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7 - P l u t o n i u m  is f o u n d  to  be  o r t h o r h o m b i c  w i t h  e i g h t  a t o m s  in  a u n i t  cell of  d i m e n s i o n s  (at  235 ° C.) 
a 1 = 3 .1587±0 .0004 ,  a~ = 5 . 7 6 8 2 ± 0 . 0 0 0 4 ,  a 3 = 10.1624-0.002 /~. T h e  c a l c u l a t e d  d e n s i t y  is 
17.144-0.01 g . cm.  -3. T h e  space  g r o u p  is Fddd a n d  t h e  p o s i t i o n s  of  t h e  e i g h t  a t o m s  a re :  (0, 0, 0), 
(0, ½, ½), (½, o, ½), (½, ½, 0), (¼, ¼, ~), (~, ~, ~), (~, ~, ~), (~, ~-, ¼). 

Each plutonium atom is bonded to ton others at an average distance of 3.157 /~, four being at 
3"026 /~, two at 3.159 /~ and four at 3.288 A. 

The mean linear coefficients of thermal expansion are found to be 106a[100 ] = --19.74-1-0/°C., 
10%¢[0x0] = 39"5±0"6/°G.,  10%~[001] = 84"3±1"6/°C.  

Crystal structure 

The crystal structure is known for four of the six 
allotropic forms of plutonium metal, t The y form 
(Zachariasen, 1952), reported herein, is orthorhombic 
face-centered, ~ is cubic face-centered (Mooney & 
Zachariasen, 1944) with a = 4.636±0.001 J~ at 350 ° C. 
(Jette,  1955; Schnettler & Jet te ,  1945a), ~' is tetragonal  
body-centered (Jette, 1955) with a 1 = 3.33±0.01 A, 
a 3 = 4.46±0.01 /~ at  470 ° C., and e is cubic body- 
centered with a = 3.639±0.001 J~ at 510 ° C. (Jette, 
1955; Schnettler & Jet te ,  1945b). 

Satisfactory X-ray  diffraction pat terns of the a, fl 
and y forms of plutonium have been available for 
several years. However, the indexing of these powder 
pat terns  has proved to be a very difficult task. The 
indexing of the pat tern  of 7 plutonium given in this 
report  succeeded only after a great many  hours of 
intensive work. The pat terns  of c¢ and fl plutonium 
have not yet  been interpreted. 

Table 1 gives the observed intensities and sine 
squares as obtained from a powder diffraction pa t te rn  
of y plutonium (purity 99.85%) taken with Cu K~ 
radiation in a Unicam high-temperature camera at  
235 ° C. The ~1~  doublet is separated for sin s 0>0.400, 
and the measurements refer to the stronger com- 
ponent. 

The observed sine squares fit the quadratic form 

sin s 0 = 0.05948H~ + 0.01728H~ + 0.005745H]. 

The corresponding orthorhombic unit  cell has dimen- 
sions 

* Work  done under  the auspices of the A~omic Energy  Com- 
mission. 

A new allotropic form of p lu ton ium,  designated 6', was 
discovered in the  pas t  year  (Lord, 1954; Smith,  1954; Je t t e ,  
1955). 

a 1 = 3.1587±0.0004, a9 = 5.7682!0.0004, 

a 3 = 10.162±0-002/~.  

Since the experimentally determined density is 17.0 
g.cm. -a, the unit  cell contains eight atoms. The cal- 
culated density is ~ = 17.13 g.cm. -3. 

The translation lattice is face-centered as shown 
by the fact tha t  reflections are present only from planes 
for which H1H~H a are either all even or all odd. I t  is 
further seen from Table 1 tha t  reflections are missing 
from planes with H1H2H 3 all even unless ZHj  = 4n. 

0 

) 
Fig. 1. The atomic posit ions in the  uni t  cell of 7 p lu ton ium 

projected on a (001) face. 

