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I t  m a y  therefore be concluded tha t  there are good 
reasons, theoretical as well as practical ,  why the 
Fourier  method should be used in accurate  crystal- 
s t ructure  determinations.  

This work has been done as par t  of a programme of 
investigation of the s t ructures  of organic molecules by 
X- ray  methods.  I am grateful  to the Depa r tmen t  of 
Scientific and Indust r ia l  Research for financial aid, and 
to Prof. Sir Lawrence Bragg and Dr W. H. Taylor  for 
the facilities they  have provided and the interest, they  
have shown. 
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Root-mean square amplitudes of atomic vibration are given for twenty elements and twenty-four 
compounds crystallizing in the cubic system. The spatial distribution of atomic displacements due 
to thermal vibration is calculated from the elastic constants of nineteen cubic crystals, and attent.ion 
is drawn to the relationships existing between the amplitudes of pure longitudinal and transverse 
waves travelling along the cube edges, face diagonals and cube diagonals, and the structures of these 
crystals. 

From the data  given, the intensity ()f diffuse scattering power could be plotted in reciprocal 
space, for comparison with experimental data from monochromatic Laue photographs. 

It  is possible to calculate a root-mean square ampli tude 
of thermal  vibrat ion of a toms in cubic crystals if the 
Debye characterist ic tempera ture  is known. But  the 
atoms are not just  simple-harmonic oscillators, al though 
their movements  are resolvable into a series of har- 
monic vibrations.  The object of the present paper is in 
§ 1 to give the root-mean square ampli tudes and in 
§ 2 to investigate the spatial  distribution of ampli- 
tudes in these component vibrations,  and to consider 
what  relation, if any,  exists between the ampli tudes of 
waves travell ing in certain principal directions and the 
crystal  s tructure.  

1. Root-mean square amplitude of  vibration 
The Debye-Waller  formula,  I T =  Ie -2M, which was 

confirmed by early experimenters,  applies to cubic 
crystals composed of one kind of atom only, at  tem- 
peratures  not too near to the melting-point.  I t  ex- 
presses the reduction of Bragg scattering of X-rays  by 
crystals with increasing teInperature,  in terms of the 
mean square displacement of an atom from the average 
position which it occupies in the crystal.  In this ex- 
pression M is given by 

8rr 2 sin 2 0 .... 
M . . . . . .  u'. (1) 

3/12 

M may,  however, also be expressed in terms of ®, t he 
Debye characterist ic t empera ture  of specific heat theory 

6h 2 sin e0 let,r) I I 
M=m-k, 0 /1z [ i r + i ~ t  , (2) 

where h, k are t he Planek and Bol tzmann constants,  m 
the mass of the a tom in grams, 0 tile Bragg angle,/1 the 
wave-length of X-rays,  x = @ T ,  where T is the absolute 
temperature ,  and ¢(x) is the Debve function of 

1 (.~ &~ 
x o e~_ 1 

(which is t.abulated, for instance, in the Inter~m.tionale 
Tabellen zur Bestirnmung yon Kristall.struleturen (1935), 
2, p. 574). The term 1 allows for the existence of zero- 
point energy. 

Equat ing  (1) and (2), we find tha t  

9h 2 [¢(x) 11 4 .364x 10 --aa [~5(,r)+ 1 / 
u2=4n2i'in.O[-a; + 4 t =  At.) ....... [ x " 41' (3) 

where A is the atomic weight in t.erms of 1~O, t he values 
of universal constants  used being those given by Birge 
(1941). 

Table 1 gives the root-mean square ampli tudes at  
293 ° K. calculated from equation (3) for a number  of 
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elements crystallizing in the cubic system, using the 
values of ® given by Seitz (1940). 

Using the same values of 0, one finds that  the root- 
mean square amplitudes of thermal vibration are 
reduced to something over one-half the above values 
at liquid-air temperatures. Actually the characteristic 
temperature usually increases slightly with lowering 
of temperature (Blackman, 1935 a, b; ®wen & Williams, 
1947), but the effect of this is small compared with 
other uncertainties involved in the calculations. A 

In the case of crystals composed of more than one 
kind of atom, a different value of M applies to each 
atom; but experiment has shown that  the differences in 
vibration amplitude are not large, in general, even when 
the atomic weights of the different kinds of atoms are 
very different. Waller & James (1927) gave values of 

~/(u 2) for Na + and C1- in rock-salt, based on measure- 
ments of the intensity of reflexion at different tem- 
peratures from planes in which the Na and  C1 atoms 
scatter in the same or opposite phases respectively. 

Table I. Root-mean square amplitudes of 
crystallizing in the cubic system 

atomic vibration at 2 9 3  ° K .  for elements 

~/(u") S t ruc tu re  t y p e  
0.28 A. A 1 (f.c.c.) 
0.25 ,, 
0.23 ,, 
0.18 ,, 
0.16 ,, 
0-15 ,, 
0-145 ,, 
0-13 ,, 
0.115 .. 
0.09 
0.57 A 2 (b.c.c.) 
0"50 ,, 
0-12 ,, 
0.11 ,, 
0.105 ,, 
0-10 ,, 
0"085 
0"02 A 4 (diamond) 
0.145 ,, 
0.13 ,, 

E l e m e n t  ,4 ® u 2 
P b  207.2 88 ° K.  0.080 A 3  
Ca 40.1 230 0.061 
Sr 87.6 170 0.051 
Al 27-0 390 0.033 
Ag 107.9 215 0.026 
Au 197.2 170 0.023 
Cu 63.6 315 0.021 
P d  106.7 275 0.016 
P t  195.2 225 0.013 
I r  193.1 285 0.008 
K 39.1 100 0-328 
N a  23.0 150 0.249 
a - F e  55-9 420 0.014 
Ta  180.9 245 0.012 
Cr 52.0 485 0.011 
Me 96.0 380 0.010 
W 183.9 310 0.0075 
C (diamond)  12.0 2340 0.0004 
Ge 72.6 290 0.021 
Sn 118.7 260 0.016 

direct experimental check on the above values by 
X-ray measurements has been made only in the case 
of A1, Au and Cu. James, Brindley & Wood (1929) 

found for A1 at 290 ° K., x/(ug)=0.171 A. and at 
86 ° K., x/(u 2)=0"111 A., which would correspond to 
®290" = 409"5° K. and ®s6 o = 415.5 ° K. from formula (3). 
®wen & Williams (1947), by intensity measurements at 
from 300 to 900 ° K., obtained room-temperature 
(293 ° K.) values of ® as follows: 

®AI=395°K., ®Au=175 ° K., ®cu=314 ° K., 

agreeing well with the values given by Seitz, which 
were derived from specific heat data. 

