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484 Prof.  Wilson and Mr. Gold: Electrical Conductb,it S of 

These results relate to two gases only ; but so far as they go 
they show :--(i.) That the range varies inversely as the pres- 
sure. which result might have been anticipated ; (it.) that the 
total nmnber of ions set free in a gas is independent of the 
pressure, but is different in different gases. The total ion- 
ization is greater in ethyl chloride than in air. This is a 
contrary result to that which we obtained during our experi- 
ments on absorption. We were unaware at that time of the 
enormous tbrce required to saturate the complex gas. 

Finally, the following experiments may be briefly 
described:--  

We have tried the effect of reversing the field on the rela- 
tion between current  and potential, anti found a result which 
was practically negative. We have found a similar rest~lt 
when the a particles were not shot straight across the ion- 
ization chamber in the direction of the iines of force, but in a 
slanting direction. These experiments were made in the 
endeavour to find whether there was any relation between the 
direction in which electrons were projected and the direction 
of the applied field. We have also tried to alter the range 
in air by using d ie ,  rent potential gradients, with the idea 
that it might be possible to obtain ions from an atom traversed 
by  a slower a particle, if only enough electric force were 
applied. But  the result was the same, no matter whether the 
force was20  volts to the cm. or 2000 ; and a variation of "2 
ram. could hardly have escaped detection. 

During the progress of this work, one of us (R. D. Klee- 
man) left Australia for Enghmd. We wish to acknowledge 
with gratitude the assistance of Mr. H.  J.  Priest,  B.Sc., in 
completing the observations. 

X L I I .  On the Electrical Conductivit,q of Flames containing 
Salt I'apours for Rapidl S Alternating Currents. B~! H. A. 
WILSON, ~I.A., I).Sc., ~LSc., Professor of Physics, King's 
Colleqe, London, 5Fetlow of Trinity College, Cambridge, and 
E. GOLD, B.A., H ,  tchinson Student, St. John's College, 
Cambridge * 

T I lE  following paper contains an account of a series of" 
experiments on the electrical conductivit3-o[ a Bunsen 

flame containing various alkali salt vapours, tile currents  
used being alternating ones with frequencies varying from 
7"14 x 10 ~ to 6"2 • 10 r per second. 

The conductivity was measm'ed between two platinum 
electrodes immersed in the flame, and the variation of the, 

�9 Communicated by the Physical Society : read November 24, 1905. 
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_Flames containing Salt Vapot~rs for Alter~ating Currents. 485 

conductivity with the amount of salt present ill the flame 
and with the nature of the salt was investigated. The 
variation of the conductivity with the trequeuey o~ alter- 
nation, the maximum electromotive force, and the distance 
between the electrodes was also examined. The results 
obtained enable a comparison to be made between the con- 
ductivities of the various alkali salt vapours for alternating 
currents and their conductivities for steady currents as 
previously determined * 

I t  appears that the relative conductivities for rapidly 
alternating currents are nearly proportional to the square 
roots of the corresponding conductivities for steady currents. 

The flame is found to behave for very rapidly alternating 
currents more like a dielectric of high specific inductive 
capacity than like a conducting medium;  and it is shown 
that this result is in accordance with the ionic theory. 

The rest of the paper is divided into the following 
sections : - -  

(1) Description of apparatus used. 
(2) Variation of the conductivity with the concentration 

and nature of the salt vapour. 
(3) Variation of the conductivity with the maximum 

I).D., the frequency, and the distance between the 
electrodes. 

(4) Theory of the conductivity for rapidly alternating 
currents. 

(5) Summary of results. 

(1) ])escriptlon of Apparatus used. 

To produce a steady flame containing a definite amount of 
salt vapour, an apparatus similar to those described in the two 
papers referred to above was used. The principal parts o~ 
the apparatus are shown in fig. 1. 

A mixture of coal-gas and air containing spray of a salt 
solution was burnt from a glass tube TT tipped with a short 
thin copper tube 1 cm. in diameter. 

The mixture was formed in a glass bulb B, from which it 
passed through a wide tube AA to the burner. In the bulb 
and AA the coarser spray settled, and was allowed to escape 
through the tubes D and D r. The spray was produced by a 

* " The Electrical Conductivity and Luminosity of Flames containing 
Vaporised Salts," by A. Smithells~ H. M. Dawson, and H. A. Wilson, 
Phil. Trans. A 193. 1899. " On the Electrical Conductivity of Flames 
containing Salt Vapours," by H. A. Wilson, Phil. Trans. A 192. 1899. 
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486 Prof'. Wilson and Mr. Gold : Electrical Conductivity of 

Gouy sprayer K, worked by compressed air, which was 
stlpplied by a rotary blower worked by a �89 motor. 
The compressed air entered at H,  and the salt solution at bT. 

Fig. 1. 
F 
,~, 

~ ~ A  i .  ~  ~ ~ ~  

FF. ]~2 ame. 
EE. Electrodes. 
SS. Glass tubes. 

(C "-:' 

B. Sprayer-bulb. 
K. Sprayer. 
N. Solution-tube and funnel. 

W~V. Wood block, tlH'. Compressed-air tubes. 
TT. Flame-tube. M. Gas tube. 
AA. Wide indiarubber tube. DD'. Solution-overflow tubes. 

The pressure of the air-supply was indicated by a water- 
manometer, aml was always kept at the same value, about 
80 cms. of water. The salt solution was contained in a large 
funnel, and its level always kept a constant height above the 
sprayer-nozzle. The amount of gas entering the bulb was 
measured by a water-meter, and its pressure kept constant by 
means of a regulator ; it did not vary appreciably. 

