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Received, February 11,—Read, March 5, 1903,

1. Introduction.

The researches of recent years have conclusively settled the general connection
between the spark potential and the pressure of a gas. It is now well known that as
the pressure of a gas diminishes the difference of potential necessary to produce a
discharge between electrodes in the gas, a fixed distance apart, also diminishes, until,
at a critical pressure, the spark potential reaches a minimum value. It is further
established that below the critical pressure the potential difference required to
produce discharge rapidly increases as the pressure is lowered.

This connection between the spark potential and the corresponding pressure of
a gas has been well illustrated in a series of curves drawn by Prace* who
investigated the sparking potentials between a pair of parallel plates at pressures
ranging from one-half an atmosphere down to a little below the critical pressure.

Among others, StTruTTt and Boury] have carried on the investigation at pressures
congiderably below the critical point, and their results show that, once the critical
pressure has been passed, the rise in potential difference necessary to produce discharge
is exceedingly rapid.

The effect of varying the distance between the electrodes was first determined by
Pascurn,§ who observed the existence of a simple law connecting the pressure at
which discharge took place with the corresponding spark potential and the distance
between the electrodes.

PascHENS results showed that when a given potential difference was applied to
two spherical electrodes, whose distance apart could be varied, the maximum
pressure at which discharge occurred varied inversely with the distance between the
spheres.

The range of pressures over which he found the law to apply, while considerable,
did not extend below 2 centims. of mercury, and his results do not in any case indicate
that the critical pressuie had been reached. It is evident, then, that PaAscHENS
conclusions are confined to pressures higher than the critical pressures.

* PEACE, ‘Roy. Soc. Proc.,” vol. 52, p. 99.
t Strutt, ¢ Phil. Trans.,” A, vol. 193, p. 377.
1 Boury, ‘Compt. Rend.,” vol. 131 (2), p. 443.
§ PascHEN, ¢ Anu. d. Phys.,” vol. 37, p. 69.
VOL. CCL—A 340. 3 F 2 8.7.03
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104 MR. W. R CARR ON THE LAWS GOVERNING

Since the statement of this Jaw by Pascury, Prace™ alone seems lo have
published results which could throw any additional light on the conditions holding
for discharge in a gas at very low pressures. Prpack experimented in air, with
parallel plates as electrodes, at various distances apart, and found that the value of
the critical pressure increased greatly as the distance between the electrodes was
lessened, but his results at points helow the critical pressure give no evidence of the
existence of any such law as had been enunciated by Pascar~.

This can be readily seen from the numbers recorded in his paper, a few of which,
selected from readings taken below the critical pressure, are given in the following
table. These results admit of easy comparison, since the potential differences in the
cases chosen are very nearly the same. The product of pressure and spark length
should be a constant quantity if Pascuun's law held.

Tasrr of Peacw's Results.

Applied potential Pressures in Distance between Product of
difference in millims. electrodes in pressure and
volts. of mercury. inches. spark length.
649 25 082 * 205
660 6 -005 *030
670 H 021 105
731 25 <030 075

If we compare the first and second of these results where the difference in spark
potentials is only 11 volts, we find the product in the first case nearly seven times that
in the second.  Again, the product corresponding to the spark potential 660 volts is
less than one-third that corresponding to 670 volts, a large difference in the opposite
direction.  The same hregularity is exhibited by the product corresponding to the
spark potential 731 volts, and it seems difficult to understand how experimental
errors could be made to explain such a wide divergence of results.

At the critical pressure PrAcE’s results point to the existence of the law, hut, as
stated above, it would appear that as soon as lower pressures were approached the
indications were uniformly against the existence of the relation which Pascnex found
to hold at high pressures.

Owing to the special precautions taken by Prace to obtain accurate values for the
spark potentials, it is possible to arrive at but one of two conclusions regarding the
departure from PascHEN'S law indicated by Pracr’s numbers. Judging by the
results, either the law ceases to hold when the critical pressure is passed, or else the
apparatus used by him in his experiments did not admit of an accurate measurement
of the actual spark lengths corresponding to different spark potentials.

* PrACE, ¢ Roy. Soc. Proc.,” vol. 52, p. 99.
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ELECTRIC DISCHARGES IN GASES AT LOW PRESSURES. 405

A short discussion of the apparatus will reveal one considerable defect. - The object
of the nvestigations of both PascreN and Prace was to determine the electromotive
intensity requisite to cause discharge in a gas. Throughout the range of pressures
investigated by Pascuen the discharge always took place along the shortest distance
between the spherical electrodes, and the electromotive intensity requisite to break
down the gas was therefore directly proportional to the spark potentials obtained by
him. At points below the critical pressure, as PrAck’s results indicate, discharge
occurs more easily over a longer distance than over a shorter one, and if’ the values
“of the electromotive intensities necessary to break down a gas at different pressures
are to be compared, it is necessary to know in each case not only the potential
difference applied to the electrodes, but also the path between the electrodes along
which the initial discharge oceurs.

To insure passage of the discharge over the same length of path Prack used plane
parallel plates of very large diameter as electrodes, but while in this way he obtained
a uniform field of considerable extent, and so was able to obtain an accurate measure
of the electromotive intensity between the electrodes, he failed to make certain that
the path along which the gas initially broke down was always confined to the uniform
part of the field. As mentioned in his paper, there was considerable tendency, at
low pressures, to a brush discharge from the edges of the plates, and this indicated a
defect in his apparatus, which apparently he did not completely eliminate.

In the present paper an account is given of an investigation on the potentials
necessary to produce discharge in a gas, with a form of apparatus which insured the
passage of the dischiarge in a uniform electric field.

With this apparatus the discharge potentials have been determined, for different
distances between the electrodes, over a range extending considerably above and
below the critical pressure. The results of the investigation not only confirm the
truth of the law enunciated by Pascarx for discharges at high pressures, but also
demonstrate, beyond doubt, the applicability of the same law to the critical pressure
and to all pressures below it.

The existence of the same relation has been sought in each of the gases air,
hydrogen, and carbon dioxide, and the result of the investigation has been the
establishment with equal certainty of the same general law for all pressures, viz., that
with a given potential difference, the field being uniform, the product of' the pressure
at which discharge occurs and the distance between the electrodes is constant.

IL. Description of Apparatus.

The form of the discharge chamber is shown in fig. 1.

The electrodes consisted of two plane brass plates @, @, 3'6 centims. in diameter,
embedded in ebonite, as shown in the figure, the outer faces of the electrodes being
flush with the swface of the ebonite. These pieces of ebonite which carried. the
electrodes served also to close the glass tube T, 'T', which thus constituted a discharge
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1406 MR. W. R. CARR ON THE LAWS GOVERNING

chamber. In order to confine the gas in this chamber to the region where the
electric field was uniform, a ring of ebonite C, C, which projected over the edges of
the brass plates, was inserted. In the construction of the apparvatus special
precautions were taken to insure that the plugs B, B pressed tightly against the
ebonite ring.  As a vesult of this device, that portion of the electric field which was
not uniform was entirely confined to the space occupied by ebonite, so that in this
way it was rendered impossible for a discharge to occur through the gas in any but o
uniform field. The thickness of the ebonite ring, which could be made accurate to
oo millim., determined the distance between the electrodes and consequently the
length of the discharge. The length of the discharge could be varied at will,
therefore, by inserting rings of different thicknesses.

The gas was admitted and removed from the chamber by glass tubes sealed into
the ebonite plugs, and these tubes were connected with the air-space by two very fine
channels leading through the ebonite ring.