W a ~ . a s t j e r n a  (1945)  u s e d  a d i f f e r e n t  e x p e r i m e n t a l  

m e t h o d  f o r  a n u m b e r  o f  a l k a l i  h a l i d e s .  H e  m e a s u r e d  

t h e  a t o m - s c a t t e r i n g  f a c t o r s  o f  N a  +,  F - ,  C l - ,  B r - ,  I - ,  

K +, e t c . ,  i n  t h e  v a r i o u s  s a l t s  a n d  c o m p a r e d  t h e  c u r v e s  

h e  o b t a i n e d  w i t h  t h e  t h e o r e t i c a l  v a l u e s  g i v e n  b y  J a m e s  

& B r i n d l e y  (1931) ,  t h u s  d e d u c i n g  M f o r  e a c h  a t o m  f r o m  

the relation fT =re e-M, and hence ~/(u~). In this way he 
f o u n d  a s m a l l  d i f f e r e n c e  i n  M e v e n  f o r  K + a n d  C1-  in  

K C 1 ,  a d i f f e r e n c e  w h i c h  h a d  b e e n  s u p p o s e d  b y  J a m e s  

& B r i n d l e y  (1928)  n o t  t o  e x i s t ;  J a m e s  & B r i n d l e y  

o b t a i n e d  ~/(u ~) f o r  K C 1  a t  t w o  d i f f e r e n t  t e m p e r a t u r e s ,  

b u t  t r e a t e d  t h e  c r y s t a l  a s  i f  i t  w e r e  a s i m p l e  c u b i c  

s t r u c t u r e  c o n t a i n i n g  o n e  k i n d  o f  a t o m  o n l y .  T h e  col-  

l e c t e d  e x p e r i m e n t a l  r e s u l t s  a r e  g i v e n  in  T a b l e  2. 

Table 2. Root.mean square amplitudes of atomic vibration experimentally determined for alkali halides 
,James & 

f 

Temp.  
Compound  ° K.  

N a F  293 

NaC1 293 

KCI 293 

K B r  293 
K I  293 
t{bC1 293 
CsI 293 

Wasas t j e rna  Waller  & J a m e s  Br indley  
A - - ~  r ,'k "~ r - - - - - - '%  - -m  

4(u-~) ~/(u-~b ) a Temp.  ~/(u-~) x/Cui) 8 Temp.  ~/(u ~) 
A. A. A. ° K .  A. A. A. ° K. A. 

Na  + 0.17 F -  0.195 0.183 . . . . . .  
I 86 N a  + 0.152 CI- 0-133 0-141 - -  - -  

N a  + 0.245 C1- 0-235 0.239 290 N a  ÷ 0.242 C1- 0-217 0.227 - -  - -  
! 500 Na  + 0.315 C1- 0.283 0.296 - -  - -  

t 86 0.149 
K + 0.27 C1- 0.26 0.265 . . . .  290 0.255 

K + 0.28 B r -  0.27 0.273 . . . . . .  
K + 0.32 I -  0-30 0.305 . . . . . .  
R b  + 0'26 C1- 0"26 0.26 . . . . . .  

- -  - -  0"33 . . . . . .  
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In  th is  tab le  the  ' obse rved  a m p l i t u d e '  8 is compu ted  

f rom ~/{(m/u~+mbu})/(m,~+ rob) }, and  it  will be seen 

t h a t  the  m a x i m u m  differences be tween  8 and  ,,/(,12~) 

or v~(U~) are of the  order  of 70~/o. This  being so, it seems 
jus t i f iable  to use equa t ion  (3) tbr the  ca lcula t ion  of 

values  of ~/(u °') for cubic compounds  for which (~) is 
known,  on the  a s s u m p t i o n  t h a t  t h e y  are composed of 
only  one k ind  of a tom,  of a tomic  weight  

A = (m,~ + m b +. . .  + mn)/n. 

The errors in t roduced  in th is  way  are p robab ly  less t h a n  
those  involved  in u n c e r t a i n t y  in the vahles  of O. Seitz 
gives a few values of O for compounds ,  and some fu r the r  
values  can be deduced from ava i lab le  specific heat  
da ta ,  as g iven in the  Landolt-BSrnstein or the  Inter- 
national Critical Tables. (A good out l ine  of metho{ls 
is g iven by Rober t s  (1940).) W a s a s t j e r n a  (1935, 1938) 

- _ _  

has calcula ted the  values  of ~/(u 2) for a n u m b e r  of alkal i  
ha lides from the  po ten t ia l  of repuls ion in the  c rys ta l l ine  
s ta te ,  bu t  his subsequen t  expe r imen ta l  inves t iga t ion  
(1945) of cer ta in  of these  compounds  indica ted  t h a t  the  
ca lcula ted  roo t -mean  square  ampl i tudes  were all abou t  
13°0 too low. His  corrected figures are inc luded in 
Table  3, toge the r  wi th  the  cor responding  deduced 
charac te r i s t ic  t e m p e r a t u r e s  ( inserted in brackets) .  All 
d a t a  refer to a t e m p e r a t u r e  of 293 ° K. 

able. I t  should not  be difficult,  and  would  be ve ry  

in te res t ing ,  to measure  ~,/(u i) for NaCIO 8 by  X - r a y  
methods ,  and  to see whe the r  the  va lue  g iven  in Table  3 
is of the  correct  order  of magn i tude .  Two values  of {-) 
are g iven  for z ineblende  because the  expe r imen ta l  d a t a  
are conflicting. (The values  of specific hea t s  g iven in the  
International Critical Tables appea r  to be in disagree- 
men t  wi th  bo th  sources quo ted  above and  would give 
a much  lower va lue  of 0 a l toge ther ;  on the  o ther  hand ,  
F6rs ter l ing  (1921) deduces from the  elastic cons t an t s  of 
Voigt  (1918) a va lue  which is h igher  t h a n  e i ther  of 

those given here.) Here  again  a m e a s u r e m e n t  of ~'(~l i) 
by X - r a y  me thods  would be valuable ,  as also in the  ease 
of AgCl, where the  value of(9 given by Seitz is incon- 
s i s tent  wi th  the specific heat  da t a  of Clusius & H a r t e c k  
(1{128). 