The gas and air supplies were so adjusted that a " n o n -  
luminous"  flame having a sharply-defined inner cone was 
obtained. This ~lame was very steady in appearance, and 
could be maintained constant for any length of time 
required. 

The  electrodes used in most o~" the experiments consisted 
of two concentric cylinders made of thin platinum, os the 
following dimensions : - -  

Di~uneter of outside cylinder . 2"4 cms. 
Height  ,, ,, 5"0 ,, 
Diameter of inside cylinder . 1"'2 ,, 
Height  , . 5"2 

They were supported symmetrically abou t  the axis of the 
flame at such a height that the iz~ner cone of the flame just 
reached up to the level of the lo~ er ends of the cylinders. 
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tTames conh,inil,# S~dt Vapom's for Alter~ating Currerds. 4~7 

The conductivity between the electrodes was detcrmined 
by means of a ~heats tone-br idge  arrangement, of which 
the electrodes forlned one arn b and the other three arms 
consisted of small air-condensers, the capacity or" one of 
which was adjustable. The arrangement is shown in fig. 2. 

M 

"I 
r-2x 

1::. Flame-Electrodes. 

Fig'. '2. 

G. Galvanometer. 
C, C~. Air-condensers. T. Tesla Coil. 

C~,. Adjustable Air-condenser. J~J2. Leyden jars. 
D. Detector. S. ~park-gap. 
l'I. Cell I. Induct~on-coil. 

An induction-coil, I, charged up two Leyden-jars, Jt  J~,. 
and these discharged a t~  spark-gap S. The outside coatings 
of the jars were connected through the primary of a Tesla 
coil, T. The primary of this coil consisted of 33 turns wound 
into a spiral, 29 cms. long aml 19'2 cms. in diameter, on a 
large glass cylinder. The secondary coil had three turns, and 
was placed inside the glass cylinder, halfway up it; I t  was 
connected to the bridge arrangement at A "rod B, as shown. 

An " electrolytic detector," D, was cmmected to the points 
M and N of the bridge. This detector consisted of two 
platinum electrodes dipping into 20 per cent. sulphuric acid, 
One electrode was a platinum cylinder 3 cms. in dialncter 
and 4 cms. high, while the ether was a platinum wire 
i-o~0~ - inch in diameter sealed into a glass tube and cut oft 
close to the surface of the glass. The large electrode was 
contained in a test-tube, which it just fitted, and the  glass 
tube carrying the small electrode was supported by a cork 
fitting the test-tube. The small electrode was just below the 
surface el  the acid at the middle of the tube. The two elec- 
trodes were connected io a silver-chloride cell B aim a 
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488 Prof. Wilson a,td Mr. Gold : Elect,'ical Conductivity of 

moving-coil g'flvanometer G. The cell B gave about one 
volt and served to polarize the electrodes. When an alter- 
nating P.D. was produced between 5~ and N, the detector was 
depolarized and a current 1)assed through the galvanometer. 
The deflexion of tbe galvanometer-eoil was read by means of 
an ineamleseent lamp and a scale, a current of 10 -'~ ampere 
ziving a deflexion of one scale-division. 

The condensers CI, C 2 each consisted of two parallel 
circular disks 10 eros. in diameter, supported on ebonite 
rods. The distance between the disks of C1 was 0"15 era. 
:rod of C~ 0"75 era., in most of the experiments. The con- 
denser C:: consisted of two brass disks 10 cms. in diameter, 
Mlose distance apart could be adjusted and measured by 
means of an accurate micrometer-screw. 

To determine t~he conductivity between the flame-electrodes, 
the rapidly alternating P.D. produced by the Tesla coil was 
applied at A and B (fig. 2), and the condenser C3 was ad- 
justed until the deflexion of the galvanometer was a mininmm. 
On starting the alternating current, the galvanometer de- 
flexion increased to a maximum value and then fell off 
slowly. The alternating current was always kept on tbr 
15 sees. and the maxiinum deflexion noted, and then after an 
interval of 15 sees. the current was turned on again and so 
on. During the intervals the condenser wqs adjusted, and 
the deflexions corresponding to a series of positions of the 
adjustable condenser-disk were thus obtained. A curve was 
then drawn on squared paper showing the relation between 
~he galvanomeger deflexion and the condenser-sere~" reading, 
and so the screw reading for which the deflexion was a 
minimum was obtained. The obsm'vations at each position 
~of the condenser-disk were repeated several times and the 
mean t aken ;  the series of observations was also repeated 
first in one  direction and then in the other, while various 
intermediate positions were also tried so as to make as certain 
as possible that the. correct relation between the deflexion 
and the condenser distance was obtained. These precautions 
were very necessary because the apparatus was sometimes 
irregular in its action. No great difficulty was experienced 
in keeping the flame sufficiently constant (luring the experi- 
ments, but it  was not easy to keep the alternating current 
constant. This was due partly to variations taking place at 
the spark-gap and partly to irregularity in the action of the 
induction-coil interrupter. The spark-gap finally adopted 
consisted of two platinum spheres kept in an atmosphere of 
hydrogen. In most of the experiments the length of the 
gap was about 0"2 cm. 
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]~'lames containing Salt Vapours for Alternating Currents. 189 

Several different kinds of interrupters were tried, but 
finally the ordinary App's platinum contact-breaker was 
used. The platinum contacts were always carefnlly filed 
smooth before starting an experiment and a 10-inch coil was 
used with a four-volt battery, the contact-breaker being 
:~djusted so that the coil gave only a short spark when not 
connected to the Leyden jars. In this way the apparatus 
was made to work sufficiently steadily to obtain fairly saris- 
tkctory observations. The distance between the con~lenser- 
plates corresponding to the minimum galvanometer-deflexion 
could be obtained within about 5 per cent. of its value. I t  
was only after a long series of attempts extending over nearly 
a year that the apparatus was got to work well enough to 
obtain reliable results, and numerous modifications were tried 
before the form above described was finally adopted. 

