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STUDIES ON THE LOW—VOLTAGE ARC IN MERCURY VAPOR
AND ITS RELATION TO FLUORESCENCE.

BY Y. T. YAO.

ABSTRACT.

Low-voltage arc in mercury vapor. —(r) Uariati on of the stri king and
breaking voltages with conditions. Using a simple tube, with incandescent tung-
sten filament as cathode and nearby mercury surface as anode, the arc was
found to strike at voltages as low as 4.4 and to persist down to I.8 volts, if the
pressure was from 2-5 mm. and the cathode was sufficiently hot. (2) Expla-
nation. If, however, correction is made for the initial velocity distribution of
the electrons, the minimum electron energy necessary to maintain the arc
comes out 5.5 volts which is the difference between the ionization potential,
Io.4 volts, and the resonance potential 4.9 volts. Ionization is then effected
by two successive mpacts, at 4.9 and 5.5 volts, in agreement with the theory of
K. T. Compton. (3) Egect of the absence of freshly distilled mercury .vapor.
When a nickel anode was used and the mercury surface was removed to a
considerable distance, po to I8o cm. , the arc could not be maintained at a net
voltage of 5.5, but 6.7 volts was required. This fact was demonstrated with
three pieces of apparatus. This indicates that while freshly distilled mercury
vapor, as is well known, is particularly active in fluorescent absorption of
X 2536 radiation (4.9 volts), old vapor is more responsive to X I849 radiation
(6.7 volts).

Correction for initial eleCtron velocities in low-voltage arc measure-
ments. —The diA'erence between the theoretical and observed minimum striking
voltages, 2.5 volts for sodium (Wood and Okano) and 2.0 volts fo«helium
(Compton, Lilly and Ohmstead), is doubtless equal to the voltage equivalent
to the minimum initial energy of the electrons which start the arc. A table is
given from which the proportion of electrons having energies above any value
for any filament temperature may be computed.

INTRODUCTIO¹

N spite of the extensive work by various investigators ' on low voltage
arcs in metallic vapors, of which mercury is typical, the question as

to whence comes the energy requisite to produce ionization at voltages less
«Hebb, PHYs. REv. , 9, p. 3px, I9I7; rr, p. I7I, I9r8; I2, p. 482, I9I8; McLennan,

Proc. Phys. Soc. London, 3I, p. I, r9x8; Tate, PHYs. REv. , xo, p. 8r, I9rz; Tate and
Foote, Phil. Mag. , 36, p. 64, x9I8; Rognley and Mohler, PHYs. REv. , I3, p. 59, I9I9;
Foote and Meggers, Phil. Mag. , 4o, p. 8o, I920; and others.



than the minimum ionizing potentials remained unanswered until very
recently. While the critical potential~ at which the transition from

elastic impacts of electrons with mercury molecules to inelastic ones
takes place were proved by Franck and Hertz, ' and later by Davis and
Goucher', to be definite and determinative values given by the quantum
law e V = hv, the existence of the single lined spectrum ) 2536 to the ex-

clusion of all others was questioned by Professor Millikan' from con-
sideration of Kossel's relation. In the light of the then existing experi-
mental data of Hebb, 4 Professor Millikan attributed the striking of the
arc at a potential difference of about 5 volts to ionization by electrons

emitted photoelectrically by the radiation P 2536, which is due to
4.9 volt impacts of the primary electrons. That the photoelectric
effect is entirely inadequate to account for the observed phenomena was

shown by Professor Compton. ' Nor was Van der Bijl's' idea of direct
successive impacts entirely successful, for then it would be necessary to
assume that the atom could retain its resonance radiation for a length
of time many times greater than would correspond to any value of this

damping constant which has been found for any substance by direct ex-

periment. ~ It was not until the theory of ionization by cumulative
action of absorbed radiation and direct impact was. proposed and de-

veloped by Professor Compton ' in a series of papers that we have had

an explanation of these phenomena which appears to be adequate.
Even then there was a great difficulty. In his recent work Hebb" has

shown that an arc could be maintained in mercury vapor at as low as

3.2 volts, and in the work described below the lowest maintaining voltage
reaches the value of x.8 volts. Indeed, Hebb was led to doubt the funda-

