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The Physical Basis of Ferromagnetism
By R. M . BOZORTH

A fter an  in tro d u c to ry  review  of th e  general na tu re  of th e  th eo ry  
of m agnetic  phenom ena and  th e  m agn itudes of the  a tom ic  forces 
involved, th e re  is a discussion of E w ing’s theo ry , its  resu lts  and 
lim ita tions. T he la te r  th eo ry  of W eiss is th en  given briefly in  o rder 
to  fix th e  concep t of th e  m olecular field. In  o rder to  e lucidate  th e  
n a tu re  of th is  field a  digression is m ade to  discuss th e  a tom ic s tru c 
tu re  of th e  ferrom agnetic  elem ents and  elem ents having sim ilar 
stru c tu res . W ith  th is  as a basis th e  physical n a tu re  of th e  m olecular 
field is discussed a t  som e leng th . I ts  re la tion  to  th e  s tru c tu re  of 
dom ains, p a rticu la rly  th e  n a tu re  of th e  boundaries betw een d o 
m ains, is b ro u g h t ou t.

F ina lly  th ere  is a  review  of th e  gyrom agnetic  effect, its  signifi
cance for m agnetic  th eo ry , th e  principal experm ental m ethod  for 
its  d e te rm ina tion , an d  th e  num erical resu lts  supporting  th e  idea 
th a t  th e  sp in  of th e  elec tron  an d  n o t its  o rb ita l m om ent is respon
sible for ferrom agnetism .

I n t r o d u c t io n

IN T H E  last five or ten  years the theory  of ferrom agnetism  has 
shown indications of m atu rity . For the first tim e a plausible story  

can be told concerning the u ltim ate m agnetic particle, the essential 
na tu re  of th e  atom  of a  ferrom agnetic substance, the  kind of forces 
which determ ine the properties of m agnetic crystals, the  effect of 
s tra in  on m agnetic m aterials and the m anner in which these various 
phenom ena com bine to  determ ine the properties of commercial 
m aterials. I t  is tru e  th a t the story  is largely qualitative, and th a t 
there  are still m any points th a t are uncertain or missing entirely, b u t 
nevertheless it is possible to  describe the m ajor features w ith some 
confidence.

T he fundam ental m agnetic particle is the spinning electron. One 
m ight th in k  th a t  the  orb ital m otions of the electrons in the  atom  
would also con tribu te  to  ferrom agnetism , owing to  the ir m agnetic
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m om ents, b u t  i t  has now been established th a t  w hen th e  m agnetization  
is a lte red  all th a t  changes is th e  d irection o r “ sen se” of the  spin of 
certa in  of the  electrons in th e  atom s— the o rb ita l m otions rem ain p rac 
tically  unchanged.

T h e  electrons th a t  are  responsible for th e  m agnetic properties of 
iron, cobalt, nickel and  the ir alloys lie in a  definite “ sh e ll” in th e  
atom . As shown in Fig. 1, there  are four shells or regions, m ore or

less well defined, in to  w hich all the  electrons circulating  ab o u t th e  
nuclei of these a tom s m ay  be divided w hen th e  atom  is separa ted  
from  its neighboring atom s, as it is, for exam ple, in a  gas. Some of 
these shells are subdivided as shown. W hen th e  a tom s come closer 
together as they  do in a solid, the fourth  or ou term ost shell of each 
becomes d isrup ted , and the tw o electrons w hich com prised i t  w ander 
from  atom  to  a to m  and are the  “ fre e ” electrons responsible for
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electrical conduction. T he electrons in the  ou ter p a r t of the th ird  
shell are those responsible for the  d istinctive kind of m agnetism  found 
in iron, cobalt and nickel. Some of these electrons spin in one direction 
and some in the opposite, as indicated, so th a t  their m agnetic m om ents 
neutralize each other partially  b u t not wholly, and the excess of those 
spinning in one direction over those spinning in the  o ther causes each 
atom  as a whole to  behave as a  small perm anent m agnet.

T he well-established kinetic theory  of m a tte r  tells us th a t if each 
atom  were to  ac t independently  of its  neighbors, the atom s would be 
v ibrating  and ro tating  so energetically th a t they  could no t be aligned 
even w ith the strongest field th a t can be produced in the  laboratory. 
T o  explain th e  kind of m agnetic properties found in iron, therefore, 
it is necessary th a t  there  be some in ternal force capable of m aking the 
m agnetic m om ent of a  group of neighboring atom s lie parallel to  each 
other— the small atom ic “ perm anent m ag n e ts” of each group m ust 
point in the  same direction so as to  provide a m agnetic m om ent great 
enough to  perm it a  realignm ent when subjected to  external fields. 
Recently  it  has been shown by independent m eans th a t there is such 
a  force in ju s t those elem ents which are ferrom agnetic, and it is from 
th is force th a t  the  difference betw een m agnetic and non-m agnetic 
m aterials arises. T he force is e lectrostatic  in natu re  and is called 
“ exchange in te rac tio n ” by the a tom ic-structure experts, the  wave 
m echanicians, who have shown its existence and calculated its  order 
of m agnitude. This force m aintains small groups of atom ic m agnets 
parallel against the forces of therm al agitation. (W hen the  m aterial 
is heated  so ho t th a t the disordering action of the ag itation  becomes 
strong enough to  overpower the forces of “ exchange in te rac tio n ” the 
m aterial loses its ferrom agnetism ; in iron this happens a t  770° C.)

B u t w hy then is no t every piece of iron a  com plete perm anent 
m agnet? For some reason not understood a t  present, a t  ordinary 
tem peratures the  electrostatic  forces of exchange in teraction  m aintain  
the  elem entary  m agnets parallel only over a  lim ited volum e of the 
specimen. T his volum e is usually of the order of 10-8 or 10-9 cubic 
centim eters and  contains a million billion atom s and is of course in
visible. Such a  volum e is said to  be sa tu ra ted  because the atom ic 
m agnets are all pointing in the sam e direction, and has been given 
the nam e “ dom ain .” T hus a m agnetic m aterial a t  room tem perature, 
before i t  has been m agnetized by subjecting it  to  the influence of a  
m agnetic field, is divided in to  a g rea t m any dom ains each of which is 
m agnetized to  sa tu ra tion  in some direction generally different from 
th a t  of its neighbors. T he n e t or vector sum  of the m agnetizations is 
zero, and externally  the m aterial appears to be unm agnetized b u t in
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rea lity  the  m agnetization  a t  any  one poin t is very  in tense. W hen a 
m agnetic  field is applied by bringing near th e  m etal a  perm anen t 
m agnet or a  coil of wire carry ing  a  curren t, th e  m agnetization  of the  
m ateria l as a  whole is increased to  a definite value. W e believe th a t  
w h at then  takes place is sim ply a change in the  direction of th e  m ag
netizations of the  dom ains. If we represent the m agnetization  of any  
dom ain by  a  vector, the  effect of the ex ternally  applied field will be 
represen ted  by  th e  ro ta tio n  of these vectors— ro ta tio n s no t accom 
panied b y  an y  changes of length.

/ n /
1 /

Vr/// 7

DIRECTIONS 
OF EASY 

M AG NETIZATIO N

IRON N IC K E L

Fig. 2—The positions of the atoms and the directions of easy magnetization 
in crystals of iron and of nickel.

R ecently  m uch has been learned ab o u t the  m agnetic  properties of 
m ateria ls by  a s tudy  of single crystals. O rd inary  m etals are composed 
of a  g rea t m any  crysta ls often too sm all to  be seen easily b y  th e  naked  
eye. B u t in th e  last few years m ethods have been found for m aking  
large crysta ls of alm ost all th e  com m on m etals, crysta ls as large as th e  
m ore fam iliar ones of rock candy  and  even of q u artz . E xperim ents on 
such crysta ls of iron show th a t  th ey  are m uch m ore easily m agnetized 
in som e directions th an  in others.

T h is dependence of ease of m agnetization  on direction is illu stra ted  
in Fig. 2 for iron and  nickel in re la tion  to  th e  positions of the  a tom s in
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th e  crystals. The circles represent the  positions which centers of 
atom s take  up on an im aginary fram ew ork or lattice. Because of the 
smallness of atom ic dimensions only a small fraction of the atom s in a 
crystal of ord inary  size are shown, b u t the sam e p a tte rn , the un it of 
which is outlined by solid lines, extends th roughou t the  whole of the 
single crystal. T he arrow s indicate the directions of “ eas ies t” m ag
netization, which are different for the two m aterials as m ay be noticed.

In order to  give a notion of the absolute and relative sizes of crystals 
and dom ains and atom s w ith which m agnetic processes are concerned, 
it m ay be pointed ou t th a t a  piece of ordinary  iron a cubic centim eter 
in volum e m ay contain  abou t 10,000 single crystals, and th a t each 
crystal contains on the average 100,000 dom ains each with from 1014 
to  1016 atom s.

A lthough th is article is not concerned prim arily w ith  the  details of 
th e  changes in m agnetization th a t  occur w hen a m agnetic field is 
applied, a brief description of such changes is desirable. In  a crystal 
of iron the  directions of easy m agnetization are parallel to  the cubic 
axes, th a t  is, they  are the  six directions parallel to  the  edges of the 
cube which represents the  struc tu re . W hen such a m agnetic m aterial 
is unm agnetized as a whole a  portion of one of the  crystals in it m ay 
be represented b y  the highly schem atic Fig. 3(a). As shown, each 
of th e  dom ains, represented by  the arrows, circles and crosses, is 
m agnetized in one of th e  directions of easy m agnetization, equal 
num bers in each of the six directions. W hen a weak field is applied in 
th e  direction indicated  and its strength  gradually  increased to  a high 
value, the  m agnetizations of the  dom ains change suddenly and  their 
directions approach coincidence w ith th a t of th e  m agnetic field. This 
is usually accom plished by  the  displacem ents of dom ain boundaries, 
these m oving so th a t some dom ains grow a t  the expense of others in 
which the  m agnetization lies in a  direction fu rther from th a t of the 
field. W hen the field has been increased to  such a streng th  th a t 
practically  all the dom ains are oriented as shown in (b) and the crystal 
is really ju s t one large dom ain, a  second process commences: the m ag
netization changes slowly in direction until finally it is parallel to the 
field, and  then  changes no more. T he m aterial is then said to  be 
sa tu ra ted , as shown in (c).

F igure 3 is draw n to  illustrate  the  changes in m agnetization th a t 
occur in a  single crystal of iron. Iron as we ordinarily see it is com
posed of a  g reat m any m inute  single crystals, b u t th e  changes in 
m agnetization th a t  occur in each one of these crystals are ju s t those 
which have been described, the  m agnetization of th e  whole poly
crystalline m ateria l being the sum of the m agnetization of the parts.



T h e  m ost definite evidence of th e  existence of dom ains is the  
B arkhausen  effect. T o  produce and d e tec t it, a  piece of m agnetic 
m ateria l is w ound w ith  w ire th e  ends of w hich are connected  to  a 
vacuum  tu b e  am plifier. W hen the  m agnetization  of th e  m ateria l is 
changed, as e.g. by  m oving a perm anent m agnet near it, a  rustling  
sound or a  series of clicks m ay be heard in phones or in a loud speaker
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Fig. 3—Domains in a single crystal of iron. As the magnetic field increases in 
strength the magnetic moments first change suddenly (a to b) by displacement of the 
boundaries between them, then rotate smoothly (b to c).

connected to  th e  o u tp u t end of th e  am plifier. E very  such click is 
ascribed to  th e  sudden change in direction of m agnetization  in a  single 
dom ain, and  from  m easurem ents of the  sizes of th e  clicks we ge t our 
best e stim ate  of the  sizes of th e  dom ains. E ven  m ore d irec t evidence 
of th e  existence of dom ains and  th e  changes th a t  th ey  undergo has 
been obtained  recently  by  spreading colloidal iron oxide over th e  
surface of a m agnetic  m ateria l and  looking a t  i t  under a  m icroscope.
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T he regular p a tte rn  observed 1 is sim ilar in na tu re  to  th e  fam iliar one 
obtained when iron filings are sprinkled near a perm anen t m agnet; 
the fine colloidal particles are necessary in th is case because th e  whole 
scale is sm all. T h is m icro -pattern  changes when th e  applied field 
changes, and th e  difference is a ttr ib u te d  to  the  red istribu tion  or 
reorientation  of groups of dom ains. These p a tte rn s  are obtained only 
on m agnetic m ateria ls and are found on them  even when the m aterial 
is unm agnetized ; such a  one is shown in Fig. 4.

Fig. 4—The powder pattern produced by colloidal iron oxide on the surface of 
a demagnetized silicon-iron crystal, showing the presence of inhomogeneous mag
netic fields. Magnification about 1000.

M a g n it u d e s  o f  M a g n e t ic  F o r c e s

Ferrom agnetic theory  has been m ade difficult b y  the fact th a t the 
m agnetic forces betw een the electrons in an atom  are small com pared 
to the electrostatic  forces. T he la tte r force betw een tw o electrons of 
charge e (in e.s.u.), a d istance a apart, is equal to

e2/ a 2.

T he m agnetic force betw een the same electrons depends on the speed 
of the  charges as well as on the ir m agnitudes, and, when the direction 
of m otion is perpendicular to  th e  line joining them , is equal to

w here v/c is the ra tio  of the speed of each electron to  th e  speed of 
light. Since vie is usually of the  order of 0.01, these m agnetic forces

1 L. W. McKeehan and W. C. Elmore, Phys. Rev., 46, 226-228 (1934). See also 
the earlier experiments by F. Bitter, Phys. Rev., 41, 507-515 (1932). See also the 
account by Elmore in F. B itter’s Introduction to Ferromagnetism, McGraw-Hill, 
New York, 55-66 (1937).
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are  ab o u t 10~4 of th e  e lec tro sta tic  forces. T h e  difference is even 
g rea ter w hen electrosta tic  forces betw een electrons and nuclei, or 
betw een nuclei, are com pared w ith  m agnetic forces. T h e  m agnitudes 
of these forces for a  specific hypothetical arrangem ent are shown in 
Fig. 5.

ELECTRON
-e

/
/

/  ELECTROSTATIC FORCES 
I  IN DYNES

f i ------------------------2 X IO "3 --------------

--------------------- 2 X IO '1--------------- * 0
NUCLEUS

+  2 6 e
0

\

MAGNETIC FORCES IN DYNES
—  ORBITAL MOTIONS, 2 XIO- 5 ----
-------------SPINS, 3  X tCT14--------------

ELECTRON
-e

Fig. 5—The magnitudes of the forces in a hypothetical iron-like atom , showing th a t 
electrostatic forces are more powerful than magnetic forces.

Consider th e  m agnitude of m agnetic forces from  ano ther po in t of 
view. T h e  m agnetic energy of a perm anen t m agnet of m om ent ha 
in a field of s treng th  H  is

E  = -  haH ,

w hen ha and I I  are parallel. In  a m agnetic substance we m ay  regard 
th e  atom ic m agnets as being held parallel by  a  fictitious field Hi.  
W hen th e  m ateria l is heated  to  th e  C urie tem pera tu re , 6, th e  energy 
of therm al ag ita tion  (p= kd) destroys the  alignm ent of th e  atom ic 
m agnets by  th e  fictitious or “ in te rn a l” field H {. T hen

kd ~  haH í.

F o r iron, 6 =  1043° K . and  ha =  2.04 X 10 20 erg/gauss, th u s  th e
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energy per a tom  is

kd =  1.4 X 10-13 e rg =  0.09 electron-volt 

and  th e  in ternal field
H i  =  7,000,000 oersteds.

A lthough th is field is m uch stronger th an  any  so far produced in the  
laboratory , the  energy involved is small com pared to  th a t  which 
controls chemical binding. F or example, the  energy of ionization of 
the helium  atom  is abo u t 25 electron volts. A nother w ay  of showing 
th a t  th e  m agnetic forces are small com pared to  th e  electrostatic  
forces holding atom s together, is to  com pare th e  Curie tem pera tu re  
w ith th e  tem pera tu re  of vaporization .

T he calculation of m agnetic forces b y  theory  is thus extrem ely 
difficult, because th ey  are b u t small additions to  th e  electrostatic  
forces w hich them selves canno t usually be calculated w ith  m uch 
precision.

E w i n g ’s  T h e o r y

Ew ing 2 w as one of th e  first to  a tte m p t to  explain ferrom agnetic 
phenom ena in term s of the  forces betw een atom s. H is theo ry  will be 
described briefly here, since m any physicists today, when th inking 
ab o u t m agnetic phenom ena, still go back  to  Ew ing’s ideas of fifty 
years ago. H e assum ed w ith  W eber th a t  each atom  w as a  perm anent 
m agnet free to  tu rn  in any  direction abo u t its  center. T he orientations 
of the  various m agnets w ith  respect to  th e  field and to  each other 
were supposed to  be due en tire ly  to  th e  m u tual m agnetic forces. 
T h e  / ,  H  curve and hysteresis loop were calculated for a  linear group 
of such m agnets and were determ ined experim entally using models 
having as m any  as 130 m agnets arranged a t  th e  points of a  plane 
square  la ttice .

T he calculations for a  linear chain show th a t  as th e  field is gradually  
increased in m agnitude from  zero there  is a t  first a  slow continuous 
ro ta tion  of th e  m agnets, then  a sudden change in orientation  and 
finally a  fu rther continuous ro tation  until th e  m agnets lie parallel to  
th e  field. T he I ,  H  curves calculated for such a group of m agnets 
resem ble in general form  the  actual curves of iron : they  show a perm e
ab ility  first increasing then  decreasing, and satu ration  and hysteresis.

A  m agnetization  curve and a  hysteresis loop o b ta in e d 3 w ith  a  
m odel of 130 m agnets in square array , are shown in Fig. 6. Experi-

2J. A. Ewing summarized in “ Magnetic Induction in Iron and Other M etals,” 
The Electrician, London, 3d ed. (1900).

3 J . A. Ewing and H . G. Klaassen, Phil. Trans. Roy. Soc., 184A, 985-1039 (1893).
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m ents w ith  th e  m odel showed a varie ty  of o ther phenom ena including 
ro ta tio n a l hysteresis loss and its reduction to  zero in high fields, the  
effect of s tra in  on m agnetization , the  existence of hysteresis in th e  
s tra in  vs. m agnetiza tion  d iagram , the  effect of v ib ra tion  and the  
existence of tim e lag and accom m odation w ith  repeated  cycling of 
th e  field.

E w ing’s general m ethod m ay  be illustra ted  b y  calculating  the 
m agnetization  curve and hysteresis loop for an infinite line of parallel

Fig. 6—A magnetization curve and hysteresis loops of a Ewing model 
of 130 pivoted magnets in square array.

equally  spaced m agnets (Fig. 7a). I t  is done m ost sim ply by  con
sidering first th e  m agnetic po ten tia l energy 4 of a  m agnet of m om ent 
Ha and length I, in the  field of a  sim ilar m a g n e t:

w  *= -  7 T -  V ?  P‘W -  ‘y r  P>(>)-------- • (*)

H ere r is th e  d istance betw een th e  centers of th e  m agnets and the 
P (6 ) ’s are Legendre functions of the  angle, 6, betw een th e  direction 
of th e  m om ent of the  m agnet and th e  line joining th e  m agnet centers.

Ps(9) =  (1 +  2 cos 26)/4,
Pi(d)  =  (9 +  20 cos 26 +  35 cos Ad)/64,
Pe(9) — (50 -f- 105 cos 26 +  126 cos 4 9 +  231 cos 60)/512.

T h e  poten tia l energy per m agnet, Wi,  for an  infinite s tra ig h t row of 
m agnets can easily be ob tained  by  sum m ing W  for all pairs.

W i  =  -  —  [1.20 P 2(0) +  l.O4P4(0)(i/r)2

+  l .O lP e(0)(Z/r)4 +  • • • ] •  (2)
4 G. Mahajani, Phil. Trans. Roy. Soc., 228A, 63-114 (1929).
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T he behavior of th e  line when subjected  to  a field H  m ay  be found 
by  adding to  W i  th e  energy te rm  — H ha cos (0O — 6), w here 60 is the 
angle betw een th e  line of centers and the  direction of the  field, and

FIELD STRENGTH

Fig. 7—A magnetization curve and hysteresis loop for an infinite line of 
equally spaced magnets originally “ demagnetized.”

finding the value of 6 which m akes th is to ta l energy a  m inim um  for 
given values of do and  I I :

~  [W i  -  I I ha cos (0„ -  ^)] =  0.

T his gives
n  =  (d/dd)Wi

HA  sin (00 — 6)  '
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T h e  com ponent of m agnetization  parallel to  H  is

I  =  /« co s (0O -  0),

w here I ,  is th e  sa tu ra tio n  m agnetization . By s ta rtin g  w ith  half of the  
line of m agnets pointing in a direction opposite to  th a t  of th e  o ther 
half, th e  in itial m agnetization  is zero and an unm agnetized or dem ag
netized m ateria l is sim ulated . T hus a m agnetization  curve and a 
hysteresis loop of th is assem blage are obtained by  p lo tting  H  against I.  
Such a p lo t is shown in Fig. 7(b), w ith  th e  scale of H  determ ined by  
th e  m agnitudes of h a  and r. T h e  curves are obviously sim ilar to  those 
for real m ateria ls.

L i m it a t io n s  o f  E w i n g ’s T h e o r y

So far, th is  calculation is equ ivalen t to  w h a t Ew ing did over four 
decades ago. B u t now we know th e  crysta l s tru c tu re  of iron and  in 
particu la r the  d istances betw een th e  atom s. W e also know the  m ag
netic  m om ent of each iron a tom  and know, therefore, th e  value of 
Ma/r3 w hich determ ines th e  scale of H .  Using th e  app rop ria te  values 
ha =  2.0 X 10-20 erg/gauss and r =  2.5 X 10-8 cm, th e  coercive force 
H c for l/r =  0.1 is found to  be 4600 oersteds. T h is is affected som e
w h at b y  th e  ra tio  l/r, b u t in any  case H c is found to  be of th is  o rder of 
m agnitude unless l/r  is very  close to  un ity . T h is m agn itude of H c is 
g rea ter by  a factor of 106 th an  the lowest value ob tained  experim en
ta lly , 0.01. Sim ilarly th e  in itial perm eability , h o , according to  the 
m odel is ab o u t un ity  while observed values for iron range from  250 to  
20,000. A d ju stm en t of l/r to  higher values decreases h o -

T his calculation  of th e  m agnetization  curve and hysteresis loop are 
based on a very  m uch idealized model, and it is difficult to  estim ate  
the  erro r to  w hich i t  m ay  lead. One factor th a t has been com pletely 
neglected is th e  fluctuation  in energy. A  m uch b e tte r  approxim ation  
w ould be to  calcu late  th e  m agnetic po ten tia l energy of a  group of 
m agnets arranged  in space in the sam e w ay th a t  th e  iron (or nickel) 
a tom s are arranged  in a  crysta l. T his has been done b y  M ah ajan i 4 
who showed th a t  application  of E q. (1) w ith  / =  0 (b u t sum m ed to  
account for the  effects of all m agnets in the struc tu re ) leads to  the  
resu lt th a t  th e  m agnetic po ten tia l of th e  space a rray  is independen t 
of 0, in o ther w ords one o rien tation  of th e  dipoles is as stab le  as any  
o ther and  th e  m agnetization  curve would go to  sa tu ra tio n  in infinitesi
m al fields no m a tte r  in w h a t direction H  m igh t be applied. If  I is 
finite, th e  stab le  positions of the  m agnets are parallel to  th e  body- 
diagonals of th e  cube w hich is th e  u n it of th e  c rysta l s tru c tu re , and
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th is becomes therefore the  direction of easy m agnetization, a situation  
w hich is correct for nickel b u t decidedly not so for iron. T he best 
correspondence betw een the  action of the  model and of iron itself is 
obtained if the  model is m ade by  placing a small circular cu rren t of 
electricity, instead of a m agnet w ith finite length, a t each la ttice  point 
of th e  space array . In  the  la tte r  case we can explain th e  direction of 
easy m agnetization  in iron and the  varia tion  of m agnetic energy w ith  
direction in the  crystal.

In  considering Ew ing’s model it is appropriate to  estim ate the energy 
of therm al ag ita tion  and to  com pare it  w ith  the m agnetic potential 
energy as calculated  from the model. S ubstitu ting  in Eq. (2) the 
sam e values of ha and r as were used above, we obtain  10-16 erg per 
a tom  for the  m agnetic potential energy in zero field. T his is to  be 
com pared w ith  th e  ro tational energy of a  single molecule a t  room 
tem peratu re , 2 X 10-14 erg per atom  as given by  th e  kinetic theory . 
T hus th e  energy of therm al ag ita tion  is 200 tim es as g rea t as th e  calcu
lated  m agnetic energy. Even a t  liquid air tem peratures the therm al 
ag ita tion  would preven t the atom ic m agnets from forming stable con
figurations. W ithou t some additional force the  model Ewing used 
would behave as a  param agnetic ra ther th an  a ferrom agnetic solid.

In  a real m ateria l, however, i t  is now well established th a t there  are 
very  powerful forces, no t contem plated  when Ewing m ade his model 
and proposed his theory , which m aintain  parallel the dipole m om ents 
of neighboring atom s. These are the electrostatic forces of exchange 
(see p. 24) w hich H eisenberg suggested are powerful enough to  align the 
elem entary  m agnets against the disordering forces of therm al agitation , 
forces m uch larger th an  those of m agnetic origin. Theory  accounts 
only for th e  order of m agnitude of these forces. O ur best estim ate of 
the corresponding energy of m agnetization is obtained by  assuming 
th a t  i t  is equal to  the energy of therm al ag ita tion  a t  the  Curie point, 
\kd.  For iron (6 =  1043 °K) th is gives 7 X 10“ 14 erg per atom .

T h e  W e is s  T h e o r y

In  order to  understand  how atom ic forces give rise to  ferrom agnetism  
i t  is desirable to  review briefly W eiss’s theory  6 of ferrom agnetism , 
w hich in troduces a so-called “ m olecular field’’ th a t presently  will be 
identified w ith  th e  n a tu re  of these forces. T his theory  is an extension 
of L angevin’s theory  of a  param agnetic gas. T he original Langevin 
theory  culm inated in a form ula relating  the  m agnetization, I ,  to  th e  
field-strength, II ,  and the tem peratu re, T ; th is is the  hyperbolic co-

6 P. Weiss, Jour, de physique (4) 6, 661-690 (1907). P. Weiss and G. Foex, “ Le 
Magnetisme,” Colin, Paris (1926).
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tan g en t law,
I  _  . . ¡J-aH  k T
h ~ C n  k T  haH '

In  deriv ing th is th e  assum ptions are  m ade th a t  th e  e lem en tary  m ag
nets, each of m om ent /xa , are  sub jec t to  therm al ag ita tion  and  m om en
ta rily  m ay  have an y  o rien ta tion  w ith  respect to  th e  direction of th e  
field, and  th a t  th ey  are  too  far a p a r t  to  influence each o ther. Q uan tum  
theo ry  a lte rs  th e  second of those assum ptions b y  s ta tin g  th a t  in such 
an  ensem ble of e lem entary  m agnets (atom s) there  will be only a  lim ited  
num ber of possible orien tations, in the  sim plest case only tw o, one 
parallel and  th e  o ther an tiparalle l to  th e  d irection of the  field. In  th is 
case th e  equation  corresponding to  L angevin’s is

7. = tanhT # -  (3)

T hese tw o theoretical relations are p lo tted  for variab le  H  and  con
s ta n t T  (room tem peratu re) in Fig. 8, th e  constan ts  being those for

Fig. 8—W ith no helpful mutual action between atoms, enormous fields 
would be necessary to saturate a magnetic material.

iron (/o =  1740, ha =  2.04 X 10-20 erg/gauss). I t  is obvious th a t  
w ith  th e  h ighest fields so far a tta in ed  in th e  lab o ra to ry  (ab o u t 300,000 
oersteds) th e  m agnetization  would a tta in  only a sm all fraction  of its 
final value Io if th is law were obeyed, and  in th is range I  w ould be 
sensibly proportional to  the  fie ld -streng th :
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where C is a constan t. T his relation, known as C urie’s Law, is obeyed 
by  some paramagnetic though no t by  ferrom agnetic substances. I t  is 
usually w ritten  w ith  I / H  denoted by the  symbol x> representing 
susceptib ility :

C
X =  J . ’

M any more param agnetic substances obey the sim ilar “ Curie-W eiss 
Law ” :

I  =  (4)t  -  e K J

Weiss pointed ou t the significance of 6 in th is equation : it m eans th a t 
the m aterial behaves m agnetically  as if there were an additional field, 
N I , aiding the tru e  field II .  T his equivalence is shown m athem atic
ally by  pu tting  6 = N C  in E q. (4) w ith  the resu lt

C(II  +  N I)  
T

T he q u an tity  represented by N I  is called the "molecular f ie ld” and 
th a t by  N  the  “ molecular field constant.” I t  is in terpreted  by  suppos
ing th a t th e  elem entary m agnet does have an influence on its  neighbors, 
con trary  to  the assum ptions of the  simple Langevin theory.

T he significance of the m olecular field for ferrom agnetism  is now ap 
paren t if we replace the  H  by  H  +  N I  in the  more general E q. (3) and 
exam ine the resulting equation :

. f . t a n h  SAS+SH. (5)
1 o Kl

T his equation is perhaps th e  m ost im portan t in the theory  of ferro
m agnetism . I t  indicates th a t even in zero field there is still a  m ag
netization of considerable m agnitude, provided the tem pera tu re  is no t 
too high. P u ttin g  I I  =  0 and

Eq. (5) reduces to
6 — haN  I  o/k,

T , =  T je  ' (6)

T h is purports to  specify the  m agnetization a t zero applied field by  a 
function th a t is the sam e for all m aterials, when the m agnetization is 
expressed as a fraction of its value a t absolute zero and the tem pera tu re  
as a  fraction of the  Curie tem pera tu re  on the absolute scale. T his 
m agnetization vs. tem perature  relation, p lo tted  as the  solid line of Fig.
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9, m eans th a t  at all temperatures below 0 the intensity of magnetization 
has a definite value even when no field is applied.

How is i t  then  th a t  a  piece of iron can ap p aren tly  be unm agnetized 
a t  room  tem p era tu re?  T h e  answer, given b y  W eiss, is th a t  below th e  
Curie po in t all p a rts  of th e  iron are m agnetized to  sa tu ra tio n  b u t th a t  
different p a rts  are  m agnetized in different d irections so th a t  th e  overall

Ld
t t  0.4 
II

J?|J?
0.3

0
0  0.1 0 .2  0 .3  0.4 0.5 0.6 0.7 0 .8  0  9 10

J_
e

Fig. 9— Dependence on the tem perature of the saturation magnetization 
of iron, cobalt and nickel, as compared with theory.

effect is zero. T h is  is the  concept of th e  dom ain, a lready  discussed. 
A ccording to  th is conception the  I  of Eq. (5) is th a t  of a  dom ain  and is 
determ ined experim entally  by  m easuring th e  m agnetiza tion  of a  
specim en when all dom ains are parallel, i.e., a t  (technical) sa tu ra tio n  
( /  =  I s). E q. (6) should then  be w ritten

h P
h
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I t  is a  problem  of theoretical physics to  determ ine th e  n a tu re  of the 
m olecular field. Before discussing w hat progress has been m ade in 
doing th is  i t  will be necessary to  review some of our knowledge of the  
s tru c tu re  of th e  atom s w ith which we are concerned.

A t o m ic  S t r u c t u r e  o f  F e r r o m a g n e t ic  M a t e r i a l s

T h e  s tru c tu re  of an isolated iron atom  has already  been shown in 
Fig. 1. T h e  tw enty-six  electrons are  divided in to  four principal 
“ shells,” each shell a  m ore or less well defined region in which the 
electrons m ove in th e ir  “ o rb its .” T h e  first (innerm ost) shell contains 
tw o electrons, th e  next shell eight, th e  next sixteen, and th e  last two. 
As th e  periodic system  of th e  elem ents is b u ilt up  from  th e  lightest 
elem ent, hydrogen, th e  form ation of th e  innerm ost shell begins first, 
and when com pleted th e  num bers of electrons in th e  first four shells 
are two, eight, eighteen, and  th irty -tw o , b u t th e  m axim um  num ber in 
each shell is no t alw ays reached before th e  next shell begins to  be 
form ed. F o r exam ple, w hen form ation of the  fourth  shell begins, the  
th ird  shell contains only  eigh t electrons instead of eighteen; i t  is the 
subsequent building u p  of th is  th ird  shell th a t  is in tim ate ly  connected 
w ith  ferrom agnetism . In  th is  shell some electrons will be spinning in 
one direction and o thers in  th e  opposite, and these tw o senses of the  
spins m ay  be conveniently  referred to  as positive and negative. T he 
num bers on th e  circles show how m any electrons w ith  +  and — spins 
are present in each  shell in iron and it will be noticed th a t all except the  
th ird  shell con tain  as m an y  electrons spinning in one direction as in the  
opposite. T h e  m agnetic m om ents of the  electrons in each of these 
shells m u tua lly  com pensate one another so th a t th e  shell is m agnetic
ally neu tra l and  does no t have a perm anent m agnetic m om ent. In  the 
th ird  shell, however, there  are five electrons w ith a positive spin and 
one w ith  a  negative so th a t  four electron spins are unbalanced or u n 
com pensated and  there  is a  resu ltan t polarization of the  atom  as a 
whole. T h e  existence of a perm anent m agnetic m om ent for each atom  
obviously satisfies one of the requirem ents for ferrom agnetism .

In  th e  free a tom  th e  orbital motions of the electrons also contribute 
to  th e  m agnetic  m om ent. W hen the iron atom  becomes p a rt of 
m etallic  iron th e  electron orbits become too firmly fixed in th e  solid 
s tru c tu re  to  be influenced appreciably by  a m agnetic field. T he 
corresponding m om ents do not change when the in tensity  of m agnetiza
tion  c h a n g e s — th is is shown by the  gyrom agnetic experim ents discussed 
l a t e r  ancj ; t  is s u p p o s e d  th a t the  o rb ita l m om ents of th e  electrons in

n e u tr a l i z e  one another, various atom s neuuaiu-
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In  th e  solid s tru c tu re  neighboring atom s influence th e  m otion  and 
d istribu tion  of electrons, p articu larly  in th e  th ird  p a r t of th e  th ird  shell 
(3d shell) and the  first p a rt of th e  fourth  shell (45 shell). In  Fig. 10 
th e  difference betw een a  free atom  and one th a t  is p a r t  of a  m etal is 
illu strated . E ach  of th e  ten  places for electrons in th e  3d shell is 
represented b y  an area w hich is shaded if th a t  place is occupied. T h e  
d istribu tion  corresponds in (a) to  an isolated atom  of nickel, in (b) 
to  a  nickel atom  in a  m e ta l; in th e  la tte r s ituation  th ere  is on the average 
0.6 electron per a tom  in th e  45 shell (these electrons are loosely bound 
and are th e  free electrons responsible for electric conduction) and a 
vacancy  or hole of 0.6 electron per atom  in th e  3d-shell.6 In  th e  45 
shell th e  num ber of electrons w ith  +  and w ith  — spin are  alm ost 
exactly  equal, b u t  in the  3d shell all of th e  spaces for +  spin are  filled. 
T h e  difference betw een th e  num bers of +  and — spins is equal to  th e  
n e t m agnetic  m om ent per atom . E xperim entally  th e  difference in 
th e  num ber of +  spins and — spins in an a tom  is determ ined from  the  
sa tu ra tio n  in tensity  of m agnetization  a t  abso lu te zero. W hen th is 
difference is one th e  a tom  has a m om ent of one Bohr m agneton,

mb =  9.2 X 10-21 erg/gauss

consequently  th e  num ber of Bohr m agnetons can be ca lcu lated  from  
th e  atom ic w eight, A , and th e  density , d :

IoA
B ohr m agnetons/atom  =  /3 — — •

Msd

In  Fig. 10 (/)  the d iagram  for nickel is repeated, th is tim e w ith  the 
tops of th e  unfilled positions on the  sam e level to  bring ou t an  analogy 
w ith  the  filling of vessels w ith w ater. D iagram s for m anganese, iron, 
cobalt, nickel and copper are shown in p a rts  (c) to  (g). In  each case 
th e  18 electrons in closed shells are no t shown. In  iron th e  s itua tion  is 
som ew hat different from  th a t  in nickel, neither th e  3 d +  nor th e  3d — 
shell is filled. T his follows from  th e  rela tive constancy  of th e  num ber 
of electrons in 45, from  the  excess of holes in 3 d +  over those in 3d — 
(/3 =  2.2), and from th e  to ta l num ber, 26, of ex tra-nuclear electrons.