To compare the conductivities due to different salts, the 
increase in the apparent capacity of the flame-electrodes 
consequent on introducing each salt was calculated ia terms 
of the capacities of the three condensers. 

With a bridge arrangement each arm of which is a 
c~Lpacity with negligible self-induction, the condition for a 
balance is C1C~=-C2C~, a condition independent of the 

frequency. It was found that when the ratio C~ Cl was altered, 

tllen C3 changed approximately proportionally, so that it 
appeared justifiable to apply the equation C~C~=C2C 4. Let 
dl be the distance between the plates of the adjustable con- 
denser at the minimum for the flame free from salt, and de 
for the flame containing salt. The capacity of the adjustable 

A 
condenser in the first case is :~/1 + D, where D is a quantity 

nearly independent of d 1 and A the area of each condenser- 
plate [Clerk Maxwell, ' Electricity and Magnetism,' art. 202]. 

We have therefore 

where C~ is the apparent capacity of the flame-electrodes 
with the flame free from salt. Also if C~ t is the apparent 
capacity with salt in the flame we have 

§ 2 4 "  

_Phil. Mug. S. 6. Vol. 11. No. 6t. April 1906, 2 K 
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490 Prof. Wilson and Mr. Gold : Electrical Conductivity o/ 

Hence C I A ( I  1 )  
= 

so that the change, in the apparent capacity, due to the 
introduction of the salt is given by the equation 

- c ,  - . 

In the experiments we have made, the self-inductions of 
the arms of the bridge could be neglected in comparison with 
the capacities without appreciable error. 

It was found possible with the bridge arrangement de- 
scribed to obtain an approximate balance. That is, the 
minimmn galvanometer-current was always small compared 
with the cm,rents when the adjustable condenser-plate was 
far from the position which gave tile minimmn deflexion. 
This showed that the arnl of the bridge containing the flame 
behaved like a capacity simply, or like a capacity and self- 
induction in series. If  the flame had behaved like a capacity 
and resistance in parallel, then a balance could not have been 
obtained. The current through the flame with a given 
maximum P.D. and freqtlency is proportional to the apparent 
capacity, so that it is reasonable to regard the apparent 
capacity as a measure of the conductivity of the flame for the 
rapidly alternating currents employed. 

To obtain relative values of the apparent capacities, it is 

1 1 
therefore sufficient to calculate - - -  for each salt solution 

d~ d~ 

sprayed. Since the absolute amount of salt in the flame 
could be only roughly estimated, it was useless to attempt to 
obtain exact values for the absolute apparent capacities ; so 

C1 
that it was mmecessary to k~mw the ratio C2 exactly. 

The value of d~, the minimum position for the flame free 
from salt, was about half the value obtained with no flame. 

1 
Consequently dl corresponds to twice the capacity of the~ 

flame-electrodes with air as dielectric. The capacity in this 

C1 
case was 3'6 cms., and ~.]~ was very nearly ~ in most of the 

experiments described below. 
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Flames containing Salt Vapours for Alternating Currents. 491 

(2) Variations of the apparent Capacity with the 
Concentration and Nature of the Salt Wapour. 

The salt solutions sprayed were made up with distilled 
water and pure salts carefully dried. We shall first give 
a few examples of the curves obtained, showing the relation 
between the distance apart of the condenser-plates and the 
galvanometer deflexion, from which curves the position of 
the minima were deduced. Fig. 3 shows several such 
curves. The sharpness of the minimmn was usually greater 

o 

5[) 

! 
6 70 

0 

10 

90 

Fig. 3. 

% 

\ 

1 2 3 tenths of an inch. 

Distance between plates of  Adjus tab le  Condenser.  

when the conductivity was large and the distance therefore 
small, than when the converse was the case. The accuracy 
with which the minimum could be found was consequently 
nearly the same/'or large as for small conductivities. 

During the course of the experiments the ratio of the two 
condensers, C1, C~, was changed on one or two occasions. 
When this had been done, some of the observations made 
before the change were repeated, and the factors required to 
reduce all the results to the same standard so determined. 
The following table contains the results obtained, the number 
of alternations per second being 3'2 • l0 s, and d~ = 3";33 tenths 
of an inch. 

2 K 2  
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492 :Prof. Wilson a~d Mr. Gold : Electrical Cond,tctivity of 

G r a n l s  

p e r  l i t re ,  
Sal t .  

CsCl  . . . . . . . . .  50  

. . . . . . . . . .  10 

. . . . . . . . . . .  0"333 

. . . . . . . . . . .  0"1 

Cs~CO a . . . . . .  25"5 

,, . . . . . .  2"55 

,, . . . . . .  0 ' 2 6  

,, . . . . . .  0"026 

R b C [  . . . . . . . . .  48"1 

. . . . . . . . . . .  9 6  

. . . . . . . . . . .  1 '92  

Rb~CO:~ . . . . . .  50"4 

. . . . . . .  10 

,, . . . . . .  1 

K2GO a . . . . . .  100 

. . . . . . .  10 

KC1 . . . . . . . . .  100 

. . . . . . . . . . .  2 0 ' 8  

NaC1 . . . . . . . . .  100 

LiC1 . . . . . . . . .  102 '5  

~2 
( in  t e n t h s  o f  

an  inch) .  