mental importance attached to the point of 4.9 volts. It will be shown

however, that the position which the point of 4.9 volts occupies in the
electronic scheme of the mercury atom is in no way challenged by the
maintenance of arcs at such abnormally low voltages; nor is it a fatal
objection to the theory of ionization by cumulative action, provided me

tckeinfo account the distributiori of the initial emission velocities of electrons

j Franck and Hertz, Verh. d. Deutsch. Phys. Ges. , Io, p. 457, I9I3; Ir, p. 5I2, I9I4,
' Davis and Goucher, PHYs. REv. , Io, p. IOI, I9I7.
3 Millikan, PHYs. REv. , 9, 378, I9I7.
4 Loc. cit., I9I7.
' K. T. Compton, PHYs. REv, , r5, p. 476, I920,
6 Van der Bijl, PHYs. REv. , Io, p. 546, I9I7.
~ K. T. Compton, loc. cit.
8 W. Mien, Ann. d. Phys, , 6o, p. 597, I9I9; 66, I92I.
~ K. T. Compton, PHYs. REv. , r6, 282, I92o; Phil. Mag. , 4o, p. 553, r92o; PHYs.

REv. , I6, for, I920; Phil. Mag. , 43, p. 53I, I922; and others in print.
'o T. C, Hebb, PIIYs. REv. , I6, p. 375, I920.
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from theincandescent source. It ia true that McLennan ' did attribute the

production of "faint arcs" below the minimum ionizing potential to the
presence of abnormally high velocity electrons, but only when combined
with the effect of absorbed radiation and direct impact does this give a
satisfactory explanation.

If radiation plays such an important part in the production of ioniza-

tion, as has been shown by the works of Professor Compton and his

students' and of Horton and Miss Davies, ' it is natural to assume that
the conditions which are favorable for the excitation of radiation may
also be favorable for the production of ionization. Now the necessary
condition for fluorescence of mercury vapor has recently been shown

by J. S. Van der Lingen and R. W. Wood' to be distillation; mercury

vapor in static equilibrium with the metal, or when no liquid is present,
does not exhibit fluorescence at any density or temperature. The per-
sistence of fluorescence of mercury vapor in its active or freshly dis-
tilled state was observed early in I9I4 by Philips, ' and the time interval
between absorption and emission of light in fluorescence has now been
measured by Professor Wood. ' Philips recorded that when the vapor
in its stagnant state was excited by the line X 2536 the resonance radiation
extended the width of the tube containing it. But as soon as distillation
took place, the radiation became concentrated at the point where the
exciting beam entered. A stream of green fluorescent light, originating
from the concentrated patch of resonance radiation, passed round the
tube with the distilling mercury vapor.

Since the radiation ) 2g36 is strongly absorbed by mercury vapor in

vacuo at room temperature, 7 it seems that it does not depend on dis-
tillation. But that is not entirely convincing, for whenever the vapor
is in contact with the fluid metal condensa, tion and evaporation always
take place. Perhaps we have this difference: While the few active
entities present even in the quiescent state would suffice to produce
resonance radiation of a detectable intensity, the number of such entities
must be enormously increased in order to exhibit fluorescence. And
this has been shown by the work of Van der Lingen and R. W. Wood,
who have recorded that with freshly distilled vapor, excited by the short
wave-length spark line, the intensity of the emission line ) 2536 is in-
creased to sixty-fold its intensity in stagnant vapor.

' McLennan, Proc. Lond. Phys. Soc., gI, I, I9I8.
' Loc. cit.
' Horton and Davies, Phil. Mag. , 4I, p. 746, I92I.
4 J. S. Van der Lingen and R. W. Wood, Astro. Phys. Jour. , 54, p. I49, I92I.
5 F. S. Philips, Proc. Roy. Soc. A, 89, p. 39, I9I4..
6 R. W. Wood, Proc. Roy. Soc. A, 99, I92I.
~ R. W. Wood, Phil. Mag. , I8, p. 240, I909.
8 Loc. cit.
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In view of these facts and of the fundamental relation between radiation
and ionization, it was thought that valuable information might be ob-
tained if the low voltage arc phenomena were studied under identical
conditions for the two cases: (t) When the vapor was very near the
liquid surface, and (2) when it was far removed from it. The results

are embodied in Part II. of this paper, Part I. being devoted to the study
of the effect of the distribution of initial velocities of electrons.

PART I. EFFECT OF INITIAL EMISSION VELOCITIES OF ELECTRONS

ON MINIMUM IONIZING POTENTIALS.