Before closing the discharge tube, which was made air-tight with ordinary
commercial soft wax, the inner surface of the ebonite ring was caretully rubbed with
glass paper to remove any conducting material from its surface.
¢ r

T

T )

s
g

S

\

N

,

7
///
_

-

N

d/a‘U’r
Toﬁoiéo/

T O T T TN

T
7D Lrec/romeln

\\\

Nttt :)!l”?llf‘ll]!!i‘ll]l”l’\
' \ ™,
\\\
\ \\ N
X

_
_

¥

VAl
Fig. 1.

The potential differences used in these experiments were obtained from a series of
small storage cells, similar to those used in the Reichsanstalt, Berlin,  As these cells
have a large capacity, their voltage remained constant over long intervals of time, and
as a consequence it was possible to make the readings with the greatest accuracy.
The potential differences were measured by a Weston voltmeter, which was carefully
calibrated by means of a potentiometer furnished with a standard Weston cadmium
element. B v

Throughout the investigation the discharge chamber was connected in series with
a drying tube containing phosphoric pentoxide, a. glass reservoir about 2 litves in
volume, a McLeod pressure gauge giving readings accurate to 4%y of a millimetre,
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ELECTRIC DISCHARGES IN GASES AT LOW PRESSURLES. 407

and a mercury pump of small capacity. By using this reservoir and the pump of
small capacity it was possible to diminish the pressure in the discharge tube by such
exceedingly small amounts that it was easy to obtain a series of discharge potentials
over the whole range of pressures investigated without the necessity of admitting
fresh gas to the chamber.

In making measurements, one terminal of the battery was joined to earth and the
other terminal was connected through a resistance of xylol to one of the electrodes of
the discharge tube. The other electrode was permanently joined to one pair of
quadrants of a quadrant electrometer, the second pair of which was kept to earth.
In determining the potential difference necessary to produce discharge at a given
pressure, the electrometer electrode was first earthed, a given potential applied to
the battery electrode, and the earth connection of the electrometer electrode then
removed.

It after waiting some minutes no discharge passed, the operation was repeated
with a slightly higher potential applied to the battery electrode. This procedure
was followed until a potential sufficiently high was reached to break down the gas
and cause a discharge. The passage of the discharge could be readily noted, as it was
accompanied by a violent deflection of the electrometer needle.

The well-known phenomenon of delay in the passing of the discharge, which has
been investigated at length by WARBURG,* was observed throughout the experiments.
It was especially marked in the neighbourhood of the critical pressure, discharge
being frequently obtained ten or even fifteen minutes after the requisite voltage had
been applied. _

In every case, therefore, as the minimum sparking potential for any pressure was
approached, a considerable time was allowed to elapse, with a given applied potential
difference, before any increase was made.

111, Experiments in Air.

In the experiments on atmospheric air the whole discharge apparatus was first
exhausted to a very low pressure and then re-filled by fresh air, which bubbled in
very slowly, first through a wash-bottle of sulphuric acid and then through a tube
tightly packed with phosphoric pentoxide. The discharge chamber was then
exhausted to about 20 millims. of mercury and allowed to stand at this pressure for a
period of from eight to twelve hours.

During this time the air was always in contact with phosphoric pentoxide in the
dr}fing tube, and was therefore entirely free from moisture when the measurements
were taken. ' '

The first measurements were made with the electrodes 3 millims. apart, and the

“spark potentials were determined over a range of pressures extending from
51 millims. down to ‘35 millim. of mercury. The spark potentials corresponding to

* WARBURG; “ Ann. d. Phys.,” vol, 62, p. 385.
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the various pressures are recorded in 'C'olﬁm‘ns V. and VI. of Table 1., and the results
are represented graphically in fig. 2a.
“ ‘ Flg /] (&)
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In making these determinations, the precaution was always taken of allowing eight
or ten minutes to intervene between consecutive readings, in order to make certain
that the air was in its normal condition when the discharge occurred. As can be
seen. from the figure, the curve is quite regular and exhibits all the peculiarities
already noted by Prack,* Strurr,t and Boury.]  The curve, however, is carried much
higher than those drawn by any of these experimenters, discharges corresponding to
potential differences of over 1800 volts heing recorded.

The distance between the electrodes was then varied and five different sets of
readings were taken, in air, with the electrodes L. 2, 3, 5, and 10 millims. apart,
vespectively. The complete set of numbers for these different spark lengths is given
in Table 1., and curves showing the readings taken over that portion of the range of
pressure below 5 millims. of mercury ave exhibited in fig. 2».

Tt is apparvent from the velative positions of these curves in the figure, that at
points at and below the eritical pressures, with a given potential difference applied to
the electrodes, the pressures at which discharges occurred regularly decreased as the
distance between the electrodes was increased. But a critical examination of the
curves and also a reference to the numbers which they represent show that
PascneN's law is rigidly applicable over the whole series of discharge potentials
recorded.

. * PRACE, ‘Roy. Soc. Proc.,” vol. 52, p. 111,

+ SrtruTr, ¢ Phil. Trans.,” A, vol. 193, p. 384,
1 Boury, ¢ Compt. Rend.,” vol. 131 (2), p. 446.
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Spark length Spark length Spark length Spark length Spark length
=1 millim. =2 millims. =3 millims. =5 millims. =10 millims.
Presiiures Spark Pre§sures Spark Pregsures Spark Pregsures Spark Pre;slures | Spark
millims, | Potential milllrilms potential milllrilms potential milllrilms potential millims potential
of in of in of in of in of in
mercury. volts. mercury. volts. mercury. volts. mereury. volts. mercury. volts.
|
150 1510 20 620 51 1480 734 600 7-09 831
120 1265 13-2 527 41-5 1275 4-61 504 4-12 645
90 1025 8-73 455 315 | 1015 2-95 418 2-39 504
61 784 5:52 400 21-4 790 1-85 368 1-39 420
40-8 634 4-11 373 141 630 1-57 356 982 372
21-6 489 3-16 355 9-31 526 1-34 349 -805 355
19-4 477 2-71 351 599 452 1-14 352 679 348
12-4 417 2-32 357 3-84 405 982 359 562 351
777 367 202 371 2-51 371 839 370 - 466 359
6-66 357 175 389 2-18 361 714 388 - 384 377
5-80 | 352 1-52 419 1-89 356 607 427 312 425
4-98 349 1-30 460 1:64 358 517 484 259 504
4-27 355 1-13 534 1-42 364 440 575 219 605
367 368 982 654 1-22 375 -375 705 180 757
3-15 392 857 826 1-06 397 321 935 152 1020
2-70 429 ~750 | 1042 928 441 276 1223 125 1315
2-35 481 643 | 1312 804 494 232 1585 105 1730
2:02 558 549 © 1695 ‘710 576 216 1774 — —
1:74 681 536 | 1829 616 691 — — — —
1-51 855 — — 536 863 — - — —
1-29 1 1090 — — 465 | 1092 e — — —
1-12 ] 1463 — — 411 | 1395 _ — — -
1-05 | 1826 — — - 357 ' 1786 — — — -
Fo. e~ Arr
s g
" A
ot T b b
t % \ A ld= |/mm
L B |d = |2mm
S AL 2215
N D o =|5mm
§ 1400 % £ |d = omm
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§ p
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S
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2 3 4
Fressure in Millimebes of Mercury
VOL., CClL.—A, 3G
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410 MR. W. R. CARR ON THE LAWS GOVERNING

For example, the pressures at which discharge took place with an applied potential
of 1800 volts were, for the different distances between the electrodes, approximately :

Distance between electrodes Discharge pressures in millims.
in millims. of mercury.
1 1:05
2 536
3 351
5 216
10 ‘105

and it will be seen that the numbers in Column IL are almost exactly in inverse
proportion to the numbers in Column I.