2. S p a t i a l  d i s t r i b u t i o n  o f  a t o m i c  d i s p l a c e m e n t s  

It. has long been known  t h a t  the  t h e r m a l  v ib ra t ions  are 
not  real ly  isotropic,  even in m o n a t o m i c  cubic c rys ta ls  
(Born & v. K~irmfin, 1912). A m e a s u r e m e n t  of the  
ampl i t udes  of waves  of different  po la r iza t ions  hav ing  
different  d i rec t ions  of p ropaga t ion  m a y  be made  by 
s t u d y i n g  the  i n t ens i t y  of diffuse X - r a y  sca t t e r ing  in the  
ne ighbourhood  of the  Bragg  reflexions (Laval ,  1935, 
1939). In  the  ease of a ha rmon ic  v ib ra t i on  in which the  

Table  3. Root-mean sqttare amplitudes of atomic cibration at "293 ~ K. calculated a~d observed 
for variou~ cubic crystals 

Compound A 
NaF 21.{H} 
NaC1 39.23 
NaBr 51.46 
NaI 74.97 
KF 39-O5 
KCI 37.28 
KBr 5().51 
KI 83.O 1 
RbF 52.22 
I4bCl 6O-45 
RbBr 82.68 
RbI 106.3 
('sF 75.9 
CsI 129.9 
Ag('l 71.67 
AgI 117.4 
Litt 3.975 
LiD 4.475 
PbS 119.7 
ZnS 48.73 

(zineblende) 
FeS 2 3 9.99 
('aF 2 26.03 
NaC10 a 31.29 

(,-) 
° K .  
439 
281 

151) 
321) 
227 
177 
132) 
23s) 
179) 
140) 

(ll0) 
(lg4) 

(.qs) 
130 
120 
815 
(il l 
191) 

¢265 
"[230 

645 
474 

-,~ s50 

A. A. Hemarks and references 
0.1)34 O. IS a (-) from l)ebyCs specific heat function 
0.057 I).34 S{,itz, from spo(,ific heats 
11.063 1).25 ~Vasastjerna, from potent ial of rel)ulsion 
0'075 0"275 ]_)o. 
0"045 0"31 1)O. 
0'068 0.26 Seitz, from spet.ifi{~ heats 
0.0(Lq a 0-21i s I)o. 

_ 

0-093 1).30:, Wasastjorna, observed ~2 })y X-rays 
{1.1)45~ 0 . 2 1  Wasastjerna, from potential of repulsion 
Ib1167 a 0"21~ Wasastjerna. observed ,2 by X-rays 
11.1184 (1._'){.1 Wasa.stjerna. from potential of repulsion 
t}. 1005 (1.3 2 1)o. 
(1.0508 0.228 1)o. 
0.109 0-33 1)o. 
0.092 {).30~ (-) from limit {,f ~/':~ ('~ (('Itlsius & Harte{.k, 1938) 
0"076 0.278 1)o. 
0'0585 0 " 3 4  Ubb(,h)hde (1936) 
0"0858 0" 29 l )(). 
0.030 t)" 17~ (-) from limit of T 3 C r 
().0385 1). 1 .% ('lusius & Hart e(.k ( 1 (,}_,s) ") ' 
0.050~ 0 .')')__~ (~imther (191(1) 
0"013 (). 11 Seitz, from spe{.iIic heat~ 
0.014:, 0.1 "2 1)o. 
0.010 () . I t}  Ai}l}r{)x. value of (-) by ~mah}gy with orthorhombic 

KClOa and with other Na and K compounds 

I t  mav  be noted  t h a t  an  error of say 10° in the  wtlue 
. . O  

of ® would lead to an error in v'(u ~) of abou t  the  same 
m a g n i t u d e  bu t  of opposi te  sign. The  d a t a  for NaCIO a 
are g iven because of the  ana logy  between its s t ruc tu re  
and  t h a t  of ZnS, and  because of the  prttctieal in teres t  
of both  subs tances ,  bu t  the  va lue  of O given is quest ion-  

a tomic  m o v e m e n t s  are no, 'mal to a g iven set of c rys ta l  
planes  there  is a resu l t ing  change of i n t e n s i t y  of re- 
f lecting power which is, to a first a p p r o x i m a t i o n ,  pro- 
por t iona l  to the  mean - squa re  a m p l i t u d e  of the  oscil- 
lat ion.  This  change in i n t ens i t y  causes a reduc t ion  of the  
Bragg  reflexion, but  the  energy  reappears  as diffuse 



K A T H L E E N  L O N S D A L E  

scattering. Measurements of the change of Bragg re- 
flexion give an integrated effect and do not distinguish 
the different effects of different types of vibrations, but 
measurements of diffuse scattering, if properly made 
(with a narrow, parallel monochromatic beam and 
stat ionary crystal, for different orientations) make just 
this distinction. Jahn  (1942) has given a simple de- 
rivation of the relative intensities of diffuse thermal 
scattering in different directions around reciprocal 
lattice points for a cubic crystal, in terms of the elastic 
constants C~l, c12 and c44; and good qualitative agree- 
ment has been obtained experimentally for Na, Pb, W, 
NaC1 and KC1 (Lonsdale & Smith, 1942; Lonsdale, 
1942, 1943). That  is to say, the shapes of the isodiffusion 
surfaces in the neighbourhood of reciprocal lattice 
points which are found experimentally are just those 
given by the Jahn  formula 

R ~ 
I oc -~  {c~ + ZL~[c~4(c11-c~4)(m2+ n 2) 

+ (Cll + c12) (Cll - cir. - 2c44 ) men ~] 

- 2EMNmn(c~. + ct~) [c~ + (Cll - cir.- 2c~) F]} 

- {Cl~C~ + c~(c~ + c~) ( c ~ -  c ~ -  2e~) 
× (m~n ~ + nel ~ + lem ~) 

+ (c~ + 2c~ + ca~) (C~l -- Cl~ - 2c~) ~ 1 ~ m~ n~} • (4) 