T h e  d istribu tion  in space of electrons belonging to  th e  3d and  45 
shells is known approxim ately  7 and is depicted in Fig. 11. In  (a) th e  
o rd inate  shows th e  num ber of electrons there  are a t  various d istances 
from  th e  nucleus. T h e  3d shell is th u s seen to  be a ra th e r dense ring

6 E . C. Stoner, Phil. Mag., 15, 1018-1034 (1933); N. F. M ott, Proc. Phys. Soc. 
47, 571-588 (1935); L. Pauling, Phys. Rev., 54, 899-904 (1938).

7 Calculations were based on the equation given by J. C. Slater, Phys. Rev 36 
57-64 (1930). ’ ’
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of electrons, as con trasted  w ith the 4s shell w hich extends fa rth e r from 
th e  nucleus, so far th a t  in th e  solid the shells of neighboring atom s over
lap considerably. In  (b) th e  num ber of electrons having energy be
tween E  and  E  +  d E  is p lo tted  against th e  energy  E;  th is rep resen ta 
tion is sim ilar to  th a t  of Fig. 10 b u t now th e  squares an d  rectangles 
are replaced by the m ore appropria te  curved surfaces. If (b) is tu rned  
90 re lative to  (a) th e  two pairs of curves bear some resem blance to  
each other. T his is so because the energy of binding is generally  less 
a t  g rea ter d istances from  the  nucleus. T he 3d-\- level is represented  
as lower in energy than  the 3d — since one of these bands is preferred.

(a) (b)

F 'f :  11—The filling of electron positions in iron, and some elements near it in the 
periodic table. Electron positions for closed shells, containing 18 electrons are not 
shown.

T he a rea  enclosed by each 3d curve corresponds to  5 electrons while 
th a t  enclosed by  th e  4s corresponds to  2.

T he line “ F e ” in Fig. 11(6) represents the  lim it to  w hich the 3d and 
4s shells are filled in iron; neither 3 d +  nor 3 d — is com pletely full. T he 
lowest energy levels are filled first, and the p ic tu re  is d raw n so th a t  the 
analogy w ith th e  filling of connected vessels w ith w ater is apparen t. 
In  cobalt and  nickel the ex tra  one and  two electrons com pletely  fill 3d +  
b u t n o t 3 d - ,  as indicated  by  th e  line “ N i” for nickel. Since the 
range of energy in the 3d “ b a n d s” is m uch g rea te r th an  in th e  4s 
bands th e  additional electrons do no t a lte r g rea tly  th e  num ber in 4s, 
and  from the sa tu ra tio n  in ten sity  of nickel we estim ate  th is num ber 
as 0.6. In  copper the additional electron is sufficient to  fill bo th  3d 
shells w ith one electron to  spare, and this electron m u st go in to  the



TH E  P H Y S IC A L  B A S I S  OF F E R R O M A G N E TISM  21

45 shell which then becomes half full as shown by the line “ C u ” as 
well as by  (g) of Fig. 10. T he d iagram  does no t show changes in the 
relative levels of the  3d +  and 3 d — bands th a t occur in going from 
one elem ent to  ano ther; when bo th  3d bands are filled, as in copper, 
these levels are the  same. T he num bers of electrons and “ ho les” in 
m etals near iron in the  periodic table are given in T able I. A more

TABLE I
N u m b e r  o f  E l e c t r o n s  a n d  V a c a n c ie s  ( H o l e s ) i n  V a r i o u s  S h e l l s  

i n  M e t a l  A t o m s  N e a r  I r o n  i n  t h e  P e r i o d i c  T a b l e

Element

Number of electrons in 
following shells

Total
Holes in

Excess holes in 
3d— over 3d+

3d+ 3d — 4 s+ 45 — 3d+ 3 d -

Cr 2.7 2.7 0.3 0.3 6 2.3 2.3 0
Mn 3.2 3.2 0.3 0.3 7 1.8 1.8 0
Fe 4.8 2.6 0.3 0.3 8 0.2 2.4 2.22
Co 5 3.3 0.35 0.35 9 0 1.7 1.70
Ni 5 4.4 0.3 0.3 10 0 0.6 0.61
Cu 5 5 0.5 0.5 11 0 0 0

accurate determ ination  of the form of the 3d and 4s bands for copper 
is given in Fig. 12, due to  S la ter.8

An especially simple and in teresting illustration of the  atom -m odel 
described is afforded by the alloys of nickel and copper. T he substitu 
tion of one copper for one nickel atom  in the  lattice is equivalent to 
adding one electron to  the  alloy. T his electron seeks the place of 
lowest energy in the alloy and finds it  in the 3d-shell of a nickel atom  
ra ther th an  in the  copper atom  to  which it  originally belonged. This 
lowers the  m agnetic sa tu ra tion  of the  alloy by  one Bohr unit, since 
the added electron in the 3 d — band ju s t neutralizes the m om ent of one 
in the 3 d +  band. A ddition of more copper to  nickel decreases the 
average m om ent until the em pty  spaces in the 3 d — band are ju s t full; 
th is occurs when 60 per cent of th e  atom s are copper, and then the 
m agnetic sa tu ra tion  a t 0° K  will be ju st zero. T his is th e  explanation 
of the  experim ental results 9 shown in Fig. 13. T here are shown also 
the sa tu ra tion  m om ents for o ther alloys of nickel; i t  is evident th a t 
zinc w ith two 45 electrons fills up the 3d band twice as fast as copper, 
alum inum  three tim es as fast, silicon and tin four tim es and antim ony 
five, in good accord w ith theory. In  each of these cases the added

8 J. C. Slater, Phys. Rev., 49, 537-545 (1936).
9 V. Marian, Ann. de Physique (11), 7, 459-527 (1937). Some of the data for 

the other alloys shown in Fig. 12 are taken from C. Sadron, Ann. de Physique, 17, 
371-452 (1932). The interpretation of these results is due to E. C. Stoner, ref. 6.
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a tom s have filled up 3d bands, losing the ir m ore loosely bound 4s 
electrons when there  are  available places of lower energy. T h e  d a ta  
for pallad ium  ind icate  th a t  th is  elem ent has th e  sam e num ber of ou te r

NUMBER OF QUANTUM STATES PER UNIT ENERGY

Fig. 12—Energy levels in the 3d and 4s shells in copper, according to Slater. 
Similar levels are believed to exist in nickel and cobalt with the levels filled to “ 10” 
and “ 9 ” respectively.

electrons as n ick e l; th is m igh t be expected since pallad ium  lies d irectly  
below nickel in th e  periodic tab le . W hen th e  sim ilar b u t heavier 
p la tinum  is added to  nickel, th e  decrease in average atom ic m om ent
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indicates th a t some of th e  ou ter electrons of p latinum  go in to  the 3d 
band of nickel, b u t th a t they  do n o t fill th is level as rap id ly  as the 
ou ter electrons of copper do when th is elem ent is added.

E lectron shells th a t are com pletely filled behave more like hard  elastic 
spheres than  those which are only partia lly  filled. In solid copper w ith

Fig. 13—The saturation magnetization of nickel decreases upon the addition of 
other elements having 1 ,2 ,3 , . . .  electrons in the outermost shell.

a com plete 3d shell and a  4s shell ju s t begun, the  4s electrons “ overlap ” 
those of neighboring atom s so m uch th a t  the ir connection w ith any  one 
a tom  is lost; the  3d shells on the  o ther hand have very  little  overlap 
w ith neighboring atom s. In  the ferrom agnetic m etals th e  3d shells 
are incom plete and th e  overlap is g reater th an  in copper; th is affects 
the  in teraction  responsible for th e  Weiss m olecular field, now to  be
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discussed. B u t copper would not be ferrom agnetic even if th e  in te r
action were large, because th e  com pleted shell m eans th a t  th e  s a tu ra 
tion m agnetization  is ze ro ; in rea lity  copper is d iam agnetic.

A m ore detailed  discussion of th e  atom ic s tru c tu re  of m etals, p a r
ticu larly  of th e  band p ic tu re  of th e  ferrom agnetic m etals, is given in a 
recent article in th is journal b y  W . Shockley.10

I n t e r p r e t a t i o n  o f  t h e  M o l e c u l a r  F ie l d

I t  was shown by  H eisenberg 11 th a t th e  m olecular field can be ex
plained in term s of th e  q u an tu m  m echanical forces of exchange acting 
betw een electrons in neighboring atom s. Im agine tw o a tom s some 
d istance ap a rt, each a tom  having a  m agnetic m om ent of one Bohr 
m agneton due to  th e  spin m om ent of one electron. A  force of in te r
action  has been shown to  exist betw een them , in add ition  to  th e  be tte r- 
know n electrosta tic  and (m uch weaker) m agnetic forces. I t  is known 
th a t, as one would expect, such forces are negligible when th e  a tom s are 
tw o or th ree tim es as far a p a r t  as th ey  are in crystals. I t  is supposed 
also, on th e  basis of calculations by  B ethe,12 th a t  as tw o atom s are 
b rough t near to  each o ther from  a d istance these forces cause th e  elec
tron  spins in th e  tw o atom s to  becom e parallel (positive in te rac tio n ). 
As the  atom s are b rough t nearer together the  spin-m om ents are  held 
parallel m ore firm ly un til a t  a  certa in  d istance th e  force dim inishes 
and then  becomes zero, and  w ith still closer approach  th e  sp ins set 
them selves antiparalle l w ith rela tively  strong  forces (negative in te r
action). In  th e  curve of Fig. 14 th e  energies corresponding to  these 
forces are shown as a function of th e  d istances betw een atom s.

B ethe’s curve was draw n originally for a tom s w ith  definite shell radii 
and  vary ing  in ternuclei distances. I t  m ay  equally  well be used for a 
series of elem ents if we tak e  accoun t of th e  d ifferent rad ii of th e  shell 
in w hich th e  m agnetic m om ent resides. T h e  criterion  of overlapping 
or in terac tion  for th e  m etals of th e  iron group is th e  radius, R,  of the  
a tom  (half th e  in ternuclear d istance in th e  crystal) div ided by  the  
radius, r, of th e  3d shell. In  Fig. 14 th is  ra tio  R /r  has been used as 
abscissa and  th e  elem ents iron, cobalt and  nickel have been given a p 
p rop ria te  positions on th e  curve. T h e  recen tly  discovered ferrom ag
netism  of gadolinium  13 is ap p aren tly  associated w ith  a  large R /r  and 
sm all in teraction , as com pared to  nickel. I t  is placed on th e  curve 
accordingly. S later 7 has shown th a t the  ra tio  R /r  is larger in the

10 W. Shockley, Bell System Technical Journal, 18, 645-723 (1939).
11 W. Heisenberg, Z . f .  Physik, 49, 619-636 (1928).
12 H . Bethe, Handbuch der Physik, 24, pt. 2, 595-598 (1933).
13 G. Urbain, P. Weiss, and F. Trombe, Compt. Rend., 200, 2132-2134 (1935).
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R_ _  ATOMIC SEPARATION 
T — DIAMETER OF 3 d  ORBIT

Fig. 14—Bethe’s curve relating the energy of magnetization to the distance be
tween atom-centers, with a fixed diameter of the unfilled inner shell tha t has the 
magnetic moment.

ferrom agnetic elem ents th an  in o ther elem ents having incom plete inner 
shells, and  th a t  the  po in t a t  which the  curve crosses from the  non
ferrom agnetic to  the  ferrom agnetic region is near R /r  =  1.5. Values 
of 2R, 2r and R/r,  as calculated by S later for some of the  elem ents 
w ith  incom plete inner shells, are given in T able II .

TABLE II

I n t e r n u c l e a r  D i s t a n c e s  ( 2 R )  a n d  D i a m e t e r s  ( 2 r )  o f  I n c o m p l e t e  
I n n e r  S h e l l s  o f  S o m e  A t o m s ,  i n  A n g s t r o m s

Atom
2 R

Inner Shell
2 r

Ratio
R/r

Incomplete
Inner
Shell

Curie 
Temperature 

6, °K.

Mn 2.52 1.71 1.47 3d
Fe 2.50 1.58 1.63 3d 1040
Co 2.51 1.38 1.82 3d 1400
Ni 2.50 1.27 1.97 3d 630
Cu-Mn 2.58 1.44 1.79 3d 600

Mo 2.72 2.94 0.92 U
Ru 2.64 2.33 1.13 4 d
Rh 2.70 2.11 1.28 U
Pd 2.73 1.93 1.41 4 d

Gd* 3.35 1.08 3.1 4/ 290

W 2.73 3.44 0.79 5 d
Os 2.71 2.72 1.02 5 d
Ir 2.70 2.47 1.09 5 d
Pt 2.77 2.25 1.23 5d

* Calculated using Slater’s formula.



T h e  energy of in teraction , J — the positive o rd inate  of Fig. 14— can 
be estim ated  from  the  value of th e  Curie tem p era tu re , 6, in a  m anner 
suggested b y  S toner.14

Let 2 / be the difference in the energy of interaction between two atom s when 
their moments are respectively parallel and antiparallel. The to tal energy of 
these two atom s is therefore

2 E  = 2E0 ± J

where E 0 is the energy of an isolated atom. The negative sign applies when the 
spins are parallel, the positive when they are antiparallel. Imagine a crystal 
in which each atom  of moment ya is surrounded a t equal distances by z other 
atom s of which x  have their spins parallel and y  antiparallel. Then turning one 
atom  from the parallel to antiparallel position produces a change of (y — x) in 
the number of parallel pairs and (x — y) in the number of antiparallel pairs and, 
therefore, requires an energy

« =  2 J(x  -  y). (5)

Since in each atom the moment must be parallel or antiparallel to the field, the 
magnetization of the material as a whole will depend on the average value of 
x — y:

I/Io  = (x -  y)/z. (6)

According to  Boltzmann’s equation an atom will have the following probabilities 
of being parallel and antiparallel

P p =  1/[1 +  exp ( -  e/kT)2

P a = exp ( — e/kT)/[_ 1 +  exp ( — t!kT)~\.

Since all atoms behave in the same way on the average x  and y  must be zP p and 
zPa. Hence we have
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H Io = (x — y)/z = Pp — P a ~  tanh (e/2kT ) 

or using (5) and (6)

To = tanh (fifo)- 
Comparing this with the modified Weiss equation, Eq. (4),

1 _  u »¿N I  _  I / I 0 
Io k T  Tie

we have J  in term s of the molecular field constant or the Curie tem perature:

J  = haN I oIz — kd/z.

For iron, z =  8, J  =  kd/8 = 1.8 X 10~14 erg or 0.01 electron volt.
This derivation indicates th a t J  is proportional to  d, and th a t the constant of

proportionality depends on the number of nearest neighbors. The number of
neighbors has not been taken into account in the following discussion of Fig. 14.

T h e in terac tion  curve is su b stan tia ted  in a  q u a lita tiv e  m anner by  
the  observed varia tion  of th e  Curie po in ts of the  iron-nickel alloys.15

14 E . C. Stoner, Phil. Mag., 10, 27-48 (1930). Stoner’s original work appears to 
have been in error by a factor of two; the modified treatm ent given here is due to 
W. Shockley and follows closely the method employed in dealing with order and 
disorder in alloys (see e.g. Eqs. 1.11, 1.12, 2.2 and 2.16 in the article by F. C. Nix 
and W. Shockley, Rev. Mod. Phys. 10, 1-71 (1938)).

16Summarized by J. S. Marsh, Alloys of Iron and Nickel, v. 1, pp. 45 and 142, 
McGraw-Hill, New York (1938).
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shown in Fig. 15. T he m axim um  in th e  curve near 70 per cen t nickel 
apparen tly  corresponds to  the m axim um  of th e  in teraction  curve of 
Fig. 14. In  alloys of higher nickel con ten t th e  curve indicates th a t 
the Curie point should be increased if the  m aterial is compressed. T he 
opposite should be tru e  of the  face-centered alloys having less than  
th is am ount of nickel. These contentions are borne ou t by the fact

Fig. IS—The Curie temperatures for iron-nickel alloys, showing a maximum 
corresponding to the maximum of Bethe’s curve of Fig. 14.

th a t  under a hydrostatic  pressure of 10,000 atm ospheres the 30 per cent 
nickel alloy becomes practically  non-ferrom agnetic16 a t  room tem pera
tu re  (perm eability is independent of field-strength and equal to  1.7). 
On the  o ther hand the  effect of the  pressure on the phase equilibrium  is 
unknow n so th a t  the  d a ta  m ight be explained also by  a change of phase 

16 R. L. Steinberger, Physics, 4 , 153-161 (1933).
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brou g h t ab o u t b y  the  change of pressure. M ore d a ta  are  needed to  
clarify  th e  theory .

T here  is an anom alous expansion of th e  high nickel alloys (due to  
loss of m agnetism ) as the  alloy is heated  th rough  th e  C urie point, 
a  con traction  of the  low nickel alloys, and no anom aly  in th e  alloys 
having ab o u t 70 per cen t nickel, as indicated by the  d a ta  15 of Fig. 16 
on th e  expansion of these alloys in the range of tem pera tu res including 
th e  Curie points. B ethe’s curve represents th e  change of in te rac tion  
energy w ith  volum e as a  m ateria l is expanded or contrac ted , and  it is 
to  be expected th a t  there  will be a reciprocal effect, a  change in volum e

TEMPERATURE IN DEGREES CENTIGRADE

Fig. 16—The expansion coefficient of some iron-nickel alloys, showing the magnetic 
anomoly and its change in sign a t about 70 percent nickel.

as th e  m ateria l passes th rough th e  Curie tem pera tu re . M ore careful 
consideration of the  theory  10 shows th a t  th e  effect to  be expected 
does agree in sign w ith experim ent. Also th e  d isappearance of th e  
anom alous expansion occurs as expected a t  th e  sam e com position as 
the  m axim um  Curie tem pera tu re .

Iron  lies to  th e  left of the  m axim um , as ind icated  b y  its expansion 
curve. C alculations by  K ornetsk i 17 ind icate  th a t  th e  in terac tion  
energy doubles for a  2 per cen t increase in la ttice  con stan t. T he 
behavior of cobalt, nickel, and alloys of cobalt-nickel and  of nickel- 

17 M. Kornetzki, Z . f .  Physik, 98, 289-313 (1935).



TH E P H Y S IC A L  B A S I S  OF F E R R O M A G N E TISM  29

copper, indicates th a t all of these substances should lie to  th e  righ t of 
the  m axim um . I t  should be expected th a t iron-cobalt, like iron- 
nickel, alloys should lie in th e  region including th e  m axim um . This 
is not observed; instead, th e  Curie point continually  decreases as iron 
or nickel is added to  cobalt— in th is case, however, the  change of 
Curie point w ith  com position is obscured by  a change of phase so 
th a t no easy te s t of the  theory  is possible.

S iz e s  o f  D o m a in s  a n d  W id t h s  o f  D o m a in  B o u n d a r ie s

T he q u an tu m  m echanical in teraction  in ferrom agnetic m aterials 
tends to  m ake the m agnetic m om ents of neighboring atom s parallel. 
One infers th a t th e  whole ferrom agnetic specimen should be one single 
large dom ain; nevertheless in actual fact the  parallelism  extends over 
m uch sm aller regions only. T his behavior is a ttrib u ted  to  strains, 
crystal boundaries, tem pera tu re  v ibrations, im purities, etc. T he fact 
th a t a  specimen can be dem agnetized so th a t no residual m agnetization 
can be observed b y  ord inary  means, indicates th a t the  dom ains are 
no t larger than  microscopic in size; while th e  occurrence of heat effects 
a t  the  Curie point shows th a t the  m agnetic un it is larger th an  a 
single atom .

A d irect m easure of the domain size is obtained from experim ents 
on the B arkhausen effect; 18 the  volum e is found to  be of the  order of 
10-9 cm .3, so th a t i t  contains abou t 1014 atom s. T he Barkhausen 
d a ta  give little  inform ation concerning th e  shape of a domain, b u t 
th is has been m ade evident by  the powder pa tte rn s  of B itter and 
o th e rs ;1 a typical dom ain is long and slender, either rod-like or p la te
like w ith  a  thickness of the  order of one micron (10~4 cm.) and a 
length of perhaps 10 microns. T he volum e thus agrees w ith the 
results of the  B arkhausen effect w ithin one or two orders of m agnitude. 
No explanation has been given for the  occurrence of dom ains of this 
particu lar size.

T here is a t  present no experim ental evidence regarding the natu re  
of th e  transition region betw een dom ains, and in the schem atic Fig. 3 
no transition  region is shown. I t  is believed th a t the  boundary  will 
n o t be sharp  on an atom ic scale, b u t will be spread over a  region a 
considerable num ber of atom s wide. Calculation indicates th a t less 
energy is required if th e  electron spins change direction gradually  from 
atom  to  atom  as indicated  in Fig. 17. T he spreading of the transition 
region over m any atom s instead of over one, is analogous to  the 
separation of sim ilar electric charges; the m utual forces tend to spread 
them  over a region as large as possible and they  are held together

18 R. M. Bozorth and J. F. Dillinger, Phys. Rev., 35, 733-752 (1930).
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only by  som e o th e r forces such as those im posed by  an  electric field. 
T h e  expression for th e  energy of in teraction  in a  boundary  layer has 
been derived b y  B loch,19 and found to  be inversely proportional to  the 
thickness of th e  layer,

kd 1 
7° =  — • -= a 8

per u n it a rea  of boundary . H ere k is B oltzm ann’s constan t, 0 the 
C urie tem pera tu re , a th e  d istance  betw een a tom s and  5 th e  th ickness 
of th e  layer; since th e  layer has no sharp  lim it, 8 is m easured betw een

u
Fig. 17—The nature of the domain boundary. The transition region between tv, 

domains is believed to be about 1000 atom  diameters thick.

poin ts a t  w hich th e  spins are  inclined a t  a  certa in  sm all angle (a  a lm ost 
0° or 180° as shown) to  the  spins in th e  m iddle of th e  dom ains.

T h e  forces of in teraction  are  opposed by  forces (e.g. of crystal 
an iso tropy  or stra in ) w hich correspond to  fixed values of energy per 
unit volume. T h is opposing energy is th u s directly proportional to  th e  
th ickness of th e  boundary,

Ti =  Ch.

T h e m inim um  energy occurs when

Th (to +  Tl) = 0
19 F. Bloch, Z. f .  Physik, 74, 295-335 (1932). See also the more recent article by 

H. Kersten in “ Probleme der Technischen M agnetizurungskurve” (R. Becker, ed.) 
42-72, Springer, Berlin (1938).
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or ______
5 =  Vk9/(aC) =  80.

In  iron and sim ilar m aterials free from any  considerable stra in  the 
value of C is determ ined by  the crysta l anisotropy and is abou t 
10s ergs/cm .3, 6 ~  103 °K, a «  10~8 cm. and the thickness of the 
boundary layer comes ou t to  be ab o u t 1000 atom  diam eters. T his 
value, probably correct as to  order of m agnitude, indicates th a t the 
volume of th e  dom ain proper is m uch larger th an  th a t  of the  boundary  
or transition  region.

A t present i t  is no t clear w hy application of an indefinitely small 
field will not cause continual progression of the  180° boundary  in one

(a) (b) (c)

Fig. 18—The magnetic moment, M, and the moment of momentum, J, of an 
electron in its orbit about the nucleus. A change in one moment entails a change 
in the other, the (gyromagnetic) ratio remaining constant.

direction so th a t one dom ain will disappear com pletely. T he reason 
for the non-occurrence of th is progression except under certain  circum 
stances is probably connected w ith the existence of strain  gradients.

G y r o m a g n e t i c  E f f e c t  

In  the discussion of th e  stru c tu re  of ferrom agnetic atom s, use was 
m ade of the  concept of electron spin. T his section will review the 
evidence for th e  existence of th is spin, its experim ental determ ination, 
and its relation to  m agnetic phenom ena.

Theory. In principle, the ra tio  of the m om ent of m om entum  to 
m agnetic m om ent m ay be determ ined as illustrated  in Fig. 18. An
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electron of m ass m  an d  negative charge e revolves ab o u t its  nucleus 
/  tim es per second in an  o rb it of radius r. T he  m agnetic  m om ent 
due to  the  circulating cu rren t is a t  righ t angles to  th e  p lane of the 
o rb it and  is

M 0 = efirr2/c.

T h e m om ent of m om entum  is in the  opposite d irection and  its  m agni
tu d e  is

Jo = Imfirr2.

T h e ra tio  of th e  m om ents for th is orbital m otion is then

Jo 2 me
P o ~ ~ M 0 ~ ~ '

Im agine now th a t  th e  a tom  is suspended in space by  a  fibre as 
shown in (a). If a  strong  m agnetic field is applied th e  vecto r M  
representing  th e  m agnetic m om ent will ro ta te  around  th e  axis of the  
suspension, and  J  will ro ta te  w ith it, as th e  electron precesses. As 
long as there  is no ex ternal force or friction th e  angle betw een M  and 
th e  axis will no t change b u t only th e  speed of its  ro ta tio n  will vary . 
On th e  o ther hand  if there  is an exchange of energy w ith  o ther a tom s 
as there  is in a  real m ateria l sub ject to  tem p era tu re  ag ita tion , th en  M  
approaches parallelism  w ith H  as shown in (b), and  the  com ponents of 
M  and  J  parallel to  th e  axis change in the  sam e ra tio . C onsequently  
th e  change in th e  m agnetic m om ent ab o u t th e  axis of th e  suspension 
m ay  be said to  cause a change in the  m om ent of m om entum  ab o u t the  
sam e axis. As a  resu lt of the  concerted action of all of th e  atom s com 
posing a  rod (c), and  th e  recoil of the  rod as a  whole, th e  suspension is 
sub jec t to  a  to rque  equal to  th e  (negative) tim e ra te  of change of the  
m om ents of m om entum  of th e  co n stitu en t electrons:

L  =  — dJjdt.

T h u s a  rod suspended as shown in Fig. 17 (c) m ay  be m agnetized a 
known am ount, its  resulting  ro ta tio n  m easured, and  its gyrom agnetic 
ra tio  M / J  so determ ined. T h e  sam e ra tio  m ay  be found also by  
m easuring th e  m agnetic m om ent M  caused by  ro ta tin g  a  sim ilar rod 
w ith  a  know n angu lar acce lera tio n ; th is is th e  inverse effect.

T h e  existence of a  m agnetic m om ent and  an  angu lar m om entum  
associated w ith an electron a p a r t from  its o rb ita l m otion in th e  atom , 
w as postu la ted  in 1925 by  G oudsm it and  U hlenbeck 20 prim arily  to  
explain th e  s tru c tu re  of atom ic spectra . T h e  m agnetic  m om ent

20 S. Goudsmit and G. E. Uhlenbeck, Nature, 117, 264-265 (1926).
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assigned to  this spin of the  electron abou t its own center was equal to 
one Bohr m agneton which by  definition is th a t  of the sm allest electron 
o rb it on the Bohr theory.

eJi
tlB =  4trmc =  9 '2 X 10_21 erg/gauss-

T he un it of angular m om entum  was taken  as one-half of th a t for the 
sm allest Bohr o rb it or as

j  -  A .
8 4tr

T he ratio  for th e  spin m otion, denoted by p„ is

J s me po
Pi r\ 1plb e z

and is thus twice the gyrom agnetic ra tio  for the  orbital m otion of the 
electron. D irac has shown th a t  these results are consequences of 
relativistic quan tum  theory.

In  general th e  ra tio  M f j  is
me 2 

P ~  e g

where g is known as the  Lande sp litting  factor. For spin m om ent, 
g =  2; for orbital m om ent, g = 1. W hen th e  m om ent of an atom  
is the  resu ltan t of finite spin and orbital m om ents, g m ay be found 
in term s of th e  quan tum  num bers, 5 and I, expressing the  angular 
m om enta of th e  spin and  orbital com ponents:

3/2 +  ?(s +  1) ~  M + j ) .
g +  2j ( j  +  1)

H ere s m ay have any  of th e  half-integral values 0, 1/2, 1, 3/2, • • • and 
I any of the  integral values 0, 1, 2 • • •, while the num ber, j ,  representing 
th e  angular m om entum  of th e  resu ltan t m ay be any  positive num ber 
equal to  the  sum  or difference of 5 and I. (The ac tual value of the  
resu ltan t angular m om entum  is

J  = y * + ^ 1)’

and th a t of the m agnetic m om ent is

M-  s L  ■ W J t J + T ) ,
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b u t the  com ponents parallel to  the  applied field are  jh/2-rr and 
gjeh/(4:Trmc), respectively.) For some values of 5, I and  j ,  e.g. 4, 2 
and 2, g is g rea ter th an  2, and for some values it  is less th a n  1.

T h e  sign as well as th e  m agn itude of th e  ro ta tio n  is of im portance. 
All experim ents are consisten t w ith the  idea th a t  the  m agnetic  m om ent 
is due to  th e  spinning or circulation of negative electrons ra th e r  th an  
of positive charges.

T h e  results to  be described below show th a t  in ferrom agnetic 
m aterials generally th e  value of g has nearly  th e  value tw o and  no t a t 
all th e  value one, so we conclude th a t  ferrom agnetic processes are 
concerned prim arily  w ith the  spins of th e  electrons and no t the ir 
o rb ita l m otions. W hen a  change in  magnetization takes place we 
therefore a ttr ib u te  it to  a  change in the  direction of spin  of some of 
th e  electrons, and  believe th a t  th e  orien tations of th e  o rb its  are 
d istu rbed  b u t slightly . T h is change is illu stra ted  in Fig. 19. In  some

\ ,  , /
(a) I + • ;) I! + • i

H = 0
/

Í1«  ( }) i f  ♦. )
\ /  \  /

 "  H » 0  ^ _____

Fig. 19— In the common ferromagnetic materials a change in magnetization is 
effected by a change in the direction of electron spin, not in the direction of motion 
of the electron in its orbit.

param agnetic  m aterials, on th e  o ther hand , th e  reorien ta tion  of orb its 
plays an im p o rtan t part.

Gyromagnetic Experiments. T he  first gyrom agnetic  experim ent to  
be perform ed successfully was m agnetization  b y  ro ta tio n . A fter an 
unsuccessful tr ia l by  P erry  21 in 1890, th e  experim ent w as considered 
independently  in 1909 by  B a r n e t t22 who in 1914 ob ta ined  th e  result, 
then  inexplicable, th a t  g was approxim ately  tw ice th e  classical value 
one. R ichardson,23 in 1907, was th e  first to  propose ro ta tio n  by

21 J. Perry, as quoted by B arnett, ref. 27.
22 S. J. Barnett, Science, 30, 413 (1909); Phys. Rev., 6, 239-270 (1915). An 

accidental error in the calculation of the results was corrected in Jour. Wash. Acad. 
Sci., 11, 162 (1921). Magnetization by rotation.

23 O. W. Richardson, Phys. Rev., 26, 248-253 (1908).
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m agnetization, and Einstein and de H aas 24 perform ed the experim ent 
in 1915. I t  was repeated in 1918 by S te w a r t25 who for the  first tim e 
obtained a result consistent w ith B a rn e tt’s, and has been confirmed 
since by a  num ber of others.

Fig. 20—Schematic diagram of the method of determining the gyromagnetic ratio.

In recent years the m ethod m ost often used (rotation by m agnetiza
tion) is th a t due to  Sucksm ith and Bates.26 As modified by B arnett,27 
it is shown diagram m atically  in Fig. 20. A rod of the m aterial under

24 A. Einstein and W. J. de Haas, Verh. d. D. Phys. Ges., 17, 152-170 (1915); 18, 
173-177 (1916); 18, 423-443 (1916).

26 J. Q. Stewart, Phys. Ren., 11, 100-120 (1918).
26 W. Sucksmith and L. F. Bates, Proc. Roy. Soc., 104A, 499-511 (1923). W. 

Sucksmith, Proc. Roy. Soc., 108A, 638-642 (1925).
27 S. J. Barnett, Rev. Mod. Phys., 7, 129-166 (1935). This article and the one 

in Phys. Zeits., 35, 203-205 (1934) give a good account of the history, methods and 
results to date.
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investigation  (the “ ro to r ,” M )  is wound w ith  a  m agnetizing coil and  
suspended b y  a  fine q u a rtz  fibre in a  second (induction) coil A .  T he  
leads from  th e  la tte r  are  connected in series w ith  an  ad ju stab le  re
sistance R  and  a th ird  coil B,  inside of w hich is a  sm all perm anen t 
m agnet (m om ent m) m ounted  below the ro to r and  connected  rigidly 
to  it. A  change in th e  m om ent of th e  ro to r is produced by  changing 
the  cu rren t in th e  m agnetizing coil. T h is causes a  gyrom agnetic 
ro ta tio n  of th e  ro to r and  a t  the  sam e tim e induces a  vo ltage in coils A  
and  B. R  is ad ju sted  so th a t  th e  cu rren t flowing is of such stren g th  
th a t  th e  field produced b y  it in B  ac ts  on the  perm anen t m agnet to  
annul th e  gyrom agnetic to rque  of the  ro tor. T h e  m agnetizing cu rren t 
is a lte rn a ted  w ith a period equal to  th e  n a tu ra l period of ro ta tio n  of 
th e  ro to r assem bly and  th e  final deflection 5 no ted  for various values 
of R. R  is p lo tted  against 5 and  its  value, Ro, determ ined  for zero 
deflection by  in terpolation .

L et
L a — — dJ /d t

be the  to rque  due to  th e  gyrom agnetic effect. T h e  cu rren t induced 
in coils A  and  B  b y  a  change in th e  m om ent M  of th e  ro to r is

i  =  E / R  =  (d M /d t ) (K A/R ),

w here K a is a  co n stan t of coil A .  T his cu rren t produces a  to rque  on 
th e  m agnet m  in B :

L b = m iK s ,

K b being a  co n stan t of coil B .  W hen R  = Ro, L a = — L B and

d J  m K AK B 
p ~  d M  Ro

T he value of p is calculated  b y  th is  form ula a fte r finding th e  values 
of th e  coil constan ts, th e  resistance R 0 and  th e  m om ent of th e  perm a
n en t m agnet. B a rn e tt has taken  g rea t care to  elim inate various 
errors caused m ainly by  th e  presence of undesirable fields such as the  
e a r th ’s and  by  asym m etry  and  m agnetostric tion  of th e  ro tor.

E x p e r i m e n t a l  V a l u e s  o f  g

T h e results of gyrom agnetic experim ents are  given p referab ly  in 
term s of g :

g = (M IJ)(2mcle),  

and  are  collected in T ab le  I I I .  H ere a g-value of tw o m eans th a t
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electron spin only is operative; the  ra tio  would be one if change in 
orb it o rien tation  were th e  only effect. T he ap p a ren t slight difference 
of m ost of th e  values from  two, indicates th a t  th ere  is som e sm all b u t 
definite change in orb it-o rien ta tion  in ferrom agnetic m ateria ls when 
they  are  m agnetized. In  th e  w eakly ferrom agnetic p y rrh o tite  (FeS) 
the  experim ental value 0.63 is in harm ony w ith  th e  theoretical value, 
0.67, for a  possible s ta te  of the  iron atom  (s =  — 1/2, I =  2, j  =  3/2) 
in w hich o rb ita l m om ent is of im portance.

G yrom agnetic ra tios for param agnetic  m ateria ls have been d e te r
mined by Sucksm ith  35 and are given in T ab le  IV. T h e  departu res

TABLE IV

V a l u e s  o f  g f o r  S o m e  P a r a m a g n e t i c  S u b s t a n c e s  ( S u c k s m i t h )

Substance
g-value

Substance
g-value

obs. calc. obs. calc.

Nd20 3 0.78 0.76 FeSO* 1.89 <2.00
Gd20 3 2.12 2.00 CoCl2-CoS04 1.54 <2.00
Dy20 3 1.36 1.33 CrCl2 1.95 <2.00
E u20 3 >4.5 6.56 MnCOa-MnSOi 

Ni-Cu(56% Ni)
1.99
1.9

2.00
2.00

from the  values 1 and  2 show th a t  changes in b o th  spin and  o rb ita l 
m om ents occur during m agnetization. In  the  la s t colum n are  added 
theoretical values deduced from  spectroscopic d a ta .

S u m m a r y

In  th is paper the  au th o r has discussed some of the difficulties en 
countered in th e  in te rp re ta tio n  of the  fundam ental phenom ena of 
ferrom agnetism , and  some of the successes th a t  have been a tta in e d  by 
applying our recent knowledge of the  s tru c tu re  of a tom s in solids. 
T he difficulties are large because the a tom ic forces contro lling  the  
m agnetism  are small com pared to  those th a t  hold the  a tom s together 
in a solid. T he successes have come largely as a  resu lt of the  q u an tu m  
theory  which has explained, m ainly  in a  q u a lita tiv e  w ay, m any  of the  
phenom ena previously correla ted  by  the em pirical W eiss theo ry  of the  
m olecular field.

In  some ways m agnetic studies have aided m ateria lly  in clarifying 
our p icture of the  a tom ; th is has been b rough t ou t in a  discussion of

®W. Sucksmith, Proc. Roy. Soc., 133A, 179-188 (1931); 135A, 276-281 (1932); 
Helv. Phys. Acta, 8, 205-210 (1935).
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(1) the atom ic m agnetic m om ent (determ ined from  the sa tu ra tion  
m agnetization a t  0° K ), which gives d irectly  the num bers of electrons 
in certain shells in the atom , and (2) the gyrom agnetic effect, experi
m ents on which give results characteristic  of an electron spinning 
abou t an axis passing through its center.