According to these systematic absences the plu- 
tonium atoms are arranged on two interpenetrating 
face-centered lattices displaced relative to each other 
by one-fourth of the body diagonal. The positions of 
the eight atoms in the unit  cell are thus:  (0, 0, 0), 
(0, ½, ½), (½, 0, ½), (½, ½, 0), (¼, ¼, ~), (3, ~, ~), (~, ¼, ~), 
(¼3 3, ~)- This atomic configuration corresponds to the 
space group symmetry  Fddd (D~) with the eight plu- 
tonium atoms structural ly equivalent. A projection of 
one unit cell on the c-face is shown in Fig. 1. 
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Tab le  1. X-ray diffraction data for 7 plutonium 
at  235 ° C. 

lo (Sin ~ 0)o (Sin s 0)¢ H1H2Ha I¢ 
s 0.0836 0.0830 111 142 
w 0.0925 0.0919 004 61 
m +  0.0949 0-0943 022 115 
m 0-1297 0-1290 113 80 
m-- 0.2218 0.2209 115 36 
w+  0-2265 0.2257 131 36 
w+  0.2616 0.2609 202 28 
w+  0"2723 0.2717 133 26 
w +  0.2788 0.2781 026 25 
vw 0-2860 0.2853 040 12 
w+  0-3100 0.3092 220 21 
w 0.3590 0.3588 117 17 
w 0.3637 0.3636 135 16 
~rw 0-3687 0.3677 008 8 
w+  0.3772 0-3772 044 15 
m 0.4012 0-4011 224 30 
w 0.4448 0.4447 206 12 
w-- 0.5017 0"5015 137 9 
w-- 0"5111 0-5110 151 9 
vw 0.5427 0"5426 119 9 
m* 0-5461 0-5462 242 18 
vw 0.5574 0.5570 153 9 
w* 0-5597 0.5588 311 9 
my+ 0.6046 0-6048 313 8 
vw+ 0.6458 0-6458 0,2,10 8 
w--* 0.6490 0.6489 155 8 
w* 0"6526 0.6530 048 8 
w - -  0-6648 0"6649 062 8 
w+ 0.6766 0.6769 228 15 
vw+ 0.6853 0.6853 139 8 
vw+ 0.6970 0.6967 315 8 
w* 0.7011 0.7015 331 8 
m-- 0.7300 0.7300 246 15 
w-- 0-7473 0.7475 333 8 
vw 0-7724 0.7724 1,1,11 8 
w-- 0"7870 0-7868 157 8 
u,-- 0"8125 0"8124 2,0,10 8 
vw-- 0.8273 0"8273 0,0,12 4 
w - -  0"8345 0.8346 317 9 
u,+ * 0-8392 0"8394 335 9 
w 0.8486 0.8487 066 9 
w 0-8800 0.8798 260 10 
w-- 0-9150 0.9151 1,3,11 12 
w 0.9388 0"9390 171 13 
~nv 0.9517 0-9517 400 8 

0-9717 ~ 0.9706 159 19 D ~  
( o-9717 264 38 

m* 0.9768 0.9773 337 21 
w +  0.9849 0-9850 173 27 
w+  0-9867 0.9868 351 29 

* Coincidence with ct~ line. 

The  l a s t  c o l u m n  of Tab l e  1 gives  t h e  in t ens i t i e s  
ca lcu la ted  f rom t h e  f o r m u l a  

1 + cos 2 20 
I oc IF~[ s in s 0 cos 0 p "  

The  a b s o r p t i o n  a n d  t e m p e r a t u r e  fac to rs  h a v e  n o t  
been t a k e n  i n to  accoun t .  Obse rved  a n d  ca lcu la t ed  
in t ens i t i e s  shou ld  acco rd ing ly  be c o m p a r e d  on ly  for  
n e i g h b o r i n g  ref lect ions .  