0 0 8  

0"18 

0 34 

0"48 

1 1 0  

0 1 3  

0 3 0  

0"59 

1 "90 

0 ' 2 2  

0 ' 2 9  

0 '41  

0"19 

0"25 

0 ' 50  

0"062 

O'297 

0"20 

0 ' 3 0  

0"50 

0"47 

1 '3 

1 1 

12 '2  

5"26 

2 ' 6 4  

1"78 

0"61 

7 '40  

3"03 

1"40 

0 ' 2 3  

4 ' 2 4  

3 ' 15  

2"14 

4 ' 96  

3"70 

1"70 

1 5 8  

3"07 

4"70 

3"03 

1 "70 

1"83 

0"47 

16 

Fio. .  4. 

12 

I0 
] 

r 

8 

6 

4 

:) 

/ 
/ 

/.Y/" 

Jf 

0 LO ~.0 

/ 

. f  
/ "  

~ e ~  

1 | 

30 ~ 50 60 70 

/ 

80 

Keg 

x LCg[ 

90 I00 GR~sP~L/r/~ 
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Flames contai~d~g Salt Vai)ours for Alternating Currents. r 

1 1 
In fig. 4 the above values of i/~--~, and the corresponding 

strengths of the solutions, are shown graphicallyl for each 
salt. Fig. 5 shows the steady currents due to an E.M.F. of 
0"227 volt, taken from the papers referred to above. 

Fig. 5. 

7 

12 20 Kr 0 

o tO 20 (;RAMS PER ZfrRE 

The amount of salt entering the flame in the present 
experiments was nearly the same as in the older experiments. 

1 1 
The following table gives the values of d~--~ for deci- 

normal solutions obtained from the curves in fig. 4, and also 
the steady currents due to 0"227 volt. 

1 1 

Sal t .  d 2 d~ 
@) 

CsCI . . . . . . . . .  6"7 

�9 ~C~2C03 .-.I 5"9 

.~Rb2CO 3 . . .  3"7 

RbC1 . . . . . .  3 ' 2  

�9 tK  f o 3  ...... / 2.9 

KC1 . . . . . . . . .  l 2"6 

S t e a d y  C u r r e n t  
(1 ~- 10  -7  a m p e r e ) .  

(~') 
Salt .  

CsG1 . . . . . . . . .  22"2 

C s N O  3 . . . . . .  36"6 

R b N O a  . . . . . .  i 25"9 

RbC1 . . . . . .  ! 11"3 

~K2CO 3 . . . . . .  1 1 ' 2  

K C I  . . . . . . . . .  5 ' 75  

t l a t io s .  

3"3 

6 ' 2  

7 

3"5 

3 '9  

2"2 

j ~ v  

0 ' 7 0  

1 "03 

1"37 

1 '05  

1"15 

0"92 

The fifth column contains the ratios of the numbers 
expressing the conductivities for steady currents to the 

1 1 In the previous work the conductivities of values of d~--dl" 

c~esium and rubidium carbonates were not measured ; so the 
values for nitrates are given, since the conductivities of all 
oxysalts of the same metal were found to be nearly equal for 
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494 Prof.  Wilson and Mr. Gold : Electrical Conductivity of 

steady currents. I t  will be seen that, roughly speaking, the 
relative conductivity for steady currents varies in a similar 
way to the conductivity for rapidly al ternating currents as 

i 1 
represented by d~ dl" 

The last colmnn contains the square roo~ of the con- 
1 1 

ductivity for steady currents divided by )t~--dl" The 

numbers in this column do not vary much, showing that 
the conductivity for rapidly alternating currents varies~ 
roughly speaking, as the square root of the conductivity for 
steady currents. 

The conductivities of KC1 and RbC1 were found to vary 
nearly as the square root of the concentration in the case of 
s~eady currents ; so that we should expect them to vary  as 
the fourth root of the concentration for rapidly al ternating 
currents. The following table shows~tha~ this is nearly the case. 

Salt. 

RbC1 ......... 

KC1 ......... 

Grams 
per ]itre. 

(c) 

48"1 
9"6 
1'92 

100 
20'8 
1"0 

1 1 

4'24 
3"15 
2"14 

4"70 
3"03 
1'70 

4 

14U~ 

1-6 
1"79 
1"81 

1-49 
1-42 
1 "70 

4 

Considering the large variation in C the values of  k / v / C  
are surprisingly constant for these two salts. 

The following table shows the relative va r ia t ion  of the 
conductivity CsC1 for steady and alternatin~ ~ currents.  The 
numbers  are taken f rom figs. 4 and 5. 

OsCl ...... 

Grains 
per litre. 

20 

15 

10 

5 

1 

1 1 
~-;~. 

(x,) 

7"3 

6"4 

5"3 

4"1 

2'6 

Steady 
Current. 

(k') 

26 

19"5 

13 

7"4 

3"0 

0"70 

0"69 

0"68 

0'66 

0'67 
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1 1 
I t  is clear fl'om these results that ~ - - ~  varies nearly as 

the square root of the steady current  due to a small P.D. 

(3) T]te Variation of the Conductivity with the Potential- 
.Di~'erence and 2r of Alter~atlons pe~" Second. 

The variation of the conductivity of the flame as measured 

1 1 
by d 2 -  ~/1~ with the maximum P.D.  applied to the bridge 

arrangement,  was effected by varying the length of the spark- 
gap in the primary circuit of the Tesla coil. The spark 
passed between two platinmn spheres in air at the ordinary 
pressure. The following table gives the results obtained 
when spraying a solution of CsC1 containing one gram 

per litre : ~  

Spark- 
length. 

0"0055 eros. 
0"011 , 
0"017 ,, 
0"028 ,, 
0"044 ,, 
0'10 ,, 
0'20 ,, 

(E.S. Units 
at gap.) 