Here I is the intensity of diffuse reflecting power at  
a (small) distance r and in the direction [uvw] (having 
direction cosines l, m, n) from the reciprocal-lattice 
point h/el. The distance of this point from the origin of 
reciprocal space is R in a direction defined by the 
direction cosines L, M, N. (I.e. l=u/~(u~+v~+w~), 
etc.; L=h/~/(h~+k~+l~), etc.) As Jahn  has shown, the 
substitution of particular v~lues of l, m, n, L, M, N can 
simplify this formulu considerably. In  fact, ~long 
particular directions it represents the effect of a pure 
transverse or a pure longitudinal wave (with a frequency 
directly proportional to r), having its ~mplitude normal 
to a main crystal plane. 
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For instance, if we consider the reciprocal lattice 
point 001 and the direction [100] ( L = M = O ,  N = I ;  
l= l, m=n=O),  then expression (4) becomes 

R 2 1 
/ o c - - - -  

r 2 C44 

Here we are considering the effect of a pure transverse 
wave whose direction of propagation is [100], whose 
amplitude is normal to the set of planes (001), and whose 
velocity in a crystal of density p is ~(cdp).  Now the 
mean-square displacement, g2, corresponding to waves 
of this class, must be proportional to 1/c44, since 
I oc ~-~, at  least to a first approximation, for waves of 
relatively low frequency (small r-value). 

For the reciprocal-lattice point 001 and the direction 
[001], the expression (4) represents the effect of a pure 
longitudinal w~ve, velocity ~(c11/p), and of mean- 
square displacement proportional to 1/Cll for low- 
frequency waves. 

I f  we use the following abbreviations 

1 1 1 1 
a = - - ,  b = - - ,  c -  , d-- 

Cll e44 e l l  - -  c12 e l l  + c12 + 2ca4' 

1 1 
e :  . c11+2c1~+4c44' f=c11--c19+c4~ 

then a, d and e are proportional to the mean-square 
displacement ~-~ for pure longitudinal waves and b, c,__f 
are proportional to the mean-square displacement ~2 
for pure transverse waves. Jahn 's  formula can be 
applied to give relative values of the mean-square dis- 
placement normal to the set of planes (hkl) due to all 
waves whose direction of propagation is [uvw]. Special 
cases are given in Table 4. 

If  for any particular crystal the measured values of 
cH, c12 and c~4 are substi tuted in the above, the s_patial 

distribution of root-mean square amplitudes, ~/(~2), for 
waves of different polarizations travelling in different 
directions may be found for any given frequency 

Table 4. Intensity of diffuse reflecting power; varying mean-square displacement. 
(Special cases of Jahn's formula; r constant) 

UVU)] 

[100] L2a+ (1112+N z) b 
[o~o] 
[ool] 
[11o] 
[1Ol] 
[o11] 
[i~o] 
[1oi] 
[Oil] 
[ l l l ]  
Jil l]  
[111] 
[11i] 

M2a+(N2 + L 2) b 
N2a + (L2 + M 2) b 
(L + M) 2 d + (L -- M) 2 c + N~'b 
(N + L) ~ d + (N - L) 2 c + M2b 
(M + N) 2 d + ( M -  N) 2 c + L2b 
(L - -M)  2 d + (L + M) 2 c + N~b 
(N--  L) 2 d + (N + L) 2 c + M2b 
(M--N)"  d + ( M + N )  2 c-t -L2b 
(L+ M + N) 2 e+ 2 ( 1 - - L M - - M N - N L )  f 
( - - L +  M + N) 9 e+2(1 + L M - - M N  + NL) f 
(L-- M + N) 2 e+2(1 + L M  + M N - -  NL)  f 
(L+ M - N )  ~ e+ 2(1 --L_M + M N  + NL)  f 

(hkl) (001) (110) (210) (11 I) (112) 
b ~(a+b) ~(4a+b) ½(a+ 2b) {(a+5b) 
b ½(a+b) !,(a+ 4b) ~(a+2b) ~(a+5b) 
a b b ½(a+2b) ½(2a+b) 
b 2d ~(gd+c) ½(b+4d) ½(2d+ 2b) 

c+d ½(b+c+d) ~(4d+4c+b) ~(b + 4d) {(9d+c+b)  
c+d  ½(b+c+d) ~(d+c+4b) ½(b+4d) ~(9d+c+b) 

b 2c ~(d+9c) ½(b+4c) ½(2c+ 2b) 
c+d ~(b+c+d) ~(4d+4c+b) ~(b + 4c) ~.(d+9c+b) 
c+d  ½(b+c+d) ~(d+c+4b) -~(b + 4c) ~(d+9c+b) 

c+2f  2e+f  {(9e+6f) 3e ½(8e+f) 
e + 2 f  2e+f  .~(9e+ 6f) ½(e+ 8f) 3f 
e + 2 f  3f {(e+ 14f) ~(e+ 8f) ½(2e+7f) 
e + 2 f  3f ~(e+ 14f) ½(e+ 8f) ½(2e+ 7f) 

Sum: E L ~ ( a + 4 b + 4 c + 4 d + 4 c + S f ) = a + 4 (  b + c + d + e ) + S f  

A C t  
IO 
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(r cons tan t ) ;  but  it will be seen tha t  a l though  this dis- 
t r i bu t ion  varies cons iderably  from one reciprocal  point  
to ano ther ,  and  has a wide range in respect  of any  one 
la t t ice  po in t  (var ia t ions  of as much  as 14 to 1 exist ,  for 

instance,  in the  Na  crystal) ,  yet  the value  of E~", 
summed  over  all the  w~we direct ions  given,  is cons tan t  
for all rec iprocal - la t t ice  points ,  as it shouht  be for a 
cubic crystal ,  i n  the case of the  thi r teei l  wave direct ions  

considered in Table  4, E~" oca + 4(b + c + d + e) + 8f. A 

to 1/v (i.e. to  the  square  roots of the  values  given in 
Table  4); bu t  the  same general  d i s t r ibu t ion  law as t h a t  
g iven in Table  4 appears  to hold, according  to the X- r ay  
exper imen ta l  evidence,  for a considerable  d is tance  
a round  each reciprocal  la t t ice  po in t  ( tha t  is, ibr a con- 
s iderable range of frequencies).  

The  a m o u n t  of exper imenta l  d a t a  recorded for the  
elastic cons tan t s  of cubic crys ta ls  is l imited.  Table  5 
gives the  room t e m p e r a t u r e  values avai lable .  