Again, with an applied potential of 500 volts (say), the approximate pressures at
which discharge occurred were :

Distance between electrodes Discharge pressures in millims.
in millims. of mercury.
1 2:3b
2 130
3 804
5 517
10 259

where the pressures are in the ratio 1°00 : *55 : *34 : *22 : *11, numbers which are
again very nearly inversely proportional to the distance between the electrodes.

Further, we notice that the spark potential corresponding to the critical pressure
in all cases was practically the same, 350 volts, and the values of the critical pressures
for the different spark lengths were, from Table L. :

Distance between electrodes Discharge pressures in millims.
in millims. of mercury.
1 498
p 271
3 189
5 1-34
10 679

and these numbers, while not exactly in the ratio 10 : 5 : 3 : 2 : 1, are still very close
to it.

In finding the values for portions of the curves around the critical pressures the
results given in Table I. show that a small variation in potential difference was
associated with a relatively very large change in the pressures, so that a very small
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ELECTRIC DISCHARGES IN GASES AT LOW PRESSURES. 411

error in reading the potential difference would result in a large error in the pressure
readings. It is interesting to note, however, that even under these unfavourable
conditions a striking agreement is presented between the results obtained at critical
pressures and the results demanded by PAScHEN’s law.

In order to make the agreement between the numbers demanded by PascHENs law
and those obtained in these experiments still more evident, the results recorded in
Table I. are again given in a slightly different form in Table 1I., where each potential
difference is associated with the product of the pressure at which discharge took place
and the corresponding spark length. PascaEN®* found that at high pressures these
products were constant for different distances between the electrodes, as long as the
applied potential difference was the same.

The numbers recorded in Table 1I. show that the same law is rigidly applicable to
all pressures, both high and low.

TasrLe II.—Air,

Spark length Spark length Spark length Spark length Spark length
=1 millim. =2 millims. = 3 millims. =5 millims. =10 millims. ‘
|
Pro;lfuct Spark P oguct Spark Pro(;ifuct Spark Pro(f)liuct Spark Pro(;ifuct Spark
pressure pOt?:llt“l pressure :pOt?:lltla’l pressure épot(‘arrlltlal pfiessure pOtf’;ltlal pressure pobﬁ?mal
and spark and spark . and spark | and spark and spark
lenglt);h. volts. lenglzh. volts. lengli)sh. volts. lengI;h. volts. lengl’;h. volts.
] |
150 1510 40 620 153 1480 367 600 709 831
© 120 1265 264 | 527 124-5 1275 23:0 504 41-2 645
| 90 1025 17-4 | 455 94-5 1015 147 418 23°9 504
61 784 110 ‘ 400 64-2 790 9-25 368 139 420
408 634 8:22 373 4923 630 7-85 356 9-82 372
21°6 489 6-32 355 279 526 6:70 349 8:05 355
19-4 477 542 351 179 452 5:70 352 679 348
124 417 4-64 357 115 405 4-91 359 562 351
T 367 4-04 | 371 7:53 371 4-19 370 466 | 359
666 357 3:50 389 654 361 357 388 384 377
5-80 352 304 419 567 356 3:03 427 312 495
4-98 349 260 460 4-92 358 2-58 484 259 504
4927 355 2-26 534 4-26 364 220 575 2-19 605
367 368 1-96 654 366 375 1-87 705 1:80 757
3-15 392 1-71 | 826 3-18 397 1-60 935 1:52 1020
2:70 429 1-50 | 1042 2:78 441 1-38 1223 1-25 1315
2-35 481 1-28 | 1312 2-41 494 1:16 1585 1:05 1730
2:02 558 1:09 | 1695 2:13 576 1-08 1774 — —
174 681 1-07 | 1829 1-84 691 — — _— =
1:51 855 — = 1-60 863 — —_— — —
1-29 | 1090 — 1-39 | 1092 —_ — —_ —
1-12 | 1463 —_ - 1-23 | 1395 — — —_— —
1-05 1826 — — 1-07 1786 _— — — —_
L |

* PASCHEN, ¢ Ann. d. Phys.,’ vol. 37, p. 69.
3 ¢ 2
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A like conclusion must be drawn from the curve shown in fig. 3, which graphically
represents the numbers in Table IT. In plotting this curve the products of spark
lengths and discharge pressures were taken as abscissee and the sparking potentials

Frglli-Arr

- &

1800 k
4() C? ' + z= / mm

X = (2 rmm

N 400 & ="13
Q X O |\ = |8 mmp
S Kol O |& = |/0mh
: i
R o
: \
N
3 g
X
Q Y
(ﬁ 0 ‘ Q?"*@eg,m . :

200

/ 2 3 <t
Frodiuclorffressure ard oiserce Ee/mfe/; 2’@:’/}‘00’;5

as ordinates. The regularity of the curve which represents the products for the five
different electrode distances shows clearly that there can be no doubt regarding the
applicability of PAscHEN'S law to electric discharges, in air, at pressures at and below
the critical point as well as at pressures above it.

IV. Experiments in Hydrogen.

In order to demonstrate, if' possible, the generality of the law which has just been
proven to hold for discharges in air, a series of measurements were made on the spark
potentials in the gases hydrogen and carbon dioxide.

In these experiments exactly the same apparatus was used as in the previous
experiments in air.

Preparatory to making the measurements in hydrogen the apparatus was first
exhausted of air to a pressure of 1 millim. of mercury, or less, and then filled with
hydrogen to atmospheric pressure. It was then exhausted and refilled with hydrogen
several times to make certain that all air was removed.

The hydrogen was prepared from zinc and sulphuric acid in a Kipp apparatus, and,
in order to ensure purity and freedom from moisture, was passed through wash-
bottles containing potassium permanganate and caustic potash, and through a tube
tightly packed with phosphoric pentoxide, before being led into the discharge
chamber. _

Also, just as in the experiments in air, the gas was always allowed to stand for
several hours, at a pressure of about 20 millims. of mercury, in the presence of
phosphoric pentoxide before any readings were recorded.
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ELECTRIC DISCHARGES IN GASES AT LOW PRESSURES. 413
TasLe ITT.—Hydrogen.
‘{ Spark length Spark length Spark length Spark length Spark length
=1 millim. =2 millims. =3 millims. =5 millims. =10 millims.
Pre.?lslures Sparl; Pre?iures Sparl.{ Preiiures Sparlg | Preiiures Sparlf Pre?iures Spark
millims. pOtfrIlm&l millims, pOt?rI:tlal millims. pOtie::mal . millims. |P Ot?gtlal millims. pOt?::tml ‘
of of of of of
mercury. volts. mercury. volts. mercury. volts. mercury. volts. mercury. volts.
217 328 23 435 13-6 415 13-6 469 758 526
16-2 300 148 360 8-54 356 9-35 415 4-37 427
11-9 281 11'0 323 5-40 301 602 350 255 335
10-3 278 8:08 299 466 286 3-80 300 177 299
8-94 287 6-95 285 4-02 278 3-28 287 1-46 283
774 306 5-93 279 3-44 282 280 281 1-22 287
6-52 335 504 284 2:93 292 | 2-41 282 1-01 295
5-57 374 4-30 293 2:52 310 | 205 285 846 313
4-73 487 372 305 2-15 356  1:76 293 700 343
4-11 649 3:23 333 1-85 440 | 1-51 305 575 426
354 905 277 399 1-59 564 | 1-26 345 470 595
3-04 1275 236 523 1-35 780  1-09 410 390 850
260 1781+ 2-03 727 1-16 1054 *928 539 +330 1142
— — . 1-73 1010 1-00 1382 | 808 706 276 1477
— . 1-48 1380 861 1789 | 700 975 264 1710 |
— — 1 1-33 1746 — - 1 +600 1373 — _
- - = — — — 516 | 1775 | — —
‘

In the experiments with this gas, readings were taken for the same electrode
distances 1, 2, 3, 5 and 10 millims., and the values of the spark potentials and their
corresponding pressures are given in Table III. These numbers are also graphically

set forth in fig. 4.