The  c r y s t a l  s t r u c t u r e  of 7 p l u t o n i u m  is un l ike  t h a t  
of a n y  o the r  me ta l .  E a c h  p l u t o n i u m  a t o m  is bonded  
to  t e n  o the rs  a t  a p p r o x i m a t e l y  t h e  same  d i s tance ,  as 
i l l u s t r a t ed  in  Fig.  2. The  i n d i v i d u a l  i n t e r a t o m i c  dis- 

t ances  are  (at  235 ° C.):  P u - 4 P u = 3 . 0 2 6  A, P u - 2 P u =  
3.159 A, P u - 4 P u - - 3 . 2 8 8  A. T h e  ave rage  d i s tance  of 
P u - 1 0 P u = 3 . 1 6  A compares  to  P u - 1 2 P u - - 3 - 2 7  A in 

p l u t o n i u m  a n d  P u - S P u - - 3 - 1 5  A in e p lu ton ium.  

• . • • • • 

Fig. 2. A portion of the unit cell illustrating the tenfold 
coordination. Relative to Fig. 1, the origin of the unit cell 
has been displaced by (0, 0, ½). 

W h e n  a l lowance  is m a d e  for  t he  effect  of coordina-  
t i on  n u m b e r  one f inds  a meta l l i c  r ad ius  of 1-60.~A for 
p l u t o n i u m  in  t h e  7 fo rm as compared  to  t he  r ad ius  
1.63 A in  ~ p l u t o n i u m .  The  dif ference in  rad ius  for  
t h e  two  fo rms  is poss ib ly  due  to  t h e  f ac t  t h a t  t he  t r an -  
s i t ion  f rom t h e  ~ to  t he  7 fo rm is a c c o m p a n i e d  b y  
t h e  p r o m o t i o n  of a f r ac t ion  of a n  e lec t ron  f rom t h e  
5 f  to  t he  6d level.  F r o m  the  va lue  of 1.60 A for  t h e  
r ad ius  of p l u t o n i u m  in  t he  7 form,  one would  e s t i m a t e  
t h a t  t he r e  are  a b o u t  t h ree  e lec t rons  in  t he  5 f  shell.  

N o r m a l  to  t he  a a axis  t he r e  are  p seudo-hexagona l  
layers ,  t h e  a a per iod  co r respond ing  to  four  t imes  t he  
l aye r  sepa ra t ion .  The  bond  l eng ths  w i t h i n  a l aye r  are 
3-159 A a n d  3.288/ix. The  b o n d  l eng th  be tween  l ayers  
is 3.026 A. 

T h e r m a l  e x p a n s i o n  

The  t h e r m a l  e x p a n s i o n  of 7 p l u t o n i u m  was  de t e rmined  
f rom a series of X - r a y  d i f f rac t ion  powder  p a t t e r n s  
t a k e n  in  a U n i c a m  h i g h - t e m p e r a t u r e  camera  in t he  
r ange  213-312 ° C., us ing  Cu K ~  rad ia t ion .  The  powder  
sample ,  c o n t a i n e d  in  an  e v a c u a t e d  clear  sil ica capil- 
l a ry ,  was  p r e p a r e d  f rom p l u t o n i u m  m e t a l  f i l ings of 
99.97 % p u r i t y  m i x e d  wi th  a smal l  p r o p o r t i o n  of pure  
s i lver  powde r  to  serve for  t e m p e r a t u r e  m e a s u r e m e n t .  
The  l a t t i ce  c o n s t a n t  of t he  s i lver  a t  each t e m p e r a t u r e  
was d e t e r m i n e d  b y  g raph ica l  e x t r a p o l a t i o n  of t he  
h igh -ang le  l ines us ing  t h e  Ne l son  & R i l e y  (1945) func- 
t ion,  a n d  t h e  co r respond ing  t e m p e r a t u r e  was t a k e n  
f rom t h e  t h e r m a l  e x p a n s i o n  d a t a  of H u m e - R o t h e r y  & 
R e y n o l d s  (1938). The  u n c e r t a i n t y  in  each measure-  
m e n t  of t he  s i lver  l a t t i ce  c o n s t a n t  was  less t h a n  
+0.0002 A, which  cor responds  to  a n  u n c e r t a i n t y  in  
each  t e m p e r a t u r e  m e a s u r e m e n t  of a b o u t  ± 2  ° C. The  
l a t t i ce  c o n s t a n t s  of t he  7 p l u t o n i u m  were e v a l u a t e d  
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by Cohen's (1935, 1936) analytical extrapolation 
method with the aid of IBM machines. 

