 2 243 __+ 4 225 _+ 4 
168_+3 220_+3 - -  
147+__3 196__+4 - -  
148_+4 199_+3 - -  
129_+3 179_+3 - -  
108_+4 163_+3 - -  
134.+7 186_+4 - -  

Cr Ka 

278___6 
214_+3 
291.+7 
233 .+ 4 
193+5 
246 .+ 6 
204 _+ 7 
179+3 
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T a b l e  4. The observed structure factor, corrected for tem- 
perature, IFT], for P u 0 2  for Mo Kc¢, Cu K s ,  F e  K a ,  

and Cr K s .  

hkl ~VIo Ka Cu Ka Fe K a  
111 302-+2 345_+5 318_+5 
200 242 _+ 3 278 _+ 4 252 -+ 6 
220 298 ± 4 341 _+ 3 319 _+ 7 
311 236_+2 278_+4 262_+6 
222 200 -+ 5 240 _+ 6 222 -+ 9 
400 243 _+ 4 280 _+ 5 270 _+ 6 
331 197-+2 239_+3 232--+3 
420 174+3 213-+3 204_+3 
422 200 _+ 3 237 + 5 234 -+ 4 
440 177-+5 219-+4 - -  
531 149_+2 194-+3 - -  
620 157 _+ 3 199 -+ 2 - -  
533 138-+3 179-+3 - -  
622 121_+2 161_+3 - -  

Cr Ka 
292 + 4 
230 + 2 
303 + 6 
248 _+ 5 
210_+4 
260 _+ 5 
220 _+ 3 
193_+2 

r e l a t e d  to  t h e  s c a t t e r i n g  f a c t o r s  of P u  a n d  o x y g e n  
a c c o r d i n g  t o  

IFl=4(feu+2fo) for  h+lc+l=4n  (6) 

IF] =4(feu) for  h + l c + l = 2 n + l  (7) 

IFI=4(fpu-2fo) for  h + k + l = 4 n + 2  (8) 

D i v i d i n g  IFTI b y  4 a n d  m u l t i p l y i n g  t h e  r e s u l t s  b y  t h e  
i n s t r u m e n t  c a l i b r a t i o n  c o n s t a n t  k of e q u a t i o n  (5) ( a n d  
F ig .  1,) y i e l d s  a s c a t t e r i n g  f ac to r ,  f ,  w h i c h  is c o r r e c t  
r e l a t i v e  to  t h e  sca le  a n d  s h a p e  of t h e  a l u m i n u m  sca t -  
t e r i n g  c u r v e .  T h e  c u r v e s  for  ( f e u + 2 f o ) ,  (fPu), a n d  
( f e ~ - 2 f o )  a r e  s h o w n  in  F ig .  2. 

7 5 -  fPu+ 2 fo )  _ 

7o~i (fP°) '- 
65[- I 

6o 

55 -1 
~: .~ i X X  ' 

_.~ 5 0  - 

'" (r,u- ro) X \  
~'  45 ~ X ~ \  - 

40 -~  X ~  

o - _ 
I I I II ', II I I I I l l  

/ I I I ' I I 2(  0"1 0"2 0"3  0 " 4  0 " 5  0 " 6  0"7  0 " 8  

s i n  ~ ~ - 1  
2 ' 

Fig. 2. Scattering curves for (fPu + 2fo), (fPu), and (fPu--2fo) 
derived from experimental values of the structure factor, 
corrected for temperature,  JFT]. Mo .Ka radiation. 

I n  a d d i t i o n  to  t h e  i n s t r u m e n t  c a l i b r a t i o n  c o n s t a n t  
k, t h e  c u r v e s  for  (fPu + 2 f  o) a n d  ( f p u - 2 f o )  c o n t a i n  a n  
i n t e r n a l  c a l i b r a t i o n  also,  s ince  o n e - f o u r t h  of t h e  dif-  

9 I I [ . ; 

4 4 .  "~ 3I: 
I I , ] I I I 

0'1 0"2 0"5  0"4  0"5  0"6 0"7  
sin e ,~-~ 

. -  

0"8 

Fig. 3. Comparison between the McWeeney (1951) oxygen 
scattering curve ( ) and the oxygen scattering curve 
derived (e)  as one-fourth the difference between (fPu+ 2fo) 
and (fPu-- 2fo). 
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Fig. 4. Comparison between the experimental scattering curve 
(*) and the TFD scattering curve for Pu. Mo K a  radiation. 
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ference between these two curves yields values for the 
scattering curve of oxygen. Any  absorption edges for 
oxygen are sufficiently removed from the X-ray  wave- 
lengths used tha t  the anomalous dispersion effect for 
oxygen can be assumed to be negligible. Fig. 3 shows 
the good agreement between the derived oxygen 
curve and the oxygen scattering curve according to 
McWeeney (1951). 