We see from this table that the readings corresponding to the spark potential

1800 volts are :

Distance between electrodes

Discharge pressures in millims.

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

in millims. of mercury.
1 2°60
2 1-33
3 861
5 ‘516
10 ‘264

which pressures are in the ratio 99 : 50 : 32 : 20 : 1.
Again, with a spark potential of 500 volts the readings give :
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414 MR. W. R. CARR ON THE LAWS GOVERNING
Distance between electrodes Discharge pressures in millims.
in millims. of mercury.

1 4°7
2 24
3 17
5 94

10 51

the pressures being in the ratio 93 : 4'8 : 33 : 1'9 : 1.

g/ y—- /‘/ya’fogen

Teele £ 1
sTHT
S TN AR
WAIAREER
R
LR
NS \ N
§ 1 VUNNL | [ s T
\ 400 SG‘:\&M % ’__e—’”g . -

4 G /9
Fressuvre 17 Millimeles

The minimum spark potential in hydrogen was about 280 volts, and the critical
pressures corresponding to the different spark lengths were :

Distance between electrodes Discharge pressures in millims.
in millims. of mercury.
1 103
2 593
3 4-02
5 280
10 146

where the various discharge pressures are once more nearly inversely proportional to
the distance between the electrodes.
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ELECTRIC DISCHARGES IN GASES AT LOW PRESSURES. 415
Tasre IV.—Hydrogen.
Spark length Spark length Spark length Spark length Spark length
=1 millim. =2 millims. =3 millims. =5 millims. =10 millims.
Prc‘;(%luct Spark Prc())(%uet Spark Pr%(}uct Spark Pr(;(%uct Spark Proo(icuct Spark
pressure poteizgtlal pressure POt?ﬁma‘l pressure potential pressure pon?:lltlal pressure | P Otfr?t]al
and spark volts, |and spark 5. land spark lﬁ and spark| A, fand spark|
length. " | length. O length, | YO length. | VO™ | length. )
217 328 46 435 40-8 415 68 469 753 526
16-2 300 29°6 360 266 | 356 46-7 415 4317 427
11-9 281 22-0 323 16-2 301 30-1 350 255 335
10-3 278 16-1 299 13-9 286 190 300 17-7 299
8-94 287 13-9 285 120 278 16-4 287 14-6 283
7-74 306 11-8 279 10-3 282 14-0 281 12-2 287
6°52 335 10-0 284 8-79 292 12-0 282 10-1 295
5-57 374 8-60 293 7-56 310 10-2 285 8-46 313
4-73 | 487 7-44 305 6-45 356 8-80 293 7-00 343
4-11 649 6-46 333 5-55 440 7-55 305 575 426
3-54 905 5-54 399 4-717 564 6-30 345 4-70 595
3-04 1275 4-72 523 4-05 780 5-45 410 3-90 850
2:60 1781 4-06 727 3-48 1054 4-64 539 3-30 1142
— — 346 1010 = 3-00 1382 4-04 706 2-76 1477
— — 2-96 1380 | 2-58 1789 3:50 975 2-64 1710
-— — 266 1746 — — 3-00 1373 — —_—
— — — — — — 2-58 1775 — —_
FiQ. V~Hydroger
o |
N ! X |9 q7
R« =37
N © |J =5 mp
N [e] o =0 mmr
§
S 2 A
guw
N !
§
3 N
'Q o *
S o A
3 R4
€., MY
S ol aels ba

/ 2 3 4+ s 6 2 & 5 0 ” 174 /3 74
Froauc/ of Fressure& dis/arnce be/weenfeclaks
To indicate further that the law is applicable at all points, a table of products,
similar to that recorded for air, was calculated, and is given in Table IV. A single
curve, fig. 5, represents these five sets of readings, and again the close grouping of
the different results about this common curve shows that the law is equally applicable
above and below the critical pressure to all spark potentials.
It is evident, then, that with hydrogen, just as with air, PASCHEN’S law is rigidly
applicable over the whole range of pressures.
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V. Experiments tn Corbon Dioxide.

These further experiments were made with a view to corroborate the results
already obtained in air and hydrogen. The same apparatus as had been used with
these two gases again served for the experiments in carbon dioxide, and the distance
between the electrodes was varied as before, so that readings were obtained at the
five different distances 1, 2, 8, 5, and 10 millims. The carbon dioxide was prepared
by treating marble with hydrochloric acid, and was purified and dried by being
bubbled through a wash-bottle of water and passed through a tube tightly packed
with phosphoric pentoxide before reaching the discharge apparatus. In each case
the operation of exhausting the whole discharge apparatus to 1 millim., or less, of
mercury, and then refilling with carbon dioxide was repeated five or six times, and
finally the gas was allowed to stand as in both previous cases, in the presence of a
bulb of phosphoric pentoxide for several hours.

The complete set of results is given in Table V., and the corresponding curves
set forth in fig. 6, and if we again compare the discharge pressures and spark
lengths corresponding to any value of the applied potential, the same law is seen
to hold here also with even greater rigidity than in the other cases.

TasrLe V.—Carbon Dioxide.

Spark length Spark length Spark length Spark length Spark length
=1 millim. =2 millims. =3 millims. = b millims. =10 millims.
Pressures Spark Preislures Spark Preislures Spark Pressures Spark Pressures Spark
millllilms potential ... o potential| .. | potential millllilms potential milllrilms potential
of ) in of ' in of ) in of ) in of ’ in
volts. volts. volts. volts. volts.
mereury. mercury. mercury. mercury. mercury.
19-8 516 21-3 802 8-75 | 674 9-10 790 T-27 993
12-6 480 13-8 645 557 563 5-77 674 4-26 790
9-41 443 8:76 519 355 477 364 579 2-43 656
683 425 5-41 464 2-25 427 233 498 1-44 553
5-86 421 4-02 | 439 1-91 420 1-45 438 860 473
5:02 419 3-46 426 1-63 419 1-25 423 612 428
4-31 420 2:95 421 1-41 425 1-07 421 510 423
3-73 427 2°52 419 1-20 432 919 428 409 440
3-18 443 2:15 420 1-02 449 *786 441 340 470
2:73 475 1-84 427 -875 487 ‘678 464 -280 506
234 503 1-58 443 758 542 b72 495 239 563
2-00 . b59 1-34 473 651 599 492 533 196 639
172 636 1-16 525 558 699 419 599 162 761
1-47 763 980 605 482 815 360 704 134 973
1-26 916 - 848 702 420 971 310 820 111 1219
1-08 1127 728 847 362 1162 *266 969 1094 1550
1946 | 1432 1625 1026 +314 1445 | -232 1159 089 1730
817 1801 536 1258 274 1756 | 196 1373 — —
— — 455 | 1574 — — 169 1662 — —
— —- 421 | 1762 — — 164 1770 — - |
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ELECTRIC DISCHARGES IN GASES AT LOW PRESSURES. 417

For 1800 volts the figures are approximately :

Distance between electrodes Discharge pressures in millims.
in millims, of mercury.
1 ‘817
2 421
3 274
5 .164
10 0892

where the pressures are almost in the required ratio, being 9-2 : 48 : 3:0 : 19 : 1.
For 500 volts the numbers are :

Distance between electrodes Discharge pressures in millims.
in millims. of mercury.
1 234
2 123
3 ‘84
5 57
10 28

where the pressures are as 8'4 : 44 :3:2: 1,
And at the minimum discharge potentials, which are again constant, 420 volts, the
readings given are :

Distance hetween electrodes Discharge pressures in millims,
in millims. of mercury,
1 502
2 2+52
3 163
43 107
10 510

Special attention is directed to these latter results, inasmuch as the exactness of
the ratio indicated by the pressures is very remarkable. The ratios of the pressures
are practically 10 : 5 : 31 : 2 : 1, the nearest approximation to the numbers demanded
by PascHEN’S law which has been shown by any of the comparisons, and this result
is all the more convineing in that these figures were obtained at the critical points,
where, in the other two gases, the results obtained indicated the law in a somewhat
less marked degree.