2"60 
3"(; 
4"7 
6'4 
8'8 

16 
27"8 

d2. 
1 l 

d 2 d~" 
(k). 

0"23 
0'42 
0"43 
0"48 
050 
0"53 
0"60 

4"05 
2"08 
2"03 
1"78 
1"70 
1"59 
1 "37 

%/E5. 

6-55 
3'95 
4.4 
4.5 
5"0 
6"3 
7"2 

1 1 
The last column contains the products of ~ -~ /~  and the 

square root of the corresponding potentlal-difference as 
estimated from the spark-length in the pr imary circuit of 
the Tesla coil. The numbers in this column vary between 
4 and 7~ while the P .D.  varies by a factor of 11. Taking 
into account the roughness of the method used to estimate 
the P .D.  and the large change made in it, we may conclude 

1 1 
that ~ - - ~  probably varies approximately inversely as the 

square root of the maximum P.D.  applied. 
The effect of varying the number of alternations per second 

was tried by altering the capacity in the primary circuit of 
the Tesla coil. A solution containing one gram of CsCl 
per litre was sprayed. The following table gives the results 

obtained : m  
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496 Prof.  Wilson and Mr. Gold : Electrical Conductivity o] 

Capacity. 

33000cms. 

6400 ,, 

16~) ,, 

150 ,, 

150 ,, 

Self- 
Induction. 

136500 cms. 

4100 cms. 

Alternations ', 
per second, 

7"14 X 10 ~ 

1'62 • l 05 

3"24 • 10 ~ 

10"8 • l0 s 

6"2 • 10 c 

d.,. 

0"4 

0'4 

0-34 

0"30 

0"30 

1 1 
,~;-~. 

2"1 

2"1 

2-6 

3'0 

3"0 

1 1 
I t  will be seen that the value o[ ~/~--51 varies as the 

number  of alternations per second is changed. Unfor-  
tunately it was not found possible to obtain the variation of 
d2 with the f requency very exactly;  and all that  can be 
said is that  changing the frequency f rom 7"14x104 to 

1 1 
6"2 • l0  G per second does not change ~ - - ~  by more than 

25 per cent. of its mean value. 

1 1 
I f  we suppose that ~--)-11 varies as n ~, where n is the 

frequency, then the results just given show that  x lies 
between §  and --0"05. 

For  a pure capacity x-----0, and for a pure self-induction 
x = - - l ;  so that it appears that  the flame behaves nearly 
like a pure capacity. That it does not include much con- 
ductivity in parallel with the capacity is shown by the 
fact that  it could be nearly balanced by three condensers. 
In  the section below, on the theory of conductiviLy, it is 
shown that  these conclusions f rom the experiments might  
have been anticipated. 

To obtain the apparent  specific inductive capacity of a salt 
vapour, it is only necessary to nmltiply the numbers for 

1 1 
d2 dz given above by 2dl--6"66 and add on unity. The 

apparent  specific inductive capacities so obtained vary fi'om 
about 100 for the strongest solution of K2CO 3 sprayed to 
about '4  for the solution of' LiC1 *. 

Some experiments were made to find out how the con- 
ductivity varied with the distance between the electrodes. 

* These values of the apparent specific inductive capacity have of 
course no relation to the true specific inductive capacity, which must 
be nearly unity. 
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Flames containing Salt Vapours for Alternating Currents. 497 

Two parallel vertical platinum disks each 1"5 cms. in 
1 1 

diameter were used, and it was found that ~i~--dl was in- 

dependent of the distance between them when this was less 
than 3 or 4 millimetres. 

1 1 
When they were 10 millimetres apart ~ - - ~  was about 

double its value between 0 and 4 rams. This increase in the 
apparent capacity is no doubt due to the fact that the cross- 
section of flame acted on by the t).D. is greater when the 
distance between the electrodes is comparable with their 
diameter. 

1 1 
We may therefore conclude that d: dl would be in- 

dependent of the distance between the electrodes if they 
were very large. This is in agreement with the results for 
constant P.D.'s, for which ~he current is independent of the 
distance between the electrodes when they are near together. 

(4) Theor~j of the Conductivit~j of Ionized Gases.for 
rapidly alternating Currents. 

It  will be convenient now to describe an approximate 
~heory of the conductivity of ionized gases for rapidly 
alternating currents--a theory which affords an explanation 
of the experfmental results obtained in this investigation. 

Suppose a large parallel plate-condenser filled with a 
uniformly ionized gas, and let the distance between the 
plates be D cms. Let the potential-di~ibrence between the 
plates be given by the tbrmula V=-Vosiupt, and let 
the number of positive or negative ions per c.c. be .J~, 
each ion carrying a charge +e. In a Bunsen flame the 

velocity of the negative ions is about 1000 c-m-s: for one volt 
sec. 

per cm,  while the velocity of the positive ions under the 

same potential gradient is only about 60 cms_ Moreover, 
see. 

the mass of the positive ions i s  probably very large com- 
pared with that of the negative ions. Consequently, in a 
rapidly alternating electric field the amplitude of vibration 
of the negative ions will be large compared with that of the 
positive ions. As a first approximation, therefore, we shall 
assume that the positive ions do not move at all, so that all 
the current is carried by the negative ions. ~ e  shall also 
suppose that all the negative ions move in the same way with 
the same velocity, so that the number of negative per c.c. 
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498 Prof. Wilson and ~Ir. Gold : Electrical Conductivity o f  

remains n except within a distance d of each electrode, 
d being twice the amplitude of vibration of the negative 
ions. I t  is easy to see that on these assumptions the negative 
ions will practically all be contained in a slab of thickness 
D- - d ,  which will vibrate between the plates so as just not to 
touch either of them. For  if a new negative ion is formed 
outside the slab, it will almost immediately strike the electrode 
near it ; whereas a new negative ion formed in the slab cannot 
reach either electrode except by diffusion, which we shall 
neglect. Thus we may regard the whole space between the 
plates as filled with positive electricity of density +he ,  and 
the vibrating slab of' thickness D - - d  as containing also 
negative electricity of density --he. Thus inside the slab 
the total density is zero and outside is + he. 