Table  5. Elastic constants of cubic crystals 
(Unit: 10 n dynes era. ~-) 

Substa,~co c n q2 c,, 

Pb 4.77 4"03 1.44 
Al 10.8 6.2 2.8 
Ag 12.0 8.97 4-36 
Au 19.4 16.6 4"0 
Cu 17.0 12.3 7.53 
Na 0.52 0.40 0.41 
a-Fe 23.7 14.1 11.6 
W 51.3 20.6 15.3 
C (diamond) 95"0 39 43 
NaC1 4.97 1.27 1.27 
NaBr 3"30 1.31 1.33 
KCI 3.70 0.81 0.79 
KBr 3-33 0.58 0.62 
KI 2.67 0"43 0.42 
PbS 8.69 4.01 4.42 
ZnS 10.79 7.22 4.12 
FeS2 36.3 --4.7 10.5 
CaFg. 16.44 5.02 3.47 
NaC10 a (1) 6.19 - 2.0!) 1.20 

(2) 5.09 1-55 1.1S 
(3) 4.90 l "39 1.17 

different  sum would,  of course, be ob ta ined  if" o ther  
di rect ions  were also considered,  bu t  it would be con- 
s t an t  for all reciprocal- la t t ice  poin ts  p rovided  t h a t  all 
c rys taUographica l ly  equ iva len t  di rect ions  were in- 
eluded in the  summat ion .  This  resul t  follows from the  
fact  t h a t  the  mean-square  ampl i t ude  of all v ibra t ions  
t a k e n  toge the r  is the  same in any  d i rec t ion  in the  
crystal ,  so t h a t  M may  be calcula ted from in tens i ty  
measu remen t s  made  on any  set of planes in a men-  
a tomic  cubic crystal ,  in spite of the  fact  t h a t  the  

. _ _  

~'0 ux( = ~-u ) distribution of values of ,, going to make  up -  ~ 1 2 
varies with direct ion.  J a h n ' s  formula,  as has been 

- .  

ment ioned  previously ,  gives only  re la t ive  values of ~ 
for waves of low f requency  ( tha t  is, frequencies which 

sat isfy the re la t ion hu~kT). For  such waves ~ ~  ~kT, 
and  since ~, m a y  vary  from zero to a l imi t ing value 
(Born & v. K£rmSn,  1912; Ke l le rmann ,  1940, 1941; 

. . . . .  

l ena ,  1941), it follows t h a t  g" may,  in fact,  be very  large 
for the low-frequency waves, a fact  which explains  the  
compara t i ve ly  high in tens i ty  of diffuse sca t te r ing  near  
to the  Bragg reflexion posi t ions a t  least in cer ta in  
direct ions.  For  h igh- f requency  waves (r large) 

~ 2 ~  /3 ..... ' 

where fl = h~/kT, and in the region of the m a x i m a  of the  
- - _  

f requency  spec t rum _£2 will be more near ly  p ropor t iona l  

I/emarks and references 
Goens (corrected) (1936) 
Sehmid & Boas (1935) 
Do. 
1)o. 
1 )o. 
Extrapolated from Ouimby & ,Siegel (1938) 
Schmid & Boas (1935) 
Do. 
Bhagavantam & Suryanarayan (1 ~944) 
Bhagavantam (1946) 
Schmid & Boas (1935) 
Do. 
Do. 
13o. 
Bhagavantam (1946) 
Bhagavantam & Suryanarayan (1944) 
l)oraiswami (1947) 
Bhagavantam (1946) 
Voigt (1910) 
Bhagavantam & Suryanarayan (1947) 
Mason (1946) 

Of all these subs tances  only tungs t en  is e las t ical ly  
isotropic (qx-c12=2c44),  but  even for this  c rys ta l  the  

values of ~2 for different  types  of v ib ra t ion  va ry  over  
a range of more t h a n  three  to one. The  mean-square  
ampl i tudes  of the  longi tud ina l  waves,  in a n y  d i rec t ion  
of p ropaga t ion ,  are inva r i ab ly  small  re la t ive  to those 
of t ransverse  waves of the  same f requency.  It  is c lear ly 
no t  possible to give absolute  values of  cor responding  

a tomic  displacements ,  /(~2), w i thou t  speci~, ing the  
range of f requency  covered and  wi thou t  knowing  the  
d i s t r ibu t ion  in the  f requency  spec t rum,  but  in order  to 
relate  the  values of the  ind iv idua l  wave anapli tudes to 

the  mean-square  ampl i t ude  of  v ib ra t ion  u 2 for the  

different crystals ,  re la t ive  values of  ~/(~2) are given in 

te rms of (X~ 2) = 13u 2, summing  over  the  th i r t een  wave 
direct ions  of Table  4. I t  mus t  be clearly unders tood ,  
however ,  t h a t  these values have  no absolute  signifi- 
cance, though  they  have  a re la t ive  significance not  
only for each crys ta l  but  from one crys ta l  to ano ther .  
So also have  the  values of  the  in t ens i ty  of diffuse 

sca t te r ing  I ,  which are p ropor t iona l  to ~2 a t  any  given r 
value.  Table  6 gives a comple te  range  of values for a 

- - _  

few typ ica l  crystals ,  toge the r  wi th  ~/(u 2) values and  
1st, 2nd and  3rd neares t  ne ighbour  dis tances;  while 

Table  7 gives re la t ive  values of \ ~  .'~ c.~j for the  pure longi- 
tud ina l  and  pure t ransverse  waves for all crysta ls  l isted 
in Table  5. 
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Table 6. Relative values of intensity of diffuse scattering and of root mean.square atomic displacements 
(Displacements in true A. using the relation 1 k X . =  1.00202 A.) 

Pb (A 1 type) : ~/(u 2) = 0.28 A. ; Pbo-Pb I = 3-50; Pbo-Pb"- = 4.95; Pbo-Pb a = 6.06 A. 