Though it would appear that further evidence was unnecessary, the table ot
products was again calculated and is given in Table VI. Also the corresponding
curve is shown in fig. 7.

VOL, CCI,— A, 3H
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A1 Vi-Carbor Dioxide
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Once more the regularity of the curve shows that, as in air and hydrogen, so in
carbon dioxide, PAscuHEN'S law is rigidly applicable to all spark potentials hoth above
and below the critical pressure.

Tasre VI.—Carbon Dioxide.

Spark length ? Spark length Spark length Spark length Spark length
=1 millim. - | =2 millims. | = 3 millims. ‘ =5 millims. =10 millims,
\ : ‘
Prooc%uct Spark r Prc;(%uct Spark Pr cz)(}uot Spark Prﬁuct Spark Pr%cflucb . Spark
pressure potfizﬁtlal' pgessurek pot?lritlal pr‘lessurei poteﬁ]ltml prfssurek pot(ia;ztlal pr sssurel pOt?EtI&I
and spark and spar and spark . iand spar and spark
lengIt;h. volts. lengﬁh. volts. length. volts, lengr‘;h. volts. | leng]%h. volts,
19-8 516 426 802 262 674 455 790 727 993
126 480 2746 645 16-7 563 288 674 42-6 790
9-41 443 175 519 106 477 1 182 579 243 656
683 425 10-8 464 6-75 427 1 116 498  14-4 553
5-86 421 8:04 439 573 420 ¢ 7-25 438 8:60 473
5-02 419 692 426 4-89 419 625 423 6-12 428
4-31 420 5-90 421 4-23 425 53D 421 5-10 423
373 427 504 419 360 432 4-59 428 4-09 440
318 443 430 420 3-06 449 3:93 441 340 470
273 475 368 427 262 487 3+39 464 2-80 506
234 503 3-16 443 227 542 | 2-86 495 239 563
2-00 559 268 473 1-95 599 ¢ 246 533 1-96 639
1-72 636 232 525 1-67 699 2+09 599 162 761
1-47 763 1-96 605 1-44 815 1-80 704 1-34 973
1-26 916 169 702 1-26 971 155 820 1-11 1219
1-08 1127 1-45 847 1-08 1162 1-33 969 1946 1550
+946 1432 1-25 1026 +942 1445 116 1159 +892 1730
817 1801 1-07 1258 822 1756 -98 1373 — —
— —— 910 1574 — — 845 1662 —— —
—_ = +842 1762 — — 820 1770 — —
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V1. Spark Potentials with different Electrodes.

1t has now been shown, using brass electrodes of constant size, that, for discharges
in a uniform field, in any gas, the values of the spark potentials are determined
solely by the product of the pressure of the gas and the distance between the
electrodes. From this result it appeared that if the size or material of the electrodes
did not affect the results, the spark potentials were dependent only upon the quantity
of the gas per unit cross section between the electrodes.

In order to determine this point, the brass electrodes which had been used up to
this time were replaced in turn by electrodes of iron, zinc and aluminium, of exactly
the same size. The results of the experiments showed that there was no variation
in the different sets of readings, and it was evident that there was not the slightest
effect produced in any case by a change in the material of which the electrodes
were made, ‘

In order to see if the size of the electrodes affected the values of the spark
potentials for the different pressures, provided the discharge took place in a uniform
field, a reduction was made in the surface of the electrodes exposed to the gas.
This was done by replacing the ebonite rings C, C, fig. 1, which had an inner
diameter of' 3 centims., by others whose inner diameter was but 1 centim. By this
device the areas of the electrodes exposed to the gas were reduced to about -5 of
their value in the early experiments, and the condition that the discharge could
only take place in a uniform field still held. Using this apparatus with air, no
difference could be observed in the values of the discharge potentials corresponding
to the different pressures, and it was therefore certain that the value of the spark
potential was in no way influenced by the size of the electrodes.

It is therefore clearly established that the only factors affecting the spark
potentials are pressure and the distance between the electrodes, and hence PaschuN’s

3 H 2
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420 MR. W. . CARR ON THE LAWS GOVERNING

law is most accurately expressed by saying, “that, with a given applied potential
difference, discharge in a uniform field, in any gas, is dependent solely on the
constancy of the quantity of matter per unit cross section between the electrodes.”

VIL. Minimum Spark Potentiols.

An interesting result in connection with these experiments is the almost constant
value obtained for the minimum spark potential with the different electrode distances
in each of the gases.

Peacr,* in the paper already referred to, was able to point to the probable
existence of such a condition, but his results were not sufliciently regular to allow
him to speak with certainty from the evidence at that time in his possession. This
is seen from the following table of results taken from his paper, which appear to be
the readings upon which he based his conclusions :—

Prace’s Table of Minimum Spark Potentials.

;
Spark length in | Minimum discharge
millims, potential in volts.

01 326
025 330
05 333
‘1 354
2 570
'3 390
‘5 400
7 428

1 458

1 2 475

I

While these results are of the same order, it will be noticed that the spark
potential rapidly increases with the distance between the electrodes, and that the
smallest value differs from the greatest by nearly 150 volts.

In the results recorded in the present experiments, however, it cannot be said
that there is any indication of an increase in spark potential for an increasing spark
length. ‘

The minimum spark potentials observed in these experiments, for the three
different gases, are given in the following table :—

* PrAcE, ¢ Roy. Soe. Proc.,” vol. 52, pp. 107, 112,
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ELECTRIC DISCHARGES IN GASES AT LOW PRESSURES. 421

OBSERVED Minimum Spark Potential in Volts.
p

Sp&ﬁﬂlﬁﬁm m Air, Hydrogen. Carbon dioxide.
1 349 278 419
2 351 279 419
3 356 278 419
5 349 281 421
10 348 283 423

where it will be seen that the values of the minimum spark potentials, for air, over
this large range of spark lengths vary by only 7 volts. The values for hydrogen,
over the same large range of spark lengths, vary by only 5 volts, and those for
carbon dioxide by only 4 volts.

These results, then, seem to establish the fact that the least spark potential
required to break down a gas is entirely independent of the spark length.

It is evident, too, from figs. 3, 5 and 7, that the constancy of the minimum spark
potential is a necessary condition to PascHeN’s law holding for discharges at
different electrode distances.

R. J. STrRUTT,* in his paper “ On the Least Potential Differences required to produce
Discharge through Gases,” has drawn the conclusion that the minimum spark
potential for discharges in any selected gas is probably equal to the cathode fall, in
the same gas, measured over the whole extent of the negative glow in the vacuum
tube. Since the cathode fall in any gas has been shown by WarBURGT to be a
constant, over a very large range of pressures, the constancy of the values obtained
in these experiments for the least spark potential gives strong support to StRUTT'S
conclusion.

Moreover, the value of the least spark potential found by STRUTT in air, using a
spark length of £ millim., was 341 volts. This agrees very well with the numbers
given above, the difference being only about 8 or 9 volts. For hydrogen, however,
the agreement between the results is not so good, his values for the least spark
potential, 302-308 volts, being somewhat higher than those found for hydrogen in
these experiments.