A c k n o w l e d g m e n t

I take pleasure in acknowledging the benefit of m any discussions 
w ith Dr. W. Shockley and of the  criticism  of the m anuscrip t given by 
Dr. K. K. Darrow  and Dr. R. W. King.



Contact Phenomena in Telephone Switching Circuits*
By A. M. CURTIS

T h e  ph en o m en a  occurring  a t  th e  closing an d  open ing  of con 
ta c ts  ca rry in g  w eak  c u rre n ts  have  been in v es tig a ted  b y  m eans 
w hich include a s tu d y  of th e  h igh-frequency  tra n s ie n t v o ltages an d  
cu rren ts . T hese influence th e  erosion in a com plex m an n er w hich 
varies  w ith  c o n ta c t m ateria ls , surface cond itions an d  su rro u n d in g  
a tm o sp h ere . T h ree  p rinc ipa l classes of effect hav e  been  d is tin 
guished. T hese  a re : (1) D isru p tiv e  sparkovers  in itia tin g  a  series 
of m eta llic  arcs la s tin g  less th a n  a  m icrosecond each ; (2) A n itro g en  
gas glow d ischarge a t  a b o u t 300 vo lts , p receded  b y  a  brief group  
of d is ru p tiv e  sp a rk o v ers ; (3) H igh  field b reakdow ns due  to  cold 
p o in t d ischarges w hich cause tra n s ie n t m eta llic  c losures of a p 
proach ing  co n tac ts  an d  sim ilar tra n s ie n t reclosures of sep a ra tin g  
con tac ts .

'  I 'H E  operation  of a telephone system  depends on th e  proper per- 
form ance of m any  millions of electrical con tacts, a  large p ropor

tion of w hich are  in relays. T h e  relays m u st be designed for a  life 
during  which they  operate  from  as few as five thousand  to  as m any  as 
four hundred  million tim es. A lthough th e  nom inal cu rren ts and 
voltages carried b y  th e  con tac ts  are ra th e r  low, the  large num ber of 
operations m ay  cause erosion which in a  very  sm all percentage of cases 
leads to  failures to  close or open th e  circuit. T h e  difficulties caused by  
even very  rare failures m ake th e  control of co n tac t erosion a  problem  
of m ajor im portance for th e  telephone com panies.

Research and developm ent w ork on con tac ts  has of course been c a r
ried on continuously since very  early  in th e  developm ent of th e  te le
phone system . T he aim  is to  design co n tac ts  to  have a  life a t  least 
equal to  th a t  of th e  ap p ara tu s  of w hich th ey  form  a p a r t and  to  require 
a  m inim um  of m ain tenance. A lthough th is aim  has in general been 
successfully m et there  have been some cases in w hich the  co n tac ts  have 
worn ou t too rapidly.

A lthough it had long been realized th a t  co n tac t operation  necessarily 
involved the  generation of high-frequency transien ts, there  was a t  first 
no ap p ara tu s  available w hich would perm it these tran sien ts  to  be 
studied. T he D ufour oscillograph was for a  long tim e th e  only in s tru 
m ent which covered th e  range of frequencies involved. I t  w as em-

* Presented a t W inter Convention of A. I. E. E., New York, N. Y., January  22-26, 
1940.
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ployed as early  as 1926 in studies of con tac t sparking b u t it was very  
cum bersom e in use, often introduced artificial conditions in to  the 
circuit of the contacts, and progress w ith its use was necessarily very 
slow. D uring the  past few years rapid advances have been m ade in 
the developm ent of glass envelope cathode ray  oscillograph tubes. 
By employing th e  la test types of tubes, and com bining them  when 
necessary w ith wide band high-frequency amplifiers and w ith circuits 
which perm it synchronization of the tube sweep circuit w ith the con
ta c t operation, it has been possible to  m ake thousands of observations 
in the  tim e originally taken by  a single oscillogram, and to  cover the 
entire range of currents, voltages, and frequencies involved. We now 
have available m eans which will perm it th e  visual observation of 
transien t voltages a t  frequencies as high as 400 megacycles per second, 
and transien t curren ts w ith com ponents reaching 20 megacycles per 
second. Single pulses lasting a  small fraction of a microsecond, and 
complex transien ts containing com ponents as high as 5 megacycles, 
can  be clearly resolved and photographed while the envelopes of still 
higher frequencies can be recorded.

In order to  s tudy  the transien ts a t  contacts operating a t 50 volts 
and steady  curren ts under one am pere, in common types of telephone 
circuits, voltages as high as 2000 and currents reaching 20 am peres 
m ust be w ithin the  range of the  appara tus. A detailed description of 
the ap p ara tu s  will not be a ttem p ted  in this article, b u t th e  results of 
observations m ade with it  and photographs of the  more significant 
transien t com ponents will be presented.

S tudy  of the curren ts requires an amplifier as an im pedance m atching 
device and some circuit conditions m ake a shielded inpu t transform er 
necessary. An inpu t im pedance of from 0.4 to  2 ohms, a  voltage gain 
of abou t seventy-five tim es, and a substan tia lly  flat characteristic  of 
o u tp u t versus inpu t from 20 kilocycles to  20 megacycles are usually em 
ployed. Lower frequencies m ay be observed w ith o ther amplifiers 
and th e  range from zero to  10,000 c.p.s. is studied by m eans of the 
“ Rapid R eco rd ” oscillograph.

W ith  earlier cathode ray  tubes, beam  currents of 40 m icroam peres a t 
5000 volts were employed. T he la test tubes give a beam  curren t of 
abou t one m illiam pere a t  th is voltage. A Leica cam era w ith an F I .5 
X enon lens and u ltra  speed panchrom atic film has been used in m ost 
of the  photographic work. T he photography is com plicated by the 
presence in a  single transien t photograph of some com ponents in which 
th e  beam  speed m ay be a  thousand tim es as fast as it  is in others. 
However, beam  speeds in excess of 200 kilometers a  second are pho to 
graphed, and a continuous sine wave of 5 megacycles frequency m ay be
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clearly resolved on a single tran sit. Sweep speeds which perm it resolu
tion of m uch higher frequencies are em ployed for visual observation, 
w here the  tran sien t com ponent being studied can be found by  frequent 
repetition  of the  co n tac t operation. As th e  occurrence of a  particu la r 
com ponent varies in tim e of its  position in th e  en tire  tran sien t, very  high 
sweep speeds are  im practical for photography as a  prohibitively  large 
proportion  of exposures would be blanks. A sweep speed of ab o u t 15 
kilom eters per second is ab o u t as high as is useful except in some special 
cases.

W e m ay com m ence the discussion by se tting  up w hat appears to  be 
a  very  sim ple circuit (Fig. 1), a  pair of contacts, one of which is con-

VOLTAGE

Fig. 1—Typical relay and contact circuit.

nected by  a  length of wire to  a  relay  w inding, w hich is in tu rn  con
nected to  one pole of a 50-volt b a tte ry . T h e  m ate  co n tac t and  the 
o ther pole of th e  b a tte ry  are  grounded b y  v e ry  sho rt wires. T he 
oscillograph is arranged so th a t  th e  voltage betw een th e  co n tac ts  and 
the curren t through them  can be observed, g rea t care being tak en  to  
insure th a t th e  added ap p ara tu s  does no t appreciab ly  change the 
circuit characteristics even a t  very  high frequencies. A low power 
microscope m ay be set up to  observe the operating  a rea  of the contacts.

W hen the con tac ts  close, th e  first th ing  th a t happens is th e  discharge 
of the  relay  stru c tu re  (a capacity) and  of th e  w ire th rough  th e  contacts. 
T he wire m ay be th o ugh t of as a  radio an tenna , m ore or less open- 
circuited a t th e  load relay  w inding term inal, and  either grounded or 
opened a t  th e  con tacts. T h e  wire form s an  oscillatory  c ircu it of 
m oderately  heavy dam ping  w ith  a surge im pedance of ab o u t 100 ohm s. 
As it is charged to  50 volts, when th e  co n tac ts  come together an oscilla
tion having a peak cu rren t of 0.5 am pere occurs and is over before the 
steady  cu rren t th rough th e  relay  w inding has m ore th an  s ta rte d  to  
build up. T he frequency of th e  line oscillation depends on th e  length
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and o ther characteristics of the  wire, b u t it is (in th e  telephone plant) 
rarely lower than  500,000 cycles, and on short leads it m ay be m any 
megacycles. F o rtunate ly  m ost con tac ts are  no t m uch affected by 
closing a half am pere. Erosion and build-up will occur, b u t a t  ra ther 
slow rates, and they  are usually com pletely obscured by effects due to  
the con tac t opening. Of course, if th e  con tac ts bounce,1 th e  effect 
will be m ore complex, b u t we are assum ing for the m om ent th a t they  
do not bounce. T h e  s tru c tu re  of th e  relay itself, including the  pair of 
springs separated  a t its  base by an insulating sheet, is also an oscillating 
circuit. W e have no t been able to  get inside of th is circuit and m eas
ure the curren t surge b u t its  oscillation frequency seems to  be about 250 
megacycles for certain  telephone relays.

Now suppose th a t th e  simple circuit of our closing contacts is com pli
cated  by  an additional wire connected to  the con tac t spring term inal. 
T his is also charged to  50 volts before the  contacts close, and being a 
second circuit of a  hundred ohms surge im pedance in parallel w ith the 
original wire, th e  cu rren t peak discharged through th e  contacts will 
now be abou t one am pere. B u t now the contacts are likely to  ac t 
differently. A bout a m icrosecond after the curren t reaches its peak, 
b u t before the  charge in the wires has been com pletely dissipated, 
the circuit is in terrup ted  and the discharge stops. A spark, which is 
visible in the  microscope, suggests th a t th e  cu rren t carrying areas have 
been exploded and blown ap art. A few microseconds la ter they  again 
close and the  rest of th e  energy is discharged, b u t some of the  contact 
m etal m ust have been destroyed.

If several “ id le ” wires are a ttached  to  the contact, the  curren t surge, 
and the  num ber and duration  of the con tac t reopenings, increase, bu t 
no t usually in d irect proportion to  th e  num ber of wires. If th e  idle 
wires are a ttached  to  the  load relay winding term inal instead of to  the 
contact, the  curren t is smaller, as the  length of single wire from relay 
winding to  con tac t is effectively in series w ith them .

In the telephone relay circuits which we are considering, the steady  
s ta te  cu rren t plays little  p a rt during con tac t closing if the  con tac t carry 
ing relay is properly adjusted , as the  contacts come to  rest while the 
cu rren t is still held a t  a small fraction of its final value by the inductance 
of th e  load relay w inding.

U nder some conditions which are m ore likely to  occur in telegraph 
than  in telephone circuits the  con tac t closure phenom ena are som ewhat 
different from those described above. Assume, for example, th a t the 
potential betw een th e  open contacts m ay be ad justed  in a  range be-

1 Bounce, as distinguished from chatter, reopens the contacts after several thou
sandths of a second.
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tw een 30 and  250 volts while th e  final d irec t cu rren t is lim ited by 
circuit resistance to  less th an  0.5 am pere. A t the  low voltage, observa
tions of th e  cu rren t and  voltage transien ts ind ica te  th a t  th e  closing 
con tac ts  m erely discharge th e  line. As th e  vo ltage is raised so th a t 
th e  cu rren t surge peak is in th e  range betw een 0.5 am pere and  1 am pere 
th e  reopenings, due presum ably  to  overheating of th e  con tac ting  areas 
by th e  discharge, are  observed. These becom e m ore frequent as the  
voltage and  cu rren t increase, and a  new type  of cu rren t surge begins to  
appear. T h is is placed on th e  tim e axis ahead of th e  po in t a t  which the 
in itial closures have been occurring (usually 5 to  10 m icroseconds 
earlier) and consists of one or m ore irregularly  spaced heavily  dam ped 
pulses of cu rren t lasting only a small fraction of a  m icrosecond and 
ev idently  discharging only a  m inu te  am ount of th e  energy sto red  in 
th e  system . T hey  occur perhaps once in a hundred closures a t  30 volts, 
nearly  every closure a t  100 volts, and  several for every  closure a t  250 
volts. I t  is believed th a t  th e  transien ts  observed ind icate  th e  form a
tion of m inute  m etallic bridges 2 betw een the approaching co n tac ts  due 
to  a  softening of the m etal by  a  cold po in t discharge and its deform ation 
by  th e  s ta tic  field, and  th a t  once form ed th ey  are  exploded b y  the  
discharge of cu rren t from  th e  relay  s tru c tu re  and  ad jacen t wiring. 
T h e  high fields necessary for phenom ena of th is ty p e  are  of course 
due to  th e  m inute  d istances as th e  con tac ts  approach  final closure. A 
good deal of the  erosion on telegraph relay  co n tac ts  opera ting  on 
capac ita tive loads or shunted  by  resistance-capacity  “ spark-killer ” 
circuits is probably  due to  these “ preclosures,” b u t th ey  are  no t 
though t to  be of m uch im portance a t  th e  lower b a tte ry  voltages of the  
telephone p lan t.

H aving now described th e  phenom ena as co n tac ts  close in a  d o u b t
less over-simplified m anner, we m ay  consider th a t  th ey  have been 
closed for a  long tim e, th e  d irec t cu rren t and  th e  m agnetic  field of the  
load relay  are established and  th e  con tac ts  are  to  be separa ted . T he 
action  now becomes really com plicated and m uch of it  is as y e t only 
surm ised. Several different th ings m ay  happen, and  these are  influ
enced by  hum idity , d irt, surface films, absorbed gases and  m an y  o ther 
factors, including the speed of co n tac t separation , th e  roughness of the 
surfaces, and  th e  presence or absence of a  w iping m otion as well as the  
physical properties of th e  co n tac t m aterials.

If the  steady  cu rren t exceeds certa in  well-known values ranging  be
tw een 0.4 am pere and 1 am pere, characteristic  of th e  co n tac t m ateria ls,

2 “ The Formation of Metallic Bridges between Separated Contacts,” G. L. 
Pearson, Phys. Rev., Sept. 1, 1939, Vol. 56, pp. 471-474.
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a m etallic arc is formed as the  con tac ts  separate .3 T his is m aintained 
a t  an initial potential of abou t 15 volts, and increases to  a  final value 
usually below 30 volts. T he arc m ay last several milliseconds, b u t 
when it breaks i t  is followed by  a  complex transien t lasting possibly 
another millisecond. These transien ts  m ay be of two general types 
to  be described later. T his case is no t of m uch im portance in the 
telephone p lan t as the steady  cu rren t is ordinarily  kep t below the 
value a t  which prolonged arcing occurs.

M etallic arcs lasting several ten  thousand ths of a  second, and also 
followed by complex transien ts, m ay occur in breaking steady  curren ts 
considerably less th an  those ordinarily  believed to  cause arcing. T he 
effect of these transien t arcs on con tac t life has no t been studied 
separately, b u t they  can hard ly  fail to  increase the erosion. T heir 
effect is unavoidably included in the studies of co n tac t life in the  higher 
range of d irect cu rren t values. Figure 2 shows the voltage between a 
pair of opening silver con tacts in which the steady  curren t (0.25 am 
pere) is strong enough so th a t a  brief m etallic arc (indicated by  th e  
upw ard deflection of the  trace  to  a  new horizontal position) precedes 
the  final transien t.

If th e  s teady  s ta te  cu rren t is low enough so th a t  neither prolonged 
nor brief m etallic arcs are formed a t  th e  initial co n tac t separation, one 
of tw o general types of complex transien ts occurs, or bo th  types m ay 
be mixed. T hese have been designated the  “ A ” and “ B ” types. T he 
“ B ” type  transien t seems to  be th e  m ore norm al and it  is difficult, 
probably impossible, to  set circuit and con tac t conditions which will 
never give a  “ B ” transien t. I t  is identified by  a  b righ t spark  between 
the  contacts, showing in a spectroscope b righ t lines of th e  vaporized 
m etal, and consists of a  series of d isruptive sparkovers a t  gradually  
increasing voltages. Each sparkover is individually very  com plicated. 
T he appearance of the  con tac ts during th e  “ A ” type  transien t is 
radically  different from th a t during the  “ B ” transien t. T here will be 
a m inute b righ t spark, surrounded by a  violet cloud which spreads out 
from the im m ediate con tac t area over the  negative con tac t and som e
tim es travels as far as a  six teenth  of an inch from  the working area.

As a resu lt of thousands of observations of the transien t currents 
and voltages, and  m any experim ents, and discussions w ith several 
physicists and engineers w ith whom the w riter is associated, a  plausible 

.explanation of the phenom ena has been arrived a t  and will be given as 
a t  least a  working hypothesis.

3 “ Minimal Arcing Current of Contacts,” H. E. Ives, Jour. Franklin Institute, 
October, 1924.
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T h e voltage wave form  of an en tire  “ B ” transien t, covering th e  tim e 
from  the initial separation  of the contacts to  th e  final subsidence of 
th e  voltage charging th e  line wire, is shown in Fig. 3, and  th e  a-c. com 
ponents of the cu rren t in th e  range from 20 kilocycles to  20 m egacycles 
are shown in Fig. 4. T he low-frequency com ponents of th e  cu rren t are 
com paratively  weak. A line and  load relay  were chosen to  give a 
rela tively  sim ple tran sien t w ith  the im p o rtan t com ponents a t  frequen
cies which could be photographed. A 500-ohm W estern  E lectric  
U -type relay and a line of 300 ft. of No. 22 sw itchboard  pair were used. 
T he m ate  wire of th e  pair was grounded a t  bo th  ends. T h e  cu rren ts 
and  voltages were no t photographed sim ultaneously b u t th e  types of 
th e  tran sien ts  were correlated  b y  repeated observations. A cu rren t 
p ic tu re  will no t exactly  correspond to  a voltage p icture, as th e  tr a n 
sients produced by successive operations of a  co n tac t are  never 
identical.

T he “ B ” tran sien t m ay  be explained as follows, using as a  basis th e  
sim ple circuit of Fig. 1. T h e  stead y  cu rren t is established and  th e  
con tac ts s ta r t  to  separate, m oving a p a rt a t  a  speed, w hich is a t  first 
surprisingly slow (about an inch a  second). T h e  co n tac ts  have  been 
deform ed by  th e  pressure betw een them , and  as th is  is relaxed the 
cu rren t density  and th e  tem p era tu re  a t  the  con tac ting  areas rap id ly  
increase un til a t  some light pressure th e  area becom es so sm all th a t  
th e  cu rren t explodes it. T here  m ay be some necking ou t of th e  softened 
con tacts before th is and under some conditions there  are  ind ications of 
a m etallic arc lasting a fraction of a  m icrosecond, b u t a t  an y  ra te  an 
initial ru p tu re  occurs betw een ho t and soft m etal areas.

T h e  wire has been a t  ground poten tia l, b u t th e  b a tte ry  plus th e  
collapsing m agnetic field of the  load relay  com m ence to  charge it a t  a 
ra te  depending on th e  line and relay  w inding cap ac ity  and  th e  relay  
inductance and losses. In  ten  or tw en ty  m icroseconds, i t  has reached 
a t  th e  con tac ts  a  po ten tia l of from 50 to  200 volts. T h is is below the  
voltage a t  w hich sparkover due to  ionization of the  a ir can  occur, b u t 
som ething usually  happens w hich recloses th e  circu it. T h is is believed 
to  be caused in som ew hat the  sam e m anner as th e  “ preclosures” m en
tioned earlier. I t  is probable th a t  a  cold po in t discharge reheats the  
contacts. T his is followed by  a  collapse of th e  vo ltage to  ab o u t 15 
volts above zero in the  direction of th e  previous voltage, ind icating  th e  
form ation of a  m etallic arc. T h is lasts a  fraction  of a  m icrosecond 
and the voltage then drops to  nearly  zero, suggesting th a t  th e  co n tac t 
areas heated by the field cu rren t and  th e  arc have been draw n together 
in solid m etallic con tac t. T h e  line is discharged w ith an  oscillation of 
com paratively  low dam ping (which is characteristic  of th e  line wire)
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reaching a curren t peak usually ranging from 0.5 to  2 am peres. T he 
first cycle of the oscillation is d isto rted  by the higher resistance of the 
path  to  ground caused by the  arcing stage in the reclosure. A fter a 
few microseconds the contacts are opened a second tim e by the con
tinued m otion. Occasionally they  reclose a second tim e b u t they  
usually stay  open until the voltage has built up by  the continued dis
charge of the  load relay inductance to  a value between 300 and  350 
volts. Then a spark  occurs a t w hat is usually considered th e  m inim um  
sparking potential between con tac ts in air.

Figures 5 and 6 show the  voltage and cu rren t of th e  initial opening 
and reclosure of the contacts a t  the  s ta r t  of a “ B ” transien t. T he 
brief arc a t initial opening is barely  detectable in Fig. 5. Figures 7 and 
8 show sim ilar voltages and curren ts a t  an increased sweep speed. 
In  Fig. 7 th e  m etallic arc established during th e  reclosure is plainly 
evidenced by the collapse of the  voltage to  abou t 15 volts and its 
m aintenance a t this value for abou t a  microsecond before it drops to  
zero. T he effect of the arc in d istorting  the  oscillating discharge of the 
curren t from the line wire is evident in Fig. 8. T he curren t oscillation 
of Fig. 8 m ay be duplicated m erely by charging the line wire to  a su it
able voltage through a high resistance and closing the  contacts, the 
far end of the  line being grounded through th e  load relay and a  large 
condenser which replaces the usual ba tte ry .

I t  is likely th a t th e  point discharge precedes the arc on reclosure by 
such a short tim e th a t it cannot ordinarily  be resolved. N evertheless 
disturbances of the  voltage and curren t are occasionally found which 
seem to indicate th a t a  discharge path  formed and was checked (pos
sibly by m elting off the point) w ithout establishing an arc or m etallic 
bridge. Such a d isturbance of the  rising voltage is indicated in Fig. 9 
by  a high-frequency oscillation abou t 5 microseconds after the first rise 
of the voltage trace. Figure 10, which shows the cu rren t of the  second 
of two initial reclosures, indicates a  sim ilar phenom enon. Five m icro
seconds after the ru p tu re  of the  circuit, shown by  the downward 
deflection of the  zero line, a dim  line upw ard records a cu rren t surge 
lasting a fraction of a microsecond and reaching abou t 3/4 am pere. 
This surge, however, did not result in the im m ediate form ation of an 
arc which was established abou t 5 microseconds later.

T he initial separation of th e  contacts does no t always result in a 
m etallic reclosure. F igure 11 shows the voltage of the early  p a rt of the  
“ B ” transien t. H ere the  first collapse of th e  voltage is a  sparkover 
from abou t — 300 volts which establishes an arc a t abou t — 15 volts. 
This arc is broken and, as th e  line is not com pletely discharged, the 
voltage between the contacts rises to  abou t +  140 volts; a  second arc is
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established a t  +  15 volts and broken in its  tu rn . Possibly because of 
the  continually  increasing distance, th e  arc is no t reestablished, and  
the  voltage builds up  w ith oscillations of a  frequency ch aracteristic  of 
the  line wire insulated  a t  bo th  ends until it  reaches — 300 vo lts a 
second tim e and ano ther spark  passes. T his tim e only one arc is form ed, 
and th e  recovery of th e  voltage s ta r ts  from  th e  positive side of the  
zero axis. T h e  cu rren t surges corresponding to  th e  voltage collapses 
of Fig. 11 are shown in Fig. 12. H ere the first pulse represen ts a 
sparkover w hich form ed only one arc. As th e  cu rren t from  th e  line 
reached abo u t 4 am peres it was checked and the  conducting  arc  was 
broken (possibly by  being extended laterally  in to  the  region of cooler 
m etal). T h e  second pulse shows the  cu rren t of a  sparkover which 
form ed tw o arcing periods.

T hese phenom ena are  shown in m ore detail in Figs. 13 and  14 w hich 
show th e  voltage and  cu rren t of a  sparkover form ing only one arc, and 
15 and  16 which show th e  w ave forms when tw o arcs are form ed. 
N ote  th a t  the  frequency of th e  cu rren t oscillation is th a t  of th e  line 
grounded a t  one end only (the im pedance of the  load relay  being high 
a t  th is frequency) and is ab o u t half th a t  of th e  vo ltage oscillation which 
is th a t of the  line open a t  bo th  ends. Oscillations of b o th  frequencies 
m ay  be found in th e  line a t  a  d istance from  either end.

Corresponding observations m ay  be m ade of th e  occurrence of 3, 4 
and 5 arcing periods, the  p a tte rn  followed being ab o u t th e  sam e. 
T h e  higher the  voltage a t  sparkover th e  m ore arcing periods; an odd 
num ber of arcing periods is followed by a recovery of th e  vo ltage from  
th e  opposite side of th e  zero axis from th a t  of th e  voltage before sp a rk 
over, an even num ber by  recovery from  the sam e side of th e  zero axis. 
T he arcing periods are individually  complex, hav ing  superposed on 
them  oscillations believed to  be due to  th e  relay  s tru c tu re  and the 
leads to  th e  oscillograph which are  too fast to  be resolved ph o to 
graphically  b y  th e  m eans available. T hese oscillations m ay  be ob
served visually by  using higher sweep speeds and  reach frequencies of 
250 megacycles.

W hile th e  arcs ordinarily  do no t exceed a  m icrosecond in duration , 
they  are probably  an im p o rtan t factor in determ ining  co n tac t erosion, 
as several hundred m ay occur a t  each co n tac t opening.

As m ay  be seen from Fig. 3 th e  sparkovers continue to  occur, the 
successive voltage breakdow ns corresponding to  th e  norm al sparking 
poten tia l as the  co n tac t separation  increases w ith tim e (w ith some 
irregularities due to  residual ionization in th e  gap) un til th e  separation  
is finally so large th a t  th e  energy rem aining in th e  load relay  canno t 
charge th e  line to  the  breakdow n voltage. A t th is stage th e  line dis-
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Fig. 2—“ A ” transient starting with metallic arc (voltage).
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Fig. 3—Entire " B ” transient (voltage).
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Fig. 4—Entire “ B ” transient (current).
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Fig- 5— Initial opening and reclosure- 
“ B ” transient (voltage).
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Fig. 6— Initial opening and reclosure— 
“ B ” transient (current).
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Fig- 7 Initial opening and reclosure— “ B ” transient (voltage) rapid sweep.
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Fig. 8— Initial opening and reclosure— “ B ” transient (current) rapid sweep.
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Fig. 9—Evidence of point discharge, voltage.
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Fig. 10—Evidence of point discharge, current.
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Fig. 11—Early part of “ B ” transient, voltage.
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Fig. 12—Early part of “ B ” transient, current.
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Fig. 13—Single sparkover of “ B ” transient, 
with single arc (voltage).
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Fig. 14—Single sparkover 
“ B "  transient, with single 
(current).
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Fig. 15—Single sparkover of “ B ” transient, with double arc (voltage).
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Fig. 16—Single sparkover of " B ” transient, with double arc (current).
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Fig. 17—Typical “ mixed A and B ” transient (voltage).
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Fig. 18—Effect on voltage transient of changing wire line length— 1100 ft.
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Fig. 19—Effect on voltage transient of changing wire line length—600 ft.
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Fig. 20—Effect on voltage transient of changing wire line length— 150 ft.
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Fig. 21—Effect on voltage transient of changing wire line length—50 ft.
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Fig. 22—Effect on voltage transient of changing wire line length— 10 ft.
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Fig. 23—Effect on voltage transient of changing wire line length— 10 ft.
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Fig. 24—Effect on voltage transient of changing wire line length— 10 ft.
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Fig. 25—Oscillation on glow discharge of “ A ” transient (voltage).
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0 2 4  6 6
MICROSECONDS

Fig. 26—Start of “ A ” transient (voltage).
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. 27—Start of stable glow discharge of “ A ” transient (voltage).
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Fig. 28—Start of “ A ” transient (current).
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charges slowly back through the  load relay to  the b a tte ry  voltage. 
T he peak voltage reached m ay be as high as 2000 volts.

T he principal characteristics of the  “ B ” discharge can be produced 
by  a  simple experim ent which does not use a load relay, T he transien t 
is no t dependent on a load inductance, b u t only on a source of voltage 
which will charge a wire a t a  sufficiently rapid (bu t no t too rapid) ra te  
while a  pair of contacts, which initially  ground the wire, are separating. 
If a  wire abou t 100 ft. long is connected to  a source of som ew hat more 
than  350 volts through a resistance of from 5000 to  20,000 ohms, and is 
also grounded by a  con tac t a t  one end, a  transien t is produced when 
the  contacts open which shows the characteristics of a “ B ” type 
transien t except the  final dying aw ay of the  voltage to  50 volts.

I t  m ust not' be understood th a t  every spark  tran sien t is purely of 
either th e  “A ” or th e  “ B ” type. I t  is very  common for the  “A ” type 
transien t to  b reak  down in to  the “ B ” type  and less often th e  “ B ” 
transien t establishes th e  gas glow discharge for a brief period in the 
m iddle of th e  sparkovers.

A “ m ixed” transien t is shown in its  en tire  duration  in Fig. 17. 
Here, a fter a  group of sparkovers, a  period in which th e  voltage is 
m aintained steadily  a t  ab o u t 300 volts for about 0.0002 second in ter
venes, and is followed by  m ore sparkovers from considerably higher 
voltages. In order to  produce th is transien t the  length of the  line 
wire was reduced to  10 ft., a t which length and w ith a 1000-ohm load 
relay the tendency is to  produce in te rm itten t groups of “ A ” or “ B ” 
transients, interspersed w ith the  mixed type  shown, when the re lay  is 
operated frequently.

T he num ber of sparkovers in each “ B ” tran sien t varies w ith the  
circuit conditions. As m any  as a  thousand m ay be found w ith  a load 
consisting of a num ber of relays in parallel on a wire of m oderate 
length and as few as one in the  lim iting case.

W hile the occurrence of the  “ B ” transien t is favored b y  long line 
wires and high im pedance relay loads, beyond a certain  length which 
w ith telephone relays and wiring is from 300 to  2000 ft. (the longer 
lengths being associated w ith the lower im pedance relays) no spark 
overs a t  all occur. T he voltage build-up is so slow th a t th e  sparkover 
po ten tia l is no t reached a t  any  tim e during con tac t opening and the 
contacts m ay be said to  be protected  by  the line wire. T he series of 
voltage oscillograms, Figs. 18 to  24 inclusive, shows the change from  a 
sm ooth tran sien t w ith no sparkovers through th e  “ B ” type  w ith an 
increasing num ber of sparkovers to  the final “ A ” type. T he “ A ” 
type  transien t of Fig. 22, which has superposed on th e  300-volt gas 
glow discharge stage a relaxation type of oscillation, the “ B ” transien t
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of Fig. 23 and th e  sim ple “ A ” transien t of Fig. 24, were all produced 
under identical conditions in quick succession. T h e  change in 
characteristics from Fig. 18 to  Fig. 24 was produced m erely b y  a 
reduction in the  length of th e  connecting wire from  1100 ft. th rough  
three in term ediate  stages to  10 ft., a  1000-ohm load re lay  being used. 
T his explains a puzzling effect noted w ith  m any  co n tac t m aterials. 
W ith  a supposedly identical circuit, the  erosion will be sm all w ith  
very  sho rt wires, increase rap id ly  as th e  w iring length increases, and  
then decrease again becom ing very  small w ith  very  long wires.

T h e  “ B ” tran sien t is m ore frequently  observed w ith  freshly filed 
contacts, a t  high hum idities, and  w ith  a rolling or w iping m otion of 
th e  con tac ts  in opening. I t  is alw ays found if the  co n tac ts  a re  of 
oxidized m etal or operate  in an oxygen atm osphere. In  fact, there  
seem to  be good reasons for believing th a t its  production  is bound up 
w ith  th e  presence of oxygen on or in th e  surface of th e  active co n tac t 
m etal.

I t  m ay  be seen from  th e  la s t series of oscillograms th a t  if th e  circuit 
and  the  conditions of th e  co n tac t surfaces are  ju s t  righ t, th e  “ B ” 
transien t is replaced by  a m uch sim pler and less stab le  type, th e  “ A ” 
transien t. I t  will occur usually  when th e  w iring is sh o rt or th e  load 
relay  is of low im pedance, w ith con tac ts  w hich have been operated  
until the  original surface has been burned off and  have no t stood idle 
m ore than  a few m inutes. I t  s ta r ts  m uch as does th e  “ B ” type, b u t 
a fte r a  dozen or a  hundred  sparkovers from  ab o u t 350 volts, which 
come m uch closer together in tim e th an  those of th e  “ B ” transien t, 
th e  voltage becomes s teady  a t  abou t 300 volts. T h is condition lasts 
for perhaps 0.6 millisecond, then  th e  voltage rises to  ab o u t 400 or 
450 volts and gradually  reduces, reaching th e  b a tte ry  voltage after 
several milliseconds. A typ ical “ A ” ty p e  tran s ien t is shown in 
Fig. 24. I t  is suggested as a  hypothesis th a t, during  th e  sparkover 
stage, the  oxygen is being exhausted from the  surfaces of th e  cu rren t 
carry ing areas of th e  con tac ts  by  burn ing  th e  m etal and  th a t  when 
th is has been com pleted, a  nitrogen gas glow discharge is form ed and 
m aintained during  th e  rest of th e  co n tac t opening, if the  supply  of 
energy from  the  load inductance th rough  th e  line is rap id  enough to  
p reven t the  voltage from dropping below ab o u t 280 volts.

T h e  glow discharge phase of th e  “ A ” tran sien t is unstab le. If 
tran sien t voltages induced by  th e  operation of relays in o ther circuits 
reach th e  co n tac t gap during th e  tim e th a t a  sustained glow discharge 
is a ttem p tin g  to  form , its  form ation is interfered  w ith  and  a  mixed or 
“ B ” ty p e  tran sien t results. Occasionally, as illustrated  in Fig. 22, 
th e  glow discharge of th e  “ A ” tran s ien t has superposed on it a  saw-
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toothed oscillation of from 10 to  50 volts peak-to-peak. P a rt of an 
“ A ” type  transien t showing this peculiarity  is illustrated  by the 
oscillogram of Fig. 25. T his appears to  be a relaxation oscillation 
such as is com m only produced in ionized gas tubes, riding on the norm al 
300-volt axis of the gas glow discharge. T he conditions which lead 
to  the  occurrence of th is oscillation a t  atm ospheric pressure have not 
been identified, b u t it is found to  be qu ite  stable in some cases where 
contacts have been sealed in a m ixture of air and gases a t  abou t half 
atm ospheric pressure.

A typical “ A ” transien t is shown in detail in Figs. 26, 27, and 28. 
T he circuit consisted of a  250-ohm relay connected to  the  contacts by  
10 ft. of wire, the b a tte ry  being 50 volts as usual. F igure 26 shows 
the  voltage of th e  early  p a rt of the  transien t during which rapid 
sparkovers are interspersed w ith tw o brief periods during which a  gas 
glow discharge was established b u t no t m aintained. Figure 27 shows 
the final sparkover before the establishm ent of the  glow discharge a t 
abou t 300 volts. A  group of the  cu rren t pulses corresponding to  the  
initial p a r t of th e  sparkover stage is shown in Fig. 28. These are 
com plicated by the line oscillations (which should be of abou t 30 
megacycles frequency) and appear to  last less than  0.1 microsecond.

I t  m ay be seen th a t  the  individual sparkovers a t  th e  s ta r t of the 
“ A ” transien t are som ew hat different in form from those of the “ B ” 
transien t. T he voltage reaches 320 volts in a microsecond or so, and 
in some cases collapses to  zero or beyond im m ediately. T here are 
sometimes indications of arcing periods lasting m uch less th an  0.1 
microsecond and the  voltage recovers w ith oscillations of the  line wire 
b u t the  duration  of th e  phenom enon is too brief for very accurate 
analysis. B ut in m any cases, the voltage, having reached its peak, 
drops to  an interm ediate value of 280 volts and recovers to  320 volts 
before it  collapses. This is probably due to  the  tem porary  form ation 
of the  nitrogen glow discharge, which is finally established and m ain
tained during  the  rem ainder of th e  con tac t opening when for some 
reason the  sparkover does no t occur. In  cases where the contacts are 
on the  verge of producing a “ B ” transien t th e  voltage m ay rise to  
500 volts and then collapse to  the  300 volts of the gas glow discharge.