In  Fig. 4 the scattering curve for Pu, (fPu), is com- 
pared with the TFD scattering curve for Pu. As men- 
t ioned in the Introduction the difference between the 
exper imental  curve and the T F D  curve is taken as a 
measure of the anomalous dispersion correction. 

Equat ion  (4) can be wri t ten as 

f =  {(fM + ~If')2 + (/If")2}½, (9) 

where fM is the true atomic scattering factor for the 
meta l  atom. Equat ion  (9) was programmed for an 
IBM 704 computer  so that ,  for exper imental  values of 
f and the associated values of T F D  fM'S, a least 
squares analysis  could be performed to obtain values 
of / I f '  and / I f" .  For Pu for Me Ka r a d i a t i o n / I f ' =  
-16.7_+0.6 a n d / I f " = 1 1 . 7 _ 2 . 1 .  The value of - 1 6 . 7  
f o r / I f '  is in reasonable agreement with values ranging 
from - 1 7  to - 2 3  suggested by Cromer & Olson 
(1959) based on the structure analysis  of PuNi3. 

The procedure described above is applicable only to 
the metal  a tom curve. To extract  information con- 
ce rn ing / I f '  a n d / I f "  from the M___ 20  curves requires 
a slight modification in the t rea tment  of the data. 

Fig. 5 shows the vector diagram for one formula 
unit,  M02,  relating fM, the scattering factor for the 
metal  atom, / I f '  and /if"¢ , the real and imaginary  
parts of the anomalous dispersion.corrections to the 
metal  atom, and fo the scattering factors for the 
oxygen atoms. Start ing with fM, ~If' is added, then 
/ I f "  is added, then ± 2fo is added to yield f,  the 
scattering factor for curves (fM+2fo) or (fM--2fo). 
See Fig. 2. I t  can be seen tha t  if the oxygen atoms 
are e l iminated from Fig. 5 (that is, if a t tent ion is 
concentrated on the metal  atom curve alone) then 
the diagram is a vector representat ion of equation (9). 

-2re +2f' o 
. ~  "~- 

/ 

, /  

/ - lf" 
/ 

f~ / I f "  

Fig. 5. The vector diagram, for one formula unit, Me2, 
relating fM, the scattering factor for the metal atom, 
/If' and/ i f" ,  the real and imaginary parts of the anomalous 
dispersion correction to the metal atom, and _+2re, the 
scattering factors for the oxygen atoms, f is the resultant 
scattering factor for either (fM+2fo) or (fM--2fo). See 
Fig. 2. 

Values f o r / I f '  a n d / i f "  m a y  be obtained from Fig. 5 
in the following manner.  Let 

sin a =Af" / f  (lO) 
and 

cos a=(fM +Af'  + 2re)If. (11) 

Since sin 2 a+cos2  a = l ,  then  upon combinat ion of 
equation (10) and (11) and rearrangement  

f={( fM+Af '  +_ 2fo)2+(Af")e}½ . (12) 

Equat ion (12) is applicable to all three curves 
(fM+2fo),  (fM), and (fM--2fo). I t  should be noted 
tha t  for curve (fM), fo=O, and equation (12) reduces 
to equation (9). Uti l izat ion of equation (12) for the 
t rea tment  of the exper imental  data  is preferred over 
equation (9) as equation (12) treats  all the da ta  
whereas equation (9) is applicable to only about  30% 
of the total  data  available.  However, once values for 
: I f '  and / I f "  are known, use of equation (9) is very  
convenient for the calculation of an exper imental  
scattering curve. 

Equat ion  (12) was programmed for an IBM 704 
computer  so that ,  for exper imental  values off ,  and  the 
associated values of TFD fM'S and the McWeeney 
oxygen scattering curve, a least squares analysis  could 
be performed to obtain values f o r / I f '  a n d / I f " .  

In  Table 5 are given the TFD fM'S for Th, U, and 
Pu, taken from the work of Thomas,  Umeda  & King  
(1958). Values o f / I f '  a n d / I f "  derived for Th, U, and  
Pu for Me Ka,  Cu Kc~, Fe K s ,  and Cr K a  are given 
in Table 6. Insert ing in equation (9) the appropriate  
quanti t ies given in Tables 5 and  6 allows the experi- 
mental  scattering curve to be readi ly calculated. 