In this connection it may be pointed out that special precautions were taken in
the neighbourhood of the critical pressure to make certain that the gas was in
its normal condition when the discharge occurred, and so make sure that the
spark potential obtained was not too small. The procedure followed was to apply a
low voltage to the electrodes, and then gradually increase it until the discharge
passed. By this procedure there could be no doubt that the gas was always in its

* Srrurt, ¢ Phil. Trans.,” A, vol. 193, p. 393.
T WARBURG, * Ann. d. Phys.,” vol. 31, p. 54b.
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422 MR. W. . CARR ON THE LAWS GOVERNING

normal state, and that therefore no discharge could occur until the correct potential
difference was reached.

After discharge did occur the gas was allowed to stand for a considerable time
before the operation was repeated.

On account of the “delay” in the discharge, already referred to, special care was
taken at the critical pressure to see that no voltage applied to the electrodes was
replaced by a higher one, until a sufficient time had elapsed to make sure that
discharge would not occur with the lower voltage.

VIIL. Connection between Spark Lengths and Spark Potentials.

In the preceding experiments the spark potentials and corresponding pressures have
been found for spark lengths ranging from 1 to 10 millims. It is evident from PascueN's
law, which has been shown to govern these discharges, that the different curves in
figs. 2, 4 or 6 are interdependent, and that if' one were given in each figure all the
others could be deduced. It is clear, too, providing PascHENS law applies, that curves
can be deduced for spark lengths not included within these limits. This has been
done in fig. 8, where curves correspondmg to a number of spark lengths n air,
ranging from 1 millim. down to 5 micra® have been plotted.

The numbers corresponding to these curves were calculated by PascHENs law from
the experimental results obtained with a spark length of 1 millim. The values for
spark lengths shorter than 5 micra have not been calculated, as there is evidence to
show that PascueN’s law does not apply beyond this point. It can be seen that as
the spark length is gradually decreased a length will be reached finally when the gas
between the electrodes will consist of but two surface layers. It will then be subject
to special molecular forces and, in all probability, a departure from the laws governing
electric discharges in a gas under normal conditions will appear when this limiting
spark length is reached.

This point has been well brought out by EarmartT in a paper on spark potentials
for very short distances. He has shown, for a series of pressures, that a direct
proportionality exists between spark potential and spark length, down to a spark
length of about 5 micra. For shorter lengths than this he has shown that, while
a law of proportionality still holds between spark potentials and spark lengths, the
spark potentials diminish more rapidly for the same change in the spark length than
they do in the range of longer distances.

It is true this critical spark length of 5 micra is of a higher order than most of the
values found by a number of experimenters for the distance over which molecular
forces act. 'The value of this distance given by Quixcks,] deduced from the results

* 1 micron = +001 millim. ; EAruART, ‘ Phil. Mag.,’ Januwry, 1901.
T EARrHART, ‘ Phil. Mag.,’ January, 1901,
} QUINCKE, ‘Pogg. Ann.,” 1869, vol. 157, p. 402,
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of experiments on capillary phenomena, is about ‘05 micron. Rrrzorp and Rtcker*
found that the range of unstable thickness of a film began somewhere between 096

2000———1— v
/A B8 ;
, Al d=/mm '
sgoofft-\—1\ | B d F250/micrd // :
4 \ \ ;\ C| o =725 i
§ : g Z = 83{3 , :
' + 50| i
N \ \ \\‘ ‘\\ F d = 25| 4 / : ./C‘
N - G-+ In/ : L
L W\ Hl g+ 5 '
N v :
N \ \ X L e =il
Y Y /‘ 1 Po)
\ [}
%}aca \ \/ \ \\ \\ \ // H //
Q \ } \\ AN L]
\Gwo \ANX — ] | E
"’Q \ 'y s \\\ N / /_/ -_’///
"E’G‘A NANRN L T |
00 N £
¢ Mooty 1 | [T
4NH! - = L G
#00 e e Sqa St M e s : o
200 T~ ~:~-:ZI:.‘:1" St it e et St 1
L S R S Lo -4

80 /60 240 320 400 480 560 10 720 800 8%0 %e  od0 120 204
Fressure in Millime/fes

Fig. 8.
and '045 micron. A value of the same order is given by PraTeAvu,t who fixes the
superior limit of the radius of the sphere of molecular action at ‘118 micron.

Results of a higher order, howeyer, were obtained by MurLER-ErzBACH] and
Kavser.§ The former of these made experiments on the thickness of water and
carbon bisulphide films, and finally concluded that the radius of the sphere of
molecular action is at least 1'5 micron. KAYSER, experimenting on condensation of
gases on glass threads, fixed the range of molecular action at from 2 to 3 micra.

Now the distance between the electrodes when the air film is reduced to the two
surface layers is equal to the diameter of the sphere of molecular action, and there is
thus strong experimental evidence from the data given above to support our adopting
EARHART'S value of 5 micra for the smallest length to which we can legitimately
apply PASCHEN'S law.

The experiments described in this paper have been made with a view to finding the
relation between spark potentials and corresponding pressures for a constant spark
length in air and other gases, but, as all the results for different spark lengths are
connected by PASCHEN'S law, it is easy to deduce curves, for any gas, expressing the
relation between potential differences and corresponding spark lengths at selected
pressures. Such curves, for air, deduced from those exhibited in figs. 2 and 8, have
been plotted for a series of different pressures and are shown in fig. 9.

It will be seen that these curves present a number of points of special interest.

* REINOLD and RUCKER, ¢ Phil. Trans.,” vol. 177, Part I1., p. 684, 1886.
1 PLATEAU, ‘Statique des Liquides,’ 1873, vol. 1, p. 210.

1 MuULLER-ERzZBACH, ¢ Wied. Ann.,’ vol. 28, p. 696, 1886.
§ KAvsER, ¢ Wied. Ann.,’ vol, 14, p. 468, 1881.
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424 MR. W, R. CARR ON THE LAWS GOVERNING

The curve B, corresponding to a pressure of 1000 millims., which is the critical
pressure for the spark length of 5 micra, fig. 8, is a straight line and shows that the
spark lengths are directly proportional to the spark potentials for the whole range of
spark lengths. Tt will be noticed, too, that at this pressure the minimum spark
potential, 350 volts, to which special attention has been drawn in this paper, is that
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potential necessary to break down the gas for the shortest spark length to which we
have considered PascueN’s law is applicable.

Again, the curve D, which is typical of all the curves for pressures below
1000 millims. of mercury, expresses the relation between spark potentials and spark
lengths for a pressure of 320 millims.

It shows that the ratio of spark potential to sparking distance is constant for all
spark lengths greater than 15 or 16 micra. For shorter spark lengths the spark
potential increases with decreasing spark lengths until finally the 5-micra line is
reached at a potential of about 820 volts.

The curve A, which is a type of those which can be drawn for pressures above
1000 millims. of mercury, differs from B in but one feature. The law of proportionality
again holds throughout for this pressure down to the shortest spark length, but it
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will be seen that a potential difference of about 365 volts is necessary to produce
discharge when the spark length of 5 micra is reached.

While the three types of curves which have been described all present dlf’f'erent
characteristics, it will be seen that all are confined to spark lengths above 5 micra,
and to spark potentials greater than 350 volts.

EaruART has shown that for spark lengths below 5 micra the spark potentials
again decrease as the spark lengths are shortened, until finally the two electrodes
come together and direct electrical contact is established. Throughout this lower
range of spark lengths his results also show, for a series of pressures, that the spark
potentials vary directly with the spark lengths.