I~g"- 4(g:) 
A A 

( 

(112; (001) (110) (210) (111) (112) (001) (110) (210) (111) 
[100] 5.3 3"45 2"35 4"05 4.7 x 10-" 0.23 0.185 0.15 0.20 0.22 
[010] 5.3 3"45 4"55 4"05 4.7 0.23 0.185 0-21 0.20 0.22 
[001] 1.6 5.3 5.3 4"05 2.8 0.13 0.23 0.23 0.20 0.17 
[110] 5.3 1.3 3"55 2"65 4.0 0-23 0.11 0-19 0.16 0.20 
[101] 12.6 8.9 11.1 2-65 3"85 0"355 0.30 0"33 0.16 0"195 
[011] 12"6 8"9 3"7 2"65 3"85 0"35 s 0"30 0"19 0"16 0"195 
[110] 5"3 23-8 21"55 17"65 11"4 0"23 0-49 0"465 0"42 0"34 
[101] 12"6 8"9 11"1 17"65 18"85 0"355 0"30 0"33 0"42 0.435 
[011] 12"6 8"9 3"7 17"65 18"8 s 0"355 0"30 0-19 0"42 0-435 
[ l l l ]  7"75 4"5 5"1 1"25 2"3 0"28 0'21 0-225 0"11 0-15 
[111] 7"7 s 4"5 5"1 9"9 11"0 0"28 0"21 0"225 0"315 0"33 
[111] 7"75 4"5 10"35 9'9 8"8 0"28 0"21 0-32 0"315 0"30 
[111] 7"75 4"5 10"35 9"9 8"8 0"28 0"21 0"32 0-315 0"30 

W (A2 type) : ~/(u2)=0.086 A.; ~,;o-Wt=2"74; We-W"-=3-165; Wo-Wa=4"48 A. 

I,-., g"- ~/(g':) 
& .), 

(001) (110) (210) (111) (112) ' "(001) (110) (210) 
[100] 1"0 0"65 0"45 0"75 0"9 x 10 -2 0"10 0"08 0-07 
[010] 1"0 0"65 0"85 0"75 0"9 0"10 0"08 0"09 
[001] 0"3 1"0 1"0 0"75 0'5 0"055 0"10 0-10 
[110] 1"0 0"3 0"3n 0"5 0"75 0"10 0"055 0"06 
[101] 0"65 0"8 0"7 0"5 0"45 0"08 0"09 0"085 
[011] 0.65 0-8 0"9 0"5 0-45 0"08 0-09 0"095 
[110] 1"0 1"0 0"9 1"0 1"0 0"10 0"10 0"095 
[101] 0"65 0"8 0"7 1-0 0"9 0"08 0"09 0"08 
[011] 0"65 0"8 0"9 1"0 0"9 0"08 0"09 0"095 
[111] 0"75 0"5 0"6 0"3 0"4 0"085 0"07 0-08 
[111] 0"75 0"5 0"6 0"9 1"0 0"085 0"07 0"08 
[111] 0"75 1-0 0"9 0"9 0"8 0"085 0"10 0-095 
[111] 0"75 1"0 0"9 0"9 0"8 0"085 0"10 0"095 

(111) 
0.085 
0.085 
0.085 
0-07 
0.07 
O.07 
0.10 
0.10 
0-10 
0.055 
0.095 
0"095 
0"095 

(112; 
0"095 
0"095 
0"07 
0"085 
0-07 
0.07 
0.10 
0"095 
0"095 
0"065 
0.10 
0-09 
0.09 

K I  (B1 type):  x/(ui)=0.305 A.; Ko-Io=3"53; Ko-Kx=5"00; Ko-Ix=6"12 A. 
_ _  k 

I ~ U  ,,'(g~) 
A ,> 

r -  ~ / -  

(001) (llO) (210) ( I l l )  (112) (001) (110) (210) (111) (112; 
[lOOJ 17-5 10.1 5-7 12.6 15.0 × 10-"- 0-42 0.32 0.24 0-355 0.39 
[010] 17.5 10.I 14.5 12.6 15.0 0.42 0.32 0.38 0.355 0.39 
[001] 2.75 17.5 17-5 12.6 7.6a 0.165 0.42 0.42 0-355 0"275 
[110] 17.5 3.7 4.0 8.3 12.8 0.42 0"195 0.20 0.29 0.36 
[101] 5.1a 11.3 7.6 8.3 6"25 0"225 0"335 0"275 0.29 0.25 
[011] 5.15 11.3 15.0 8.3 6"25 0"225 0"335 0-39 0-29 0.25 
[110] 17.5 6.55 6.25 10.2 13-85 0.42 0"255 0"255 0.32 0-37 
[101] 5.15 11.3 7.6 10.2 8.15 0"225 0-335 0"275 0.32 0.28~ 
[011] 5"15 11.3 15.0 10.2 8.15 0"225 0"335 0.39 0.32 0"285 
[111] 6.9 5.6 5.85 4.2 4.7 0.26 0"235 0.24 0"205 0.22 
[111] 6.9 5.6 5"85 7.8 8.3 0.26 0"235 0.24 0.28 0.29 
[111] 6.9 8.3 8.0 7-8 7.4 0.26 0.29 0.28 0.28 0.27 
[111] 6.9 8-3 8.0 7.8 7.4 0.26 0.29 0-28 0-28 0.27 

ZnS (B2 type):  ~/(u~)=0.195 A.; Zno-So=2-35; Zno-Znx=3"84; Zno-Sl=4"50 A. 
(The following values are referred to the Clusius-Harteck specific heat data.) 

I ~ ~z ~/(g2) 
A 2 ,  

(001) (110) (210) (111) (112) (001) (I10) (210) ( I l l )  (112) 
[100] 3.5 2.4 1.75 2.75 3.1 × 10 -2 0.186 0.155 0.13 0.165 0.175 
[010] 3.5 2.4 3-05 2-75 3.1 0.185 0.155 0-175 0"165 0"175 
[00I] 1.3 3.5 3.5 2"75 2"05 0"116 0"185 0"185 0"165 0"145 
[ l l0]  3.5 1.1 1.8 1.9 2.7 0.185 0 " 1 0 n  0.135 0-14 0"165 
[101] 4.55 4-0 4-35 1.9 2.1 0-215 0.20 0.2I 0-14 0-145 
[011] 4.55 4.0 3.7 1.9 2.1 0.215 0.20 0-19 0-14 0.145 
[110] 3.5 8-05 7.35 6.5 5.0 0.185 0.285 0.27 0-255 0.225 
[1_01] 4.5~ 4.0 4.35 6.5 6-7 0.215 0.20 0.21 0-255 0.26 
[011] 4.55 4-0 3-7 6.5 6.7 0-215 0-20 0.19 0-255 0.26 
[111] 4-1 2"55 2-85 1-0 1"55 0-20 0-16 0-17 0"10 0"125 
[111] 4-1 2-55 2"85 5"1 5"6 0"20 0"16 0"17 0"225 0"235 
[111] 4"1 5"6 5'3 5"1 o 4"6 0"20 0"235 0"23 0"225 0"215 
[111] 4"1 5"6 5"3 5"1 4"6 0"20 0"235 0"23 0"225 0"215 

I 0 - 2  
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T a b l e  6 (co~t.) 