Let  X denote the electric intensity between the plates 
at a distance x from one of them. "~Then, inside the slab 

dX 0 dX , 
-~tx = , and outside-~x =aTrne. 

Let  A and B be the two plates~ and let the slab be repre- 
sented by the space between the 
two dot ted l inesE,  F. L e t A B = D ,  "- D 
A E = t l ,  F B = t 2 ,  and. suppose the 
potential of A kept zero while that 
of B = u  Let  the rise of potential 
in AE be V,, in E F  be V~, and in t~ t~ 

F B b e  V~. In E F d ~ - 0  d x - -  so that 
V, V3 V: 

X is constant. Let  its value be 
X0. Then 

V 3 = - - X 0 ( D - - d ) ,  A E F B 

where d=t1+to. .  In AE we have 

d2V 

where p = n e .  From this we get  

dV 
d x  = --4~rpx + C and V = --  27rpx2 + Cx  + D, 

where C and D are constants to be determined. When x = 0  

V - - D = O ,  

and when x = t ,  d V  

d:c = - 47rptl + C = X0. 

Hence V 1 = 27rptl ~ -  X0 t . 
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.Flames containing Salt Vapours for  Alternating Carrents. 499 

In the same way in F B  we have 

V = --  2rrpx 2 + C~x + D'. 

When x = D- -  t~ 

dV 
dx---- - -X~ and V = V I + V z ;  

so that we get for V at x----D, 

V = -- XoD + 27rp ( t l : -  t:~). 

Now tl + t~ = d~ so that 

V =  --XoD + 2~rpd(2tx--d) . . . . .  (1) 

dt~ 
The force acting on a negative ion is - - X o e - - A ~ ,  

where A is a constant representing the viscous resistance to 
motion with unit velocity. Let m be the mass of a negative 
ion i then its equation of motion is 

d ~ t l  , �9 dtl 
- -~oe=mdt  ~ ~ A ~  . . . . . .  (2) 

The current-density inside the slab is given by the equation 

dr1 . K dXo 
i =  --p~-{{ t 41r dt ' 

~vhere K is the specific inductive capacity ot ~ the medium 
between the plates in the absence of ions. Thus K is unity, 
and 

dt i 1 dXo 
i =  - -Pdt  + 4~ --dr . . . . . .  (:~) 

Now in a flame containing a salt vapour the fall of 
potential nearly all takes place near the electrodes, so that 
Xo is probably very small, even when rapidly alternating 

i dX o 
currents are used. Consequently, since p is large, ~ - f f  

dtl 
may be neglected in comparison w i t h - g ~ .  Hence (3) 

�9 dtl 
becomes z=- -P-d t  approximately. Substituting in (1) the 

value of X0 got from (2) we get 

V = V o s i n p t = D ( _ . J :  _d~ _t_ e d i t 1  A dt!'~+dt] 2~rpd(2tj--d). 

This gives 

mD dull AD d2tl dt~ 
Vop COS jot e dt3"~ e ~q-47r f ld-d t .  
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500 

dtl i 
B n t  -dr = - ~ "  

where 

Prof. Wilson and Mr. Gold : Electrical Conductivity of 

~~-~d = ~-Vo" 

I f  p=O this makes the eapae!ty zero, whereas it should be 
l d X  

1 This is due to the omission of which would no 
~ b "  d / '  
be negligible if p were very small. If ,  however, we take 

~/p/8~Vo to be not the apparent capacity but the in- 
crease in the apparent capacity due to the presence of 
the ions, then no error will be made even if P be small. 

1 1 which has been determined is pro- The quantity d~ dl 

portional, as we have seen, to the increase in the apparent 

Hence 

mD (Pi AD eli 

, ~ + e  ~ +  
--V0p cos pt = ep- 41rdi. (4) 

The solution of this equation is 

t o p  r " 

i =  ! [ , 4 ~ r ( t e p  , 2 ,, A ~ I ~  , ( 5 )  

\ 1 -  ~:,; ;v) ~' + ;,;~f 

- - (1  4~rd,'p ~ 

t a l l  a 
A 

If  a P.D. V = V  0 sin pt is applied to a condenser of capa- 
�9 ~V city C, the current is given by the equation , = C  0P cos pt. 

For the flame, if A and m are both negligible (5) becomes 

i ---- --u176 P cos pt 
47rd ' 

l 
so that the apparent capacity is 4-~--d per unit area. Now el2 

is the amplitude of vibration of the negative ions so that dp 
must be the amount of electricity flowing during a half- 
vibration. 

Let  i -- dQ Vo �9 dt so that Q = =-4~rd.: sm pt. 

Then we hay% integrating from 0 to % 

Vo ] V<) 
dp = 2~d or d = % / ~ , 0 '  

so that the apparent capacity per unit m'ea is 
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Flames cow,tainting Salt Vapou~s for Alter~at;ng C~vrents. 501 

capacity when salt is added to the flame. In what follows 

1 1 
we shall speak of ~ - - d l  as the apparent capacity. 