Theoretical Consi derati ons.

In their derivation of the current voltage relation for thermionic

currents from a hot cathode, both Child ' and Langmuir ' neglected

the initial emission velocities of electrons. Richardson and Bazzoni '
worked out the expression for currents in a gas with elastic electron

impacts, and Professor Compton 4 has recently extended it for inelastic
impacts. In all these cases the current is proportional to the 3)z power

of the voltage; they differ only in numerical constants and in the part
which the mean free path of electrons plays. While the exact relation
between current and voltage which takes account of the initial emission

velocities requires further investigation, ' we can see in a general way
how it will affect the striking and maintaining voltages in the low voltage
arcs.

The effect of space charge is, as we know, to limit the emission of
electrons from the incandescent cathode and to change the uniform

distribution of potential between cathode and anode. By applying
Poisson's equation and on the assumption that the potential gradient
is zero at the cathode, a solution is effected But the emission of electrons

with an initial velocity enables some of them to' escape in spite of a nega-

tive potential gradient near the cathode, so that the surface of minimum

potential and zero potential gradient is not at the cathode but a short
distance from it. We shall assume that this minimum potential U

measures the average initial energy of electron emission characteristic
of the filament temperature. Accordingly, if UD is the true minimum

striking voltage, by which we mean the difference between the ionization

potential and the radiation potential (so that the sum of the energy

absorbed from the radiation and that acquired from the impact may
C. D. Child, PHvs REV, 32) p 492~ I9II.

' I. Langmuir, PHvs. Rav. , 2, p. 45o, I9I3.
O. W. Richardson and C. B. Bazzoni, Phil. Mag. , 32, p. 426, I9I6.

4 Not yet published.
~ See paper by W. Schottky, Phys. Zeit. , I5, I9I4..
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equal the energy required for ionization), and if V is the applied striking

voltage, we have V0 —V = V. In the case of mercury V0 is given by
V' —V = I0.4 —4..9, or 5.5 volts. The observed striking voltage
should be V = 5.5 —V, where V depends on the temperature of the
filament.

After the arc has struck, the condition changes in two essential aspects.
In the first place, the presence of positive ions neutralizes the negative
space charge and creates a positive space charge and thus greatly in-

creases the electronic emission by enabling the saturation current to be
approached or reached. In the second place the accumulation of positive
ions near the cathode creates a "cathode fall, "and facilitates the. accumu-
lation and ionization of molecules which are in an abnormal state due
to absorption of radiation. As a consequence of the increase of total
emission, the number of electrons having high velocities must be pro-
portionally increased, although the mean kinetic energy characteristic
of the cathode temperature remains the same.

V$

Fig. x.

.-y V

Let 5 = total number of electrons emitted per second just before the
striking of the arc; a = the number of, those electrons having speed &

minimum speed for ionization equivalent to VD, i.e. , the number of
eff'ective electrons required to cause the arc; 8 = total number of electrons
after the striking of arc; A = the number of these electrons having speed

minimum speed for ionization equivalent to V0, i.e. , the number
of electrons required to maintain the arc.

Then, if V& is the initial velocity of electrons expressed in equivalent
volts which, combined with the applied voltage V, would make up the
required minimum potential for ionization VD,

QO 3/2 ~no eQ

F(U)dV = zzb %Vs "'dP'
~AT

and a similar expression holds for A, with the integration limit V2.
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On the assumption that it takes the same number of effective electrons
to maintain the arc as to cause it, we have 2 = a.

Let F = fraction 2/8; U& ——V, whence a/b = o.39, as given by the
Kinetic Theory.

Then

Ii =039

i.e., 0.39 times the ratio of striking to maintaining currents.
From F and V, U& may be calculated by equation (t). Table I. gives

solutions of equation (t) in a form for easy use. The mean energies V
are twice those characteristic of gas molecules at the same temperature,
in accord with the recent work of Sih Ling Ting. '

The results may be summarized as follows:

{
Vo —V = striking voltage,

V0 —V2 = maintaining voltage.

TABLE I.

Filament Current
(Amps. ).

I5
I6.
Ij
I8
I9
20 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .
2 I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

22

4 ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~2

Temp. X.

2IOO
2270
2490
262o
284o
2970
3I50
3270
3470
3570

o 53
o57
o.63
o.66
o 75
o.8o
o.83
o.88
0.90

U2/U.