I t  is very in teresting to  set up a circuit which will cause the  “ A ” 
transien t to  predom inate, and s ta r t  operating freshly filed contacts 
several tim es a second observing the  transien t voltage a t  con tact 
opening on the oscilloscope. T he first transien t will always be of the 
“ B ” type. Usually the  first few dozen will also. However, after a 
while one of the  transien ts will show a flat top  a t abou t 300 volts for 
a very  brief period and this tendency increases until finally a com plete
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“ A ” tran sien t occurs. A fter th is, the  “ A ” transien ts  becom e m ore 
and m ore com m on un til finally th e  “ B ” transien ts  occur perhaps once 
in a hundred  openings. If, then , a gentle stream  of oxygen is blown 
on the  contacts, only “ B ” transien ts  will occur un til a  few seconds 
after it  has been tu rn ed  off. Blowing th e  b rea th  on th e  con tac ts  has 
a sim ilar b u t less definite effect, while a  stream  of d ry  com pressed air 
has no effect.

If, on the  con trary , the circu it conditions are selected so th a t  “ B ” 
transien ts  predom inate, a  s tream  of n itrogen will induce “ A ” tra n 
sients. T h a t is, “ A ” tran sien ts  are  no t found in oxygen and  “ B ” 
transien ts  are  rare  in nitrogen.

If, instead of operating  th e  con tac ts  several tim es a  second, th ey  are 
operated  a t longer in tervals, th e  tendency  to  produce th e  “ A ” tran sien t 
is reduced. W hen con tac ts  are operated  in a ir a  certa in  in terval 
betw een operations can be found w hich causes all tran sien ts  to  be of 
th e  “ B ” type. T his p robably  depends on h u m id ity  and  also on 
circuit conditions and co n tac t m ateria l. In  one experim ent, a  w ait 
of 45 seconds betw een operations gave all “ B ” tran s ien ts  w ith  silver 
contacts, while a  w ait of five m inutes w as required  w ith  palladium  
contacts. T h is is possibly due to  a  different ra te  of film form ation.

Life tests  on palladium  con tac ts  show m uch lower erosion w ith  “ A ” 
transien ts th an  w ith “ B ” transien ts . T h e  effect of th e  tw o types of 
transien t in te rm inating  the  life of silver co n tac ts  is n o t m arkedly  
different. T h e  contours of th e  eroded surfaces exhib it a  w ide varie ty , 
and  it  is no t easy to  correlate th e  tran s ien t ty p e  w ith  its  effect. I t  is 
evident, however, th a t  areas of the  con tac ts  w hich have never been in 
th e  d irect cu rren t p a th  m ay  be severely eroded.

W hen we consider th a t  th e  “ B ” tran sien ts  produce oscillations in 
th e  line wires reaching several hundred  volts and  often fifteen am peres, 
it is no t to  be wondered a t  th a t  clicks will be produced in circuits in 
the  im m ediate neighborhood of unpro tected  relay  con tacts. T h e  “ A ” 
transien ts  produce m uch w eaker cu rren ts th a n  th e  “ B ” transien ts  
and m any  con tacts on successive operations will produce “ A ” , “ B ” , 
or mixed types. T h is explains th e  com m on observation th a t  relay 
clicks v a ry  over a  wide range of am plitudes. T h e  arrangem ent of 
telephone circuits in w hich th e  cabled w iring alw ays contains a  large 
num ber of grounded conductors, and  is often enclosed in a  lead shield, 
p revents any  appreciable free rad ia tion  of th e  sp ark  tran s ien t oscilla
tions.

W ith  th e  foregoing inform ation available th e  co n tac t erosion process 
a t  opening con tac ts  appears briefly to  be as follows. A t very  m in u te  
separations high field s treng ths exist even for m oderate voltages. T he 
resulting cold po in t discharge is often followed by  a  m etallic arc
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w hich softens a tin y  point on th e  co n tac t which is pulled ou t and 
fused in to  m etallic con tac t under the action of the  high fields. A fter 
ru p tu re  by  increasing separation or increasing cu rren t density , the 
process m ay  rep ea t or, as is m ore likely, th e  separation is too  g reat 
for ano ther m etallic bridge to  form. T he high field discharge then 
sets the  stage for the next type  of conduction or breakdow n. T his 
m ay  be e ither a  series of sparkovers interspersed w ith m etallic arcs of 
extrem ely short duration  or a  gas glow discharge, in itially  in te rm itten t 
and then m ore or less stable. F acto rs predisposing tow ard one or the  
o ther ty p e  of discharge are  known th u s far only in a  m ost general 
fashion and m uch rem ains to  be done before th e  relation between 
con tac t erosion and th e  tran sien t cu rren ts and voltages can be pre
dicted accurately . T here is am ple evidence th a t  m olten m etal m ay 
be expelled from the  im m ediate co n tac t area a t  high velocity and 
m ay  be deposited a t  d istances of a t  least 0.1 inch. I t  also appears 
th a t  b o th  th e  ionized nitrogen cloud of the  “ A ” tran sien t and the 
d isruptive sparks of th e  “ B ” tran sien t m ay corrode the  con tacts and 
the ir supports a t  locations and  distances w hich never en ter directly  
in to  th e  ru p tu re  of th e  cu rren t pa th .

W e have seen th a t  th e  line wire contribu tes to  th e  cu rren t surges 
through con tac ts due to  its  properties as an oscillatory circuit, charged 
repeated ly  by  th e  energy stored  in th e  m agnetic field of th e  relay. 
T he surges and th e  re su ltan t erosion m ay be reduced in several ways. 
If a  radio frequency choke coil is connected betw een th e  con tac t and 
th e  line wire, th e  discharges of th e  la tte r  are m uch reduced, and the 
“ A ” ty p e  gas glow tran sien t favored. A group of m any cu rren t 
surges of 15 am peres peak  m ay  in  m ost cases be reduced to  one or tw o 
of 0.15 am pere or less, and a radical reduction in erosion secured. 
U nfortunately  choke coils are expensive and  inconvenient. T he usual 
line wire m ay  be term inated  in approxim ately  its  surge im pedance by  
shunting b o th  ends to  ground w ith  a  resistance of ab o u t 100 ohms in 
series w ith  a condenser of th e  order of 0.01 mf. T his heavily dam ps 
the line oscillations and greatly  reduces th e  num ber and  severity  of 
th e  curren t surges. I t  is also expensive. Instead  of th e  copper line 
wire, a  m aterial such as iron or perm alloy plated  copper having a  high 
surge im pedance and large high frequency a-c. losses m ay be used. 
This seems m ore practical, b u t brings up new problem s in design, 
handling, and soldering.

T he m ost effective m eans of reducing erosion is of course th e  well 
known “ spark-killer ” (consisting of a  condenser and resistance in 
series, shunted  across th e  con tac t or load), which can be designed to  
hold the voltage below th e  sparkover point a t  least until the  contacts 
have separated  a  safe distance.
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W hen the  conventional spark-killer is used it is generally  assum ed 
th a t  w hat sparking then  occurs is due to  th e  discharge of th e  condenser 
w hen th e  con tac ts  close, provided th a t  the  “ sp ark -k ille r” preven ts 
the  voltage a t  co n tac t opening from  reaching 350 volts. U n fo rtu 
nately  th e  “ reclosure” effect described earlier appears unless th e  
initial rise of voltage as th e  co n tac ts  separa te  is held down to  a value 
considerably below the  sparking poten tia l by  a su itab le  choice of th e  
resistance in series w ith  th e  “ sp a rk -k ille r” condenser. If th e  ra te  of 
increase of th e  initial vo ltage in relation  to  th e  speed of separation  of 
the con tac ts exceeds a figure w hich seems to  depend on th e  con tac t 
m aterial and the condition of its  surfaces, the  high field po in t discharge 
comes into play and causes th e  separa ting  con tac ts  to  reclose m eta l
lically while th ey  are still a t  a  m inu te  separa tion  and  m oving a p a rt 
very  slowly. In  “ reclosing” th e  line wire and  condenser are dis
charged, the  cu rren t explodes th e  m inu te  m etallic bridge, producing a 
visible spark , and  th e  circuit is th u s reopened. T h is m ay  occur a  
dozen tim es in some cases before th e  con tac ts  finally s ta y  separated . 
T he higher the voltage w hich th e  spark-killer perm its th e  m ore likely 
are th e  reclosures to  take  place, and the  larger th e  num ber of reclosures 
a t  each co n tac t opening. However, reclosures are  usually  n o t very  
common in cases w here th e  voltage of th e  w ave fron t is held below 
50 volts. In  th e  m a jo rity  of cases in th e  telephone p lan t i t  is possible 
to  do th is w ithou t incurring m uch of a pena lty  due to  erosion of the  
con tac ts  on closing by  the discharge of th e  spark-killer condenser.

T his discussion is no t m ore th an  sufficient to  serve as an in troduction  
to  th e  problem s of co n tac t sparking as revealed by  th e  im proved 
observing technique used in th is study . O nly th e  sim plest cases 
have been considered, and  the  telephone p lan t is far from  being simple. 
M any  relays have m ultip le windings or m etal sleeves, and  m ultip le 
connections to  the  con tacts are very  com m on. As these com plications 
considerably m odify th e  co n tac t spark  w ave form  and  erosion, each 
co n tac t w ith associated circuits presents its  own problem . T he 
solution of these problem s involves th e  careful s tu d y  of c ircu it ch a r
acteristics of a  ty p e  w hich are ord inarily  left to  th e  radio  engineer, 
as well as of th e  m echanical, chem ical, and  m etallurgical properties 
of th e  co n tac t m aterials.

T he w riter wishes to  acknowledge th e  collaboration of M r. E . T . 
B urton in th e  observation and explanation  of th e  phenom ena and  the  
assistance of M r. I. E . Cole in th e  developm ent of th e  testing  a p p a 
ra tu s ; of M r. Glass, who developed the  ca thode ray  tu bes; and th a t  
of m any  engineers and physicists in our organization, in particu la r 
M essrs. M athes, Hogg, Goucher, and  Pearson, in th e  form ulation of 
some of th e  hypotheses expressed.



Effect of the Quadrature Component in Single 
Sideband Transmission

By H. NYQUIST and K. W. PFLEGER

PR E V IO U S article 1 gives an analysis of single sideband trans-
mission. Since th a t article was w ritten  th is subject, particu larly  

in its application to  p icture transm ission and television, has assum ed 
considerable im portance. For th is reason it  now seems desirable to  
am plify the  previous theoretical trea tm en t and to  indicate certain 
experim ental results w hich have been obtained in the m eantim e. T he 
present article gives experim ental evidence th a t, for a  given bandw idth, 
single sideband transm ission is d istinctly  superior to  double sideband 
in p icture transm ission.2 I t  also gives a theoretical discussion which 
indicates th a t  this is no t inconsistent w ith  the observed fact th a t 
oscillograms w ith single sideband transm ission show considerable 
distortion.

As described in the previous article d istortion to  be considered in 
single sideband transm ission as com pared w ith  double sideband 
transm ission arises in th ree ways.

1. T here m ay be presen t a slowly varying in-phase com ponent due 
principally to  the  inaccurate location of the carrier frequency with 
respect to  the edge of the filter characteristic.

2. T he edge of the  filter characteristic  where the carrier is located 
m ay be so designed th a t there is a  net d istortion due to failure of the 
vestigial sideband to  be accurately  com plem entary to  the principal 
sideband.

3. T here is present a  q uad ra tu re  com ponent which results in con
siderable distortion of the envelope of the received wave under ordinary 
conditions.

B y in-phase com ponent is m eant a  com ponent whose carrier is in 
phase w ith the steady  s ta te  carrier; by  quad ra tu re  com ponent is m eant 
a  com ponent whose carrier is in quad ra tu re  w ith the steady  sta te  
carrier. In  some of the theoretical work in the present article, idealized

1 Trans. A . I .E .  E ., Vol. 47, p. 617, April 1928.
2 A paper by Goldman: “ Television Detail and Selective-Sideband Transmission,” 

Proc. I. R. E., Vol. 27, pp. 725-732, Nov. 1939, dealing with the same subject, 
has been published since our manuscript was sent to the printer. While the two 
papers reach similar conclusions there is considerable difference in method between 
them.



64 B E L L  S Y S T E M  T E C H N IC AL  JO U R N A L

transducers have been assum ed such th a t the  first tw o effects listed 
above are absent. In  th e  physical netw orks w hich are covered by  
the  experim ental work and p a r t  of the theoretical work these effects, 
while no t absent, are found to  be un im portan t. T he presen t discussion 
therefore is principally  concerned w ith the th ird  of these effects, 
nam ely, the q u ad ra tu re  com ponent.

In a  recent paper Sm ith, T revor and C arter 3 have stud ied , bo th  
m athem atically  and experim entally , the  m a tte r of single sideband 
transm ission over a  ra th e r simple filter and  have found th a t  th e  enve
lope is g rea tly  d isto rted  w hen the  single sideband transm ission is used. 
T hey  give characteristics of the ir filters and also the  location of the  
carrier frequencies so th a t it  is possible to  deduce th a t  the  first tw o 
effects, listed above, are u n im portan t for some of the carrier frequencies 
used. T heir filter characteristics fall easily w ithin the usual requ ire
m ents for single sideband picture transm ission a t  a  speed ap p ro p ria te  
to  the  bandw idth . S ubstan tia lly  the  sole source of d isto rtion  in the ir 
work is the  presence of the  q u ad ra tu re  com ponent, w hen th e  carrier 
frequency is su itab ly  located.

Studies have also been m ade of a  p icture tran sm ittin g  system  of the  
type described by  Reynolds.4 T his system  m akes use of single side
band  transm ission which had been found in previous experim ents to  be 
practicable. These previous experim ents had  shown th a t  th e  q u a d ra 
tu re  com ponent was presen t and  was of considerable m agnitude, b u t 
th a t  the  im pairm ent in the p icture  was ra th e r  slight. T h ey  had  also 
shown th a t  if sufficient cu rren t was tran sm itted  for th e  d a rk est portion  
of the p icture th e  im pairm ent could be reduced to  the  po in t w here it 
was practically  no t detectable, and  th a t  a  fairly  small d a rk  cu rren t 
would suffice.

C o m p u t a t io n s

T he presen t section will be devoted to  th e  com putations of in-phase 
and  q uad ra tu re  com ponents corresponding to  certa in  assum ed idealized 
characteristics, and  reasons will be ind icated  w hy the p ic tu re  im p air
m ent should be m ateria lly  less th an  m ight be expected from  the a p 
pearance of oscillographic records of th e  signal.

Figure 1 indicates the m agnitude of the transfer ad m ittan ce  charac
teristic  w hich will be assum ed. T he characteristic  is m ade up  of tw o 
half-cycles of a  sine w ave separated  by  a horizontal portion . T he 
phase shift vs. frequency characteristic  is a  s tra ig h t line. In  order to  
sim plify subsequent sketches this co n stan t delay  has been p u t equal

3 R.C.A. Review, Vol. 3; p. 213, October 1938.
4 Bell System Technical Journal, Vol. IS; p. 549, October 1936.
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Fig. 1—Idealized transfer admittance characteristic. (Band pass system with no 
"delay distortion; F c is the carrier and s the fundamental dotting frequency.)

Fig. 2—-Graphical analysis of transmission characteristic. (The sum of these 
characteristics equals th a t in Fig. 1. The upper gives received signals with carrier 
in phase, and the lower, in quadrature with the sent wave.)

Fig. 3—Equivalent low-pass filter char
acteristic. (Used in computing enve
lopes of received signals for single side
band transmission.)

Fig. 4—Equivalent low-pass filter char
acteristic. (Used in computing enve
lopes of received signals with mid-band 
carrier.)

SENT SIGNAL 

\ q u a d r a t u r e

TIME

Fig. 5—Envelopes of received wave components for single transition, 
characteristic as shown in Fig. 1.
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to  zero. To take  accoun t of any  constan t delay  i t  is sufficient to  d is
place the com puted curve by  an am ount equal to  the  delay. T he 
characteristic  of Fig. 1 m ay  be separated  in to  tw o com ponents as 
indicated  in Fig. 2, w here the  top  one gives rise to  th e  in-phase com 
ponen t and  the bo ttom  one to  the  q u ad ra tu re  com ponent. Fc is the 
carrier frequency for single sideband com putations, and  it  is assum ed 
th a t  Fc is g reat in com parison w ith the bandw idth . T he characteristic  
of Fig. 1 does no t differ g rea tly  from those used in the  experim ental 
work. T he q u ad ra tu re  com ponent w ith the assum ed characteristic  
is som ew hat m ore pronounced th an  with, the experim ental ones. 
Figure 3 shows the equivalen t low pass characteristics. C urve g0 
gives rise to  the in-phase com ponent and curve b0 to  th e  q u ad ra tu re  
com ponent. F igure 4 shows the  low-pass characteristic  w hich is 
equ ivalen t to  the original characteristic  for double sideband com pu
ta tio n s w ith  the carrier located in the  middle.

Figure 5 gives the  com puted envelope for a  single transition  when 
th is transducer is used on a single sideband basis. T he figure shows 
th e  rectangu lar sen t wave, the  envelope of the in-phase com ponent, 
th e  envelope of the q u ad ra tu re  com ponent, and  the envelope of the  
re su ltan t wave. F igure 6 shows the corresponding received w ave for 
th e  double sideband case. T here is no q u ad ra tu re  Component and 
the in-phase com ponent and  the re su ltan t are identical. F igures 7 
and  8 show the single sideband envelopes for a  un it d o t and  a un it 
space, respectively. Figure 9 shows two dots in succession. Figure 10 
shows the  sam e case as Fig. 9 w ith the exception th a t  d a rk  cu rren t 
14 db below the m axim um  cu rren t has been added. Figures 11 and  12 
correspond to  Figs. 9 and 10, the  difference being th a t  th e  do ts are 
shorter. F igure 13 shows a succession of five dots. F igure 14 shows 
two dots as tran sm itted  on a double sideband basis. In  all the  figures 
b u t 11 and  12 the fundam ental d o ttin g  "frequency is 5 as indicated  in 
Figs. 1, 3 and 4. In  Figs. 11 and  12 the d o ttin g  frequency is 45/3.

In com paring these figures a  num ber of th ings will be ap p aren t. In 
the  first place, there  is in the single sideband case a  considerable 
broadening of all the m arks due to  the  presence of the  q u ad ra tu re  
com ponent. A second effect to  be noted  is th a t th is broadening does 
not cause the do ts to  run together nearly  as m uch as m ight be expected. 
T his is particu larly  strik ing in Fig. 11 w here the running  together of 
the two dots is only slightly  grea ter th an  it  would be w ith the in-phase 
com ponent alone. T he reason for th is is th a t  when the do ts tend  to 
run together the  con tribu tions from  successive do ts to  the q u ad ra tu re  
com ponent tend to  cancel each o ther instead of adding  to  each other 
as is the case w ith in-phase com ponents. T he broadening of Fig. 11
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Fig. 6—Transmission of single reversal, carrier at mid-band.

Fig. 8—Received signal for single space, characteristic as in Fig. 1.
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Fig. 10—Effect of transm itting dark current 14 db below maximum. 
(Compare with Fig. 9.)

Fig. 12—Effect of adding dark current with shortened dots. 
(Compare with Figs. 11 and 10.)

and  sim ilar figures is principally  on the  outside of do ts ra th e r  th an  on 
the inside. This tendency  of the q u ad ra tu re  com ponent to  d isappear 
when very  sho rt m arks are em ployed, accounts for the observed fact 
th a t  fine details are separa ted  w ith  single sideband m ethods as well 
as w ith double sideband m ethods Using tw ice the bandw idth . T h ird ly , 
the  figures illustra te  the effect of hav ing  finite d a rk  curren t. T h is
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effect is discussed below. O bservations of tran sm itted  pictures have 
shown th a t  w ith  the  d a rk  cu rren t of the m agnitude ind icated , i t  is 
p ractically  impossible to  d e tec t the im pairm ent from  th e  q u ad ra tu re  
com ponent, a lthough d isto rtion  is still ev ident on the com puted  curves. 
Figure 14 shows the  relatively  g rea ter tendency for the  double sideband 
dots to  run  together th an  the single sideband ones, for th e  sam e to ta l 
bandw idth . T he con tribu tions from the two dots are, of course, in 
phase and  therefore tend  to  add  in the in tervening space. I t  has been 
pointed ou t th a t  w ith single sideband transm ission the corresponding 
con tribu tions to  the  q u ad ra tu re  com ponent tend  to  cancel each o ther 
under these conditions.

SENT SIGNAL

RESULTANT 
(IN  PHASE)

1 1 1— “
T1111

——<______________1
”  s TIME

Fig. 14—Received signal for two dots, mid-band carrier.

D is c u s s io n

In  estim ating  the effect of the q u ad ra tu re  com ponent i t  is in structive  
to  com pare the in-phase com ponent and  the re su ltan t in, say, Fig. 13. 
I t  will be evident th a t  if the la tte r  w ave were used, for instance, for 
telegraph transm ission there would be a  considerable bias due to  the 
qu ad ra tu re  com ponent w hereas the  in-phase com ponent shows p rac
tically  no bias. Such a  re su ltan t w ave would show a decided im pair
m en t unless steps were taken  to  coun te rac t th is bias.

If, however, the sam e figure is considered from  the  s tan d p o in t of 
p icture transm ission it  will be clear th a t  the  difference is no t nearly  so 
strik ing. An obvious difference betw een a p ic ture  ob ta ined  w ith  the 
in-phase com ponent and one obtained  w ith the  re su ltan t is th a t  there 
is a  tendency  for a background of light g ray  to  be p resen t in the la tte r. 
Secondly, there is less co n tras t betw een the blacks and the w hites. 
B oth of these effects tend  to  be elim inated  in pho tographic  processes 
which follow the reception. M oreover, when they  are no t thus elim 
inated , they  are no t readily  seen on exam ining the p icture.

T he presence of d a rk  cu rren t increases the m agnitude of the  in-phase 
com ponent as com pared to  the  q u ad ra tu re  com ponent. Since the 
re su ltan t is equal to  the r.m .s. value of these tw o com ponents, it follows 
th a t  increasing one com ponent as com pared to  the  o ther causes th e
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larger com ponent to  approach the resu ltan t. Consequently, adding 
the d a rk  cu rren t causes the resu ltan t to  become more like the in-phase 
com ponent, thus reducing distortion due to  the quad ra tu re  com ponent. 
* In  half-tone pictures m any of the  transitions are in small steps. 
T he q uad ra tu re  com ponent for small steps is frequently  small com 
pared to  the  to ta l in-phase com ponent. By reasoning sim ilar to  th a t 
in the  previous paragraph, it  follows th a t distortion due to  quad ra tu re  
com ponent a t  small steps, is a p t to  be negligible. T he quad ra tu re  
effect in half-tones is also reduced by  the  fact th a t  some of the  changes 
are gradual.

T he apertu re  effect has no t been m entioned explicitly above. T he 
apertu re  effect m ay be considered as being equivalen t to  a certain  
frequency characteristic  and it  m ay be assum ed th a t  the  filter charac
teristics shown, include it. Incidentally , i t  is found th a t the  apertu re  
does no t greatly  affect the relationship between the in-phase and 
quad ra tu re  com ponents.

W hile it m ay be expected th a t  the quad ra tu re  com ponent should 
have sim ilar effects in p icture transm ission and in television, i t  is 
perhaps desirable to  po in t ou t th a t  there are im p o rtan t points of 
difference such as the presence of m otion in the television images and 
the difference in response characteristics of a television screen and a 
photographic surface. I t  is no t therefore an inevitable conclusion 
th a t television images will be as little  affected as p icture transm ission 
images by  the quad ra tu re  com ponent.

E x p e r i m e n t a l

T he conclusions are confirmed by certain  experim ental transm issions 
which were m ade over a  p icture m achine employing a single sideband 
system  as described by  Reynolds.5 T he system  m akes use of 100 lines 
to the inch and has a to ta l bandw idth  of about 1000 cycles. The speed 
of the spot of light over the p icture is abou t 20 inches per second. 
Two specimens of prin ting  of different sizes were transm itted . A 
portion of each specimen one centim eter wide, after transm ission, is 
shown in Fig. 15 enlarged to  abou t five tim es its original size in order 
to  avoid interference between the half-tone p a tte rn  and the picture 
pa tte rn . F igure 15 should be viewed a t  abou t five tim es the norm al 
reading distance. G roup (a) was transm itted  on a single sideband 
basis w ith the dark  curren t reduced practically  to  zero. Group (b) 
was sim ilarly transm itted , excepting th a t the dark  curren t was 14 db 
below the m axim um  current. G roup (c) shows a  double sideband

6 Loc. cit.
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transm ission over the same transducer, the  carrier being located a t  the 
center of the characteristic , the dark  cu rren t being practically  zero. 
I t  will be observed th a t the  single sideband transm ission gives m a
terially  more detail than  the  double sideband transm ission, thus indi
cating  th a t  the  presence of the q u ad ra tu re  com ponent is no t nearly so 
serious as a  halving of the frequency range. I t  m ight perhaps be 
though t th a t th is unfavorable showing of the double sideband tran s
mission is due to  the  presence of some special distortion which m ight 
be expected in a  filter designed for single sideband transm ission when 
used in a  m anner no t in tended. On exam ining the characteristics no 
such distortion is found.

A c k n o w l e d g m e n t

W e have had the helpful cooperation of Dr. P. M ertz in th is in 
vestigation.



Low Temperature Coefficient Quartz Crystals
By W . P . M A SO N

In  th is  p ap e r a  review  an d  am plification  a re  g iven  of th e  ty p es  
an d  ch a rac te ris tic s  of ex is ting  low te m p e ra tu re  coefficient cry s ta ls .
T h e  principal ty p es  a re  th e  coupled  frequency  c ry s ta ls , th e  long b a r  
c ry s ta ls , an d  th e  A T ,  B T ,  C T  an d  D T  shear v ib ra tin g  c ry s ta ls .
T h e  th eo re tica l frequencies for th e  A  T  an d  B  T  c ry s ta ls  ag ree well 
w ith  those  ca lcu la ted  from  th e  C hristo fel fo rm u la  for th e  ve loc ity  
of p ro p ag a tio n  in  a n  aeo lo trop ic  m edium . F o r a  fin ite  p la te  o th e r  
frequencies ap p e a r w hich a re  caused  by  couplings to  th e  flexure 
an d  low -frequency  sh ea r m odes. I t  is show n th a t  harm on ics  of 
th e  h igh-frequency  sh ea r m ode can  be excited  an d  will hav e  low 
te m p e ra tu re  coefficients. T h e y  can  be m ade to  s tab ilize  th e  fre 
quency  of u ltra -sh o rt-w av e  oscilla to rs. T h e  p ro p e rtie s  of th e  low- 
frequency  C T  an d  D T  shear v ib ra tin g  c ry s ta ls  a re  described . 
O vertone  v ib ra tio n s  of th e  sh ea r m ode of ap p ro x im a te ly  tw ice  th e  
frequency , h av ing  zero te m p e ra tu re  coefficients, hav e  been  found  
an d  these  have  been labeled  th e  E T  an d  F T  cu ts .

I t  is show n th a t  if tw o  o r m ore ro ta tio n s  of th e  c u t a re  m ade  
w ith  resp ec t to  th e  c ry s ta llog raph ic  axes, a  line of zero te m p e ra tu re  
coefficient h igh -frequency  c ry s ta ls  will be o b ta in ed . F o r  th e  low- 
frequency  shear c ry s ta ls  a  su rface  of zero te m p e ra tu re  coefficient 
cry s ta ls  should resu lt.

In  th e  la s t section  th e  v a ria tio n  of frequency  w ith  te m p e ra tu re  
of low  coefficient c ry s ta ls  is d iscussed, an d  th e  v a ria tio n  of a  new  
cu t, labelled  th e  G T, is described . T h is  c u t has zero  first and  
second d e riv a tiv es  of th e  frequency  by  th e  te m p e ra tu re , an d  as a 
resu lt has a  v e ry  c o n s ta n t frequency  over a  w ide te m p e ra tu re  
range. I t  h as been app lied  to  ve ry  c o n s ta n t frequency  osc illa to rs 
an d  frequency  s ta n d a rd s  an d  has g iven  a  co n stan cy  of frequency  
considerab ly  in  excess of th a t  o b ta in ed  b y  o th e r  low  coefficient 
crysta ls .

I .  I n t r o d u c t io n

jP \U R I N G  the p as t several years a  num ber of crysta l p la tes have 
been found w hich have the p roperty  th a t  a t  a  specified tem p era

tu re  the ir frequency will no t change w ith a small change in tem pera tu re . 
These crysta ls have proved very  useful in stabilizing the  frequencies 
of oscillators used in frequency s tandards, b roadcasting  sta tions, radio 
com m unication tran sm itte rs , a irp lane tran sm itte rs , and for o ther 
purposes. In  order to  bring o u t the ir p roperties and spheres of 
usefulness a  review and  am plification of them  are given in th is paper.

74
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T he first types of zero tem pera tu re  coefficient crystals were the 
so-called coupled types which obtained the ir low coefficient by  v irtue  
of the  in teraction betw een tw o m odes of m otion. T he first crystal of 
th is type was the “ d o u g h n u t” crysta l invented by  W . A. M arri- 
son,1 which was used in th e  Bell System  frequency s tandard . In  th is 
crystal the  principal v ibration  is a  shear and th is is coupled to  a 
flexure m otion in the  ring. T he low coefficient is obtained from the 
fact th a t  the  shear has a  positive tem pera tu re  coefficient, while the 
flexure has a  negative coefficient, and due to  the coupling there is one 
region for which the  tem pera tu re  coefficient goes through zero. T he 
next crystal of the  coupled type  was a  Y  cu t crystal of specified 
dimensions invented b y  R . A. Heising.2 In  th is crystal a  high- 
frequency shear w ith a  positive tem pera tu re  coefficient was coupled 
to  a  harm onic of a  low-frequency flexure, and a zero coefficient resulted 
a t  one tem pera tu re  due to  the  coupling. O utside of their use in a 
frequency standard , such coupled types of crystals have no t been 
applied m uch for commercial purposes on account of the  difficulty of 
ad justing  them , the difficulty of m ounting them , and the prevalence 
of spurious frequencies near th e  desired frequency.

T he next low -tem perature coefficient crystals were crystals of the 
long bar type. I t  has been known for a  long tim e th a t the tem perature 
coefficient of an X  cu t crysta l w ith its length lying along the Y  or 
m echanical axis was very  low provided the w idth of the crystal lying 
along th e  optic axis is very  small com pared to  the  length. T his is 
illustrated  by  Fig. 1 taken  from  a form er paper 3 which shows th a t 
for a  crystal whose w idth  is less th an  0.15 of its  length the  tem perature 
coefficient is abou t 2 p arts  per million per degree centigrade. F u rth e r
more, it was found b y  the w riter in 1930 3 th a t if the thickness of the 
crystal laying along the X  or electrical axis was increased the tem per
atu re  coefficient was decreased and in fact for certain  ratios of axes 
the coefficient approached zero. For a  bar of square cross section the 
zero coefficient occurs when the  ra tio  of w idth to  length is approxi
m ately 0.272. T his apparen tly  is also the m ethod for obtaining a 
low -tem perature coefficient used in the  H ilger resonator. T he second 
harm onic of th is vibration has been used in the frequency standards 
of the  Physikalisch-Technische R eichsanstald t.4 In  their standards

1“ A High Precision Standard of Frequency,” W. A. Marrison, Proc. I . R. E., 
April 3, 1929. . . .

2 This crystal is described by F. R. Lack in "Observation on Modes of Vibration 
and Temperature Coefficients of Quartz Crystal Plates,” Proc. I . R. E ., July 1929, 
Vol. 17, pp. 1123-1141, and Patent No. 1,958,620 issued May 15, 1934.

3 “ Electrical Wave Filters Employing Quartz Crystals as Elements,” B. S. T. J ., 
July 1934, Pages 411 and 412.

4 A. Scheibe and V. Adelsberger, Ann. d .  Phys. 18, 1, 1933.
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th e  length  is cu t along th e  X  axis and the  v ib ra tion  is excited by 
fields applied along the  length of the bar. Since a  ro ta tio n  ab o u t the  
optic or Z  axis does no t change the  properties of the  elastic  constan ts  
involved in th is v ibration , th is b a r should have a zero tem p era tu re  
coefficient a t  ab o u t th e  sam e ra tio  of axes as th a t  given above. T he 
zero angle of o rien tation  is, however, no t the m ost favorable angle of 
o rien tation  for the  fundam ental v ib ration  of a long bar, for if the  
length  of the  crysta l lies a t  an  angle of +  5° w ith  respect to  th e  Y  or 
m echanical axis, th e  coefficient of a  long b ar is nearly  zero.5 These

DEPTH OF OPTICAL AXES IN M ILLIM ETERS

Fig. 1—Temperature coefficient of a perpendicularly cut crystal for 
varying ratios of width to  length.

long b a r type  crystals have been used to  a  sm all ex ten t to  control 
oscillators and to  stabilize th e  pass bands of filters. T he ir sm all use 
is a ttr ib u tab le  to  th e  fact th a t  th ey  v ib ra te  a t  low frequencies and are 
difficult to  excite in an  oscillator circuit.

T he A T  and B T  h igh-frequency shear crystals and  the  C T  and  D T  
low -frequency shear crysta ls are  o ther low tem p era tu re  coefficient 
crystals and  they  are discussed in detail in section I I . These crystals 
are cu t w ith  the ir planes a t  specified angles w ith respect to  the crystal- 
lographic axes and all of them  involve a  single ro ta tio n  ab o u t an  axis 
which is parallel or approxim ately  parallel to  one of the  crystallographic 
axes. I t  is shown in section I I I  th a t  such crysta ls are no t th e  only 
zero coefficient crystals of these types th a t  can be obtained , for if we 
allow three ro ta tions ab o u t th e  crystallographic axes a  whole surface 
of zero tem pera tu re  coefficient crysta ls can be found. T hese crystals

6 M atsumara and Kansaki, “ On the Tem perature Coefficient of Frequency of Y  
Waves in X  Cut Quartz Plates,” Reports of Radio Researches and Works in  Japan, 
M arch 1932.
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are more difficult to  cu t th an  the standard  crystals and are more 
subject to  couplings to  o ther m odes of m otion and hence m ost of them  
are probably  of more theoretical in terest than  of practical value.

All of the  zero coefficient crystals described above are zero coefficient 
a t  a specified tem pera tu re  only and for tem peratu res on either side of 
the specified tem pera tu re  th e  frequency usually increases or decreases 
in a  parabolic curve w ith tem pera tu re . T his m erely expresses the 
fact th a t  the frequency-tem perature curve is no t exactly  linear, bu t 
m ust be expressed more generally in a  series of powers of the tem pera
ture. T hen  for all the  crystals considered above, the first derivative 
of the frequency by the  tem pera tu re  is zero a t  th e  specified tem perature  
To- T he next term  of im portance is the  square term  and hence m ost 
crystals have a  frequency which varies as the  square term  of the 
tem pera tu re  abou t the zero coefficient tem pera tu re  To- A crystal 
cut, labelled the  G T  crystal, has recently  been found for which both  
the first and second derivatives of the frequency by the  tem perature  
are zero. As a  resu lt th is “G T "  crystal has a very  constan t frequency 
over a  very  wide tem pera tu re  range, and in fact does no t vary  by 
more th an  one p a r t  in a  million for a  tem peratu re  range of 100° centi
grade. F or a  tem pera tu re  range of ±  15° C. it can be ad justed  so 
th a t  it does no t v a ry  b y  more th an  one p a r t in ten  million. This 
crystal has been applied to  portable and fixed frequency standards 
and has given a constancy of frequency considerably in excess of any 
other piezo-electric crysta l used under the sam e conditions. I t  has 
also been applied in q uartz  crystal filters to  give pass bands which do 
no t vary  appreciably  w ith  tem perature.

II . S t a n d a r d  Z e r o  T e m p e r a t u r e  C o e f f i c i e n t  C r y s t a l s  

A T  and B T  Zero Temperature Coefficient Crystals
C rystals which em ploy the characteristics of a single shear mode of 

v ibration  to  ob tain  a zero tem pera tu re  coefficient are the A  T  and B T  
cu t crystals.6 These crystals v ib ra te  in shear and their frequencies 
are determ ined principally by the  thickness of the quartz  plate. 
T heir mode of v ibration  is sim ilar to  the ordinary Y  cut, and they 
obtain the ir zero coefficient from the fact th a t the tem perature  coeffi
cient of th e  shear mode changes from positive to  negative as the angle 
of cu t is ro ta ted  abou t th e  X  axis by  positive or negative angles from 
the position of th e  Y  cu t crystal. F igure 2 shows the m ethod of 
cu tting  these plates from the  natu ra l crystal. Figure 3 shows the 
tem perature  coefficient of these crystals p lo tted  against the  angle of

6 “ Some Improvements in Quartz Crystal Circuit Elements,” F. R. Lack, G. W. 
Willard, and I. E. Fair, B. S. T. J., July 1934, pp. 453-463.
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Fig- 2— Diagram illustrating angles used in expressing orientation of A T  and B T  
plates within the natural crystal.