Table 5. Thomas-Fermi-Dirac scattering curves 
for Th, U, and Pu. 

sin 0/2 Th U Pu 
0 90 92 94 
0-05 88.60 90.58 92.56 
0.10 84-97 86.90 88.83 
0.15 80.32 82-18 84-05 
0.20 75.67 77-42 79.22 
0.25 71.21 72.93 74-66 
0.30 67-06 68.71 70.37 
0.35 63.16 64-74 66-33 
0.40 59.57 61.09 62-60 
0.50 53.27 54.66 56.05 
0"60 67"90 69"17 50'45 
0.70 43.34 44.51 45.69 
0.80 39.42 40.50 41-59 

D i s c u s s i o n  

In  Fig. 6, data  from Table 6 is plotted as a funct ion 
of ~t/ALm, where 2 is the incident  radiat ion and 2Lm 
is the wavelength of the L m  absorption edge. In  
Fig. 7, data  from Table 6 is plotted as a function 
of ~/~MIMII where 2 is the incident radiat ion and 
~MIMII is the average of the wavelengths of the M1 
and M n  absorption edges. Since the difference between 
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the MI  and MII  absorpt ion edges for Th, U, and  Pu  
amounts  to approx imate ly  5 per cent of the value of 
either the MI  or the  MH absorpt ion edge, an average 
is justifiable for a graphic representat ion.  The ab- 
sorption edges were t aken  from the work of R ich tmyer  
& Kenna rd  (1947). The L m  absorpt ion edge is 0.76, 
0.72 and 0.68 A for Th, U, and Pu  respectively. The 
MI, MrI  averages are 2.52, 2.28 and 2.14 A for Th, 
U, and Pu respectively. 
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Fig. 6. The variation of Llf" as a function of 2/2LIir 
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Fig. 7. The variation of Af' as a function of 2/2MI, MII. 
Thorium (&), Uranium (ll), Plutonium (e). 

Figs. 6 and 7 indicate general t rends for the behavior 
of anomalous dispersion in the  region of wavelengths 
and elements covered, a l though the number  of ex- 
per imental  points might  be considered less t han  ad- 

equate  for definite conclusions. In  general, a marked  
decrease in the  value of the scat ter ing factor,  f ,  is 
found for wavelengths in the immedia te  neighborhood 
of an absorpt ion edge of the  scat terer  under  conside- 
ration. This is i l lustrated in Fig. 6 for Th, U, and Pu 
for Mo Ka radiat ion,  with the result  t h a t  the closer 
the degree of approach to 2/,~LIZr = 1"0, the greater  the  
decrease in the  scattering factor.  For  values of 2/2Lni 
much greater  t han  1.0 the  t rend  is for Af'  to approach 
the  oscillator s t rength  of the L electrons, gL, for which 
I-ISnl (James,  1948) has computed a value of 4.5 
electrons. 

In  Table 7 are listed values of elf '  and e l f "  for 
Th, U, and Pu  based on calculations made  by  Dauben  
& Templeton (1955). As Dauben  & Templeton point  
out, these values are based on equations,  the con- 
s tants  of which were determined utilizing tungsten,  
Z = 74. Ex t rapo la t ion  of these equations to the region 
of Z = 9 0  to 94 m a y  not  be justified. 

Table 6. Experimental values of Af '  and / i f "  
for Th, U, and Pu 

Based on the TFD scattering curves for Th, U, and Pu 
utilized as theoretical standards 

Mo Ka Cu Ka Fe Kc¢ Cr Kc~ 
Th Ll f '=  --12.0--+0-4 --9.3_+0.6 --12-0--+1-7 --18.6-+1-7 

/ I f "=  14.4-+1.2 18-9+1.6 25.5-+3.4 22.3-+3.6 

U Lif' = --19.5+0.8 --6.8-+0.8 --13.8+2-1 --25.6-+4-7 
/ I f "=  12.9-+2.5 16.0-+2.5 20.0-+5.4 30.5+6-3 

Pu /If '  = --16.5-+0.6 --9.5-+0-8 --19.8-+3.4 --26.0-+4.8 
All" = 10.0-+2.7 20.3-+ 1.9 32.6-+5.0 34.7_+5.9 

Table 7. Theoretical values of Af' and elf" 
for Th. U, and Pu  

Based on the calculations of Dauben & Templeton (1955) 
MoKa CuKa F e K a  CrKa 

Th /If" = --7 --5 * --15 
/ I f "=  8 13 * 25 

U /If" = --8 --5 * --19 
zIf" = 8 15 * 28 

Pu Af" = * - 5  * * 
/if'" = 5 16 * * 

• Not calculated. 

Comparison of identical i tems in Table 7 with those 
in Table 6 reveals, however,  t ha t  the experimental  
te rms all have  the  correct signs indicated by theory 
and  t h a t  the experimental  numbers  are of the same 
order of magni tude  as those indicated by theory.  
Thus, the agreement  between exper iment  and theory 
can best be described as qualitative.  