These experimental results of EArRHART give an indication of the forms the curves
in fig. 9 would have taken had the experiments with the apparatus used in this
investigation been extended to the shorter set of spark lengths. Had this been done,
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it is highly probable that the curves in fig. 9, on reaching the 5-micra line, would
have followed courses such as are indicated by the dotted straight lines in the
figure.

On this view it is of interest to examine the character of the pressure-spark
potential curves that can be drawn in fig. 8 for spark lengths shorter than 5 micra.

VO_L! C(/' ‘‘‘‘‘ “‘A. t; I
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It is clear that all these curves will lie below the 5-micra curve for every pressure,
and since a law of proportionality applies between spark length and spark potential,
at all pressures, it is easy to show that they fall off regularly down to the zero
potential line. The dotted lines «, 0, ¢, d, shown in fig. 8, indicate the relative
positions of these curves.

In order to make a direct comparison between EARBART'S curves and those which
we have deduced, in fig. 9, by PAscHEN'S law, a series of each is reproduced in fig. 10.
In this figure, A, B, C, D, and E are drawn from the numbers given in KARHART'S
paper and correspond to pressures of 15 centims., 40 centims., I, 2, and 3 atmospheres,
respectively, while the dotted curves A', B, €, D" and E" are deduced from fig. 8 for
the pressures 15 centims., 40 centims., 1 atmosphere, 1000 millims. and 1200 millims.,
respectively.

For the higher range of spark lengths it will be seen that Karbmart's values are
invariably larger than those deduced for the same pressures in this investigation.
This difference is especially noticeable in connection with the curves B and B’, which
correspond to a pressure of 40 centims.  With a spark length of 50 micra, for example,
FARHART'S spark potential for this pressure is 625 volts, while that indicated by the
curve B’ is but 470 volts, a difference of about 25 per cent. This difference, however,
is exceptionally great, and extends over a very limited range of spark lengths. For
distances greater than 100 micra, the values of the spark potentials do not appear to
differ by more than 8 or 10 per cent. It is evident, too, from Earzarr’s diagram,
that an irregularity exists in regard to his curve for this pressure, as it does not take
up the position one should expect from his curves for higher and lower pressures.

A comparison of the curves corresponding to pressures of 15 centims. and
1 atmosphere also shows that the average difference between the spark potentials for
each of these curves, over the higher range of spark lengths, does not exceed 8 per cent.
This constant difference in the two sets of results in all probability is due, at least in
part, to the difference in the form of the electrodes used in the two investigations, as
both BarrLe* and PascueNt give results which show that, for spark lengths of this
order, the spark potentials obtained with spherical electrodes are in every case
considerably higher than those obtained when the electrodes are parallel plates.

When spark lengths slightly greater than 5 micra are reached, KARHARTS curves
A, B, C, and D become more nearly vertical, and indicate that over a considerable
range of spark lengths the spark potentials remain approximately constant. It will
be seen, too, that the vertical portion of the curves becomes shorter and shorter with
increasing pressures, until finally, at 8 atmospheres, curve E, it disappears altogether.

The deduced curves A’, B’, €' also present some characteristic features over the
same range of spark lengths. They each exhibit a minimum spark potential which is
reached in each case at approximately the spark length where the constancy of spark

* BAILLE, ¢ Annales de Chimie,” (5), vol. 25, p. 531, 1882.
1 PAscHEN, ¢ Wied. Ann.,’ vol. 37, p. 79, 1889.
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potentlals first appears in the corresponding curves of EARHART. These deduced
curves then indicate rapidly increasing spark potentials down to the 5-micra line. Tt
will be seen, too, that this feature of the curves extends over a range of spark lengths
which diminishes with increasing pressures and finally disappears, as the curves D’
and F show, when a pressure of 1000 millims. is reached.

- It is evident also from fig. 8 that the potential-spark length curves for all pressures
greater than 1000 millims. (which is the critical pressure for the pressure-potential
curve corresponding to 5 micra) will be similar in form to D’ and F'.

It thus appears that the two sets of curves, though differing widely in form for the

lower range of pressures, yet present a resemblance as higher pressures are selected
which becomes more and more marked. This can be seen very clearly from fig. 10,
where each of the curves I’ and E’ has practically the same form as the curve E
down to the 5-micra line and shows no indication of not following a course similar
to E for spark lengths below 5 micra.
- The explanation of the vertical portion of KARHARTS curves seems evident. The
results are in reality precisely what one should expect to obtain for low pressures
when electrodes other than parallel plates were used. Take, for example, a pressure of
500 millims., fig. 8, which is the critical pressure for a spark length of 10 micra.
With parallel plates as electrodes, it is clear that the spark potential-spark length
curve would consist of a straight line down to a spark length of 10 micra, at which
distance the spark potential is 350 volts, the minimum spark potential for a gas under
normal conditions. If the distance between the electrodes is still further reduced,
the resistance offered by the gas increases and a potential difference higher than
350 volts will be necessary in order to obtain discharge. At a pressure of 500 millims.,
therefore, a spark length of 10 micra is the one which offers least resistance. With
spherical electrodes, for all spark lengths above 10 micra, the shortest distance
between the electrodes is that of least resistance, and the discharge will take place
along this line. But when the shortest distance between the spherical surfaces is less
than 10, but greater than 5 micra, this distance is no longer the one which offers least
resistance to the passage of the discharge, and under these circumstances a longer, but
less difficult path will be followed. The path which offers least resistance is clearly
the one which corresponds to the minimum spark potential. It follows, then, that
while the shortest distance between the electrodes is decreased from 10 to 5 micra
and the gas is kept at a pressure of 500 millims. discharge will always occur with a
constant spark potential of 350 volts and will follow the path which corresponds to
this difference of potential. ~As EARHARTS experiments were performed with
electrodes one of which was spherical and the other plane, the explanation will, in all
probability, account for the ranges of constant spark potentials, which his results for
different pressures indicate.

The explanation which has just been given evidently requires that the constant
spark potential corresponding to the vertical portions of EARHART'S curves should be

31 2
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the same, 850 volts, for all pressures. But it will be seen that he obtained, for
pressures up to two atmospheres, values varying from 325 to 870 volts. This
discrepancy, however, though marked, is not large and possibly is within the range
of experimental error,

The results which EARHART obtained for spark lengths shorter than 5 micra cannot
in any way affect the validity of this explanation, for he has shown without doubt
that the discharges in this range are governed by a law which does not apply to the
gas under ordinary circumstances.

IX. Spark Potentials in Different Gases.

In a paper on the cathode fall of potential in gases, by Capsrick,™ an attempt has
been made to show that the cathode fall in a compound gas is related to the cathode
falls in the elementary gases of which it is composed by a simple additive law.
Experiments were made with hydrogen, oxygen, nitrogen, ammonia gas, and water
rapour. The results, though not conclusive, were yet of sufficient weight to lead
the author to the observation that the cathode fall is approximately an additive
quantity and is probably a property of the atom rather than the molecule of a gas.

Owing to the difficulties experienced by Carsrick and others in overcoming the
intermittence of the current in the case of compound gases, the effort to extend his
investigations to compound gases other than those mentioned was abandoned, and the
uestion up to the present time has remained unsettled.

As already pointed out in this paper, experimental evidence has been brought
forward by STrRUTT to show that the minimum spark potential should be equal to the
cathode fall measured in the same gas. Inview of this conclusion it seemed desirable
to extend the experiments described in the first part of this paper to include a larger
number of compound gases, in order to throw light, if possible, on the question raised
by Capstick. Measurements were therefore carried out with the gases oxygen,
nitrous oxide, hydrogen sulphide, sulphur dioxide and acetylene. A constant spark
length of 3 millims. was used throughout in order that a direct comparison could be
made between the results obtained with these gases and those already recorded for
hydrogen and carbon dioxide. The results obtained with all the gases, using this
spark length, are recorded in Table VIL, and curves corresponding to the readings at
the critical and lower pressures are shown in fig. 11.