AN G LE OF RO TATIO N ABOUT X A X IS  IN DEGREES (6 )

Fig. 3—Temperature coefficient for thin plates plotted as a function 
of the angle of cut.
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cu t while Fig. 4 shows th e  frequency constan t of the  crysta l; i.e., the  
kilocycles for one m illim eter thickness p lo tted  as a  function of the  
angular cu t. T he A T  crystal which occurs a t  an orien tation  of 
+  35° — 20' has a  frequency co nstan t of 1662 kilocycles for one 
m illim eter th ickness while the  B T  cu t which occurs a t  — 49° has a 
frequency co n stan t of 2465 kilocycles for one m illim eter thickness.

T he frequency curve of Fig. 4 agrees very  closely w ith the frequency 
calculated from  th e  elastic constan ts  used in th e  form ula for the 
velocity  of propagation  of an aeolotropic m edium  given by  E. B. 
C hristofel.7 Christofel showed th a t  for any direction of propagation 
in an elastic solid, there  were th ree different waves whose velocity  of 
propagation  could be obtained from the determ inan t

Xn — pc2, X12, Xl3
Xl2, X22 — pc2, X23
Xl3, X23, X33 — pc2

0 . (1 )

In  th is equation  p is the  density , c th e  velocity of propagation, and 
X’s are related  to  the  elastic constan ts of the  crystal by  the formulae

X11 =  Cul2 +  c36m 2 +  c3in2 +  2cS6m n  +  2cn nl +  2cu lm,

X12 =  c i6̂2 T  Cum2 T  C45W2 T- (¿46 T  C2b)mn
+  (ci4 +  Cbsjnl +  (C12 +  c33)lm,

X13 =  c 15Z2 +  c ^ m 2 +  C35W2 +  (C45 -f- Czs)mn
+  (ci3 T" Cbi)nl +  (ci4 +  c$e)lm,

X23 =  c56f2 +  C24W2 +  C34W2 +  (c44 +  C2z)mn
+  ( C 36 +  C 4b )n l  +  ( c 2 5  +  C \ z ) l m ,

X22 =  c66l2 +  earn2 +  C44W2 +  2cu mn  +  2ci6nl +  2c2tilm,

X33 =  C55/2 +  cam 2 +  C33W2 +  2c3m n  +  2c35w/ +  2cihlm, (2)

where I, m, and n  are respectively the  direction cosines between the 
direction of propagation and the x, y, and z axes. For quartz

C22 =  C11 ; C24 =  fi4; c55 =  c44, C56 c 14, c66 (en ”  c 12) /2

and
C15 -- Cl6 =  C25 =  C26 =  C34 =  C35 =  C36 — C45 — C46 — 0. (3)

F or a  ro ta tion  about the x axis for which a positive angle is measured 
in a coun ter clockwise ro ta tion  for a left handed crystal and a clockwise 
d irection for a righ t handed crystal when an electrically positive face 

7 See Love’s “ Theory of Elasticity,” page 298, fourth edition.



(determ ined by  a com pression) is up, th e  values of I, m, and  n  are

1 = 0; m  =  cos 0; n  = — sin 0. (4)

In  th is definition, a  rig h t handed crystal is tak en  as one w hich causes 
the  plane of polarization  of ligh t traveling  along th e  Z  or op tic  axis to
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-9 0  -  80 -7 0  -  60 - 5 0  -4 0  -  30 -2 0  -10 0 10 2 0 3 0 40 50 6 0 70 80 90
RO TATIO N ON X AX IS  - ------- 0 -------► +  RO TATIO N ABOUT X A X IS

IN DEGREES IN DEGREES

Fig. 4—Frequency constant for thin plates plotted against angle of cut.

ro ta te  in the  sense of a  rig h t handed  screw. S u b stitu tin g  the  values 
of (3) and (4) in (2) we find

An =  ¿66 cos2 8 +  cu  sin2 8 — 2cu  sin 8 cos 8 =  c6j',
A23 =  — C14 cos2 8 — (c44 +  C23) sin 6 cos 6,
A22 =  c22 cos2 8 +  C44 sin2 6 +  2ci4 sin 6 cos 6, (5)
A33 =  C44 cos2 8 +  C33 sin2 8,
A12 =  X13 - 0.

W ith  these values of A, the  th ree solutions of equation  (1) are 

/ATi .
C l  =

p

«■ -  V s [ t  +  T  =■= > / ( t  -  t ) '  +  ^ 7 7 ] ■
w here K 2 =  A232/A22A33.

T he  frequency of any  p late  w ith its  edges free to  m ove will be

(6)

f  = Yt (2n +  i )  n  =  0, 1 , 2 , • - ■, (7)
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where t is th e  th ickness of the  plate. H ence for the  A  type vibration  
w hich corresponds to  th e  first velocity  C \ ,  the  frequency will be

T he solid curve of Fig. 4 shows a  p lo t of th is  equation  while the  
m easured values are shown b y  dots.

T he frequencies of th e  o ther tw o m odes of m otion are given by

T his form ula is the  sam e as th a t  for th e  frequencies given b y  two 
coupled m odes 8 and hence can be in terpreted  as a  mode of v ibration, 
determ ined b y  X33, and a  m ode of v ibration, determ ined b y  th e  
constan t X22, coupled together through th e  coupling com pliance X23.

the  o ther a longitudinal mode, b u t in a  crystalline m edium  th e  m otions 
are n o t stric tly  along or perpendicular to  th e  direction of m otion 
T he -4 type  v ib ra tion  which is an x y shear v ib ration  is no t coupled 
to  the  o ther tw o since th e  coupling elasticities Xu and X13 are equal to  
zero. F o r a m ore general ro tation , however, th ey  will n o t necessarily 
be equal to  zero and  hence th e  general solution of equation  (1) will 
represen t tw o shear like vibrations, th e  x y’ and  y j , and a  nearly  
longitudinal y y' v ib ra tion  all m u tually  coupled together.

T he C hristofel form ula is only valid  for a p late  of thickness t which 
extends to  infin ity  in all o ther directions and hence th is solution does 
no t show th e  coupled frequencies due to  the contour dim ensions which 
occur in a finite p la te . In  general there  are tw o types of v ibration  
w hich couple strongly  to  th e  *4 type  v ibration , th e  low-frequency 
shear m odes and th e  flexure m odes in which bending occurs in the 
x y '  p lane. As pointed o u t b y  Lack, W illard and  F a ir ,9 b o th  th e  A T  
and  th e  B T  occur near angles of cu t for which th e  coupling to  th e  
zx' low frequency shear m ode vanishes. H ence one would expect th a t  
these crystals w ould have fewer subsidiary resonances and th is 
expectation is verified b y  experim ent. A  practical resu lt is th a t  the

“ “ Electrical Wave Filters Employing Quartz Crystals as Elements,” W. P. 
Mason, July 1934, page 444, B. S. T . J.

9 “ Some Improvements in Quartz Crystal Circuit Elements,” B. S. T. J ., July 
1934. The problem of couplings is discussed in more detail in the U. S. Patent 
2,173,589, Sept. 19, 1939 issued to  R. A. Sykes and the writer. In  this patent the 
A C cut and the — 18.5° X  cut crystals are described.

f t .  f  +  Î b- ±  <Ub- ~  / a 2) 2 +  4 A 2/ a 2/ B2] ,
where

(9)

For an isotropic m edium  one of these m odes would be a  pure shear and
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A T  and B T  crystals can control considerably m ore powerful oscillators 
w ithou t danger of th e  crystals breaking th an  can the  X  or Y  cu t 
crystals. T h e  frequency spectrum  of an A T  cu t p la te  g round down 
from a large ra tio  of dim ensions to  a sm aller one is shown on Fig. 5.

LE N G TH  OF X A X IS  IN  M IL L IM E T E R S

Fig. 5—Frequency spectrum (dots) for an A T  plate as a function of ratio of length 
to thickness. The dashed lines represent calculated flexural vibrations. The whole 
line is the principal shear mode. The dot dash lines are other shear modes.

M ost of the prom inent frequencies can be identified as shear frequencies
of th e  type  discussed in a previous paper 10 and  harm onics of flexure

10 “ Electrical Wave Filters Employing Quartz Crystals as Elem ents,” W. P. 
Mason, B. S. T. J., July 1934, page 446. The verification was made by R. A. Sykes 
who kindly supplied Fig. 5.
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•

v ibrations. T his figure shows clearly th a t  the  strongest flexures en 
tering are controlled by  the length of the  X  axis ra th e r than  the  Z '  axis.

As shown by  equations (6), (7) and (8) the A T  and B T  cu t crystals 
have odd harm onic v ibrations w hich are controlled by  the same 
elastic constan ts as the  fundam ental vibrations. Since they  are 
controlled by the sam e elastic constan ts, the harm onic v ibrations have 
the  same tem pera tu re  coefficients as the  fundam ental mode and hence 
will have nearly zero coefficients. T his p roperty  has been m ade use 
of in oscillators in controlling high-frequency vibrations w ith crystals 
whose thicknesses can be obtained commercially.

C T  and D T  Low-Frequency Zero Temperature Coefficient Crystals 
A nother set of zero tem pera tu re  coefficient crystals which are 

particu larly  useful for low frequencies has recently  been described by 
H ight and W illard .11 T hey  are related  to  the A T  and B T  cuts dis
cussed above in th a t  th ey  use th e  sam e shearing m otion to  produce 
the low coefficient. T his relation is illustrated  by  Fig. 6 which shows

11 “ Presented before the Institute of Radio Engineers, March 3, 1937. Published 
in I. R. E . Proc. May, 1937, p. 549. Similar crystals are also discussed in U. S. 
Patents 2,111,383 and 2,111,384 issued to S. A. Bokovoy.
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th e  approxim ate o rien ta tions of the A T  cu t and th e  D T  cu t. In  the 
A T  p la te  the  x v' s tra in  is produced by a shear m ode of v ib ra tio n  as 
shown b y  th e  arrow s which represent in stan taneous displacem ents. 
In  the  D T  p la te  the  x y' s tra in  is produced by a shear m ode of v ib ra tion  
as shown again by th e  arrow s. Two diagonally  opposite  corners 
m ove rad ia lly  ou tw ard  while the  o ther two m ove rad ia lly  inw ard. 
T h e  re la tive ly  low frequency of th e  D T  p la te  resu lts from  the  re la tively  
large frequency-determ ining dim ensions x  and y ' . T h e  tem p era tu re  
coefficient of frequency of these p lates m ay be m ade zero, for th e  
proper angles of cu t, since it goes from  a large positive value a t  one 
o rien ta tion  to  a  large negative value for an o rien tation  90 degrees from  
the  first. A ctually  th e  angle of cu t of the  D T  p la te  is no t exactly  
90 degrees from th e  A T .  T his is due to  the  fact th a t  th e  frequency

ORIENTATION ANGLE IN DEGREES (6)

Fig. 7—Frequency constant for low-frequency shear crystal 
plotted against angle of cut.

for a  square p la te  involves the s 86' co n stan t ra th e r  th a n  the  c ^ '  co n stan t 
which controls th e  frequency of a  th in  p late . S im ilarly  we find th a t  
there  is a  crysta l alm ost 90° from  the  B T  w hich has a  zero coefficient 
and th is has been designated the CT.

Figure 6 shows th a t  the  electrode faces of th e  D T  c rysta l are placed 
on the  z 'x  plane and  hence the shear mode generated  would ord inarily  
be called the z j  mode even though it is sim ilar to  th e  x y' shear mode 
in the  A T  c rystal a t  righ t angles to  it. T h e  m easured frequency 
co nstan t of such a  series of square p la tes is shown on Fig. 7% In  the 
absence of a  com plete theoretical solution 12 tak in g  account of all the 
elastic couplings for a  square p late  v ib ra ting  in sheaf, an em pirical

12 An approximate solution neglecting coupling was given in a former paper 
“ Electrical Wave Filters Employing Quartz Crystals as Elem ents,” page 446. This 
solution is not complete enough, however, to allow calculations of tem perature 
coefficients with very great accuracy.
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form ula was developed for the frequency which is

<10>

where d = x  — z' if the  p late is square and d = (x +  z')/2 if only
nearly square. T he elastic constan t 555' depends on the orientation
angle 9 according to  the  equation,

s55' =  S44 cos2 9 - f  566 sin2 9 +  4i i 4 sin 9 cos 9. (11)

Figure 7 shows th e  m easured values of frequency and the values
calculated from equations (10) and (11). A greem ent is obtained 
w ithin 2 per cent.

From  equations (10) and (11) the  tem pera tu re  coefficient of fre
quency of a  shear v ib ra ting  p late  should be for a  square crystal

T f =  — (1/2) [ T x +  7 7  +  T p

su T Sii cos2 9 +  SeeTsee sin2 9 +  4s u T eit sin 9 cos
+ ] • ( 1 2 )544 cos2 9 +  566 sin2 9 +  45x4 sin 9 cos 9

The tem pera tu re  coefficient of length along the optic axis is about 
7.8 parts  per million (per degree centigrade) while th a t perpendicular 
to  the optic axis is 14.3 p a rts  per million. For any o ther direction

Ti =  7.8 +  6.5 cos2 9, (13)

where 9 is the angle betw een the length and the optic axis. H ence

T x = 14.3; 7 7  =  7.8 +  6.5 cos2 9,
and

T p =  — 36.4 per degree C. (14)

T he tem pera tu re  coefficients of the six elastic constan ts were evaluated 
in a  form er p ap er .13 Since then  they  have been slightly revised so 
th a t the best values now are

T Sn =  +  12 , T Cn = —54.0,
T Slt = -  1,265, th is 7 7 , =  -  2,350,
7 7 , =  -  238, results in T Cn = -  687,
77« =  +  123, 7 7 , =  +  96, (15)
Tsu = +  213, 7 7 , =  -  251,
77« =  +  189, 77« -  -  160,
77« =  -  133.5, 77« =  +  161.

13 "Electric Wave Filters Employing Quartz Crystals as Elements,” W. P. Mason, 
B. S. T. J ., 13, p. 446, July 1934.
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U sing these values in equation  (12) th e  expected tem p era tu re  coeffi
cients for th e  low -frequency v ibration  are as shown on Fig. 8 T h e  
m easured points are shown on the curve. T he zero tem p era tu re  coeffi
c ients occur a t  th e  angles +  38° and — 53°. T hese crystals have been 
designated  th e  C T  and D T  low-frequency shear crystals. T hese types 
of crysta ls are useful for stabilizing low-frequency oscillators ranging 
from  50 K C  to  500 K C .

J u st as th e  A  T  and  B  T  crysta ls have harm onics w hich can  be used 
to  control oscillator frequencies, so also do over-tones of th e  low- 
frequency shear crysta ls exist. T h ey  do no t bear, however, th e  sim ple

100

y <o a u o
5 i= 

o ÏÏa
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-----------  THEORETICAL
EXPERIMENTAL AT 45 DEGREES 
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/ •
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V /¿ S
\ /

s \  • V

15 30 45 60 75
ORIENTATION ANGLE IN DEGREES (6)

Fig. 8—Calculated and measured tem perature coefficients 
for low-frequency shear crystals.

relation to  the  fundam ental th a t  the  high-frequency harm onics do. 
S. C. H igh t has found a  m ode of m otion, w hich is p robab ly  rela ted  
to  the  second flexural v ibration , of nearly  tw ice th e  frequency of the  
low -frequency shear m ode and w hich has zero tem p era tu re  coefficients 
a t  angles of +  66°-30' and  — 57°. T hese crysta ls have been desig
nated  respectively as th e  E T  and F T  c rysta l cu ts. F igure 9 shows a 
p lo t of th is frequency versus orien ta tion . I t  will be observed th a t  the  
frequency co n stan t of th is m ode of m otion is ab o u t tw ice th a t  for the  
low -frequency shear m ode and hence these crysta ls can be ob tained  in 
reasonable sizes for tw ice the  frequencies th a t  the  C T  and D T  crystals 
can be obtained .
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P ractica lly  all the  w ork done has been on square or nearly  square 
plates. Some tim e ago Bechm ann 14 and K oga 16 published w ork done 
on crystals which departed  from the square shape for which zero coeffi
cients were obtained a t  som ew hat different angles and different frequen
cies th an  those given for the  C T  and D T  crystals. T his is due to  the  
fact th a t  when th e  crystal shape departs  from the square, the frequency 
approaches m ore nearly  the  resonant frequency of the crysta l v ibrating  
in its  second flexure mode and th e  increased coupling changes the angle 
for which th e  coefficient becomes zero. T he square crysta l is th e  one 
which has fewer secondary frequencies and is therefore more desirable.

CL

 ̂ 64 001---------------- ---- ---- ---- ---- -------- ---- ---- ---- ------------ --------

> 4400Oz
hi --------------------------------------------------------------------------------------------------------------------------------------------------DOl±j 40001______ ________________________________________________fr -90° -60° -30° 0° 30° 60° 90°

ROTATION ABOUT X A X IS  IN DEGREES 

Fig. 9—Frequency constant for E  and F type vibrations.

I I I .  Z e r o  T e m p e r a t u r e  C o e f f i c i e n t  C r y s t a l s  f o r  M o r e  
G e n e r a l  O r i e n t a t io n s

Shortly  after the discovery of th e  and B T  crystals it  was realized 
th a t zero tem pera tu re  coefficient crystals could be obtained a t  a varie ty  
of angles provided tw o ro tations of the  crystal w ith respect to  the 
crystallographic axes were used. T his would allow the direction of 
the shearing axis to  point in any direction w ith respect to  the  crystallo
graphic axes. Using th e  C66r constan t as the  elastic constan t determ in
ing the  frequency, i t  was found th a t there  was a whole series of zero

14 R. Bechmann, Hochfrequenstechnik u Elektroakustic, Vol. 44, No. 5, p. 145.
16 I. Koga, Report of Radio Research in  Japan, Vol. IV, No. 2, 1934. See also

Patents 2,111,383 and 2,111,384 issued to S. A. Bokovoy.



88 B E L L  S Y S T E M  T E C H N IC A L  J O U R N A L

tem p era tu re  coefficient crysta ls whose p lo t as a  function  of the  tw o 
ro ta tio n s would be a line in w hich th e  A  T  and B T  cu ts  would be in the  
region of tw o po in ts on th e  line. A  few of these crysta ls whose angles 
were in th e  region of th e  A  T  c rysta l were m easured  and w ere found to  
have zero coefficients b u t also had  a m uch m ore com plicated frequency 
spectrum  th a n  th e  A T  or B T  crysta ls w hen c u t to  have the ir m ajor 
faces m ore nearly  parallel to  th e  x  axis.

R ecen tly  B echm ann 16 has m ade calculations and experim ents in 
respect to  double o rien ta tion  crysta ls  w hich have zero tem p era tu re  
coefficients. T h e  calculations were m ade by  m eans of th e  Christofel 
form ula of equations (1) and (2). A lthough th is gives th e  sam e resu lt 
as th a t  calcu lated  from  the  co n stan t c66' for ro ta tions around th e  x  axis, 
i t  differs from  it  som ew hat for m ore general ro ta tions. If we expand 
equation  (1) we ob tain  th e  cubic equation  for th e  frequency of 
oscillation.

P  - / 4( / a 2 + / b 2 + / c 2)

+  / 2[ / a 2/ 52( 1 -  K a b 2) + f A 2fc K  1 -  K a P )  + f B2f c 2( 1 -  K b c2)^
-  ÏA2f B2f c 2{ 1 -  K a b 2 -  K a c 2 -  K bc2 +  2K a b K a c K b c ) =  0, (16)

w here

c V X u / p _  f   V X 22Ip _ , _  V X 33jp
J ~ 2 V  jA ~  21 ’ J b ~  2t ’ J c ~  21

V  — ^ 12 . 37  ^ 13 . X23ĵ ab — "V--— , A a c  — ■■■■, A bc =Vx7ix22 VXÏÏX33 VX22X33
i a , f B , f c  can be in terp re ted  as th e  th ree  p rim ary  frequencies and would 
correspond to  the  th ree solutions of (16) if th e  couplings K a b , etc., 
were zero. T h e  th ree  solutions of (16) then  will be these th ree  p rim ary  
m odes modified by  th e  coupling betw een them . If  we let

P  =  [ ( /a 2 +  f B2 +  f c 2) -  3 [ / ^ / / (  1 -  K a b 2)

+  / a 2/ c 2( 1 -  K a c 2) +  f B2f c 2 (1 -  A bc2) ] ] /9 ,  (17)

Q =  [ 2 ( / a 2 +  f B2 +  f c 2)3 ~  9 ( f A2 +  f B2 +  f c 2)

X  [ / a 2/ b 2(1 -  K Ab 2) + / a 2/ c 2( 1 -  K AC2) + f B2f c 2( 1 -  K B<?)~\

+  27/a2/b 2/ c 2(1 -  K a b 2 -  K AC2 -  K BC2 +  2 K abK acK bc)PSA,
18 “ Researches on N atural Elastic Vibrations of Piezo-Electrically Excited Quartz 

Plates,” R. Bechmann, Z e it.f. Technisch Physik, Vol. 16, No. 12, 1935, pp. 525-528. 
This multiple orientation of high-frequency shear crystals is also the basis of the 
V  cut crystal of Bokovoy and Baldwin discussed for example in British Patent 
No. 457,342 issued M ay 27, 1936.
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and set

cos \l/ — p 3/2 >

the  th ree solutions will be

. - ^ V P c o s f  +  ^ ’ + t f + g ),

.  =  y l '  - 2 V P  cos  (  f ±  r  ) +  Ÿ Â  ± T l  ± M, (18)
From  these equations and equation (2), the frequencies and tem pera
tu re  coefficients of all th ree  m odes of m otion have been calculated by 
Bechm ann. Based on these calculations the angles of zero coefficient

Fig. 10—Angles of cut for zero temperature coefficient high-frequency 
shear crystals for two rotations.

are shown on Fig. 10 for the angular placem ent of the direction of 
propagation  adop ted  on Fig. 11.

Using the em pirical form ula (10) for the low-frequency shear v ibra
tion a surface of zero coefficient low-frequency shear v ibrating  crystals 
can be calcu la ted .17 For th is crystal th ree angles are required to

17 Multiple orientation low- and high-frequency shear crystals are discussed in 
British Patent 491,407 issued to the writer on September 1, 1938.
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RIGHT HANDED 
CRYSTAL

F i g .  11

X (+ b y  c o m p r e s s io n )

-Angular system for locating the axis of shear of high-frequency 
crystals with two rotations.

specify th e  position of the p late  since, for a low -frequency shear crystal, 
ro ta tin g  th e  p late around its shearing axis will change th e  $55' co n stan t 
and hence the  frequency and tem p era tu re  coefficient of the  plate. If we 
le t th e  position of the  p late w ith  respect to  the  crystalline axes be de
noted b y  the  angles, 9, <p and 7 , m easured as shown on Fig. 12 it  can be

z

Fig. 12—Angular system for locating low-frequency shear crystals 
with three rotations.



shown th a t  the  £55' co n stan t is given by the equation

555' =  (sn — 2s i3 +  s33) cos2 ^ sin2 2<P +  566 s‘ n2 “P sin2 ^
+  4s 14 sin p  [sin  30 cos ip (cos2 cos2 p — sin2 \p)
+  cos 30 sin \p cos \[/ (cos 2p  +  cos2 (p)]

+  544 (cos2 cos2 2ip +  sin2 \p cos2 ip), (19)

where th e  angle 7  is given in term s of a  new angle \p and tp by  the
equation

cos 7 =  sin ip cos \p. (20)

If  we introduce th is expression in to  equation  (12 ) and introduce the 
num erical values of equation  (15), th e  expression for th e  tem perature  
coefficient of a  low-frequency shear crystal cu t a t  any  angle becomes

rn r , r , o rw • 9 4 , ,  p N , r — 5877.5 cos2  ̂sin2 2ip
T ,  =  [  4.5 +  2.9 (sin2 „  cos2 *  +  cos2 *) +  i95 Cos2 ^ s in 2‘2^

+  15790 sin2 ip sin2 \p +  10340 sin ip [sin 30 cos tp (cos2 ip cos 2p  — sin21f)
+  292.8 sin2 ip sin2 \J/ — 172.4 sin <p [sin 30 cos p (cos2 \p cos 2ip — sin2 \p)

+  cos 30 sin \p cos \p (cos 2 ip +  cos2 <p)))
+  cos 30 sin \p cos \p (cos 2 ip +  cos2 p)~]
— 19,525 (cos2 \[/ cos2 2<p +  sin2 ^  cos2 p)
+  200.5 (cos2 \p cos2 2tp +  sin2 \f/ cos2 p)
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( 21)

Figure 13 gives a contour m ap  of th e  location of the  angles of zero 
tem pera tu re  coefficient. T he d o tted  lines indicate the  paths for which 
the  piezo-electric co nstan t is a  m axim um  and hence for which the 
crystal is m ost easily excited.

IV . A N e w  C r y s t a l  C u t , L a b e l e d  t h e  G T C r y s t a l , W h ic h  H a s  A
V e r y  C o n s t a n t  F r e q u e n c y  f o r  A W id e  T e m p e r a t u r e  R a n g e

All of th e  zero tem pera tu re  coefficient crystals so far obtained have a 
zero tem pera tu re  coefficient only for a  specified tem perature, while on 
either side of th is tem pera tu re  the  frequency either increases or de
creases in a  parabolic curve w ith  th e  tem pera tu re . T his is well illus
tra ted  by  Fig. 14 which shows a com parison of the frequency stab ility  
of the s tandard  zero tem pera tu re  coefficient crystals over a  wide tem 
pera tu re  range. W h at is p lo tted  is the  num ber of cycles change in a 
million from th e  zero coefficient tem perature. These curves show 
th a t  for a 50° C. change from  the zero coefficient tem perature  the fre
quency of s tandard  zero tem pera tu re  coefficient crystals m ay change 
from 30 to  140 parts  per million. T he curves are usually nearly para-
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Fig. 13— Contour map of zero tem perature coefficient low-frequency 
shear crystals with three rotations.

Fig. 14— Frequency tem perature relations for zero tem perature coefficient crystals



LO W  T E M P E R A T U R E  COEFFICIENT Q U A R TZ C R Y S T A L S  93

bolas. T his is w hat would be expected for in general we can w rite the 
frequency as a function of tem pera tu re  by the series

/  =  / 0[1 +  a , { T  -  To) +  a , { T  -  T 0)2 +  a 3( T  -  T 0)3 + • • • ] >  (22)

where To is any a rb itra ry  tem pera tu re . D ifferentiating f  w ith  respect 
to  T  we have

^  =  / 0[a i  +  2a ,(T  -  To) +  3a 3{T -  To)2 + • • • ] •  (23)

For a zero coefficient crystal th e  change in frequency will pass through 
zero a t some tem pera tu re  To- H ence a\ =  0, and the frequency will 
then be

/  =  /o [ l  +  a , (T  -  To)2 +  a 3(T  -  T 0)3 + • • ■ ] ■  (24)

Since a,  will ordinarily  be m uch larger th an  succeeding term s, a 
parabolic curve will be obtained. If a, is positive the  frequency will 
increase on either side of the  zero coefficient tem pera tu re  To and if 
negative it will decrease.

R ecently  a new crystal cu t, labeled the GT,  has been found for 
which bo th  ai  and a, are zero. As a resu lt the  parabolic variation w ith 
tem pera tu re  is elim inated and the frequency rem ains constan t over a 
m uch w ider range of tem pera tu re . T he varia tion  obtained is p lo tted  
on Fig. 14 b y  the curve labeled GT, and, as can be seen, the frequency 
does no t vary  over a  p a rt in a  million over a 100° C. change in tem 
perature.

This crystal, w hich will be described in a forthcom ing paper, has 
found considerable use in frequency standards, in very  precise oscilla
tors, and in filters subject to  large tem pera tu re  variations. I t  has 
given a constancy of frequency considerably in excess of th a t  obtained 
by  any  o ther crystal.



A New Standard Volume Indicator and 
Reference Level *

By H. A. CHINN ,f D. K. GANNETT, and R. M. MORRIS J

In recent years it has become increasingly difficult to correlate 
readings of volume level made by various groups because of 
differences in the characteristics and calibrations of the volume 
indicators used. This paper describes a joint development by the 
Columbia Broadcasting System, National Broadcasting Company, 
and Bell Telephone Laboratories which resulted in agreement 
upon, and standardization in the respective broadcast and Bell 
System plants, of: a new copper-oxide rectifier type of volume 
indicator having prescribed dynamic and electrical characteristics; 
a new reference level based on the calibration of the new instrument 
with a single frequency power of one milliwatt; and a new ter
minology, the readings being described in “ vu.” I t is hoped tha t 
other users of volume indicators will join in the adoption of these 
new standards.

The paper gives in considerable detail the technical data and 
considerations on which was based the choice of the characteristics 
of the new volume indicator and the other features of the new 
standards. Particular attention is paid to the technical data 
supporting the decision to make the new volume indicator 
approximately an r-m-s rather than a peak-reading type of 
instrument.

H E  s tu d en t of electrical engineering, when in troduced  to  a lte r 
nating  cu rren t theory , learns th a t  there  are th ree re la ted  values 

of a  sine wave by  w hich its  m agnitude m ay be expressed. These are 
the average value, the r-m-s (or effective) value, and  the peak  (or crest) 
value. C ertain  fundam ental electrical m easuring devices provide 
m eans for determ ining these values. As th e  s tu d e n t’s experience 
broadens, he becomes fam iliar w ith  complex, non-sinusoidal periodic 
waves and  finds th a t  these waves have th e  same th ree  read ily  m easured 
values. H e learns how to  determ ine from  the  problem  under con
sideration w hether the  average, the r-m -s or the peak  value of th e  w ave 
is of p rim ary  im portance.

* Presented a t joint meeting of A. I. E . E . and I. R. E ., San Francisco, California, 
June 1939, and a t Fourteenth Annual Convention of I. R. E., New York, September 
1939.

f  Mr. Howard A. Chinn is Engineer-in-Charge, Audio Engineering, Columbia 
Broadcasting System, Inc.

% Mr. Robert M. Morris is Development Engineer, National Broadcasting 
Company, Inc.
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If the stu d en t la te r enters the  field of com m unication engineering, 
he im m ediately  encounters waves which are both  very  complex and 
non-periodic. Exam ples of typical speech and music waves are shown 
in the  oscillograms of Fig. 1. W hen an a tte m p t is m ade to  m easure 
such waves in term s of average, r-m-s or peak values, it is found th a t 
the results can no longer be expressed in simple num erical term s, as 
these quan tities are no t constan t b u t variable w ith tim e and, m oreover, 
are apparen tly  affected by the characteristics of the  m easuring in stru 
m ent and  the technique of m easurem ent. However, th e  com m unica
tions engineer is v ita lly  concerned w ith the  m agnitude of waves of the 
sort illustrated , as he m ust design and operate system s in which they  
are amplified by  vacuum  tubes, transm itted  over wire circuits, m odu
lated on carriers, and otherwise handled as required by  the various 
com m unication services. H e needs a  practical m ethod of m easuring 
and expressing these m agnitudes in simple num erical fashion.

T his need m ay be b e tte r  appreciated  by considering the com m unica
tion system s em ployed for broadcasting. These are very  com plicated 
netw orks spread over large geographical areas. A typical netw ork 
m ay include 15,000 miles of wire line and hundreds of amplifiers s itu 
a ted  along th e  line and in th e  50 to  100 connected broadcasting  stations. 
E very  15 m inutes during  the  day  the com ponent p arts  of such a  system  
m ay be shifted and  connected in different com binations in order to 
provide for new points of origin of the program s, and for the addition 
of new broadcasting  sta tions and the rem oval of others from the 
netw ork. In  w hatever com bination the p arts  of the  system  are pu t 
together, i t  is necessary th a t the m agnitude of the transm itted  program  
waves, a t  all tim es and  a t  all parts  of the system , rem ain w ithin the 
lim its which the system  can handle w ithout im pairm ent from over
loading or noise. To accom plish this, some convenient m ethod of 
m easuring the am plitude of program  waves is needed.

These considerations led to  the  conception of a fourth  value, known 
as “ volum e,” w hereby the m agnitude of waves encountered in elec
trical com m unications, such as telephone speech or program  waves, 
m ay be readily  expressed. T his value is a  purely empirical thing, 
evolved to  m eet a  practical need. I t  is no t definable by means of a 
precise m athem atical form ula in term s of any  of the  fam iliar electrical 
units of power, voltage or current. Volume is sim ply the reading of 
an instrum ent known as a volum e indicator, which has specified d y 
nam ic and o ther characteristics and which is calibrated and read in a 
prescribed m anner. Because of the  rapidly  changing character of the 
program  wave, the  dynamic characteristics of the instrum ent are fully 
as im p o rtan t as the value'of sine wave power used for calibration. A he
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readings of volum e have been custom arily  expressed in term s of decibels 
w ith  respect to  some volum e level chosen as the  “ reference” level.

In th e  past, because of a  lack of com plete understanding of the 
m a tte r, there  has been little  uniform ity  in the design and use of volum e 
indicators, although a ttem p ts  have been m ade by some organizations 
tow ard standard ization . T he devices used were of the r-m-s and peak- 
reading types having slow, m edium  or high pointer speeds; half- or 
full-wave rectifiers; critically  to  lightly  dam ped m ovem ents and refer
ence levels based on calibrations w ith  10-9 , 1, 6, 10, 12§ or 50 m illiw atts 
in 500 or 600 ohms. T his g reat a rray  of variables led to  considerable 
confusion and lack of understanding, especially when an a tte m p t was 
m ade to  correlate the m easurem ents and results of one group w ith 
those of another.

To rem edy th is s ituation , the  Bell Telephone Laboratories, the 
Colum bia B roadcasting System  and the N ational B roadcasting Com 
pany  entered upon a jo in t developm ent effort during Jan u a ry  1938, 
w ith  the  object of pooling their knowledge and problems, of pursuing 
a coordinated developm ent program , and of arriving a t  a  uniform  
practice of m easuring volum e levels. T he outcom e of th is work is a 
new volum e indicator, a  new reference volum e level, and new te r
minology for expressing m easurem ents of volume level. The results 
of this developm ent work have been discussed w ith, and approved by, 
more than  tw enty-four o ther organizations, and were presented a t  an 
open round tab le conference a t  the A nnual C onvention of the In stitu te  
of Radio Engineers on June  17, 1938. D uring M ay 1939, i t  was 
adopted  as standard  practice by the above two broadcasting companies 
and the Bell System , and it  is hoped th a t they will be joined by others. 
I t  is the purpose of th is paper to  describe the new standards and the 
considerations w hich led to the ir adoption.

E a r l y  H is t o r y  o f  V o l u m e  I n d ic a t o r s

As a background for understanding  the  present developm ent, it 
will be helpful to  review briefly the early  h istory of volume indicators. 
T he particu lar occasion for the  developm ent of the first volume indi
cato r was the setting  up of the public address system  which enabled 
the ceremonies a tte n d a n t upon the burial of the Unknown Soldier on 
Arm istice D ay 1921, to  be heard by large audiences a t  A rlington, New 
Y ork and  San Francisco .1 I t  was noted  in some of the prelim inary 
tests th a t  distortion  due to  overloading of an amplifier was more ob
jectionable when heard  in a loud speaker than  when heard in an ordi-

1 “ Use of Public Address System with Telephone Lines,” W. H. M artin and A. B. 
Clark, Transactions A . I. E. E., February 1923.
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nary  telephone receiver. C onsequently , to  avoid overloading the 
telephone repeaters when th ey  were used on the  public address circuits, 
a  device was proposed which w ould give visual ind ication  on an  in s tru 
m en t when the speech level was such as to  cause the telephone repeaters 
to  overload.

F u rth e r developm ent of th is  idea led to  the experim ental device 
w hich was used in the A rm istice D ay  cerem onies and  which later, 
w ith  no fundam ental change, becam e the well-known 518 and  203 
types of volum e indicators. T h is device consisted of a  triode vacuum  
tube  functioning as a  detector, to  the  o u tp u t of which was connected 
a  d.-c. m illiam m eter. A ssociated w ith  the in p u t was a po ten tiom eter 
for ad justing  th e  sensitiv ity  in 2 db  steps. T he m ethod  of using the 
device was, to  ad ju s t the  po ten tiom eter so th a t  th e  m axim um  m ove
m en t of th e  m illiam m eter needle reached the m id-scale po in t on an 
average of abo u t once every  ten  seconds, occasional g rea ter deflections 
being disregarded. T he volum e level was then  read  from  the se tting  
of th e  po ten tiom eter which was m arked in decibels w ith  respect to  a  
reference volum e level.