I.o
I.5
2.0
25
3.0
35
4.0
5.0
6.o
7.0
8.o
9.0

Io.o

F.

0.392
0.2 I7
O. I I2
0.062
0.032
0,0I75
o.oo86
0.00I9
0.00042
O.OOOI I
0.000027
o.ooooo6o
0.00000I4

The first two columns give the temperature of the filament cathode
used in the following tests for various heating currents. The tempera-
tures were estimated from the resistances, the small corrections due to
the heavy leads being allowed for. F is the fraction of the electrons

emitted with energies equal to or greater than V~/V times the mean

energy V.
APPARATUS.

The apparatus for obtaining the arc is shown in the accompanying

diagram. Its novel feature was that the liquid mercury itself formed

the anode arid the distance between it and the coiled tungsten filament

was only about 5 mm. The bulb was made of G7o2P glass and connec-

' Sih Ling Ting, Roy. Soc. Proc. , A 98, p. 374, I92I.
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tion to a mercury diffusion pump was made by a side tube through a
mercury cut-off. Before readings were taken, the liquid mercury was
thoroughly' boiled while the pump was kept in operation. Then the
whole bulb and a part of the neck were immersed

in a paraffin oil bath of large capacity, thus in-

suring the regulation of temperature and the sup-

ply of fresh mercury vapor. When a good vac-
uum was attained, as indicated by a McLeod

gauge, the filament current was turned on and

kept long enough to drive off any gases that
might come out from it. Observations were
made only at the best possible vacuum.

The accelerating field was regulated by series
and parallel resistances and applied between the
anode and the negative end of the filament, so
that the voltmeter gave the largest voltage
across the arc. The voltmeter reading, less half
the voltage drop across the filament, gave the
voltage drop between the anode and the middle

of the filament. The filament was very short
and coiled with three close turns in the middle.
These coils, together with the conduction of heat
away by the leads, made the central part of the filament much hotter
than the rest, so that it behaved somewhat like an equipotential source.
At very high temperatures, however, enough electrons may leave near
the negative end of the filament to produce the arc. Thus the effective
applied voltage should be counted to the middle of the filament at low

temperatures, but to some point between the middle and the negative
end at higher temperatures. The ionization current was measured by a
microammeter with a series of shunts to accommodate it to currents oi'

different sizes.

Flg. 2.

RESULTS,

Preliminary experiments made at various vapor pressures indicated
that the best temperature range for the striking of the arc at low voltages
was I30 —I50 C. although the actual vapor pressures must be somewhat
higher than those indicated by the corresponding temperatures, since the
hot filament was so close to the liquid surface. The following results
were obtained within this temperature range.

Fig. 3 shows the relation between the current through the filament
and the arcing voltage. (2) and (4) were plotted from experimental
values of the striking voltages measured to the negative end and the



middle of the filament respectively. The correct value must be some-
where between these two limits, near the lower limit at lower tempera-
tures and the upper limit at higher temperatures of the filament. The
horizontal line (r) which cuts the ordinate at 6.8 volts indicates the

Fig 3.

(7)

I5 fQ I'7 ]8 If 4& 4I ~ d3
F'ilavnem~ Cwere~'t 8~+&es

theoretical minimum ionization potential, if the electrons were all emitted
with zero initial velocity. Curve (3) was obtained from (r) by sub-

tracting the corresponding average initial energy characteristic of each
temperature, according to equation (z) and Table I. It lies well within
the limits of the experimental curves (z) and (4). The striking voltages
at very small filament currents are abnormally high because the total
bombarding electron current produces insufficient ionization to cause
an arc except at velocities well above the critical minimum velocity.

The nature of the experimental curve is interesting in that it shows

strikingly the point of transition characteristic of 4.9 volts. The fact
that the departure front a linear relation between the filament current and

the arcing voltage sets injust at the point where the curve crosses the line of
mt'nt'mum ionization potential g.y volts in the descending order of abscissce,

is a convincing proof of the fundamental importance of the critical point of
4.g volts. Our results have, therefore, confirmed Hebb's findings and
removed his objections.

In the case of maintaining the arc, the situation was not so simple.