All the curves present the general characteristic of a minimum spark potential,
followed, at lower pressures, by rapidly increasing spark potentials. 1t will be seen,
also, that the critical pressures and the minimum spark potentials vary with the
different gases. The curves, too, cut each other in regular order, and at the
lowest pressures their relative arrangement with regard to the ordinate axis is
practically the inverse of that assumed by them with reference to the abscissa axis
above the critical pressures.

* CAPSTICK, ‘ Roy. Soc. Proc.,” vol. 63, p. 356.
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The values of the minimum spark potentials obtained in these experiments for the
different gases are given in the following table :

Glas Minimum spark
o potential in volts.

0, 455

I’IQS 4 1 4

CO, 419

N,0 418

S0, 457

C.H, 468

Owing to the special precautions taken by StrUTT* to obtain an accurate value
for the minimum spark potential in nitrogen, measurements were not taken with
this gas. Adopting STrRUTT'S value of 251 volts for nitrogen, it will be seen that,
with the exception of oxygen, all the minimum spark potentials given above obey
an additive law ; that is, it H/, N’, O, &e., represent the spark potential constant
corresponding to an atom of the gases H,, N, O,, &c., respectively, the minimum
spark potential for any compound gas whose formula is H,. N, . O,, &e., will be
equal to «H’ + yN’ 4 20" + &e.

If we assume the truth of this law and calculate H’, N’, O, &e., from the
minimum spark potentials for H,, N,, H,S, SO, and CO, we find :

H =139, N =126, C' =98, 8 =136, O =161,

* Srrutr, ¢ Phil. Trans.,” A, vol. 193, p. 385,
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and if we use these values to calculate the minimum spark potentials in the remain-
ing gases, we obtain :

G Value found by Calculated
1as : :
experiment. value.
N.O 418 412
0, 455 321

The agreement between the observed and calculated values for each of the gases
N,O and C,H, is very marked, and is a strong evidence that the additive law holds.
The only case in which there is any serious difference between the observed and the
calculated values is that of oxygen. Judging that this discrepancy might be due to
impurities, three specimens of this gas were prepared by independent methods, Tt
was prepared in turn by electrolysis, by heating potassium permanganate, and by
heating a mixture of potassium chlorate and manganese dioxide. In every case the
gas was purified by being passed through a mixed concentrated solution of
potassium iodide and caustic potash and through concentrated sulphuric acid. Tt
was also carefully dried in the usual way. It will be seen from Table VII. that the
three sets of readings practically coincide at every pressure, and, since it is not
possible that the same impurity could be present in each of these specimens to the
same degree, it does not seem reasonable that the nvegularity in oxygen could be
traced to impurities arising from any lack of precaution in the preparation of the
gases.

It is well known, however, that when an electric discharge is passed through
oxygen, a counsiderable quantity of ozone is produced. It is in fact by this method
that ozone in its purest form can be obtained. It is highly probable, then, that
after the first discharge had passed between the electrodes, in the experiments on
oxygen, a considerable percentage of ozone was present in the gas, and it may be that
the discrepancy noted above is due to this cause. The experimental value of
455 volts found for oxygen seems to bear out this conclusion, for, aseribing the
value of 161 volts to the atom of oxygen, we get by addition 483 volts as the calcu-
lated value of the minimum spark potential for ozone. The difference between the
two values is but 28 volts, and assuming that the discharge oceurs initially through
the dissociation of ozone rather than of oxygen, the result is not in opposition to the
additive law which has been shown to hold for the other gases. This large influence
of a small amount of a denser gas when mixed with one less dense is in accord with
the results obtained by previous experimenters, for WArRBURG* and Capsrtickt in
their experiments on the cathode fall, and Strurr in his experiments on the

* WARBURG, ¢ Wied. Ann.,” vol. 31, p. 545.

+ CArsTICK, ‘ Roy. Soc. Proc.,” vol. 63, p. 360.
} Srrutrr, ¢ Phil. Trans.,” A, vol. 193, p. 385.
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minimum spark potential, found that a very small percentage of oxygen increased
their values for nitrogen by an amount out of all proportion to the quantity of the
denser gas present.

The calculated values for the minimum spark potential in water vapour and in
ammonia are 439 volts and 543 volts respectively, and the values found by Carsrick
for the cathode fall in these gases wre respectively 469 and 582 volts. When we
consider that the values in the one case arve caleulated from the measurements made
on one effect, while the values in the second case are the direct experimental results
on an entirely different effect, this comparatively close agreement not only forms a
corroboration of StrUTT'S conclusions, but also lends support to the view that the
minimum spark potential has to do with the atoms rather than the molecules of a
gas, and is determined, in any special case, by the application of a simple additive law.

In this connection it may be mentioned that the value found by Strurr® for the
cathode fall in the monatomic gas argon, 167 volts, corresponds very closely with
the constants which we have ascribed to the atoms of the various gases mentioned
above. His value, 226 volts, for the monatomic gas helium, however, is considerably
larger than any of the atomic constants we have deduced.

In performing these experiments, all ordinary precautions were taken to ensure the
purity of the gases. The nitrous oxide was prepared by heating ammonium nitrate
in a flask, and the gas was collected over water, but was well dried with phosphorous
pentoxide before being passed into the discharge tube. The sulphur dioxide was
prepared from copper and sulphuric acid. In order to purify it the better, the gas
was dried and then liquefied. It was further dried by being passed through a
phosphorie pentoxide tube before reaching the discharge apparatus.

Acetylene was obtained in the usual way by the action of water on calcium
carbide, and was carefully dried with sulphuric acid and phosphoric pentoxide.
Hydrogen sulphide was prepared in a Kipp apparatus from ferric sulphide and
sulphuric acid. It was slowly bubbled through wash-bottles of water and then
carvefully dried in the usual way.

In every case, as in the early part of the experiments, the gas remained in the
discharge chamber in the presence of phosphoric pentoxide for several hours before
any i'eadings were taken,

X. Summary of Results.

1. The law governing electric discharges between parallel plates, in a uniform field,
in any gas, for pressures at and below the critical pressuves, is that which Pascnex
found to hold with spherical electrodes for high pressures, viz., that, with a given
spark potential, the pressure at which discharge occurs is inversely proportional to
the distance between the electrodes.

* Srrurt, ¢ Phil. Mag.,” Mavch, 1900.
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2. The values of the spark potentials are not influenced at any pressure by the size
of the electrodes, provided the discharge takes place in a uniform field.

3. Plates of iron, zine, aluminium, and brass were in turn used as electrodes, but
the material out of which the electrodes were made was not found to affect the
values of the spark potentials at any pressure.

4. When the discharge was compelled to pass in a uniform field between parallel
plates the minimum spark potential in any gas was found to be a physical constant
for that gas, being independent of the pressure and of the distance between the
electrodes.

5. Evidence has been adduced which indicates that PascrrNs law is applicable to
discharges in a uniform field between parallel plates as long as the distance between
the electrodes is greater than the diameter of the sphere of molecular action.

6. The minimum spark potential has been shown to vary with different gases.
The results obtained with a large number of elementary and compound gases show
that the minimum spark potential is a property of the atom rather than the

molecule, and that for any selected gas it may be calculated by the application of a
simple additive law. '

In conclusion, I desire to thank President Loupox for the kindly interest he has
always shown in my work by placing at my disposal every facility the laboratory
afforded. :

To Dr. J. C. McLrxNaY, also, under whose immediate supervision these experi-
ments were carried out, I am deeply indebted for valued assistance,
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