T he reference level was chosen as th a t  level of speech w hich, when 
tran sm itted  in to  th e  long telephone circuits, would cause the telephone 
repeaters w ith  which th ey  were equipped to  be ju s t  on th e  verge of 
overloading as evidenced b y  audible d isto rtion . T he gains of the 
telephone repeaters were norm ally  ad ju sted  so th a t  th e  level a t  the ir 
o u tp u ts  was 10 db  higher th an  a t  the  sending end of the circuit. 
Reference volum e was therefore specifically defined as 10 db  below the 
m axim um  speech level w hich could be sa tisfacto rily  tran sm itted  
th rough th e  particu la r am plifier and  vacuum  tube  used in th e  telephone 
repeaters. T his level was determ ined experim entally  and  th e  po
ten tiom eter steps of the volum e ind icator were m arked  accordingly. 
T he reference volum e was also approxim ately  th e  volum e delivered 
over a  sho rt loop by  th e  then s tan d ard  subset when spoken in to  w ith 
a fairly loud voice.

I t  is ap p aren t th a t  th e  volum e ind ica to r was born  in response to  a 
definite need, and  it  has filled an im p o rtan t niche in the  rap id ly  growing 
radio broadcasting  in dustry  and  in o ther com m unication  fields. Large 
num bers of volum e indicators sim ilar to  th is early  type  have continued  
in service to  the  p resen t tim e.

I t  is a  frequen t characteristic  of a rap id ly  expanding a r t  th a t  a t  
first s tan d ard s m ultip ly , and  finally a po in t is reached w here sim plifica
tion and  agreem ent upon a single s tan d a rd  becomes im perative. T his 
has occurred in connection w ith  volum e ind icators and  since the  d e
velopm ent of th e  first one, a  v a rie ty  of in strum en ts have been produced
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by the  various m anufacturers and have come in to  service in the p lants 
of the different companies. These instrum ents had different calibra
tions and  characteristics w ith little  correlation between their readings.

A fu rther divergence occurred, regarding the philosophy of the  cali
b ra tion  of the  original type  of volum e indicator. One view recognized 
no correlation betw een th e  point a t  which the galvanom eter was 
norm ally read on peaks (the 30 division point on th e  scale, Fig. 12) 
and th e  power of six m illiw atts used for calibration. W hen calibrating 
th e  in strum en t on six m illiw atts of sine wave energy in 500 ohms, the 
galvanom eter would read 22 divisions w ith th e  associated sensitivity  
switch on step  zero. T here was no t intended to  be any  correlation 
betw een th is calib rating  power and reference volume. N evertheless, 
m any people were led by th is technique of calibration to  refer to  the 
volum e ind icator as a  6-m illiw att instrum ent. T his idea was furthered 
by the  fact th a t  the  vacuum  tu b e  to  whose speech-carrying capacity  
the reference volum e was originally referred, has a nom inal full load 
capacity  on sine waves of 60 m illiw atts. T he reference volum e being 
defined as 10 db  below the  m axim um  o u tp u t of th is tube, i t  was 
n a tu ra l to  try  to  re la te  th is reference volum e to  the corresponding 
figure of 6 m illiw atts for sine waves.

T h e  second view was based on the experim ental fact th a t when the 
po ten tiom eter controlling the sensitiv ity  was set a t “ 0 d b ,” a sine 
w ave poten tia l of 2.5 volts (r-m-s) applied to  the  volum e indicator 
caused a deflection to  mid-scale (scale reading of 30 divisions). This 
was equ ivalen t to  12.5 m illiw atts in a  500-ohm circuit, and the sup
porters of th is view therefore referred to  the volume indicator as a 
12.5-m illiwatt instrum ent.

T hus the same volum e indicator, having the same sensitivity  and 
giving th e  sam e readings of volum e level, was variously referred to  as 
a  6-m illiw att and  a  12.5-m illiwatt device. This increased the difficulty 
of coordination betw een the p lan ts  of the different companies which 
are in terconnected  in rendering broadcast service.

Some degree of standard ization  of the technique of reading volume 
levels had  already  been m ade w ithin different organizations both here 
and abroad. T he im portance of the present developm ent lies not 
only in the particu lar m erits of the proposed standards, b u t also in 
the fact th a t  th ey  have been jo in tly  developed and adopted by three 
of the larger users of volum e indicators, and have been approved by 
m any others. T hus there is good prospect th a t the needed s tan d ard 
ization is abo u t to  be realized, and  th a t all will shortly  use the same 
instrum ents, the sam e reference levels, the sam e term inology, and the 
sam e nom inal value of circuit im pedance.
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C h o i c e  o f  P e a k  v s . R-M -S T y p e s  

General
T he first im p o rtan t decision to  be m ade and  one w hich w ould affect 

the en tire  charac ter of the  developm ent was w hether the new volum e 
ind icator should be of the  r-m -s or of the peak-reading type. These 
tw o types of in stru m en t represen t tw o schools of though t. T he peak- 
reading in stru m en t is favored for general use b y  m any  E uropean 
engineers and  is specified by  the Federal C om m unications Commission 
for use as m odulation m onitors in th is coun try . T he r-m -s type  has, 
however, been com m only em ployed in th is co un try  on b roadcast p ro 
gram  netw orks and for general telephone use. In  view of the im por
tance  of the  decision and the difference of opinion th a t  has existed, the 
d a ta  on which the choice was m ade are given below in considerable 
detail.

In  accord w ith common practice, the  term s “ r-m -s” and  “ peak- 
read in g ” are used ra th e r loosely th rou g h o u t th is paper. T he essential 
features of an r-m -s in stru m en t are some kind of rectifier or detecto r 
and  a d.-c. m illiam m eter. T he la tte r  is n o t especially fast, generally 
requiring ten th s  of a  second to  reach su b stan tia lly  full deflection. 
O bviously, if a  sufficiently slow w ave is applied, say  one whose fre
quency is one or tw o cycles per second, the in stru m en t can follow it  
and the true  peaks of the w ave will be ind icated , b u t when m uch higher 
frequency waves are applied, such as the  com plex speech or program  
waves, the in strum en t is too slow to  ind icate  the in stan taneous peaks 
b u t averages or in tegrates whole syllables or words. As shown by 
tests  and  practical experience, i t  is of secondary  im portance w hether 
the detecto r ac tually  has an r-m-s (or square law) characteristic , or 
has a linear or some in term ediate  characteristic .

A peak-reading in stru m en t capable of tru ly  ind icating  the  sharpest 
peak which m ight occur in a  high q u a lity  program  w ave w ould have 
to  respond to  im pulses lasting  only a  very  sm all fraction  of a  m illi
second. C athode-ray  oscilloscopes or gas tube  trigger circuits are 
capable of doing this, and  therefore m igh t be used as peak-reading 
volum e indicators. How ever, the so-called peak-reading volum e ind i
cators used in practice, designed to  give a  visual ind ication  on an 
in strum en t, are far from having  the above speed although  th ey  are 
m uch faster th an  the r-m -s instrum ents. T hey  generally respond to  
im pulses whose d u ra tion  is m easurable in h undred ths or thousan d th s  
of a  second. T hey  therefore tru ly  ind icate  the  peaks of sine-wave 
voltage whose frequency does n o t exceed, say, 50 to  100 cycles per 
second. T hey  are sim ilar to  the  r-m -s in stru m en ts  in th a t  th ey  are
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no t fast enough to  indicate the instan taneous peaks of speech or 
program  waves b u t tend to average or in tegrate  a num ber of peaks of 
the wave.

A feature of the usual peak-reading in strum en t w hich from  the 
analytical s tandpo in t is of secondary im portance, is th a t  it  is usually 
given a  characteristic  of very  slow decay as well as rap id  response. 
T his is usually accom plished by a circuit such as illustra ted  in Fig. 2, 
which shows the principle of the  experim ental in strum en t used in the 
tests described later. T he 0.01-mf. condenser is charged through a 
full wave vacuum  tube rectifier, th e  ra tes of charge and discharge 
being determ ined by  th e  resistances. T he d.-c. am plifier and d.-c. 
m illiam m eter indicate the  charge on the condenser. T he advan tage  of 
m aking the discharge ra te  of the condenser very  slow is th a t the d.-c.

CONTROLS SPEED R2 
OF RESPONSE CONTROLS RATE 

OF DECAY

MILLIAMMETER

Fig. 2—Schematic diagram of experimental peak reading volume indicator.

m illiam m eter need no t then be particu larly  fast and, moreover, the 
ease of reading the instrum ent is greatly  increased.

From  the above analysis i t  is seen th a t  the r-m-s and the peak- 
reading instrum ents are essentially sim ilar and differ principally in 
degree. B oth indicate peaks whose durations exceed some value 
critical to  the in strum en t and both average or in tegrate  over a  num ber 
of peaks the shorter, more rapid  peaks encountered in speech or pro
gram  waves. E ither m ay have a linear or a  square law detector, or 
one of some in term ediate  characteristic. The im portan t difference 
between the two types lies in the speed of response as m easured by the 
length of im pulses to which they  will fully respond, th a t is, in the tim e 
over which the complex wave is in tegrated .

A general purpose volum e indicator m ay be called upon to  serve a 
num ber of uses, such as:

(a) Indication  of a suitable level for a  speech or program  wave to 
avoid audible d istortion  when transm itted  through an amplifier, 
program  circuit, radio tran sm itte r or the like.
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(.b) C hecking th e  transm ission losses or gains in an extended  program  
netw ork  b y  sim ultaneous m easurem ents a t  a  num ber of po in ts 
on particu la r peaks or im pulses of the program  w ave w hich is 
being tran sm itted .

(c) T he indication  of th e  com parative loudness w ith  w hich program s
will be heard  w hen finally converted  to  sound.

(d) T he  indication  of a  sa tisfac to ry  level to  avoid  in te rru p tio n  of
service due to  in stan taneous overloads tripp ing  pro tective 
devices in a radio tran sm itte r, dam age to  sound recording 
system s, etc.

(e) Sine-wave transm ission m easurem ents.

These services are different in n a tu re  and  the ideal requirem ents for 
an  in strum en t for each m ay  no t necessarily be th e  sam e. One in s tru 
m ent to  serve them  all m ust, therefore, be a  com prom ise. F rom  the 
s tan d p o in t of the  com panies engaged in th is developm ent, item s (a),
(b) and  (c) in the  above list were considered to  be th e  m ost im p o rtan t 
and  therefore a tten tio n  was first d irected  to  th e  re la tive  m erits of the  
two types of volum e ind icators w ith  respect to  them .

A ura l Distortion Due to Overload

T ests of volum e indicators as overload ind icators w ith  au ra l d is to r
tion as the  criterion [item  {a) ]  had  previously been m ade on a  num ber 
of occasions and  more tests  were undertaken  during  th e  p resen t de
velopm ent. T he general procedure in such te s ts  is to  determ ine for 
some particu la r am plifier the  volum e level a t  its  o u tp u t a t  w hich d is
to rtion  due to  overloading can ju s t  be heard  by  a num ber of observers 
on each of a  v a rie ty  of program s. T he volum e levels thus determ ined 
are read on th e  various volum e ind icators w hich are being com pared. 
T he best in strum en t is considered to  be th e  one whose readings are 
m ost nearly  alike for all the  program s when overloading can ju s t  be 
detected .

T he sole criterion of d istortion  due to  overloading is the  jud g m en t of 
observers, since i t  is the final reaction  on listeners w hich is of im por
tance. T his judgm ent is no t sub jec t to  exactness of m easurem ent, b u t 
is in fac t som ew hat of a  variable, even w ith  conditions unchanged and  
w ith the  m ost experienced observers. F o r significant resu lts to  be 
obtained, therefore, a  careful technique of conducting the te s ts  is 
required, m any  observations m ust be m ade, and  sta tis tica l m ethods of 
analyzing the  re su ltan t d a ta  m ust be em ployed.

T he arrangem en t of equ ipm ent and  circuits used in these tests  is 
shown in simplified form  in Fig. 3. A source of program , w hich m ay
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be a phonograph pickup, a d irect m icrophone pickup, or a  program  
circuit, is connected through control circuits to  the am plifier which is 
to be overloaded, and thence through additional circuits to  a  loud 
speaker. T he loud speaker em ployed in the tests reported  here was 
a special high quality  two un it loud speaker having a response which is 
substan tia lly  flat from 40 to 15,000 cycles per second.2 Including the 
power amplifier used w ith  it, the  overall response of the system  was 
substan tia lly  uniform  from  40 to  11,000 cycles.

T he arrangem ent of the circuit is such th a t the  volum e level a t  the 
o u tp u t of the  te st am plifier m ay be raised or lowered while keeping the 
overall gain of the  system  constan t. Two controls are provided for 
this purpose. One, operated  by  a  key, transfers a  15 db loss from 
ahead to  behind the te s t amplifier. T his perm its com paring a test

POWER

2-PO SITIO N KEY 
CONDITIONS A AND B

Fig. 3—Arrangements for determining volume level a t which overload 
of amplifiers is audible.

condition w ith  a reference condition in which the load on the amplifier 
is 15 db lower, while th e  loudness w ith which the program  is heard 
rem ains the sam e for e ither condition. T he other control, represented 
in Fig. 3 by  th e  coupled a tten u a to rs , perm its the load on the amplifier 
for the te s t condition to  be varied, also w ithou t changing the loudness. 
T he volum e indicators to  be com pared are connected for convenience, 
to  a  po in t where the volum e level is unaffected by the controls. T heir 
readings are corrected for each te s t by  the m easured loss or gain be
tween the po in t where they  are situa ted  and the o u tp u t of the test 
amplifier, so as to  express the levels which would be read a t  the 
am plifier ou tpu t.

Tw o techniques were em ployed for conducting tests w ith this equip
m ent. In  one, the  individual m ethod, a  single observer a t  a  tim e

2 “ Auditory Perspective—Loud Speakers and Microphones,” E. C. Wente and 
A. L. Thuras, Electrical Engineering, January 1934.
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listens to  the  program  and  ad ju sts  the  volum e level a t  the  o u tp u t of 
the am plifier by  m eans of the coupled a tten u a to rs , until he determ ines 
the po in t a t  which d istortion  due to  overloading is ju s t audible, when 
th e  key is operated  from  th e  reference to  the  te s t condition. T his is 
repeated  for a  num ber of different program s and observers un til a large 
num ber of observations have been obtained. T he volum e levels ind i
cated  by  the different volum e indicators a t  the am plifier o u tp u t are 
determ ined  for each observation. These are found to  have a  con
siderable spread, due no t only to  the  differences in the  n a tu re  of the 
program s b u t also to  differences in the  acu ity  of perception of the 
d istortion  b y  th e  various observers. T h e  m ethod of analyzing the 
d a ta  is described later.

In  the second technique, the group m ethod, a  group of observers 
sim ultaneously  listens to  a program  w hich is repeated  w ith  the key 
operated  a lte rn a te ly  to  the  te s t and  reference positions. T he two 
conditions are distinguished to  the  observers (b u t n o t identified as to 
which is which) by  a  le tte r  associated w ith each condition in an 
illum inated  sign. T he le tters  A, B and  C are used, tw o being chosen 
a t  random  for each test. A vo te  is taken  as to  w hich condition, desig
nated  by  one of the two le tte rs  em ployed in the particu la r test, is 
preferred w ith  respect to  freedom  from  d isto rtion . A num ber of such 
tests, covering the range from  a level below the  po in t where d istortion  
can be detected  by  anyone to  a level high enough for all to  observe 
d istortion , establishes a  curve betw een th e  per cen t of observers 
correctly  choosing the reference condition as having the least d is to r
tion, and the amplifier o u tp u t level as read by  each volum e ind icator 
used in the  tests. Sim ilar curves are determ ined for a  num ber of 
kinds of program  m aterial, and for purposes of com parison the  overload 
p o in t for each program  is taken  from  the p o in t on th e  curve for each 
volum e indicator, where 80 per c e n t3 of the  observers vo ted  correctly .

As noted, judgm ent tests of th is so rt require m any  observations and  
checks to  ob tain  reliable results. A larger volum e of d a ta  is available 
for the individual m ethod, so th e  results from  tests  m ade by  th a t 
m ethod have been chosen to  be reported  here. Some te sts  have also 
been m ade w ith  the group m ethod and, while the  resu lts are less 
conclusive, they  su b s tan tia te  those recorded below.

T ests by the individual m ethod to  com pare peak-reading and  r-m-s 
volum e indicators have been carried o u t a  num ber of tim es during  the 
p ast two years. In each of these tests  a  num ber of observers have 
taken  p a rt and a num ber of sam ples of program  m aterial of a  v a rie ty  of

3 “ Audible Frequency Ranges of Music, Speech and Noise,” W. B. Snow, Journal 
of the Acoustical Society of America, July 1931.
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types have been em ployed. For the m ajority  of the tests, the  sources 
of program  were high quality  recordings, convenient because of the 
ease and  exactness w ith  w hich the  program s could be repeated. For 
some of the  tests, however, actual speakers and  m usical instrum ents 
were em ployed w ith  d irec t m icrophone pickup.

A num ber of th e  types of volum e indicators in common use were 
represented in these tests. Since the 700A Volume Ind ica to r was 
common to  all of the  tests , i t  has been chosen to  represent th e  r-m-s 
type  of volum e ind icator in the d a ta  presented below. T he peak- 
reading type  was represented b y  the  especially constructed  experi
m ental instrum ent, whose fundam ental circuit is shown in Fig. 2. 
T he resistances controlling the ra tes of charge and  discharge of the  
condenser were ad justab le , perm itting  a  range of characteristics to  be 
obtained. T he ad justm en ts for w hich the d a ta  referred to  below were 
obtained, correspond to  a ra te  of charge of the  condenser such th a t 
im pulses of single frequency applied to  the in p u t for 0.025 second would 
give a  reading w ithin 2 db of th e  reading obtained w ith  a sustained 
wave of the  sam e am plitude. T he ra te  of discharge of the condenser 
w as ab o u t 19 db per second. These ra te s  are generally sim ilar in 
m agnitude to  those specified by  the  In ternational C onsultative Com 
m ittee  on Telephone Transm ission (the C. C. I. F .) for broadcast 
service, and  b y  the  Federal C om m unications Commission for m odula
tion  m onitors.

T he d.-c. am plifier and  d.-c. m illiam m eter which indicates the charge 
on the  condenser included features, no t shown in th e  simplified sketch, 
■which m ade the response logarithm ic. T he in strum en t had  a  sub
stan tia lly  uniform  decibel scale covering a range of 50 db.

T he d a ta  from  four different series of tests, m ade a t  different tim es, 
were collected in one body, and  d istribu tion  curves were p lo tted  show
ing th e  relative frequency of occurrence am ong the d a ta  of the different 
levels a t  w hich incipient overload was detected . Curves for tests on 
a  W estern E lectric 94B Amplifier, w hich is an  amplifier designed w ith 
negative feedback and  therefore having a  relatively  sharp  cutoff, 
sim ilar to  a radio tran sm itte r, are illustrated  in Fig. 4. I t  will be 
noted  th a t  the  curve ob tained  w ith  the r-m -s volum e indicator has a 
slightly greater spread th an  th a t  for the peak-reading volum e indicator. 
Tw elve different observers took  p a r t in these tests, and  13 sam ples of 
p rogram  were em ployed, including male and  female speech, dance 
music, piano, violin and  brass band  selections.

T h e  d a ta  m ay  more readily  be in terp re ted  when p lo tted  in the form 
of cum ulative d istribu tion  curves, obtained b y  in tegrating  the above 
distribu tion  curves. C um ulative curves for the d a ta  ju s t referred to
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are  shown in Fig. 5. F or convenience and ease of in te rp re ta tio n , these 
curves have been p lo tted  on “ p ro b ab ility ” ra th e r  th an  rec tangu lar 
coordinates, as p robab ility  coordinates have the  p ro p erty  of m aking 
d a ta  whose d is tribu tion  follows a  norm al law 4 form  a  s tra ig h t line. 
I t  will be no ted  th a t  th e  experim entally  determ ined points ac tually  
fall so nearly  on s tra ig h t lines, th a t  i t  is reasonable to  assum e stra ig h t 
lines to  represen t them . I t  is likely th a t  w ith  a  g rea ter volum e of 
d a ta , still g rea ter conform ity  to  the s tra ig h t lines draw n, would be 
obtained.

In  order to  superpose th e  curves for the  tw o volum e indicators, the  
levels are p lo tted  in decibels w ith respect to  the average overload level

- 8  - 7  -6  - 5  - 4  - 3  - 2  - I  0 1 2 3 4  5 6 7 8
VOLUME LEVEL IN DECIBELS (0  = MEAN OVERLOAD POINT)

Fig. 4— Distribution of overload points.

determ ined from  the tests. W hen ca lib rated  to  read alike on the sam e 
sine-wave power, the  experim ental peak-reading in stru m en t (w ith the 
ad justm en ts described above) reads on the average 7.4 decibels higher 
on actual program s th an  the r-m -s in s tru m en t used in th e  tests.

Now le t i t  be im agined th a t  the  te s t am plifier is th e  one critical link 
in a b roadcast netw ork  and  th a t  an  opera to r is given th e  d u ty  of 
satisfactorily  ad justing  the volum e levels th rough th e  am plifier using 
either of the  two volum e ind icators tested . If he lets th e  louder 
portions of th e  program s ju s t reach the  volum e level m arked  “ 0 d b ” 
on the curves, i t  will m ake no difference w hich volum e ind icator he 

4 The “ norm al” law has the form y  =  A
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uses. In  e ither case, on the average, half of the listeners will hear 
distortion  when the program  is loudest. However, th is result would 
probably be considered too poor, so suppose the m axim um  level is 
lowered 3.5 decibels. R eferring to  the curves, i t  is seen th a t if the

Fig. 5—Comparison of peak vs. r-m-s volume indicators as overload 
indicators (using W .E. 94B amplifier).
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peak-reading volum e ind ica to r is used, only ab o u t 5 per cen t of the  
listeners will now on the  average hear d istortion  on the loudest program  
passages, while if th e  r-m-s in stru m en t is used, ab o u t 10 per cen t will 
hear d istortion . T o  reduce th e  la tte r  figure to  5 per cen t w ould require 
lowering the m axim um  volum e level ano ther decibel. T h u s w ith  th is 
criterion, th e  peak  in stru m en t has a  slight advan tage , as i t  would 
perm it the  transm ission of a  1 decibel higher average volum e level for 
th e  sam e likelihood of d isto rtion  being heard.

T h e  above sta tem en ts  assum e th a t  th e  observers and  program s used 
in th e  tests  ju s t  described were rep resen ta tive  of th e  listening public 
and  the program s th ey  hear. A ctually , the  observers were tra in ed  by 
experience in m aking m any  te sts  and  were no d o u b t m uch m ore critical 
th an  th e  average listener. M oreover, th e  conditions under w hich th e  
tests  were perform ed, w ith  th e  availab ility  of frequen t com parison 
w ith the und isto rted  reference condition, were m ore conducive to  
critical detection  of overload th an  are  average listening conditions. 
These facts, together w ith  th e  inev itab le  in ab ility  of th e  control 
operator in practice to  m ake his ad ju stm en ts  perfectly  in an tic ip a tio n  
of the  coming changes in the  program s, tend  to  m ake the  real p ractical 
advan tage  of one in stru m en t over the  o ther considerably  less th a n  
shown b y  th e  tests. A fu rth e r fac to r reducing th e  im portance  of th e  
sm all differences shown b y  th e  te s ts  is th e  growing use of volum e 
lim iting am plifiers a t  critical po in ts in a  b roadcast system , such as a t  
the  radio b roadcast s ta tions, w hich au tom atica lly  p reven t the  tra n s
mission of excessive levels.

A nother cum ulative d istribu tion  curve is show n in Fig. 6, rep re
senting sim ilar tests  on a  W estern E lectric  14B P rogram  Amplifier. 
T his is a  sim ple push-pull triode am plifier w ith o u t negative feedback 
and  therefore having a  m ore g radual cutoff th an  th e  94B. (T he gain 
versus o u tp u t power level curves a t  1000 cycles per second are  shown 
in Fig. 7 for the tw o am plifiers.) I t  will be seen from  Fig. 6 th a t  the 
d a ta  for th e  two volum e indicators show no significant difference and  
th a t  th e  single curve equally  well represents e ither se t of d a ta  in the  
region of in terest. Som ew hat fewer d a ta  are  represen ted  by th is curve 
and  th e  agreem ent w ith  th e  norm al law is n o t qu ite  so close as in th e  
previous case.

T he peak-reading in stru m en t w ith  the  ad ju s tm e n t used in these 
tests, although having characteristics sim ilar to  those usually  proposed 
for th is type  of device, is still far too  slow in response to  ind icate  the 
tru e  instan taneous peaks of the  program  wave. T he question  n a tu ra lly  
arises, therefore, w hether any  g rea ter difference w ould be ind icated  if 
the  peak-reading in stru m en t were m ade sufficiently fa s t in response
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Fig. 6— Comparison of peak vs. r-m-s volume indicators as overload 
indicators (using W .E. 14B program amplifier).

to  indicate the  ac tual instan taneous peaks. To check th is point, some 
tests sim ilar to  those described above were m ade, using a gas tube 
trigger circuit capable of m easuring the tru e  instan taneous peaks. 
T he results of these tests, using the 94-B amplifier, are shown in Fig. 8.
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A lthough a  sm aller num ber of observations are included in these d a ta , 
the  resu lts show conclusively th a t  there  is no su b stan tia l difference 
betw een th e  experim ental peak-reading volum e ind ica to r and  the 
faster trigger tu b e  arrangem ent, in the ir perform ance on ac tual 
program  waves.

OUTPUT LE V E L IN DECIBELS ABOVE ONE M ILLIW ATT

Fig. 7— Gain vs. load characteristics of amplifiers.

T he d a ta  from  the  te s ts  have been presen ted  above in the  form  which 
m ost d irectly  indicates the com parative perform ance of th e  tw o types 
of volum e indicators. How ever, a  breakdow n of the d a ta  w ith  respect 
to  the  types of program  m ay be of in te rest and  is shown in T ables 1
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Fig. 8—Comparison of experimental peak volume indicator with gas tube 
trigger device as overload indicators.

and  II  for the d a ta  on the 94B amplifier shown previously in Figs. 
4 and 5.

I t  will be observed in Table I th a t the average overload points for 
the different types of program s fall w ithin a  range of ab o u t 2 db for
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TABLE I

A v e r a g e  O v e r l o a d  P o i n t s  o f  D i f f e r e n t  K in d s  o f  P r o g r a m  M e a s u r e d  
a t  t h e  O u t p u t  o f  t h e  94B A m p l i f i e r

C h ara c te r  of P rogram N o . of 
T e sts

T o ta l N o . of 
O bservations

A verage O verload  P o in t *

R -M -S  V .I. P eak  V .I.

Male Speech........................ 8 81 22.1 db 31.9 db
Female Speech.................... 8 82 22.8 30.1
Piano..................................... S 40 24.1 30.9
Brass B an d .......................... 4 25 24.1 31.0
Dance O rchestra................. 5 42 24.7 29.4
Violin.................................... 1 15 25.8 31.1

Average Speech.................. 16 163 22.4 31.0
Average M usic.................... 15 122 24.5 30.5

Grand A verage............... 31 285 23.3 30.7

* These tests antedated the new standards, and the values given are in db with 
respect to a reference point based on a single frequency calibration of .006 w att 
in 600 ohms.

TABLE II

S p r e a d  o f  O v e r l o a d  P o i n t s  W h o s e  A v e r a g e s  A r e  G i v e n  i n  T a b l e  I
C h ara c te r of P rogram R -M -S  V .I. P eak  V .I.
Male S p eech ..................... ............  6.1 db 3.7 db
Female Speech.................. ............  4.6 2.5
Piano................................... ............  3.6 4.9
Brass B and........................ ............  4.0 3.9
Dance O rchestra............... ............. 3.7 2.4
All T ypes........................... ............  7.3 5.9

either volum e indicator. How ever, i t  will be no ted  th a t  w ith  the 
r-m -s in strum en t th e  average overload p o in t for speech is ab o u t 2 db 
lower th an  for music, while there  is no significant difference w ith  the  
peak  instrum ent. T his undoubted ly  is because speech w aves have a 
higher “peak-factor ” (ratio  of peak  to  r-m -s values) th an  music.

T able  II shows th e  spread of the overload poin ts (difference betw een 
highest and lowest values) for the various tests  on each type  of program  
whose average is given in T able  I. M ost of th e  types of program  show 
a significantly narrow er spread for the peak th an  the r-m -s in strum en t. 
F or com parison w ith values taken  from Figs. 5 and  6, discussed above, 
these spreads should be divided by  2 to  show th e  difference betw een 
the lowest and  the  m ean values.

I t  is concluded from  the tests  ju s t  described th a t  the  d isadvan tage  
in using r-m-s instead  of peak-reading volum e ind icators for controlling 
volum es to  avoid aural d isto rtion  due to  overloading, is su bstan tia lly  
none when the overloading device does no t have too sharp  an over
loading characteristic , and  only slight when i t  does overload sharply.
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T he explanation probably lies in the physiological and psychological 
factors involved in the ea r’s appreciation  of overload distortion , which 
perm it to  pass unnoticed considerable am ounts of d istortion on rarely 
occurring instan taneous peaks of very  short duration .

Peak Checking
A very  im p o rtan t use of volum e indicators is th a t of checking the 

transm ission losses or gains along a program  netw ork by m easurem ents 
m ade on the transm itted  program  m aterial [item  (b) in the list given 
earlier]. T he program  circuits which m ake up the large program  
netw orks are in continuous use for m any hours each day, and during 
th a t  period are sw itched together in m any com binations as called for 
by  the operating schedules. I t  is no t convenient to  in te rru p t service 
for sine-wave transm ission m easurem ents; hence to  check the tran s
mission conditions during service hours, i t  is the custom  to take  sim ul
taneous readings a t  two or more points in the program  netw orks on 
p articu lar im pulses of w hatever program  wave is being transm itted , 
coordinating these readings by  the use of an order wire. On such 
readings, the r-m-s type of in strum en t is far superior to  the peak- 
reading type, because of phase d istortion and slight non-linearity  in 
the  program  circuits. These effects are undetectable to  the ear, b u t 
change the  wave shape of the  program  peaks sufficiently to  cause 
serious errors in the  readings of the peak-type instrum ent. On the 
o ther hand they  have no noticeable effect on th e  r-m-s instrum ents.

T ests were m ade on this effect by tak ing  readings on several kinds 
of program  a t  the beginning and  end of a  program  circuit extending 
from New Y ork to  Chicago and re tu rn  (about 1900 miles). T he circuit 
was lined up so th a t  e ither volum e indicator read the same a t both 
ends of th e  circu it on a 1000-cycle sine wave. In  all the  tests, the 
readings obtained on program  m aterial w ith the r-m-s instrum ent a t 
the  two ends of the circuit agreed within a very few ten ths of a  decibel. 
T he readings of the peak instrum ent, however, disagreed by the values 
shown in T able  I I I , when the program  m aterial was applied to the 
circuit a t  the  norm al m axim um  operating level.

I t  is of in terest th a t the errors shown by the table are affected by 
the frequency range of the program  m aterial transm itted , being greater 
for the  broader band. T he frequency range was controlled by the 
use of low-pass filters inserted between the source of program  and the 
line before the po in t a t  which the sending end levels were read. Tests 
were also m ade of the effect of a  180-degree phase reversal a t  the center 
of the loop. T his was found to  increase the errors in some cases and 
to  decrease them  in others.
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TABLE III

E r r o r s  R e s u l t i n g  f r o m  U s e  o f  P e a k - T y p e  V o l u m e  I n d i c a t o r  
o n  a  L o n g  P r o g r a m  C i r c u i t

U p p er F requency  L im it of P rogram  
5000 Cycles 8000 Cycles

Male Speech.................................  —3.5 db —4.5 db
Female Speech.............................  —1.5 —3.0
Dance O rchestra.........................  —2.0 —1.5
Brass B and ...................................  —3.0 —2.0
Piano  —0.5 —1.5

T he large errors ind icated  in the  tab le  are, of course, intolerable. 
T he effect of th e  line on the  reading of th e  peak  in s tru m en t is p a rtly  
due to  th e  cum ulative effects of th e  slight non-linearity  in the  m any 
vacuum  tu b e  am plifiers and  loading coils in th e  circuit, and  p a rtly  to 
phase changes which a lte r the  wave fron t and  am plitude  of th e  peaks. 
I t  m igh t be th o u g h t th a t  phase changes w hich destroy  some peaks 
would tend  to  create o thers. How ever, a  Fourier analysis of a  sharp 
peak will show th a t  an exact phase re lationsh ip  m ust exist betw een all 
of the  f r e q u e n c y  com ponents. T he p robab ility  th a t  phase sh ift in a 
line will chance to  cause all of th e  m any  frequency com ponents of a 
complex w ave to  align them selves in th e  relationship  necessary to  
create a  peak  w here none existed before, is very  slight,— indeed in 
finitesim al com pared to  the  p robab ility  of the  occurrence of a  peak  in 
th e  original wave.

Loudness
A nother im p o rtan t consideration is th e  correlation betw een volum e 

levels and  th e  com parative loudness of different types of program s 
[item  (c) in th e  list given earlier]. T his was tes ted  b y  a m ethod  sim ilar 
to  the “ group m ethod ,” described above in connection w ith  the  tests 
on aura l overload d istortion . A group of observers w as perm itted  to  
listen to  a lte rn a te  repetitions of a  te s t program  and  a reference p ro 
gram , and  was asked to  vo te  upon w hich appeared  th e  louder. A 
particu la r selection of m ale speech was used as the  reference program  
for all of th e  te s ts  and  its  level was k ep t constan t. T h e  te s t program s 
included several d ifferent types and  several sam ples of each ty p e  of 
program . T he sam ples of program  were ab o u t 30 seconds in length. 
E ach  te s t program  was presented a t  a  num ber of levels covering a 
range from  a low level w here all the  observers judged  th e  reference 
program  to be the louder to  a  h igher value w here all of them  judged 
the  te s t program  to  be the louder.

T hus, a  curve was established for each ty p e  of program  betw een the 
per cen t of observers judging th e  te s t program  to  be th e  louder, and 
the level of th e  te s t program . A sam ple of such a curve is shown in
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Fig. 9. T he 50 per cen t po in t on the curve is in terp re ted  as indicating  
the level of the  tes t program  a t  which it appears to the average observer 
to  have the sam e loudness as the reference program . T he tes t p ro
gram  is then set a t  th is “ equal loudness’’ volum e level and  the levels 
of bo th  tes t and reference program s are read w ith each of the types of

Fig. 9—Per cent of observers choosing symphony music a t indicated volume 
levels to be louder than the male speech reference.

volum e indicators of interest. In this way, the figures given in Table 
IV  were determ ined.

I t  is ev ident from the figures in the table th a t there is no significant 
advan tage  for either type of volum e indicator where loudness is the 
criterion.

T able  IV  shows th a t  when the  new volum e indicator is used the 
musical program s m ust be 2 to 3 db higher than  speech to  sound equally 
loud. I t  is of in terest to  note th a t  according to  T able I this same
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TABLE IV

V olum e In d ica to r R ead ings fo r S am e 
L oudness as M ale Speech 

N ew  V olum e P eak  V olum e
T y p e  of P rog ram  Indicator In d ic a to r

Male Speech..............................................  0 0
Female Speech.........................................  —0.1 — 2.2
Dance Orchestra...................................... + 2 .8  —2.2
Symphony O rchestra.............................  + 2 .7  —2.3
Male Singing............................................ + 2 .0  — 2.S

difference was shown to  exist betw een th e  average overload po in t of 
the  94B am plifier on speech and  music, when m easured w ith  th e  r-m-s 
volum e indicator. T his would seem to ind icate  th a t  if allowance is 
m ade for th is difference betw een speech and  m usic in controlling the 
volum e levels to  avoid overloading, th ey  will also then  sound equally  
loud to  th e  listeners.

Choice of Type
T he tests  of aural d istortion  due to  overload showed so slight a  d is

advan tage  for the r-m -s in stru m en t and  th e  experim ents on peak 
checking showed such a  m arked advan tage  for th is  ty p e  as com pared 
w ith  the peak in strum en t, th a t  i t  was decided to  develop the  r-m-s 
type  of in strum en t. A nother consideration was th a t, w ith  the  ad 
vances in copper-oxide types of instrum ents, i t  has becom e possible to 
m ake r-m -s in strum en ts of sufficient sensitiv ity  for m ost purposes 
w ithou t the  use of vacuum  tubes and  the ir a tte n d a n t need of power 
supply, an advan tage  no t shared by peak-reading in strum en ts, a t  least 
a t  present. T hus, the  r-m -s in stru m en t has advan tages of com 
p ara tiv e  low cost, ruggedness, and  freedom  from  th e  need of power 
supply, and  can, m oreover, be readily  m ade in po rtab le  form s when 
desired.

D y n a m ic  a n d  E l e c t r i c a l  C h a r a c t e r is t ic s

I t  will be appreciated  from  the  earlier discussion th a t, for a  volum e 
ind icator to  be tru ly  stan d ard , its  dynam ic and  electrical characteristics 
m ust be controlled and  specified so th a t  different in stru m en ts  will read 
alike on the rap id ly  vary ing  speech and  program  waves. Therefore, 
the next s tep  in the developm ent was to  determ ine su itab le  values for 
these characteristics.