FeS~ (C2 type): x."(~(')=0'11 A.: So-S~=2"1t); S o F%=2.26;  So-S~=3.10A. 

1 .,. -~";- ., (C-) 
. ~  . . . . . . . . . . . . . . . . . . . . . . .  , ,  ( -  . . . . . . . . . . . . . . . . . . .  , ,  . . . . . . .  , 

(001) (lit)) (210) ( l l l )  ( l l2)  (001) ( l l0)  (210) ( I l l )  (112) 
[100] 2.0 1.3 0.8~ 1.5 1.7~ x 10 : 0.14 0.11~ 0.09 0.12 I).13 
[010] 2.0 1.3 1.7 1.5 l.Ts 0.14 0.11s 0.13 0.12 0.13 
[001] 0"5 s 2.1) 2.0 1.5 1.0~ 0.07~ 0.14 0.14 0.12 0.10 
[110] 2.0 0.8 0.~; 1.2 1.6 0.14 0.09 0-09 0.11 0.12a 
[I01] 0.9 1.4~ 1.1 1.2 1.11 0.09.,, 0.12 0.10~ 0.11 0.10 
[011] 0.9 1.4~ 1-8 1.2 1.0 0.09 s 0.12 0.13~ 0.11 0.10 
I l l0]  2.0 1.0 1.0 1.3s 1.7 0.14 0.1() 0.1o ().ll~ 0.13 
[10i] 0.9 1.4~ 1.1 1.3~ 1.1 s 0.09 s I).12 ().10 s 1).1 lr, ~'10 s 
[011] 0.9 1.4~ 1.8 1.3~ 1.Is 0.09s I).12 t).13~ 0.1 l.~ 0.10~ 
[ I l l ]  1.1 1.0 1.0~ 0.9 (}.9~ 0.10a 0.10 0.10 ().09s 0.09s 
[ l l l ]  1-1 1.0 1.0 a 1.2 1.2 0.10~ I).10 o.l(} I).ll 0.11 
[ l l l ]  1.1 1.2 1.2 1.2 1.1~ 0.10~ 0.11 0.11 0.11 0. los 
[ I l l ]  1.1 1.2 1.2 1.2 1.1s 0.10:, 0.11 o. l l  0.11 o-10~, 

T a b l e  7. Relat ive  root mean-square  atomic d isplacements  corresponding to pure lorufi tudinal 
a~ut transverse waves. 

(Lattice constants and displacements are given in true A. ; via etc. are given in terms of a + 4(b + c + d + c) + 8f= 13~2.) 

Pb 
A1 
Ag 
Au 
Cu 
Na 
a-Fe 
W 
C (diamond) 
NaCl 
NaBr 
KC1 
KBr 
KI  
PbS 
ZnS 
FeS~ 
CaF. 

NaClOa 

Longitudinal x'(~") Transverse x (~) 
Structure Lattice r ~ a ~ ........... ~- ............ 

type constant ,,'(u") x'a ~'(2d) ~/(3e) .~b .~ (2c) ~ (3f) 
A 1 4.94q 0-28 0.13 0.11 0.11 O.23 O.49 O.33 
A 1 4.049 0.1S 0.10 0-10 0.10 ~}.2(~ ~b.22 (b21~ 
A 1 4.086 0.16 0.09 0.08 0.075 0.14~ 0.25 0.19~ 
A l 4.078 0.15 0.06~ 0.06 0.06 0.14 0.23~ 0.185 
A 1 3.615 0.14~ 0.085 0.07~ 0.07 0.125 0.23 1). 17 s 
A 2 4.290 0.50 0.31 0.24 0.225 0.35 o.92 0.53~ 
A 2 2.865 0.11 ~ 0.075 0.07 0.065 0-11 0-17 o. 14 
A 2 3.165 0.085 0.055 0.055 0.05~ t}. 1 t} o- 10 o. 1 o 
A 4 3.567 0.02 ".015 0.01 ~ (}-() 15 0.02 0.02~ 0.025 
B I 5.639 0.24 0.14~ 0.15~, 0.16 I}.29 I).24 ().25~ 
B 1 5.971 0.25 (I. l 7 0.16 0.185 0.27 0.31 0.295 
B 1 6.290 0.26 0.155 0-17 0.17~ 0.335 o.24~ (p.265 
B 1 6.599 (I.265 I).15 (I.17 0.18 0.35 ~}.235 o.26 
B 1 7.066 0.30~ (}. 1 (i 5 0.19~ 1}.20~ (}.42 1).25~ I}.29 
B 1 5.98 0.17~ 0.12 0.11 0.10~ I).17 o.23~ o.2o~ 
B3 5.44 0.19~ 0.11r, 0.10 s 0.10 0.18 a o.28s ~.23~ 
(, 2 5.424 0.11 0.07~ 0.09 0.09~ ~). 14 o. 10 o. 11 
C 1 5.47 0.12 0.07 0.07~ 0.08 0.15~ 0.11 ~ ()- 12~ 
G3 6.58 a 0.10 (1) 0.06 0.0S 0.09~ 0.13~ o.I)7 0-0,q 

(2) 0.06 0.06~ 0.06~ 0.1 _~ ") 0-10 o-11 

I n  T a b l e  7, ~,'a r e p r e s e n t s  t h e  effect  o f ' a  p u r e  longi-  
t u d i n a l  w a v e  t r a v e l l i n g  a long  a cube  edge ,  ~/(2d) t h a t  
o f  one  a l o n g  a face  d i a g o n a l ,  ~/(3e) t h a t  o f  one  a long  a 
cube  d i a g o n a l .  I n  g e n e r a l  t h e r e  is l i t t le  d i f fe rence  in t h e  
r e l a t i v e  a m p l i t u d e s  of  t h e s e  v i b r a t i o n s ,  a l t h o u g h  it 
m a y  be seen  t h a t  for  t h e  m e t a l s  ( w h e t h e r  f a c e - c e n t r e d ,  
A1,  or  b o d y - c e n t r e d ,  A2) t h e  largest,  a m p l i t u d e s  
( sma l l e s t  ve loc i t i e s  for  a g i v e n  f r e q u e n c y )  a re  a s s o c i a t e d  
w i t h  t h e  cube  edges ,  p r e s u m a b l y  b e c a u s e  t h e  a t o m s  a re  
f a r t h e s t  a p a r t  a long  t h e s e  d i r e c t i o n s .  F o r  t h e  r o c k - s a l t  
t y p e  of  c o m p o u n d s  (wi th  t h e  e x c e p t i o n  of  N a B r  a n d  
P b S )  j u s t  t h e  r e v e r s e  c o n d i t i o n s  a p p l y ,  a n d  a g a i n  t h e  
s low,  l a rge  a m p l i t u d e  w a v e  is a s s o c i a t e d  w i t h  t h e  
d i r e c t i o n  of  l a rges t  a t o m i c  s e p a r a t i o n ,  n o w  a long  [ 111 ]. 
T h e  s a m e  g e n e r a l  ru le  app l i e s  to  ZnS  a n d  FeS2. 