Thus we should expect tile apparent capacity per unit area 
to vary as the square root of the number of ions per c.c., and 
inversely as the square root of the maximum P.D. applied, 
but to be independent of the distance between the electrodes. 
The experimental results are in surprisingly good agreement 
with these conclusions. Thus we have seen that the apparent 
capacity is nearly independent of the number of alternations 
per see., and varies as the square root of the steady current 
conductivity. For small E.M.F.'s the conductivity for 
steady currents is proportional to the number of ions per c.c. 
and to the velocity of the ions. But it has been shown * 
that all alkali-suits in flames give ions having the same 
velocity, so that the conductivity for steady currents should 
wiry nearly as ~he number of ions p.er c.c. present. Hence 
the observed apparent capacity varies nearly as the square 
root of the number of ions present. The apparent capacity 
was also independent of the distance between the electrodes, 
provided this was small compared with their diameters. 
Further, we have seen that the apparent capacity varies 
roughly inversely as the square root of the maximum P.D., 
measured by the length of the spark-gap in the primary coil 
of the Tesla transformer. It appears, therefore, that the 

expression ~/p]SrrV0 does represent approximately the ob- 
served variations of the apparent capacity of the electrodes 
in the flame containing salt vapour. 

This expression has been obtained by neglecting the mass 
of the ions and the resistance to their motion through the 
flame-gases, so that it appears that the amount of alternating 
current through the flame is determined merely by the 
density of the layer of positive charge left in the gas near 
the electrodes when the negative ions move under the action 
of the applied field. 

If a steady P.D. V is applied to two electrodes immersed 
in an ionized gas~ and if the positive ions cannot move, it is 
easy to see that a current will only pass for the short time 
required for the aecmnulation of positive charge near the 
negative electrode to become suMcient to make the electric 
force near the positive electrode zero. Thus the two electrodes 
will behave like a condenser when the P.D. is applied. When 
a rapidly alternatiug P.D. is applied it is easy to see that even 
if the positive ions can move, provided their velocity is small 

+. H. A. Wilson, Phil. Tr~m~. A. 1899. 
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502 Prof.  Wilson and Mr. Gold : Electrical Conductivity of 

compared with that of the negative ions, the arrangement 
will behave like a condenser if the nmnber  of ions per c.c. is 
very  large and the mass of the negative ions very  small. 

Denoting the apparent capacity per unit area by C, we 

K ,  
have C = ~//87rPVI -- 4~-D 

where K is the apparent specific inductive capacity. Con- 
VnK ~ 

sequently p----z2~]~. The length of the spark-gap used in 

the experiments on the variation of the apparent capacity 
with the concentration and nature of the salt was about 
2 rams. in hydrogen gas at atmospheric pressure. The 
Tesla coil had 33 turns in its primary coil and 3 turns in 
its secondary, so that V o was about 400 volts or 1"2 E.S. 
units. D was 0"6 cms., so that for the strongest K2CO3 
solution sprayed, for which K = 100 (p. 496), we have 

1"2 • 10000 
-- 5400 E.S. units. 

P - - - -2X3 .1x0 .6  ~ 

The charge on one ion is 3 x 10 -I~ E.S. units, so that the 
nmnber of ions per c.c. was 

5400 
. . . . . . . . . . . .  18 x 1012. 
3 x 10 -1~ 

The amount of saIt entering the flame was determined by 
finding the loss of weight of a bead of sodium-chloride placed 
in an equal Bunsen flam% so that the light emitted by this 
flame was equal to that emitted by the flame when a solution 
of NaC1 containing 10 grams pe r l i t r e  was sprayed. In  this 
way it was tbund that 0"53 milligram entered the flame 
per minute. Consequently the amount of K2CO~ entering 
the flame per minute with the strongest solution was 5"3 milli- 
grams. The velocity of the flame-gases was about 200 cms. 
per second, and the diameter of the flame about 3 cms., so 
that the amount of salt per c.c. in the flame was about 

5"3 
= 7 x 10 -~ inilligram. 

200 x ,r( l '5)  "~ x 60 

Hence,  taking the mass of an atom of hydrogen as 10  -2 t  

gram, the nmnber of salt molecules per c.c. was about 

7 x 10 -'s 
i38  x 10 -~4 -- 5 x 1014. 

I t  thus appears that about one molecule in 30 molecules of 
KuCO~ was ionized in the flame. For  most of the other salt 
solutions sprayed the proportion of the molecules ionized in 
the flame comes out less than one in 30. 
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Flames contahffng Salt VaTours for Alternating Currents. 503 

In the paper on the conductivity of flames for steady 
currents, referred to above, numbers are given which are 
proportional to the molecular conductivity of all the salts 
tried, so that it is not necessary here to discuss further  the 
variation of the conductivity with the nature and concen- 
tration of the salt vapour. 

Let  q be the number of ions produced per e.c. per sec. in the 
flame and n the number present per c.c. Then q = an 2, where 
a is a constant which has been shown by Langevin to be equal 
to f .  47re(k 1+ lc~), where . f  is a proper fraction, and k~, k2 are 
the ionic vdlocitles due to unit electric intensity. For  tile 

flame we have k2=lO00 cms: for one volt per cm., or 
s e c .  

. C l n S .  

3 • 10 .. . . . . . .  for one E.S. unit of electric intensity. Hence 
s e c .  

~ =  4~r . f .  3 X 10 -1~ x 3 x 10:'= 1"1 x 10-3 f. 

Now for the strongest K2CO3 solution sprayed n =  1"8 x 10 la, 
hence 

q = f l ' l  X 10 -~ x 1"82 x 10~s=4 x 10"~ f .  