In  deciding upon the  dynam ic characteristics, an im p o rtan t factor 
included in th e  consideration was th e  ease of reading the  in stru m en t 
and  th e  lack of eye stra in  in observing it  for long periods.

F irs t, a  num ber of existing in stru m en ts  were stud ied , including some 
experim ental models constructed  independen tly  for the  tw o b ro ad 
casting  com panies prior to  th e  s ta r t  of th is jo in t developm ent. In



this, the  opinions of technicians, accustom ed to reading volum e ind i
cators as a  p a rt of their regularly  assigned duties, were sought, as well 
as those of the  engineers. T he instrum ents stud ied  included a  con
siderable range of speeds of response and  of dam ping. F rom  th is work, 
the following conclusions were reached :

a. For ease of reading and  m inim um  of eye fatigue, the m ovem ent 
should no t be too fast. As a  resu lt of observations under service con
ditions and o ther tests the requirem ent was adopted  th a t  the sudden 
application of a  1000-cycle sine-wave of such am plitude as to  give a 
steady  deflection a t  the  scale po in t w here the in strum en t is to  be read, 
shall cause the pointer to  read 99 per cen t of the  final deflection in 0.3 
second.

b. T he m ovem ent shall be slightly  less th an  critically  dam ped, so 
th a t th e  pointer will overswing no t less th an  1 per cen t nor more th an  
1.5 per cen t when the  above sine-wave is suddenly applied.

T his last po in t deserves fu rther discussion. I t  was no ted  th a t  on 
speech or program  waves, instrum ents w hich were critically  dam ped 
or slightly  overdam ped had  a  more “ j i t te r y ” action th an  instrum ents 
slightly underdam ped, and  the  stra in  of reading them  was greater. 
T he reason for th is will be understood by reference to  the theoretical 
curves shown in Fig. 10. These curves represent, for th ree different 
degrees of dam ping, the  deflection versus tim e following the sudden 
application of a  steady  sine-wave. C urve A  is for a  m ovem ent under
dam ped by the am oun t specified above. C urve B  is for a  critically 
dam ped m ovem ent, while curve C is for a  m ovem ent which is over
dam ped by the  sam e factor th a t A  is underdam ped. I t  is assumed 
th a t the  periods of the th ree m ovem ents are so ad ju sted  th a t all reach 
a  deflection of 99 per cen t in the  sam e tim e and th a t  the  sensitivities of 
each are th e  same.

I t  will be noted th a t  the  velocity  of the  pointer in curve A  is more 
nearly  uniform  th an  in the o ther curves, and th a t  the m axim um  veloc
ity  in A  is only abo u t half th a t  in C. Because of the lower and more 
uniform  velocity, there  will be m uch less eye stra in  in w atching pointer 
A  as i t  dances abo u t in response to  program  waves than  either of the 
others. M oreover, th e  sam e curves inverted  will equally  well repre
sent the  m otion of the  pointers when the applied wave is suddenly 
stopped. I t  is evident, by  inspection of the  region shown near zero, 
th a t pointers B  and  C will s ta r t  dow nw ard very rapidly  whereas 
po in ter A  will pause for a  m om ent and  then s ta r t  dow nw ard more 
slowly. T h is is of im portance since i t  is the m axim um  excursions of 
the pointer which m ust be observed in reading volum e levels. T he
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tendency  to  pause a t  the top  of the  swing before s ta rtin g  dow nw ard 
m akes A  easy  to  read, and  the  failure to  do so explains the  observed 
“ j i t t e r y ” m otion of in stru m en ts  such as B  and  C.

As a fu rther p a r t  of th is s tu d y , high speed m oving p ictu res were 
taken  of th e  available volum e indicators, showing the ir response to  
suddenly  applied sine-waves. T he pictures were taken  a t  400 fram es 
a  second and  included on the  edge of each fram e was a  pho tograph  of 
a  clock device w hich ind icated  tim e in th ousand ths of a  second. From

0 0.1 0.2 0-3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
TIME C 1.0 = TIME TO REACH 99 PERCENT FINAL DEFLECTION)

Fig. 10— Effect of damping on instrum ent characteristics.

m easurem ents m ade on these films, th e  d a ta  p lo tted  in Fig. 11 were 
obtained. I t  is in teresting  to  observe how lightly  dam ped are the  
oscillations of th e  203C volum e ind icato r, which until the  ad v en t of 
the new in stru m en t has been in use in considerable num bers. T he 
curve for th e  peak  volum e ind ica to r on Fig. 11 m ust n o t be m istaken 
for the tru e  speed of response b u t is m erely the speed w ith  w hich the 
in s tru m en t reads the  charge on th e  condenser (see Fig. 2). T he charge 
builds up  qu ite  rap id ly , b u t the in stru m en t follows in m ore leisurely 
fashion as shown. T he in stru m en t, as no ted  earlier, will ac tu a lly  give
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a reading of 80 per cent on an im pulse of sine-wave as short as .025 
second.

T he above characteristics were decided upon only after m any tests 
corroborated by field tria ls under actual w orking conditions. T he 
valid ity  of the conclusions reached in the tests of earlier r-m-s volum e 
indicators was checked w ith respect to  the  new in strum en t by  fu rther 
tests.

0  O.l 0 .2  0.3 0 .4  0.5 Q.6 0.7 0.8 0 .9 1.0
TIME IN SECONDS

Fig. 11— Deflection of volume indicators to suddenly applied sine-wave.

T he question of w hether the  rectifier should be half-wave or full-wave 
needs little  discussion. T he oscillogram of the  speech wave shown 
in Fig. 1 shows a  very  m arked lack of sym m etry. E v idently  if a 
volum e ind icator is to  give the  sam e reading no m a tte r which w ay its 
in p u t is poled, a balanced full-wave rectifier is required.

T hroughou t th is paper, the  term  “ r-m -s” has been used loosely to 
describe the  general type  of in strum en t under consideration. Some 
tests  were m ade to  determ ine how closely the new volum e indicator 
approxim ates th is characteristic.
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T he procedure was based on determ ining  the exponent “ p "  in the 
equation

i  =  kep,

which is equ ivalen t to  th e  ac tual perform ance of the  in stru m en t for 
norm al deflections. (In the  equation  “i "  is th e  in stan taneous cu rren t 
in the in stru m en t coil and  “e "  is the in stan taneous po ten tia l applied 
to  the volum e ind icator.) Tw o m ethods were em ployed. One con
sisted of determ ining  th e  ra tio  of the m agnitudes of the  sine-wave
a.-c. and  th e  d.-c. po ten tia l w hich when applied to  the  volum e indicator 
give the sam e deflection. T he second m ethod consisted of determ ining 
the  ra tio  of th e  single frequency po ten tia l to  the po ten tia l of each of 
tw o equal am plitude, non-harm onically  re la ted  frequencies which 
when sim ultaneously  applied give th e  sam e deflection.

W ithou t going in to  the  m athem atics involved, several of th e  new 
volum e ind icators were found to  have average exponents of ab o u t 1.2, 
so th a t  th ey  had characteristics th a t  were betw een a linear (p =  1) and 
a  square law or “ r-m -s” (p =  2) characteristic . A pplying th e  second 
m ethod to  a  W estern E lectric  1G Volume Ind ica to r, w hich is considered 
to  be an  “ r-m -s” in strum en t, th e  exponent was found to  be 1.89.

I n s t r u m e n t  S c a l e  

Am ong the more im p o rtan t features to  be considered in th e  develop
m en t of a  volum e ind icator is the design of its  scale. In  b roadcast 
studios, volum e indicators are under observation  alm ost continuously  
by  the control operators, and  the  ease and  accuracy  of reading, and 
th e  degree of eye stra in  are of m ajor im portance.

P rior to  the  adoption  of the  new stan d ard  volum e ind ica to r there  
was a wide varie ty  of volum e-level ind ica to r scales in use b y  the 
electrical com m unications industry . This, coupled w ith  the use of a 
num ber of different k inds of instrum ents, reference levels, etc ., resulted 
in considerable confusion when volum e m easurem ents were involved.

Volume level indicators, as a lready  explained, are used (a) as an aid 
in com pressing the wide dynam ic range of an original perform ance to  
th a t of the associated transm ission m edium  and  (b) for locating the 
upper p a r t  of the dynam ic range ju s t w ith in  th e  overload po in t of 
an equipm ent during its  norm al operation. F o r th e  first of these uses, 
a  scale having a  wide decibel range is preferable. F o r th e  la tte r  p u r
pose, a  scale length of 10 db  is usually  adequate . Since a  given in 
s tru m en t m ay be used for b o th  applications, neither too large nor too 
sm all a  range is desirable in a volum e level ind ica to r for the  above 
purposes. A usable scale length  covering 20 db  appears to  be a  sa tis
factory  compromise.
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I t  is ev iden t th a t the in strum en t scale should be easy to read in order 
th a t  the  peak reached by the needle under the im petus of a  given 
im pulse m ay be accurately  determ ined. T he in strum en t scale, there
fore, should be as large as practical since in the case of the broadcast 
and  m otion picture applications, a tten tio n  is divided between the 
action in th e  studio  and the volum e indicator.

T he in stru m en t scale g raduations should convey a m eaning, if 
possible, even to  those n o t technically  inclined b u t who are, neverthe
less, concerned w ith  the production of the program  m aterial.

F inally , the  scale m ust be properly illum inated so th a t  the relative 
light in tensity  on the face of the in strum en t is com parable to  th a t on 
the sound stage. Unless th is condition prevails, the  eye will have 
difficulty in accom m odating itself w ith sufficient rap id ity  to  the changes 
in illum ination as the technician glances back and  forth  from  the 
studio to  the  volum e-indicator instrum ent.

E xisting  Scales
T he volum e-indicator scales m ost com m only em ployed in the past 

are shown in Figs. 12, 13, 14 and  15. I t  is ev ident th a t  all these scales 
differ from  each o ther in one or more respects.

Fig. 12—Scale on 203C volume indicator.

T he color com binations em ployed for the scale shown in Fig. 12 and 
the  sim plicity  of its  m arkings are ou tstanding  virtues. T he division 
m arkings and the num erals of the main scale are black on a yellow
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background. The decibel divisions and  associated num erals are in 
red and  considerably less conspicuous than  the m ain scale.

However, the  0 to  60 scale, w hich is used on b o th  of th e  instrum ents 
shown in Figs. 12 and 13, is an a rb itra ry  one bearing no sim ple relation 
to  the  electrical q u a n tity  being m easured. Because of th is, some of 
the  non-technical persons concerned w ith  program  production are 
prone to  request th a t  a  certa in  “ effec t” w hich th ey  desire to  tran sm it 
a t  a  louder-than-norm al level be perm itted  to  swing the  ind icating

Fig. 13—Scale on 21 type volume indicator.

needle beyond the norm al reference p o in t of “ 3 0 ” on the scale. I t  is 
no t ev iden t to  them  from  the  in stru m en t scale th a t  the  norm al reading 
of “ 3 0 ” corresponds to  m axim um  “ u n d is to rte d ” o u tp u t of the system .

T he scale shown in Fig. 14, on th e  o ther hand , was p rim arily  in 
tended  for stead y -sta te  and no t volum e level m easurem ent purposes. 
C onsequently, th is scale has little , if any th ing , to  com m end i t  for 
program  m onitoring use. N evertheless, th e  sim plicity  and  the fine 
electrical features of th is type  of in strum en t, together w ith its  re la
tively  reasonable cost, have resulted  in its general application to  volum e
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indicator service. I t  is evident, however, th a t the scale card, which 
contains all kinds of identification d a ta , is entirely  too confusing for 
quick, accurate observations as the needle swings rapidly  back and 
forth across the scale.

The scale shown in Fig. 15 has the m erit of sim plicity and easy 
readability. I t  is, however, som ew hat lim ited in the decibel range 
appearing on the scale.

Fig. 14—Scale on type 586 power level indicator.

New Scale
B oth vu 5 m arkings and m arkings proportional to  voltage are in 

corporated in the new in strum en t scale. T he need for the form er is 
obvious, b u t the philosophy which leads to  the inclusion of the la tte r 
requires an explanation.

I t  is evident, assum ing a  linear system , th a t  the voltage scale is 
d irectly  proportional to  percentage m odulation of a radio transm itte r 
upon which the program  is finally impressed. If the system  is a d 
justed  for com plete m odulation for a  deflection to the 100 per cent

6 Defined later.
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m ark, then  subsequent indications show the degree of m odulation 
under ac tual operating  conditions. In  the in terests of best operation, 
i t  m ay be desirable, of course, to  a d ju s t the  system  for som ew hat less 
th an  com plete m odulation  when th e  100 per cent indication  is reached.

In any  event, the  indications on th e  voltage scale alw ays show the 
percentage utilization of the channel. T his is a  decided advan tage  be
cause everyone involved has a  clear conception of a  percentage ind ica
tion. F urtherm ore , since the  scale does no t extend beyond the  100

Fig. 15—Type of scale used on 1G and 700A volume indicators.

per cen t m ark  (except in the form  of a  red w arning band) and  since it 
is im possible to  ob tain  more th an  100 per cen t u tilization  of the  
facilities, there is no incentive on th e  p a r t  of non-technical people 
connected w ith program  origination to  request an ex tra  loud “ e ffec t” 
on special occasions.

A ctually , two scales, each contain ing  b o th  vu and  voltage m arkings, 
have been devised. One of these, known as the  ty p e  A scale, Fig. 16, 
em phasizes the vu m arkings and  has an inconspicuous voltage scale. 
T he second, known as the type  B, Fig. 17, reverses the  em phasis on
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the two scales. T his arrangem ent perm its the installation  of the 
instrum ent which features the  scale th a t is m ost im p o rtan t to  the user, 
while retaining the a lte rn a te  scale for correlation purposes.

T he new scale retains the sim plicity and  the general color scheme of 
the former Fig. 12 scale. T he m ain division m arkings and the asso
ciated num erals are, in each case, in black. T he secondary d a ta  are

Fig. 16—New volume indicator—A scale.

sm aller (and in one case are in red) and therefore less conspicuous 
than  the others. All irre levant m arkings have been om itted  from 
the scale.

T he color of the  scale card, which is a  rich cream , seems to  be a 
satisfactory  compromise betw een high con trast and reduced eye
stra in  and fatigue. T his choice is based upon the preference of a  large 
group of skilled observers and  upon the reports of certain  societies for 
the im provem ent of vision. T he use of m atte  finished instrum ent
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cases having  fairly  high reflection coefficients, such as light grey, is 
also desirable for ease of vision.

T he location of the “ reference” po in t is such th a t  71 per cen t of the 
to ta l scale length  is utilized as com pared to  only 42 per cen t in form er 
instrum ents. T his feature, com bined w ith  the  use of a  larger size 
in strum en t, resu lts in a  useful scale more th an  2.5 tim es the length  of 
form er scales.

Fig. 17—New volume indicator— B scale.

A lthough the reference po in t is no longer in th e  trad itio n a l vertical 
or near-vertical position, it has been found th a t  even those w ho have 
long been accustom ed to  th e  old arrangem ent, soon discover the a d 
van tages of the new scale. T his is a tte s ted , in the case of th e  b ro ad 
casting application , by  th e  general accep tance of th is  scale by  the 
personnel of a  num ber of sta tions located  in various sections of the  
country .
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A small b u t im portan t feature of the new scale is the  use of an arc 
to  connect the lower extrem ities of the vertical b lack division m arks. 
This arc affords a  na tu ra l p a th  along which the eye travels as i t  w atches 
the needle flash up and down the  scale. T he omission of th is arc 
would result in a  num ber of vertical division m arks, hanging in space, 
as obstacles to  the free back-and-forth  m otion of the  eye.

I t  is evident, upon com parison of Figs. 12, 13, 14 and 15 w ith Figs. 
16 and 17, th a t the dynam ic volum e range visible on the scale is a t 
least twice as great as on form er instrum ents. T his range, as already 
explained, is a  good m edian value for general use.

M ention was m ade of the opinions of a group of skilled observers. 
This group consisted of more than  80 broadcast technicians who, in 
the perform ance of their duties, w atch  volum e-indicator instrum ents 
alm ost continuously th roughout the working day. The opinions of 
this group were ob tained by subm itting  working models for their 
individual considerations. I t  is believed th a t some of the results of 
these observations are of interest.

1. 83 per cen t preferred the  cream  in place of a  w hite scale card.
2. 90 per cent preferred the “ 0 -1 0 0 ” scale to the “ 0 -6 0 ” scale.
3. 92 per cen t preferred the longer scale length (3.5" vs. 2.36").
4. 97 per cent preferred the num erals placed above the arc.
5. 50 per cent preferred the spade pointer to the lance type.
6. 93 per cent agreed on the adequacy of 3 db leeway above the 

reference point.

N e w  R e f e r e n c e  L e v e l  a n d  T e r m in o l o g y

H aving agreed on the  characteristics of the new standard  volume 
indicator, the  in terests of com plete standardization  call for agreem ent, 
as well, upon a uniform  m ethod of use and a uniform terminology. 
A greem ent upon a uniform  m ethod of use m ust include establishing 
the reference volum e or zero volum e level to  which th e  readings are 
to  be referred and agreeing upon the technique of reading the volume 
indicator.

I t  is im p o rtan t to  appreciate th a t “ reference vo lum e” is a useful 
practical concept, b u t one which is quite a rb itra ry  and no t definable 
in fundam ental term s. For example, i t  cannot be expressed in any  
simple w ay in term s of the ordinary  electrical units of power, potential, 
or curren t, b u t is describable only in term s of the electrical and dynam ic 
characteristics of an instrum ent, its  sensitiv ity  as m easured by its 
single frequency calibration, and the technique of reading it. In 
o ther words, a  correct definition of reference volum e is that level of
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program which causes a standard volume indicator, when calibrated and  
used in  the accepted way, to read 0 vu.

I t  is especially cautioned th a t  reference volum e as applied to  program  
m aterial should no t be confused w ith  th e  single frequency power used 
to  ca lib rate  th e  zero volum e se ttin g  of th e  volum e ind icator. If  a 
volum e ind ica to r is ca lib ra ted  so as to  read zero on a sine-wave power 
of, say, one m illiw att in a  s ta ted  im pedance, a  speech or program  wave 
in th e  sam e im pedance whose in ten sity  is such as to  give a  reading of 
zero will have in stan taneous peaks of pow er w hich are several tim es 
one m illiw att and  an average power w hich is only a small fraction of 
a  m illiw att. I t  is therefore erroneous to  say  th a t  reference volum e in 
th is case is one m illiw att. O nly  in th e  case of sine-w ave m easurem ents 
does a  reading of 0 vu correspond to  one m illiw att.

I t  should be em phasized th a t, a lthough it  is convenient to  m easure 
the perform ance of am plifiers and  system s by  m eans of single frequen
cies, there  is no exact universal re la tionsh ip  betw een th e  single fre
quency load carrying capac ity  ind icated  b y  such m easurem ents and  
the load carry ing capac ity  for a  speech and  program  w aves expressed 
in term s of volum e level. T his re la tionsh ip  depends upon a  num ber 
of factors such as th e  rap id ity  of cutoff a t  the  overload poin t, the  fre
quency band w idth  being tran sm itted , th e  quality  of service to  be 
rendered, etc.

I t  has a lready  been b rou g h t o u t th a t  in th e  p as t there  have been a  
m ultip lic ity  of reference volum es differing from  each o ther n o t only 
because of th e  various single frequency calibrations w hich have been 
em ployed, b u t also because of the  dissim ilar dynam ic characteristics of 
the different instrum en ts used to  m easure volum e levels. I t  is also 
ap p aren t th a t  th e  in troduction  of a  new volum e ind ica to r whose 
characteristics are n o t identical w ith  any  of its  predecessors inheren tly  
m eans the in troduction  of a  new reference volum e no m a tte r  how i t  is 
calibrated . Therefore, there did no t seem to  be any  com pelling reason 
to  m ake the calibration of the new in s tru m en t agree w ith  an y  of the 
calibrations used in th e  past. M oreover, to  m any  there  seem ed to  be 
some advan tage  in se tting  the  new reference level a t  a  sufficiently 
d ifferent order of m agnitude from those w hich had  been in m ost com 
mon use, so th a t  there  will be little  chance of confusing th e  new s ta n d 
ards w ith any  of those th a t  w ent before.

A fter much th o u g h t and  discussion, i t  was agreed th a t  th e  new 
reference volum e should correspond to  th e  reading of the  new volum e 
ind ica to r when calib rated  w ith  one m illiw att in 600 ohm s across w hich 
the volum e ind ica to r is bridged. O ther ca lib ra ting  values considered 
were 10“ 16 w a tt, 6 m illiw atts and  10 m illiw atts, in 600 ohm s or in
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500 ohms. T he value chosen was preferred by a  m ajo rity  of a  large 
num ber of people who were consulted and  in addition  was found to be 
the only value to  which all could agree. Some of th e  reasons for 
choosing 1 m illiw att (10-3 w a tt)  were: (1) I t  is a  simple round num ber, 
easy to  rem em ber; (2) 10-3 is a  preferred num ber; 6 (3) 1 m illiw att is 
a  m uch used value for testing  power for transm ission m easurem ents, 
especially in the  telephone p lan t, so th a t  choice of th is value therefore 
perm its the  volum e indicators to  be used d irectly  for transm ission 
measurem ents.

T he choice of the s tandard  im pedance of 600 ohms was influenced by 
the fact th a t, considering all of the p lan ts involved, there  is more equip
m ent designed to th is im pedance than  to  500 ohms.

T he question m ay very  well be raised w hy the reference volum e has 
been related to  a calib rating  power ra th e r th an  to  a calibrating voltage, 
inasm uch as a volum e ind icator is generally a high im pedance, voltage 
responsive device. A reference level could conceivably be established 
based on voltage and  th e  u n it of m easurem ent m ight be term ed 
“ volum e-volts.” However, volum e m easurem ents are  a  p a r t of the 
general field of transm ission m easurem ents, and th e  sam e reasons 
apply  here for basing them  on power considerations as in the case of 
ordinary  transm ission m easurem ents using sine-waves. If the funda
m ental concept were voltage, ap p aren t gains or losses would appear 
wherever im pedance transform ing devices, such as transform ers, occur 
in a circuit. T his difficulty is avoided by adopting  the power concept, 
m aking suitable corrections in th e  readings when the im pedance is 
o ther than  600 ohms.

H aving chosen th e  zero po in t to  w hich the new volum e readings 
would be referred, th e  next question to  be decided was the  term inology 
to be em ployed in describing the m easurem ents. As has been pointed 
out, the  p a s t custom  of describing the volume m easurem ents as so 
m any decibels above or below reference level has been am biguous 
because of differences in instrum ents and standards of calibration. 
I t  was though t, therefore, th a t  there would be less confusion in ad o p t
ing the new standards if a new nam e were coined for expressing the  
m easurem ents. T he term  selected is “ v u ,” th e  num ber of vu being 
num erically  the  same as the num ber of db above or below the new 
reference volum e level. I t  is hoped th a t in the fu ture this new term 
will be restricted to its intended use so that, whenever a volume level reading 
is encountered expressed as so m any vu, it will be understood that the 
reading was made with an instrument having the characteristics of the new 
volume indicator and is expressed with respect to the new reference level.

6 A. Van Dyck, “ Preferred Numbers,” Proc. I. R. E., Vol. 24, pp. 159-179 (1936).
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T he procedure for reading the new volum e ind ica to r is essentially  
th e  sam e as th a t  w hich has alw ays been em ployed, w ith  th e  exception 
th a t, since the  in stru m en t is very  nearly  critically  dam ped, there  need 
be to lerated  fewer overswings above the prescribed deflection. One 
who is fam iliar w ith the use of volum e ind icators will instinctively  read 
the new in stru m en t correctly . T he procedure m ay be described by 
sta tin g  th a t  the ad ju stab le  a tten u a to r , which is a  p a r t  of the  volum e 
indicator, should be so ad justed  th a t the  extrem e deflections of the 
in stru m en t needle will ju s t reach a scale reading of zero on the vu scale 
or 100 on th e  per cen t voltage scale. T he volum e level is then  given 
by the designations num bered on the a tten u a to r . If, for any  reason, 
the deflections canno t be b rough t exactly  to  the 0 vu m ark  or 100 per 
cen t m ark, the  reading obtained  from  the setting  of the a tte n u a to r  m ay, 
if desired, be corrected by  adding the dep artu re  from  0 shown on the 
vu scale of the  instrum ent.

Since program  m aterial is of a  very  rap id ly  vary ing  n a tu re , a  reading 
canno t be ob tained  in stan taneously  b u t the  volum e ind ica to r m ust be 
observed for an appreciable period. I t  is suggested th a t  a  period of 
one m inu te  be assum ed for th is purpose for program  m ateria l, and  5 
to  10 seconds for m essage telephone speech, so th a t  th e  volum e level a t  
an y  particu la r tim e is determ ined  by  the m axim um  swings of the  
po in ter w ithin th a t  period.

S u m m a r y  o f  C h a r a c t e r i s t ic s

In  the preceding sections of the  paper the considerations w hich led 
to  the selection of the more im p o rtan t characteristics of the  new volum e 
ind ica to r have been discussed in some detail. In  th is section a  sum 
m ary  will be m ade, first of the  fundam ental requirem ents w hich m ust 
be conform ed to  by  any  in stru m en t if it  is to  be a  s tan d a rd  volum e 
ind ica to r according to  the  new standards, and  secondly, of o ther re
quirem ents w hich have been specified for th e  new volum e indicators 
w hich are perhaps m a tte rs  more of engineering th an  of a  fundam ental 
na tu re . These requirem ents are a  condensation  of th e  m ore im p o rtan t 
featu res of the  specifications for th e  new in stu rm en t. T h e  W eston 
E lectrical In stru m en t C orporation generously cooperated  in the d e
velopm ent, b u t it  is em phasized th a t  the specifications are based on 
fundam ental requirem ents and  are no t w ritten  on th e  p ro d u c t of a 
particu la r m anufacturer. T he com plete requirem ents are  available 
to  any  in terested  p a rty , and, as a  m a tte r  of fact, a t  least one o th e r m an 
ufactu rer has produced an in stru m en t w hich m eets th e  requirem ents.
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(A ) Fundamental Requirements

1. Type of Rectifier
T he volum e indicator m ust em ploy a full-wave rectifier.

2. Scales
The face of the in stru m en t shall have one of the two scale cards 

shown in Figs. 16 and 17. B oth cards shall have a  “ v u ” scale and a 
“ percentage v o ltag e” scale. T he reference po in t a t  which it  is in
tended norm ally to  read the instrum ent is located a t  ab o u t 71 per cent 
of the  full scale arc. T his po in t is m arked 0 on the vu scale and 
deviations from this po in t are m arked in vu to +  3 and to — 20. T he 
same point is m arked 100 on the o ther scale which is g raduated  pro
portionately  to voltage from 0 to  100.

3. Dynamic Characteristics
If a  1000-cycle voltage of such am plitude as to give a  s teady  reading 

of 100 on the  voltage scale is suddenly applied, the po in ter should 
reach 99 in 0.3 second and should then overswing the 100 po in t by a t  
least 1.0 and no t more than  1.5 per cent.

4. Response vs. Frequency
T he sensitiv ity  of the volum e-indicator instrum ent shall no t dep art 

from th a t a t  1000 cycles by  more than  0.2 decibel between 35 and 10,000 
cycles per second nor more than  0.5 decibel between 25 and 16,000 
cycles per second.

5. Calibration
T he reading of the  volum e ind icator (complete assem bly as shown 

schem atically  in Fig. 18) shall be 0 vu when it is connected to a 600-ohm 
resistance in which is flowing one m illiw att of sine-wave power a t  
1000 cycles per second, or n  vu  when the calibrating power is n decibels 
above one m illiw att.

(B) Specific Requirements
1 . General Type

T he volum e indicator employs a d.-c. instrum ent with a non-corrosive 
full-wave copper-oxide rectifier m ounted w ithin its case.

2. Impedance
T he im pedance of the volum e indicator arranged for bridging across 

a line is ab o u t 7500 ohm s when m easured w ith  a  sinusoidal voltage 
sufficient to  deflect the pointer to  the 0 vu or 100 m ark on the scale. 
Of th is im pedance 3900 ohms is in the m eter and abou t 3600 ohms 
m ust be supplied externally  to the m eter.



3. Sensitivity
T he application  of a  1000-cycle po ten tia l of 1.228 volts r-m -s (4 

decibels above 1 m illiw att in 600 ohms) to  the  in s tru m en t in series 
w ith  th e  proper external resistance causes a deflection to  the  0 vu  or 
100 m ark . T he in stru m en t therefore has sufficient sensitiv ity  to  be 
read a t  its  norm al p o in t (0 vu or 100) on a volum e level of +  4 v u .7

4. H arm onic Distortion
T he harm onic d istortion  in troduced  in a  600-ohm circu it by  bridging 

th e  volum e ind icator across i t  is less th an  th a t  equ ivalen t to  0.2 per 
cen t (r-m-s).

5. Overload
T he in stru m en t is capable of w ithstanding , w ith o u t in ju ry  or effect 

on calibration , peaks of 10 tim es th e  voltage equ ivalen t to  a deflection 
to  the  0 vu or 100 m ark  for 0.5 second and  a  continuous overload of 
5 tim es the sam e voltage.

6 . Color of Scale
T he color of the scale card, expressed according to  th e  M unsell

9.18 8system  of color identification, is 2.93Y .

7. Presence o f Magnetic Material
T he presence of m agnetic m ateria l near the  m ovem ents of the 

in strum en ts as now m ade will affect the ir calib rations and  dynam ic 
characteristics. T his is because i t  has been necessary to  em ploy more 
powerful m agnets th an  usually  required for such in stru m en ts  to  ob tain  
the desired sensitiv ity  and  dynam ic characteristics, and  an y  diversion 
of flux to  nearby  m agnetic objects effectively w eakens the useful m ag
netic field beyond th e  p o in t w here these characteristics can be m et. 
T he in strum en ts should not, therefore, be m ounted on steel panels. 
(The effect is only slight if they  are m ounted on 1/16 inch panels w ith 
the m ounting hole cu t aw ay as far as possible w ith o u t extending 
beyond the cover of the  m eter.)

7 There should be no confusion because the instrum ent deflects to a scale marking 
of 0 vu when a level of +  4 vu is applied to  it. As in previous volume indicators, 
the 0 vu point on the vu scale is merely an arbitrary  point a t which it is intended 
nominally to read the instrum ent, and the rest of the vu scale represents deviations 
from the 0 vu point. The volume level is read, not from the scale, but from the 
indications on the associated sensitivity control when the latter is so set as to give 
a scale deflection to  the 0 vu mark. If a deflection other than 0 vu is obtained, the 
volume level may be corrected by the deviation from 0 vu shown on the instrum ent 
scale. In the present art, it is difficult to make an instrum ent of the desired 
characteristics having a sensitivity greater than th a t indicated.

8 Munsell Book of Color, Munsell Color Company, Baltimore, M aryland, 1929.
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8 . Temperature Effects
In the instrum ents now available, the deviation of the sensitivity  

w ith tem perature  is less than  0.1 decibel for tem peratures between 
50° F. and 120° F., and is less than  0.5 decibel for tem peratu res as 
low as 32° F.

D e s c r i p t i o n  o f  C ir c u i t s

T he new instrum ent by itself does not constitu te  a com plete volume 
indicator b u t m ust have certain  simple circuits associated w ith it. 
Two forms which these circuits m ay take are illustrated  in Fig. 18.

w 3900-O HM  ATTENUATOR

A. HIGH-IMPEDANCE ARRANGEMENT. RANGE + 4  TO + 2 6  VU 
(FOR A DEFLECTION TO THE 0  VU OR 100 MARK)

600 U I
ABOUT 3 9 0 0  Ul 
3 9 0 0  UJ

ABOUT
8 0 0  UJ

3900-O HM  ATTENUATOR 
ADJUSTABLE IN II STEPS 

EACH

B. LOW -IMPEDANCE ARRANGEMENT. RANGER-6 TO +16 VU 
(FOR A DEFLECTION TO THE 0  VU OR 100 M AR K )

Fig. 18— Circuits for new volume indicator.

One volum e ind icator m ay, of course, have both  circuits w ith arrange
m ents to  select either by  means of a key or switch.

D iagram  18A shows a high im pedance arrangem ent intended for 
bridging across lines. As noted  above, abou t 3600 ohms of series 
resistance has been rem oved from the instrum ent and m ust be supplied 
externally  in order to  ob tain  the  required ballistic characteristics. 
This was done in order to  provide a point where the im pedance is the 
sam e in bo th  directions, for the insertion of an adjustable a tten u a to r. 
A portion of the series resistance is m ade ad justab le  as shown by the 
slide wire in the diagram . This is for the purpose of facilitating ac
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curate  ad ju s tm en t of the sensitiv ity  to  com pensate for small differences 
betw een in stru m en ts  and  an y  sligh t changes w hich m ay  occur w ith  
tim e. T h e  pa rticu la r arrangem en t shown in th e  d iagram  has an in p u t 
im pedance of ab o u t 7500 ohm s and  a  range of +  4 to  +  26 vu  for 
readings a t  the  0 v u  or 100 m ark  on th e  in s tru m en t scale.

D iagram  18B shows a  low im pedance a rrangem en t in w hich by 
adding a transfo rm er th e  sensitiv ity  has been increased by  10 vu  a t  the 
expense of decreasing the  in p u t im pedance to  600 ohm s. T he circuit 
is so designed th a t  the im pedance facing the in stru m en t is th e  sam e as 
in diagram  A, so th a t  the  proper dynam ic characteristics are obtained. 
T his arrangem ent, being low im pedance, canno t be bridged across a 
th rough line, b u t m u st be used w here i t  can te rm in a te  a  circuit. I t  is

Fig. 19— Program bridge for feeding several lines from one line.

useful for m easuring th e  transm ission loss or gain of a  c ircu it on sine- 
w ave m easuring curren ts, and  also for m easurem ents of volum e level 
w here i t  is connected to  a  spare o u tle t of a  program  bridge crcu it, as 
shown in Fig. 19. P rogram  bridge circuits, one form  of w hich is 
illu stra ted  in  th e  figure, are  com m only em ployed in the Bell System  
when i t  is desired to  feed a program  from  one line sim ultaneously  in to  
a num ber of o ther lines. T he bridge circu it w hich is illu stra ted  consists 
of a  netw ork  of resistances so designed th a t  th e  volum e level in to  each 
of the  outgoing lines is the  sam e, th a t  th e  im pedance presen ted  to  
each is th e  correct value of 600 ohm s, and  th a t  the  a tte n u a tio n  th ro u g h  
the netw ork  betw een an y  tw o of th e  ou tle ts  is g reat.

A p icture  of a  volum e ind ica to r w hich is provided w ith bo th  of the 
circuits shown in Fig. 18 is illu stra ted  in Fig. 20.
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Fig. 21— New standard volume indicators installed a t a network key station.

Fig. 21 shows a group of new stan d ard  volum e ind icato rs installed 
in a netw ork key sta tion .

C o n c l u s io n

T his paper has described a new volum e ind ica to r w hich is inexpensive 
and  whose characteristics are  th o u g h t to  rep resen t a  good practical 
com prom ise for a  general purpose in s tru m en t of th is  kind. I t  has been 
com m ented upon favorab ly  by  all who have had  any  experience w ith  it. 
I t  has been adop ted  as s tan d a rd  by  th e  tw o largest b roadcasting  com 
panies and  th e  Bell System , and  i t  is hoped th a t  o th e r users of volum e



indicators will be sufficiently im pressed by  the m erits of the  new 
instrum ent and by the  desirability  of standard ization  in th is field, to  
join in its adoption. T he new stan d ard s are being subm itted  to  the 
standards com m ittees of the various national organizations for 
adoption.

M any people contribu ted  to  the developm ent which has been de
scribed. In particu lar the au thors wish to  express their appreciation 
to Messrs. R obert A. B radley of the Colum bia B roadcasting System , 
George M. Nixon of the  N ational B roadcasting C om pany, and S, 
B rand and Iden K erney of the  Bell Telephone Laboratories, for their 
im portan t share in the  work, and to  the  W eston Electrical In strum en t 
C orporation for its valued cooperation.
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Metallic Materials in the Telephone System*

By EARLE E. SCH UM A CHER and  W . C. ELLIS

T N  the developm ent of electrical com m unication, m etals and alloys 
have played a  no tew orthy  part. To em phasize specifically the 

u tilization of m etallic m aterials the  telephone handset serves as an 
adm irab le  example. T he assem bly of in trica te  p a rts  in th is small 
piece of appara tu s, shown sectionalized in Fig. 1, contains seventeen 
m etallic elem ents, e ither alone or in com bination as alloys.

T he Bell System  has therefore conducted extensive m etallurgical 
researches, and the discoveries and developm ents have been num erous. 
Space perm its a  discussion of only a  few of th e  developm ents relating  
to  the m ore extensively used m aterials. These com prise the  alloys of 
lead, copper, zinc and  alum inum , and the precious m etals, and  m ag
netic m aterials.