Townsend, Jef f rey  & Pangis  (1959) presented a 
formula  by  which e l f"  m a y  be calculated for any  
element if the mass absorpt ion coefficient of the ele- 
ment  is known. This formula may  be wri t ten as 

e l f"= (1/2;tr0). (A/N).#,~ (13) 
where 
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2 = X - r a y  wave  length ,  cm., 
ro = eg/mc ~ = 2.81784 × 10 -13 cm., 
A = a tomic  weight ,  
N = A v o g a d r o ' s  number ,  6.02472 × 1023 mol. -1, 

#m = mass  obsorp t ion  coefficient,  cm.2g. -1. 

Table  8. Comparison between observed and calculated 
values for A f "  

Calculated values according to the formula of 
Townsend, Jeffrey & Pangis (1959) 

Th Afo'" 
Aye'" 

U Afo'" 
Aft'" 

Pu ,d f o'" 
Aft'" 

Mo Kc¢ Cu Ka Fe Ka Cr Ka 
14.4 ± 1.2 18.9 ± 1.6 25.5 ± 3.4 22.3 ± 3-6 
10-6 18.4 24.6 28.6 

12.9±2.5 16.0±2-5 20-0±5.4 30.5± 6-3 
12-6 18.6 25-0 27.1 

I0.0±2.7 20.3± 1.9 32.6±5.0 34.7± 5.9 
5.4 22-5 33.9 38-7 

As an example  we will consider  the  ca lcu la t ion  of 
/ I f "  for P u  for Cu K a  rad ia t ion .  2 = 1.5418 × 10 -s cm., 
A = 2 4 2 ,  a n d  # m = 4 8 8  cm.2g. -1 a n d  the  ca lcu la ted  
A f "  =22 .5 ,  which  is in good ag reemen t  wi th  the  ob- 
served  va lue  of L J f " = 2 1 . 0 _ + l . 9 .  Tab le  8 l ists  these  
values  a long wi th  the  ca lcu la ted  and  observed ~Jf" for 
the  o ther  e lements  and  rad ia t ions .  Consider ing the  
d i f f icu l ty  in ob t a in ing  observed  values  o f / I f "  a n d  the  
a s sumpt ions  invo lved  in the  theore t ica l  formula ,  
(equat ion  (13) being s t r i c t l y  va l id  on ly  for sin 0/2 = 0), 
t he  a g r e e m e n t  is qui te  good and  in th is  case m a y  be 
descr ibed as s emi -quan t i t a t i ve .  
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The Ref inement  of the Structure  of the C o m p l e x  of Iodine with  
1 ,4-Dise lenane,  C4HsSe2.2 I2 
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The s tructure of the molecular complex CaHsSe 2. 2 12 has been refined by  three-dimensional,  full- 
mat r ix  least-squares procedures. There are two molecules of the complex in the uni t  cell which has 
the dimensions : 

a = 6.876 ± 0.007, b = 6"325 i 0"007, c = 17.68 i 0.01/~ ; fl = 118030 , i 20 ' .  

The space group is P21/c. The molecules are thus  required only to be centrosymme~rlc bu t  the 
molecular symmet ry  is actual ly  2/m within the s tandard  deviations.  The observed bond distances 
and angles are: I i - I  2 = 2.870±0-003, I2-Se = 2 .829i0 .004 ,  Se-C 1 = 1.947±0.024, Se-C~ -- 
1.980 ± 0-024, Cx-Cs = 1.568 ± 0.030/~ ; I~-Ie-Se = 180.0 ± 0.3 °, I2-Se-C1 = 101.5 ± 1.0 °, Is-Se-C2 = 
100.5 ± 1.0 °, C1-Se--C 2 -- 100.5 ± 1.8 °, Se--C1-C 2' -- 117.2 ± 2.0 °, Se-Cs-C 1' = 113.0 ± 2-0. 

The structure of the diselenane par t  of the molecule is bu t  sl ightly changed by  complexing with  
iodine, however, the I - I  bond in the complex is 0.21 A longer than  tha t  in solid I s. In  contrast  to the 
equatorial  bonding of iodine to sulfur in the di thiane complex, the iodine is bonded to selenium in 
axial  positions in the diselenane complex. 

I n t r o d u c t i o n  lough,  Chao & Zuccaro,  1959) a n d  the  th ree -d imen-  

A p r e l i m i n a r y  s t u d y  of the  s t ruc tu res  of the  iodine * Present address: Department of Geology, Carleton Uni- 
complexes  of 1 ,4-di th iane  a n d  1,4-diselenane (McCul- versity, Ottawa, Canada. 