The lattice constant versus temperature data  are 
listed in Table 2 and plotted in Fig. 3. I t  is seen tha t  

Table 2. Lattice constants as function of temperature 
Temperature  

( ± 2  ° C.) a I (h)  a 2 (h) a 3 (h) 
213 3.16052 5.76275 10-1442 
230 3.15889 5.76674 10.1557 
233 3.15909 5.76769 10.1615 
238 3.15908 5.76766 10.1610 
239 3.15853 5.76925 10.1684 
242 3.15847 5.77006 10.1706 
243 3.15797 5-77041 10.1691 
246 3.15842 5-77083 10.1726 
258 3-15622 5.77371 10-1834 
264 3.15642 5.77521 10.1880 
272 3.15645 5-77648 10.1941 
289 3.15505 5.78015 10.2060 
292 3.15538 5-78062 10.2101 
296 3-15554 5.78084 10.2088 
304 3-15492 5.78388 10.2240 
307 3.15432 5-78459 10.2243 
309 3-15410 5.78532 10.2282 
312 3.15397 5.78574 10.2290 

al a2 aa I i 
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Fig. 3. Latt ice constants of ? plutonium versus temperature.  

straight lines represent the expansion quite well. 
Accordingly, the data  were fitted to straight lines by 
the least-squares method yielding the following equa- 
tions: 

a~ = (3.16095±0.00023)- (6.22±0-32)10-5(t-200), 
a~ -- (5.76011 ± 0.00023) + (22.75± 0.32) 10-~(t - 200), 
a a -- (10.1325±0.0012) + (85.4± 1.6)10-5(t-200),  

where t is in 0C. and the precision measures are stan- 
dard deviations. 

The true linear coefficient of expansion is expressed 
by a = (l/a)(da/dt). The derivative da/dt is the slope 
of the line which divided by the lattice constant at  
each temperature gives the true or instantaneous co- 
efficient at tha t  temperature.  The values of true 
are listed in Table 3, where the s tandard deviations 

Table 3. Thermal expansion coefficients 
Tern- True a × 10-s/°C. 

perature - 
(oc.) [100] [01o] [ool] 
210 -- 19-68 39-48 84.21 
260 -- 19.70 39.40 83.86 
310 -- 19.72 39.32 83.51 

in the [100], [010] and [001] crystallographic directions 
are 5-1, 1.4 and 1.9% respectively. 

The mean linear coefficients for each direction com- 
puted for the range 210-310 ° C. are: 

106~[i00] = - 1 9 . 7 +  1 . 0 / ° C . ,  

106~[0z0] = 39.5±0.6/°C., 
10~[00z] = 84.3±1.6/°C. 

For polycrystalline ? plutonium, free from preferred 
orientation, the mean linear coefficient, expressed by 

= ½(~[100]~-~[010j-~-~[001]), is (34"7±0"7) × 10-s/°C. 

The mean volume coefficient, expressed by ~ .=3~,  
is (104i2)  × 10-~/°C. 

The authors wish to thank Dr Max Goldstein for the 
IBM calculations and Miss Marian Gibbs for measuring 
the films. 

One of us (W. H. Z.) is also indebted to Drs E. R. 
Je t te  and A. S. Coffinberry for having provided the 
opportuni ty for the crystal-structure investigation to 
be carried out. 
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