L e a d  a n d  A l l o y s  o f  L e a d

Lead alloys are used principally  as sheath ing  for cable, and as 
solders for joining cable sheath  and m aking electrical connections in 
appara tus.

Cables represent one of the largest single item s of investm en t; 
approxim ately  ninety-five per cen t of the Bell S ystem ’s to ta l wire 
mileage is contained in lead or lead alloy sheath  and  th is sheath  requires 
an enorm ous am oun t of lead annually  in its production . T he largest 
size cable m ade by  the  System  contains 4242 copper wires. T he same 
num ber of open wires on telephone poles would take  70 rows of poles 
each carrying 60 wires. U nder one stree t tod ay  in New  Y ork  C ity  
there  are 282 cables contain ing ab o u t 560,000 wires.

Since the wires in the  cable are insu lated  from  one ano ther only by 
the paper or textile  w rappings or sheaths and  by the d ry  a ir contained 
in the cable, the presence of even a slight am o u n t of m oisture will 
in terfere w ith transm ission by  d rastically  reducing the insulation 
resistance. A positive pressure of d ry  n itrogen is m ain tained  in some 
cables as additional pro tection  against m oisture en trance  and  to  d is
close sheath  breaks. C ontinued  efforts are  m ade, therefore, to  im 
prove cable sheath  so as to  keep sheath  failures to  a m inim um .

* Based upon a paper published in Metal Progress, November 1939.
138
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Fig. 1—Schematic cross-section of handset showing utilization of metallic materials.
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T he h istory  of cable sheath  developm ent illu stra tes the  value of 
m etallurgical research to  the  telephone system . U nalloyed lead was 
first used because i t  was pliable, re sistan t to  corrosion and  could easily 
be m anufactured  in to  pipe. N evertheless, i t  has serious shortcom ings. 
B rittleness w ould no t be expected in a  m aterial so soft and  ductile, 
y e t repeated  stresses caused by  wind sway, m echanical v ibrations, and

1&Pr

Fig. 2—View of piece of old cable sheath made of commercially pure lead, which 
failed in service from intercrystalline fracture.

m ovem ents due to  tem pera tu re  changes produce fine cracks in the 
cable sheath  th rough which m oisture m ay  en te r the  cable. An a d 
vanced stage of such cracking is shown in Fig. 2. In fact th is effect 
is so serious th a t, unless precautions are  taken  to  m inim ize vibration , 
cables sheathed  w ith unalloyed lead canno t be shipped for long d is
tances by rail or b o a t w ithou t serious dam age.

I t  was early  found th a t  th e  addition  of th ree per cen t of tin  to  lead 
g rea tly  decreased the susceptib ility  to  this type of failure. T his alloy
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was also stronger than  lead and  more resistan t to  abrasion and  the 
cutting  action of the galvanized steel rings which usually fasten aerial 
cable to  its  supporting strand . As the q u an tity  of alloy required for 
cable sheathing increased, however, i t  became evident th a t a large 
portion of the w orld’s supply of tin  would be needed, and th is would 
cause a prohibitive rise in its  price. A search was m ade, therefore, for 
an alloy of a t least equal quality  which would be less expensive.

As a result of investigation of the properties of tw en ty  or more 
different alloys, an alloy of lead containing one per cent an tim ony was 
selected. A fter extensive m anufacturing and  field tria ls th is alloy 
was adopted in 1912 as the s tandard  for Bell System  use. H ad the 
lead-tin alloy been continued as a sheathing m aterial to  the  present 
tim e the  cost would have been tw enty-five million dollars greater 
(figured on the am ount of cable sheath  used during the  in tervening 
years and on the price of tin  w hich ac tually  prevailed during this tim e).

S tandardization of an  alloy of lead w ith  one per cen t an tim ony for 
cable sheath was no t accom plished w ithou t the appearance and solu
tion of m any technical problems. F or example the extrusion of sheath 
around the cable core has been an in te rm itten t process, since the cylin
der of the extrusion press is n o t large enough to  contain sufficient lead 
to  cover a  full length of cable. I t  was necessary, therefore, to  stop 
extrusion to  recharge th e  cylinder w ith  the  m olten lead alloy which 
m ust weld to the previous charge, a  slug of solid m etal. If a  layer of 
dross was present on the  surface of th is m aterial rem aining in the 
cylinder, a  fau lty  weld was formed which would be subsequently  ex
truded  in to  th e  sheath . Also, during the  recharging in terval, the  lead 
alloy rem aining in the extrusion die receives a  different therm al tre a t
m ent from th a t of the  previously extruded sheath . Since the proper
ties of the lead-one per cen t an tim ony alloy are m arkedly affected by 
therm al trea tm en t, there were frequently  a b ru p t differences in stiffness 
of the  sheath  ex truded  ju s t before and  ju s t a fte r the  charging interval. 
W hen th is change in stiffness was sufficiently great, serious buckles 
occurred during  reeling and  installation  of the  cable.

T hrough a  knowledge of the constitu tion and characteristics of the 
alloy, and  by  continual im provem ent in the extrusion process, i t  has 
been possible to overcome obstacles such as these and to m anufacture 
cable sheath  of im proved quality  from  the one per cent antim ony 
alloy.

The telephone m etallurgist is also concerned w ith the life of the 
alloy in service. M any  sam ples from sheath which has failed are ex
am ined annually  and  com pared with samples from  sheath  which is 
giving satisfactory  service. M icroscopic exam ination in some in-
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stances reveals a clue to  the causes producing early  failure and  thus 
suggests m ethods by which the failures m ay be elim inated.

In  developing new alloys such as have been described and  in studying  
the causes of failure of these alloys in service, extensive laborato ry  
facilities are required. For exam ple, the Bell Telephone L aboratories 
possess an extrusion press, shown in Fig. 3, for experim ental studies

Fig. 3—Laboratory extrusion press for the study of the extrusion process and for the 
production of experimental cable sheathing alloys.



ME T A L L IC  M A T E R I A L S  I N  THE TELEPHONE S Y S T E M  143

and for the preparation of new cable sheath  alloys. W ith  th is equip
m ent commercial extrusion conditions can be investigated  or, when 
desired, extrusion conditions can be varied to  determ ine the effect on 
the properties of the alloy.

The general layout of the m etallurgical microscopic labora to ry  is 
shown in Fig. 4. In the foreground is a  m etallurgical microscope and 
cam era equipped with facilities for exam ination w ith polarized light 
and dark  field illum ination. T he preparation  of specimens and  pho to 
graphic processing are done in conveniently  arranged adjoining rooms. 
The microscopic equipm ent is com plem ented w ith X -ray  diffraction 
appara tus shown in Fig. 5. This equipm ent consists of a dem ountable 
X -ray  tube so arranged th a t ta rgets  can be readily  interchanged. 
Cam eras are provided for stru c tu re  identification, precision determ ina
tion of lattice constants, and texture and orientation studies.

M icroscopic and X -ray  diffraction equipm ent are bo th  extrem ely 
valuable in a g reat d iversity  of m etal problem s. Some examples are 
given here of the  u tilization of microscopic equipm ent in cable sheath 
developm ent studies. T he possibilities of prolonging the life of cable 
sheath which has developed a weakened struc tu re  in service have been 
established through microscopic exam ination after a  heat trea tm en t 
consistent w ith the alloy s tructu re . Again, the  results of therm al 
trea tm ent incident to the  soldering and repair operations on cable in 
the field can be observed and used as a  guide to  the value of certain 
procedures. An in teresting exam ple is concerned w ith the opening 
of splices in installed cable sheathed w ith lead-antim ony alloy, a p ro
cedure frequently  necessary. D uring aging in service the antim ony- 
rich particles coalesce in to  relatively large lumps. W hen m aterial in 
this condition is heated  by pouring ho t solder over the jo in t, pools of 
liquid are formed around each lum p of antim ony, and if an a ttem p t is 
m ade to  p ry  the sleeve of the splice open a t once, the sleeve crumbles. 
If heating is prolonged a few m inutes, however, the tin y  antim ony- 
rich liquid pools diffuse in to  the surrounding solid m aterial; a t  this 
tim e the sleeve can be opened w ithout injury.

A few years ago, a  new lead alloy containing from  three to four 
hundredths per cent of calcium was produced and is being extensively 
studied now for cable sheathing and other applications. L aboratory  
tests indicate th a t under some conditions th is m aterial excels lead- 
antim ony in resistance to fatigue failure. To illustrate the careful 
consideration given m aterials before m aking changes which m ight 
v ita lly  affect telephone service, abou t one hundred miles of cables 
sheathed w ith a lead-calcium alloy have been installed for a  commercial 
field test. In addition, th irty -six  thousand feet of experim ental
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lead-calcium  sheathed cable were installed on poles alongside of similar 
lengths of cable w ith standard  lead-antim ony sheath. Various sheath  
thicknesses ranging from .075 to  the  s tandard  .125 inch were installed 
for com parison and  to  expedite early  failure. In addition  to  the 
com parison between alloys th is te s t will also give inform ation regarding 
th e  m inim um  thickness of sheath  which m ay  be em ployed w ith bo th  
the s tandard  and the experim ental alloys.

Fig. 5— X -ray  diffraction ap p ara tu s showing cam eras m ounted for identification of 
struc tu re  and precision m easurem ent of lattice  constant.

Besides their application  as cable sheathing m aterials, lead alloys 
are  also extensively used by the Bell System  as solders, storage b a tte ry  
plates, fuses and as corrosion protection coatings.

C o p p e r  a n d  C o p p e r  A l l o y s

U nalloyed copper finds application as wire in the lead-sheathed 
cables already  discussed, in open wire circuits and in central office 
equipm ent. In  the telephone p lan t there are eighty million miles of 
it— enough to  span the d istance from the earth  to the moon three 
hundred thirty-five tim es. To obtain the lowest transm ission losses, 
cable conductors consist of high conductiv ity  annealed copper wire.
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F or line wire in open wire circuits, hard  draw n copper wire is used in 
o rder to  take  advan tage  of the  conductiv ity  of copper and  the in 
heren tly  g rea ter s treng th  resu lting  from  strain-hardening . L ine wire 
is sub ject to  ice and  w ind loads, v ib ra tion  fatigue, and  in some localities, 
severe corrosion. W here loading conditions are severe the copper- 
cadm ium  and o ther h igh-conductiv ity , h igh-strength  m ateria ls  have 
a ttra c tiv e  possibilities b u t require fu rth e r evaluation  before their 
in troduction  for general use.

F o r d rop  wire— the conductor running  from  the telephone poles to 
subscribers’ buildings— a m ateria l w ith  som ew hat different p roperties 
is required. Flere lower conductiv ities can be to lera ted  b u t higher 
streng ths are  necessary since the  wire is sm aller in size and  long spans 
are som etim es necessary. Several m ateria ls have been utilized. T he 
alloy m ost generally in service in the Bell System  is com posed of 98.25 
per cent copper and 1.75 per cen t tin . T his is being replaced now as 
a  resu lt of research developm ent w ith a  higher s tren g th  copper alloy 
contain ing 3 per cen t tin . T his substitu tion  m akes possible a reduction  
in gauge size of conductor from 17 to  18 w ithou t sacrifice in the  s tren g th  
characteristics of the  conductor.

F o r m ost purposes o rd inary  electro lytic  copper contain ing  a fraction 
of a  per cen t of oxygen is satisfactory . T here are some lim ited  ap p li
cations, however, w here the copper is subjected  to high tem pera tu res 
in the  presence of reducing atm ospheres a t  some stage in the  m anufac
tu ring  process. U nder these conditions, the presence of oxygen in the 
o rd inary  copper produces a  well-known em brittling  effect. F o r these 
applications a copper free from oxygen is used.

A small b u t im p o rtan t application of copper in telephone circuits is 
in the  production of copper-oxide rectifiers. F or th is purpose a copper 
im ported  from  Chile is o rd inarily  used; for some obscure reason dom es
tic brands of copper have no t generally  proved so satisfactory .

Copper in the alloyed form also is used extensively in the telephone 
p lan t. One application , th a t  for drop wire, has a lready  been m en
tioned. O ther extensive applications are for springs and  contacting  
m em bers in electrical circuits and for s tru c tu ra l p a rts  where corrosion 
resistance or o ther desired physical p roperties ju stify  the ir use. 
Nickel silver and  to  a  lesser ex ten t phosphor bronze find application 
for springs. Brass is used prim arily  for w iper con tac ts  since i t  lacks 
the desirable spring properties of nickel silver and bronze. Included 
in satisfactory  spring requirem ents is long service life w hich depends 
upon good fatigue characteristics and  freedom , in m any instances, 
from the  tendency to  season crack.
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D i e  C a s t in g  A l l o y s

The dem and in the Bell Telephone System  for the economical pro
duction of large quantities of small complex parts  has led to an exten
sive and growing use of die castings. If the p ast is a  guide to  the 
future, fu rther expansion can be expected. A lthough the zinc base 
alloys represent the  m ajor proportion of all alloys consumed, o ther 
m aterials find application where specific properties are desired. High 
dimensional accuracy is obtained w ith tin  base alloys; light weight is a 
notable p roperty  of alum inum  base alloys. Lead base die castings are 
used principally in coin collectors where their sound and mechanical 
dam ping characteristics are im portan t. To produce the desired 
properties consistently  the m etallurgical characteristics of these m a
terials m ust be known and specific procedures followed.

E l e c t r ic a l  C o n t a c t  A l l o y s

Requirem ents of a  suitable contact are m any, and vary  w ith the 
use to which the contact is subjected. Two requirem ents th a t are 
universal and param ount are th a t the contact m aterial m ust provide 
an electrical pa th  of a low resistance and m ust not wear aw ay too 
rapidly. (Some contacts are expected to give satisfactory  perform ance 
for more than  150 million operations.) In the com m unication systems 
both precious and base m etal contacts are extensively used. Of the 
former class, p latinum , palladium , silver, platinum -gold-silver, gold- 
silver, palladium -copper, or platinum -iridium , have given good service 
performances. W iping contacts are widely em ployed in dial central 
offices. These consist generally of brass and bronze although silver is 
being used to  an increasing extent.

Some idea of the ex ten t to  which our m odern com m unication system s 
are dependent upon electrical contacts is illustrated  by the num ber of 
pairs of precious m etal contacts th a t m ust operate reliably to  complete 
an ordinary dial system  call between subscribers in a large city. Such 
a  call brings into operation abou t three hundred relays involving over 
one thousand pairs of contacts. In a long distance call between New 
York and San Francisco abou t 1500 additional pairs of precious m etal 
contacts m ust perform  dependably for satisfactory transmission. In 
some years our com m unication system s have required more than 100 
million pairs of contacts furnished on different kinds of telephone 
apparatus.

I t  m ay be readily  appreciated, therefore, th a t knowledge of the 
factors governing contact perform ance is of v ital im portance.
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M a g n e t ic  M a t e r ia l s

Telephone a p p a ra tu s  presen ts a  g rea t d iversity  of app lications for 
m agnetic m aterials. B oth  soft * and  perm anen t m agnet m ateria ls are 
extensively used. T he soft m agnetic m ateria ls are em ployed b o th  as 
sheet and  rod and  in  a  finely div ided form  for com pressing in to  cores 
for inductance coils. P revious to  1920 the p rim ary  soft m agnetic 
m aterial was iron; small quan tities  of silicon steel also were used. 
Since th a t  da te  a  large num ber of new soft m agnetic  m ateria ls  have 
been developed w ith  superior p roperties for p a rticu la r applications. 
T he discovery of perm anen t m agnet characteristics in dispersion- 
hardening  iron alloys contain ing  no in ten tional carbon has resulted  in 
a num ber of new perm anen t m agnet m ateria ls of superior properties.

A t th is tim e, in the field of soft m agnetic m aterials, iron and  silicon 
steel find by  far the  m ost extensive application. T he iron is a high 
grade com m ercial iron. T he silicon steel used is the grade norm ally  
contain ing ab o u t 4 per cen t silicon. F or applications requiring  higher 
perm eabilities and  lower losses, alloys of iron and  nickel, known as the 
permalloys, are used. T here  are tw o principal permalloys, one con
ta in ing  ab o u t 80 per cen t nickel and  ano ther 45 per cent. T h e  higher 
nickel com position is also modified by m olybdenum  or chrom ium  
additions to  increase electrical resistiv ity  and  im prove m agnetic 
properties. Sheet and rod stock  are used in relays, transform ers, 
m iscellaneous coils, and  ringers.

In  investigating  m agnetic m aterials in the labo ra to ry  it  is desirable 
frequently  to  fabricate  th e  alloy in to  extrem ely  th in  sheet. T h e  
tw en ty  roll cold-reduction mill shown in Fig. 6 is of value for th is 
purpose. I t  is equipped w ith small d iam eter w orking rolls, each 
backed by  a cluster of nine supporting  rolls. W ith  th is arrangem en t 
high un it pressures are ob tained  and  sheet a  fraction  of a mil th ick  can 
be produced readily.

In  the  form  of 120-mesh powder and  even in finer sizes certa in  of the 
permalloys find application  in loading coils, filter coils and  associated 
equipm ent. To secure low losses the pow der particles are each insu
lated  w ith a  high resistiv ity , h ea t re sistan t m ateria l prior to  pressing 
in to  cores. M anufactu re  of th is fine alloy  pow der is a  unique m eta l
lurgical process tak ing  advan tage  of the  effects of sm all am ounts of 
added elem ents to  achieve a  desired result. T he presence of a  few 
thousand ths per cen t of su lphur in the  iron-nickel alloys in the  range 
of 80 per cen t nickel results in a  stru c tu re  w hich can be rolled to  small

* The term  soft is used to  designate materials of relatively high perm eability and 
low magnetic loss. Likewise, permanent magnet materials are frequently referred to 
as “ hard .”
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section when hot, bu t when cold it is exceedingly b rittle  and can be 
pulverized to  fine powder. T he m anganese con ten t of the  alloy m ust 
also be controlled since it  has an effect opposite to  th a t  of sulphur. 

The iron-cobalt system  yields a  useful m agnetic m aterial, th e  one

Fig. 6—Twenty roll cold-reduction mill for producing thin sheet 
materials for experimental studies.

containing approxim ately  equal percentages of iron and cobalt. This 
alloy, called permendur, is characterized by  high permeability- a t  high 
flux densities and  by  a high reversible perm eability  when subjected to  
superposed direct cu rren t m agnetizing forces. T he b inary  alloy can
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no t be fabricated  cold and th is appeared a t  first to  lim it seriously the 
applications for the otherw ise prom ising m aterial. B rittleness in 
cold-rolling was overcom e through the addition  of approxim ately  2.5 
per cen t of vanadium , w hereupon the alloy can be cold rolled a fte r a  
quench from a high tem pera tu re . F o rtu n a te ly  the vanad ium  does no t 
m ateria lly  im pair the useful m agnetic characteristics. T he alloy 
finds its  chief application in the form  of .010 inch sheet in the telephone 
receiver d iaphragm .

Substan tia l tonnages of perm anen t m agnet m aterials are also used 
in telephone ap p ara tu s  per year. Of th is m ost is 3.5 per cen t chrom ium  
and o ther perm anent m agnet steels of low cost and  low m axim um  
energy p roduct (B  X H  m axim um  for the  dem agnetization  curve). 
M uch of the rem ainder used is a  m aterial w ith high m axim um  energy 
p roduct for receivers and o ther applications where space and  w eight 
lim itations prevail. F or th is purpose 36 per cen t cobalt steel has been 
used b u t i t  is now replaced in new ap p ara tu s  by an iron-cobalt- 
m olybdenum  alloy, remalloy, w hich has superior m agnetic properties 
and is of lower cost.

T his iron-cobalt-m olybdenum  alloy, w hich contains approxim ately  
12 per cen t cobalt and 17 per cen t m olybdenum , has no in ten tional 
carbon addition  and is of a  dispersion hardening type. T he hardening 
hea t-trea tm en t consists of quenching from 1180°-1300° C. in oil 
(after which the m aterial is m echanically and m agnetically  soft) fol
lowed by aging a t  670°-700° C. for one hour (which induces m echan
ical and m agnetic hardness). T he m aterial can be hot-w orked and 
m achined except in the hardened condition, and  welds readily, b u t is 
som ew hat brittle .

M agnets of the iron-nickel-alum inum  type are increasingly used in 
telephone appara tu s. These alloys m ay  be te rn a ry  com positions or 
m ay  be modified by  a num ber of additional elem ents; cobalt and 
copper additions have been found advantageous. T he high coer
cive force, high m axim um  energy product, and  light w eight m ake 
them  a ttrac tiv e . D isadvantages are non-w orkability  and lack  of 
m achinability .

In  addition  to  m agnetic purposes, ferrous alloys are used extensively 
in o ther applications. C onsiderable quan tities  of carbon and  alloy 
steels are used for s tru c tu ra l purposes, and high alloy steels for insta lla
tion and m aintenance tools.

P r o s p e c t i v e  D e v e l o p m e n t s

In  concluding a  discussion of m etallic m aterials in telephone equ ip 
m en t in te rest n a tu ra lly  is d irected  tow ard the fu tu re  developm ents.
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T he trends in the use of new m etallic m aterials in the telephone service 
are difficult to predict. A large class of applications includes the in 
corporation of im proved m aterials in existing ap p ara tu s  w ith some 
modification in design resulting in a cost saving or in im proved service. 
Such m aterials originate from developm ents by the m etallurgical in 
d u stry  and from investigations by the S ystem ’s engineers. Exam ples 
of this type have already been m entioned; for example, im proved cable 
sheathing m aterials, electrical conductors, and m agnetic alloys. This 
evolution in application of m aterials will undoubtedly  continue and 
constitu te a  large p a rt of the telephone m etallu rg ists’ activities.

There is another field of application for m etallic m aterials, applica
tions in newly designed appara tus or system s of com m unication. H ere 
the properties of existing m aterials are frequently  inadequate to per
form the required duties and new m aterials m ust be developed w ith the 
necessary properties. One example already cited is the preparation of 
m agnetic powder for inductance coil cores. A new system  of tran s
mission, a  million-cycle system , requires newly developed m aterials in 
the coaxial cable and the associated equipm ent. Special properties 
are usually involved which are of in terest only in connection with 
com m unications, and hence the developm ent of such m aterials is 
dependent alm ost wholly on the activ ities of the System ’s research 
groups.



An Interesting Application of Electron Diffraction*

By L. H . G ER M ER  and K. H . STORK S

O IL IC O S IS  develops ra th e r quickly in rabb its  exposed to  a ir con- 
ta in ing  m oderate concentrations of qu artz  particles finer than  ab o u t 

5 X 10~4 cm, b u t is com pletely prevented  if alum inum  pow der is also 
present in the  a ir to  the ex ten t of ab o u t one per cen t by  w eight of the 
qu artz  powder. T his p ro tective action of alum inum  pow der was d is
covered a t  the M cln ty re-P orcup ine  M ines, and  has been stud ied  ex
perim entally  by D enny, Robson and  Irw in .1

I t  has been established th a t a lum inum  forms, in the  lungs, a p ro 
tective film upon the surface of silica particles which preven ts them  
from dissolving, and  thus prevents toxic effects. F rom  th e  relative 
am ounts of alum inum  and silica, and  d iam eters of silica particles, one 
can deduce th a t th is p ro tective film need never be so th ick , on the 
average, as 2 X 10-6 cm, and  is, in general, m any  tim es th inner than  
this.

T he action of the alum inum  is sufficiently strik ing  and  im p o rtan t 
to  justify  a  fuller understanding  of the n a tu re  of the  film which it 
forms upon q uartz  particles and  Dr. F rary , D irector of the  A lum inum  
Research Laboratories, suggested to  us th a t the  answ er m ight be fo rth 
coming through a stu d y  of electron diffraction patterns.

In  our experim ents, electron diffraction p a tte rn s  were ob tained  from  
th in  films of silica, ab o u t 2 X 10“6 cm th ick, which had  been previously 
trea ted  w ith  w ater contain ing m etallic alum inum  powder. A beam  
of high speed electrons was sen t through such a trea ted  film and  the 
resulting diffraction p a tte rn  recorded upon a  photographic  plate. 
From  studies of such p a tte rn s , and  com parisons w ith  X -ray  and  elec
tron p a tte rn s  of known substances, m aterials com posing layers upon 
silica surfaces were identified.

Silica films for these studies were prepared  in the following m anner. 
A glass microscope slide was first covered by gold vaporized in high 
vacuum  from a V-shaped tungsten  ribbon; then im m ediately  in the 
sam e ap p ara tu s  silica was vaporized upon the  gold from  a second tung-

* Digest of a paper entitled "Identification of Aluminum H ydrate Films of Im 
portance in Silicosis Prevention,” published in Industrial and Engineering Chemistry, 
Anal. Edition, 11, 583 (1939).

1 J. J. Denny, W. D. Robson and D. A. Irwin, Canadian Medical Association 
Journal, 37, 1-11 (1937); 40, 213-228 (1939).
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sten ribbon, the distances and the quan tities of gold and silica having 
been ad justed  so th a t the resulting com posite film consisted of a layer 
of silica of thickness 2 X 10~6 cm lying upon a layer of gold of thickness 
30 X 10-6 cm. This com posite film was large enough to  supply  a 
great m any samples of silica which could be used in a large num ber of 
experim ents. E ach sam ple was prepared, as and when required, by 
stripping from the glass slide a small piece of the com posite film, d is
solving the gold in a nitric-hydrochloric acid m ixture, and then washing 
the rem aining tin y  silica film in several changes of distilled w ater.

Film s prepared in this m anner were floated upon distilled w ater con
taining alum inum  powder, for various lengths of tim e and a t  two differ-

A  B

Fig. 1—Electron diffraction patterns from a relatively thick layer of oriented 
aluminum alpha-monohvdrate crystals formed upon a silica film as a result of ex
posure of the film to metallic aluminum and water a t 38° C. A —Electron beam 
normal to film surface. B—Beam inclined 45° to film surface.

ent tem peratures. In some experim ents the pH  of the w ater was 
ad justed  by the addition  of HC1 or various salts.

Film s trea ted  a t  38° C. (approxim ately bod}' tem pera tu re), and a t 
m edium  and high pH  values 2 (6 to  9), gave sharp electron diffraction 
p a tte rn s  which were identified w ith oriented crystals of th a t hydrated  
oxide of alum ina known as alum inum  alpha-m onohydrate (Boehm ite). 
T ypical p a tte rn s  are reproduced in Fig. 1. A t a low pH  value (pH 4) 
m onohydrate crystals were no t discovered even a fte r long reaction 
tim es. A lthough the crystal struc tu re  of alum inum  alpha-m ono- 
h y d ra te  is no t known it  was possible to m ake the identification by

2 The term  pH is defined as the logarithm of the reciprocal of hydrogen ion con
centration, hydrogen ion concentration being expressed for purposes of this definition 
in terms of grams of hydrogen ions in a liter (or more strictly 1000 grams) of solution. 
In a neutral solution pH =  7; in acid pH <  7 and in alkali pH >  7.
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com parison of the electron p a tte rn s  w ith X -ray  and  electron p a tte rn s  
ob tained  from  the bulk m ateria l (Fig. 2).

E lectron diffraction p a tte rn s  from  alpha-m onohydrate  form ed on 
silica surfaces were found to  v a ry  m arkedly  w ith  pH  of the  alum i- 
num -w ater solution and  w ith the  reaction tim e. F rom  these p a tte rn s  
the  following conclusions were draw n. M onohydrate  crystals form ed 
a fte r sho rt reaction tim es (4 hours to  20 hours) were sharp ly  oriented 
w ith  a particu la r crystal plane parallel to  the silica surface; the  ind i
v idual crystals were on the  average fairly  large (from 5 to  10 X 10~7 
cm) in directions parallel to  the surface, and  th in  (2 X 10-7 cm or less) 
norm al to  the surface. As the reaction tim e was increased, the crys
ta ls becam e, on the average, th icker norm al to  the surface (bu t seldom

Fig. 2—Electron diffraction pattern obtained by the reflection method from finely 
pulverized aluminum alpha-monohydrate (AUOs-HiO).

as th ick  as 5 X 10“ 7 cm ), and a t  the sam e tim e o ther crystals of m ono
h y d ra te  were form ed which were less nearly  perfectly  orien ted  although 
still showing the sam e strong  preference. F or long reaction  tim es 
layers of com pletely unoriented a lpha-m onohydrate  crystals were 
som etim es produced.

In  the presence of traces of organic acids oriented soap crystals were 
form ed as a resu lt of the reaction of alum inum  and  w ater. These 
crystals were produced a t all pH  values. T hey  appeared  as scum  
upon the w ater surface, and were no t readily  adsorbed upon silica. 
T his fact proves th a t the  action of alum inum  in p reventing  develop
m ent of silicosis canno t be a ttr ib u te d  to  an alum inum  soap. Figure 3 
exhibits a  typical diffraction p a tte rn  from oriented  crystals of an 
alum inum  soap.
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Fig. 3—Electron diffraction pattern produced by a layer of oriented crystals of an 
aluminum soap, which had been formed as scum upon a water surface as a result of 
the reaction of powdered aluminum, water and traces of organic acid present as an 
impurity.

Our experim ents prove th a t alum inum  h ydra te  is precip itated  fairly 
rapidly upon silica a t  pH  values lying within a  range in which lie also 
the pH  values of body fluids of men and of anim als. Since in these 
experim ents alum inum  hydra te  is not formed upon silica a t  pH  4, i t  
seems highly probable th a t alum inum  would not afford protection  
from silicosis to  a  hypothetical anim al w ith body fluids of pH  4.



Abstracts of Technical Articles by Bell System Authors
Rem aking Speech.1 H o m e r  D u d l e y . Speech has been rem ade 

au tom atica lly  from  a buzzer-like tone and a  hiss-like noise correspond
ing to  th e  cord-tone and  the  b rea th -tone  of norm al speech. Control 
of p itch  and spectrum  obtained  from a ta lk e r’s speech are applied 
to  m ake th e  syn the tic  speech copy the  original speech sufficiently 
for good in tellig ib ility  a lthough the cu rren ts  used in such controls 
contain  only low syllabic frequencies of the order of 10 cycles per 
second as con trasted  w ith  frequencies of 100 to  3000 cycles in the 
rem ade speech. T he isolation of these speech-defining signals of 
p itch  and  spectrum  m akes i t  possible to  reconstruct the speech to  a 
wide v a rie ty  of specifications. S trik ing  dem onstra tions upon altering 
the p itch  of the rem ade speech stress th e  con tribu tion  of the  p itch  to 
th e  em otional co n ten t of speech. Sim ilarly  the  spectrum  is shown 
to con tribu te  m ost of the in telligibility  to  the speech.

Deviations o f Short Radio Waves from  the L ondon-N ew  York Great- 
Circle Path.2 C. B. F e l d m a n . D uring the p as t year experim ents 
have been m ade to  determ ine the frequency of occurrence and ex ten t 
of deviations of sho rt radio  waves from  the  N orth  A tlan tic  great-circle 
p a th . F or th is purpose th e  m ultip le-un it steerab le  an ten n a  (M usa), 
described to  the In s titu te  a t  its  1937 convention, has been used to  
steer a  receiving lobe horizontally . T his is accom plished b y  array ing  
the u n it an tennas broadside to  th e  general direction from  which the 
waves are expected to  arrive. T he M usa com bining equ ipm ent then 
provides a  reception lobe in the  horizontal plane, steerab le  over a 
lim ited range of azim uth . Tw o such M usas have been used, one of 
which possesses a  wide steering range b u t is b lun t, while the  o ther is 
sharp  b u t is restric ted  in range. T ransm issions from  E ngland  have 
been stud ied  w ith  th is equ ipm ent a t  the  H olm del, N . J ., radio  labo ra
to ry  of the  Bell Telephone Laboratories. C om parisons of results 
ob tained  on transm ission from  an ten n as d irected  tow ard New  Y ork 
w ith those from  an tennas otherw ise d irected  have, to  a  lim ited  degree, 
given resu lts represen ta tive  of th e  effects of horizontally  steerable 
tran sm ittin g  d irectiv ity . O bservations m ade on these B ritish  tra n s
missions during the past eigh t m onths have disclosed the following 
ch arac teris tic s :

1 Jour. Acous. Soc. Amer., October 1939.
2 Proc. I. R. E., October 1939.
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1. D uring “ a ll-d ay lig h t” p a th  conditions, the  usual m ultip lic ity  of 
waves d istribu ted  in or near th e  great-circle plane, w hich constitu tes 
norm al propagation, has been predom inant. U sually neither iono
sphere storm s nor the  ca tastrophic  d isturbances associated w ith short- 
period fade-outs seem to  affect the  mode of propagation.

2. In con trast to  1, during periods of d a rk  or partia lly  illum inated 
p a th  conditions, the  great-circle plane no longer provides the sole 
transm ission p a th . T he ex ten t to  which o ther pa ths are involved 
varies greatly . Propagation  during  inosphere storm s of m oderate 
in tensity  usually  involves paths deviated  to  the  south  of the g reat 
circle, during afternoon and evening hours, New Y ork time.

A n  Experimental Investigation of the Characteristics of Certain Types 
of Noise.3 K a r l  G. J a n s k y . T he results of an investigation of the 
effect of the  band  w idth  on the effective, average, and peak voltages 
of several different types of noise are given for band  w idths up to  122 
kilocycles. F or atm ospheric noise and  th a t  due to  the  therm al ag ita 
tion of electric charge in conductors, both of which consist of a  large 
num ber of overlapping pulses, the peak, average, and effective voltages 
were all proportional to  the square roo t of the band w idth . F or very  
sharp, w idely separated , clean, noise pulses, the  average voltage was 
independent of th e  band w id th  and  th e  peak voltage was d irectly  
proportional to  th e  band w idth . F or noise of a  type  falling between 
these two the  effect of the band w id th  depended upon the ex ten t of 
the overlapping.

The ratio  of the peak to  effective voltage of the noise due to the 
therm al ag ita tion  of electric charge in conductors was measured and 
found to  be 4. T he ra tio  of the average to  effective voltage of th is 
type of noise was found to  be 0.85.

T he experim ents showed th a t  when a linear rectifier, calibrated by  
a continuous-w ave signal having a known effective voltage, is used to  
m easure the  effective voltage of this type of noise the m easurem ents 
should be increased by decibel to  obtain  the  correct result.

Insulation o f Telephone Wire with Paper P u lp .4 J . S. L it t l e . The 
paper presented here covers the h istory  and  developm ent of wood 
pulp insulation for telephone circuits. T he developm ent involved 
the s tudy  of wood pulps and their preparation , the m ethods of applying 
such pulp to  wire, and the developm ent of the  necessary properties 
w ithin the insulation to  m ake it  suitable for telephone use. T he use

3 Proc. I. R. E., December 1939.
4 Wire and Wire Products, October 1939.
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of th is insulation  has m ade it possible to  increase g rea tly  the  num ber 
of telephone circuits in a  given cable by  using finer wires and  th inner 
insulations.

A  General Radiation Form ula .5 S. A. S c h e l k u n o f f . In  th is paper 
a  general form ula is derived for the  power rad ia ted  in non-dissipative 
m edia by  a given d istribu tion  of electric and m agnetic  currents. 
M agnetic cu rren ts are included n o t only for the  sake of g rea te r gen
e ra lity  b u t also because in problem s involving diffraction through 
apertu res and  rad iation  from  electric horns, th e  rad ia tion  in tensity  
can be m ade to  depend upon fictitious electric- and  m agnetic-curren t 
sheets covering the  apertu res or horn openings.

P a r t  I consists of an in tro d u c to ry  discussion, sum m ary  of the 
form ulas, and  exam ples illustra ting  th e  convenience of th e  general 
form ulas. P a r t  II  contains a  m athem atical derivation  of th e  rad iation  
form ulas.

A  Transm ission System  of Narrow B and-W idth  fo r  A nim ated  L ine  
Im ages.6 A. M . S k e l l e t t . A new m ethod of transm ission and  repro
duction  of line images, e.g., draw ings, is described w hich utilizes a 
cathode-ray  tube  for reproduction , the  spo t of w hich is m ade to  trace  
o u t th e  lines of the  image 20 or m ore tim es a  second. T he steps of 
the  com plete process are: first, th e  transcrip tion  of the line im age in to  
tw o tracks sim ilar to  sound-tracks on m oving p icture  film; second, 
the  production from  these tracks of two vary ing  po ten tia ls  by  m eans 
of photoelectric  pick-up devices; th ird , th e  transm ission of these 
po ten tia ls; and fourth , the ir application  to  th e  ca thode-ray  deflector 
p lates to  effect reproduction. S atisfactory  transm ission of fairly  com 
plex images, e.g., an im ated  cartoons, could be effected w ith in  a  to ta l 
band-w idth  of 10,000 cycles.

6 Proc. I. R. E., October 1939.
6 Jour. S. M. P. E., December 1939.
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