The number of salt moleeules per e.e.  is about 5 x  101~; s o  
that it appears that each salt molecule is ionized and re- 
combines about 109.ftimes per second. The value of f under 
ordinary conditions is about 0"2.. Probably in the ttame it is 
less, say 0"I. Taking the temperature of the flame-gases to 
be 2000 ~ C., we get for the number of collisions made by a 
salt molecule per second in the flame rather less than 5 • 108. 
So it  appears that the KsCO8 molecules are ionized once for 
every 5 collisions with another lnoleeule. I t  is therefore 
probable that the cause of the ionization of salt vapours in 
flames is the shock of moleeular collision. 

The current which could be carried by the 5 x 10 t~ ions 
produced per e.e.  is about 60 amperes, which is enormously 
greater than the observed currents per e. c. of flame between 
the'electrodes. This result agrees with the conclusion ~ that 
the observed s~eady currents through flames containing salt 
vapours are very tkr from the saturation value. Since each 
salt molecule is ionized many times per second, the salt would 
all be carried to the electrodes as ions if the current were 
su~eient ly  great. I f  we suppose that the electrodes absorb 
the ions which reach them, then the maxinmm possible 
current  would be equal to that required to electrolyse the 
same amount of salt in a solution. This has been previously 
found to be the easo for alkali salts vaporised in a current 

of air t .  

* H. A. Wilson, Phil. 3Iag. October 1905. 
II. A. Wilson, Phil. Mag. August 1902. 
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504 }'he Electrical Comtuctivity of.Flames. 

Equation (5) may be written 

i= --pepVo sin (pt--~) 

(-,Dl~'--4=d~ p)- + A- D 2 }~ 
I t  is easy to show that the term A2D ~ is negligible compared 

with (mDp2--4vdep) 2. ~u have D=0"6  cm. and X e = A v ,  
where X =  electric intensity and v =veloci ty of' negative ions 

dueto X. I f X = l  E.S. uuit, v----3x 10:'cms'; so that D2. A '' 
s e e .  

is equal to 0"6 x 9 • 10 -2~ 
. . . . . . . . . .  3 X 10 -'9. 

9 x 101~ 

In (mDT~--47rdeg) 2 the term 4rcdep is about 6 x 10 -9 for 
e =  3 x 10 -I~ and 47rdo is about 20. Also when p is say 10 ~, 
mDp ~ must be small compared wi~h 4,'rdep, because, as we 
have seen, changing p does not much affect the apparent 
capacity. Hence (mDp2--47rdep) "~ is of the order 10 -is. 

The expression for i becomes therefore on putting a---- -- 90 ~ 

i= pepV~ cos t)t 
47r dep --mDp 2" 

Hence the apparent capacity per unit area is 

C =  ep 
47r de p-- mD_p ~" 

Therefore if C1 and C2 are values of C corresponding to 
~,alues l)l, los ofT, we have 

D t  , 2 - -  P 
4~rdp -- e Dlh -- ~ '  

.'. D.  "-~'e (p~.:--pt:)=O ~1, i 

Also approximately p=8rrVoC ~ when p is small enough 
tbr u~Dt) 2 to be small compared with 4rrdep, so that 

e _ D (/).2 2 - p ~  

1 c, i l  ) C~ m ~rVo_(G x 

If  C1 nearly - -C - -  2 we can put C "~ C1C:, and get 

e _  D(p22--p1 ~) 

m 8,~ V0(C~- C~" 

Thus if the variation of C wi thp were known with sufficient 
e 

accuracy~ -- for the negative ions could be calculated. I t  is 
m 

hoped that further experiments will enable this to be done for 
the negative ions of different salts. 
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The Electrical Conductivity of Metallic Oxides. 505 

Summar~ of Results. 

(1) For rapidly alternating currents a flame containing an 
alkali-salt vapour behaves like an insulating medimn having 
a high specific inductive capacity. 

(2) The conductivity of different alkali-salt vapours in a 
flame for rapidly alternating currents as measured by the 
apparent capacity of platinum electrodes immersed in the 
flame varies as the square root of the conductivity of the 
same salt vapours for steady currents. This result confirms 
the view that the negative ions fi-om all salts have the same 
velocity. 

(3) The apparent capacity varies nearly inversely as the 
square root of the maximum applied P.D. 

(4) The apparent capacity is nearly independent of the 
number of alternations per second. 

(5) The apparent capacity is nearly independent of the 
,distance between the electrodes. 

(6) The results (1) to (5) are in agreement with the ionic 
theory of the conductivity of the flame for rapidly alternating 
currents when the velocity of the positive ions and the inertia 
and viscous resistance to'the motion of the negative ions are 
neglected in comparison with the effects due to the number 
of ions per c.c. 

(7) The apparent capacity per sq. cm. area of the electrodes 

is equal, according to the theory just mentioned, to x/'ne/~rV0, 
where n is the number of positive ions per c.c., e the charge 
on one ion, and V0 the maximum applied P.D. 

(8) ~qot more than one molecule in 30 salt molecules is 
ionized at any instant in the itame, but each molecule is 
probably ionized and recombines several million times per 
second. 

(9) The steady currents observed through salt vapours in 
flames are very far from the maximum possible currents cor- 
responding to the number of ions produced per second. 

XLII I .  The Electrical Conductivity of Metallic Oxides. By 
F. HORTO~, D.Sc.~ .B.A., _Fellow of St. John's College~ 
Cambridge *. 

T H E  theory of electrolytic dissociation has furnished a 
simple explanation of conductivity, in electrolytes, by 

assuming that the current is carried as a stream of electric 
charges by the ions into which a certain proportion of the 
molecules of an electrolyte are dissociated. Conduction in 

Communicated by Prof. J. J. Thomson. 
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