:For t h e  d o u b l y  d e g e n e r a t e  p u r e  t r a n s v e r s e  w a v e s ,  
~/b, ~/(2c) a n d  ~/(3f) a re  a g a i n  a s s o c i a t e d  w i t h  t h e  cube  
edge ,  t h e  face  d i a g o n a l  a n d  t h e  c u b e  d i a g o n a l  re- 
s p e c t i v e l y ,  as d i r e c t i o n s  of  p r o p a g a t i o n ,  t h e  d i sp lace -  
m e n t s  b e i n g  in a n y  t w o  m u t u a l l y  p e r p e n d i c u l a r  

d i r e c t i o n s  a t  r i g h t  ang l e s  to  t h e s e  d i r e c t i o n s .  H e r e  
t h e r e  is a m o r e  d i s t i n c t  d i f fe rence ,  in g e n e r a l ,  b e t w e e n  
t h e  d i f f e ren t  d i r e c t i o n s ,  a n d  also b e t w e e n  t h e  b e h a v i o u r  
of  t h e  m e t a l s  a n d  t h a t  of  t h e  r o c k - s a l t  t y p e  s t r u c t u r e s .  
I n  t h e  case  of  t h e  m e t a l s ,  t h e  s lowest  p u r e  t r a n s v e r s e  
w a v e s  a re  t h o s e  a l o n g  t h e  face  d i a g o n a l s  ( w h e t h e r  t h e  
s t r u c t u r e  is b o d y - c e n t r e d  or  f a c e - c e n t r e d ) ,  a n d  t h e s e  
t h e r e f o r e  h a v e  t h e  l a r g e s t  r e l a t i v e  a m p l i t u d e s .  I n  t h e  
case  of  N a  in p a r t i c u l a r ,  t h e  a m p l i t u d e s  of  such  w a v e s  
a r e  v e r y  l a rge  i n d e e d ,  a n d  t h e  e x i s t e n c e  of  cont inuous  
diffuse  s c a t t e r i n g  s t r e a k s  a long  t h e  c o r r e s p o n d i n g  
d i a g o n a l  d i r e c t i o n s  in r ec ip roca l  space  (see P l a t e  6) 
shows  t h a t  th i s  is t r u e  e v e n  w h e n  t h e  w a v e s  a re  of  such  
h igh  f r e q u e n c y  t h a t  t h e y  c o r r e s p o n d  to  w a v e - l e n g t h s  
c o m p a r a b l e  w i t h  t h e  i n t e r a t o m i c  d i s t a n c e s .  T h e  l a rge  
a m p l i t u d e s  o f  a t o m i c  v i b r a t i o n  in s o d i u m  m a y  wel l  
e x p l a i n  t h e  s e l f - a n n e a l i n g  effects  o b s e r v e d  as a n  in- 
t e n s i t y  h y s t e r e s i s  b y  D a w t o n  (1937) d u r i n g  r e p e a t e d  
cyc les  of  h e a t i n g  a n d  cool ing .  T h a t  simila 'r  d a t a  w o u l d  
a p p l y  for  Li  is c lear ,  n o t  on ly  f r o m  t h e  s i m i l a r i t y  of  t h e i r  
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Sodium single crystal  in th in  glass tube.  [ l I0 ]  axis vertical.  Mono. 
chromat ized Cu K~ radiat ion (urea n i t ra te  monochromator )  a t  angle 
0B + 5  ° to plane (110). All s t reaks correspond to various [110] 
directions. R o o m  tempera ture .  Exposure  t ime 2 hr. 

Sodium single crystal  in th in  glass tube.  [100] axis vertical.  Mono- 
chromat ized  Cu K~ radiat ion at  correct Bragg angle for 002 reflexion. 
Streaks along [ 110] directions. The  inner diffraction ring is due to the  
glass tube.  R o o m  tcmpera ture .  Exposure  t ime 1 hr. 
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atomic and crystal structure but from the similarity of 
their diffuse scattering patterns. I t  is because of these 
large dynamic displacements normal to the (110) planes 
that  Barrett  (1947) was able, by suitable cold-working 
at temperatures below - 1 9 6  ° C., to cause a trans- 
formation of Li from its usual body-centred cubic 
structure to a face-centred structure. 

For the rock-salt type of structure, however (again 
with the exception of NaBr and PbS), the slowest 
transverse waves are those along the cube edges. In 
other words, it is difficult for ions of opposite sign to 
vary their relative distance along their line of closest 
approach, but relatively easy for them to vibrate about 
this line. This leads to a streaking of diffuse scattering 
along the cube directions in reciprocal space (other than 
those which pass through the origin), which should be 
particularly well marked in the case of KI.  The ten- 
dency to vibrate about the line of closest approach is 
least in the case of like ions. For KI,  indeed, such 
transverse vibrations (wave propagation along face 
diagonals) have amplitudes only a little bigger than 
those of the longitudinal waves travelling in the same 
direction. There is an interesting tendency for ZnS and 
PbS to behave like the metals, whereas FeS~, CaF~ and 
NaC10 S are more like the alkali halides in their elastic 
behaviour. This is confirmed for NaC10a by the recent 
paper of Garrido (1948) giving a qualitative account 
of the diffuse scattering of that  substance. A more 
precise quanti tat ive measurement of the diffuse scat- 
tering should certainly be able to distinguish between 
elastic data as diverse as those of Voigt and of Bhaga- 
vantam & Suryanarayan,  since the former would give 
much more anisotropic effects; but the method would 
be unlikely to distinguish between the latter 's data and 
those of Mason (see Table 5). 

This paper was begun during the author's tenure of a 
Special Research Fellowship of the U.S. Federal Health 
Service held at the National Insti tute of Health, 
Bethesda, Md., U.S.A. 
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