(9) and (7) were experimental curves, while (6), (6), and (8) were ob-
tained from theoretical considerations developed in equations (z) and

(3). The ratio of maintaining to striking currents at a particular striking

voltage and for a given filament current was found experimentally to
range from 3o to 4oo as indicated by the numbers in brackets. Substi-
tuting any value within this range in equation (z), we get the fraction
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Ii of electrons having initial energy ~ V2. From Table I., V2 can be
estimated. The theoretical maintaining voltage was then obtained by
taking the difference between the theoretical minimum ionizing potential

5.5 volts and Un according to equation (3). Curves (8), (6), and (8) show

the maintaining voltages calculated thus for assumed current increases

of 3o, xylo and 4oo fold above the pre-arc current. Since the pre-arc
current is observed near a point of instability, the observed ratios of
current increase are not very accurate, but fall within this range, as shown

by the numbers in brackets. Kith a hot filament, the supply of elec-

trons is adequate, and it is seen that the observed low maintaining

voltages agree with those predicted from considerations of velocity
distribution as well as can be expected.

A study of the relation between the voltage across the arc and the
current through it reveals a very interesting feature. If, after the arc
has struck, the series resistance is decreased, the potential across the
arc decreases, while the current increases. Beyond the lowest maintain-

ing voltage it begins to rise again with continually increasing current.
On increasing the series resistance and therefore diminishing the applied

field, the arc potential decreases to exactly the same lowest maintaining

voltage, and then rises again, while the current continually decreases.
The arc breaks at precisely the same point as where it strikes. The
process is perfectly reversible. This phenomenon of reversibility was
also observed by Compton, Lilly, and Olmstead' in a certain case of
the low voltage arc in helium. In the present case the current-voltage

changes are always reversible provided the filament is hot enough to
cause the arc to strike at a voltage 5.5 —V, although the change immedi-

ately following the striking or preceding the breaking of the arc is dis-

continuous except at very high filament temperatures. If the filament

is too cool to permit an arc at a voltage 5.5 —V (as at r5 amperes in

Fig. 3), the arc strikes at a higher voltage but may break at 5.5 —V

volts, and is therefore not reversible in this case.
Fig. 4 is an example among a large number of sets of observations

made at various 61ament temperatures. Curves (r) and (2) show ex-

perimental maintaining voltages and currents, the voltages being taken

to the negative end and middle of the filament, respectively. The shaded

area, therefore, sets the experimental limits within which the true value
should lie. The curve (3) was obtained as before from consideration of
the initial energy and the increase of electronic emission after the are
struck. Again the agreement is within the probable limits of error.
That the theoretical curve departs widely from the experimental curve

' Compton, Lilly, Olmstead, Pals. REv. , x$, p. 28', x92o.
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after the point of the lowest maintaining voltage is reached is explained

by the fact that it is based upon the assumption of an unlimited supply
of electrons, whereas, in the actual case, a state of saturation is approached
at the lowest maintaining voltage, and, therefore, a higher potential must
be applied in order that more electrons may get across the arc.
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Some observations were made in a rapid stream of freshly distilled

mercury vapor, close to the liquid surface, and Fig. 5 shows the current-

voltage relation. Here we had two distinct breaks, one at 5.5 volts and

another at 8.o volts. The second break was evidently due to the setting
in of ionization by single Io.4 volt impacts, the difference betweeri Io.4
and 8 being just about that expected as a result of initial velocity distri-

bution since the maintaining voltage, above the first break, was a little
more than 2 volts below the theoretical 5.5 volts. On the return curve

it is seen that, in addition to a break at 8 volts, the second arc is main-

tained to 6 volts. Consideration of relations such as curve (g), Fig. 4,
shows that this second arc can reasonably be ascribed to single Io.4 volt
impacts. The secondary 8 volt break was not observed with hotter
filaments or higher vapor pressures. This is perhaps due to a dearth of



LOS'-VOLTAGE ARC IE 3IIERCURY VAPOR

normal, unexcited mercury molecules in the immediate neighborhood

of the 61ament when the arc current is very intense. Ke intend to
investigate this point more fully.

gC
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'7 8 'f ~« I
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Fig. 5.

Attention may now be called to the fact that the theory developed
in this paper can be applied to all gases and metallic vapors. For exam-

ple, the difference between the ionizing potential and the radiation po-
tential of sodium vapor is 5.r3 —2.x = 3.o, but %'ood and Okano'
observed that an arc could be made to strike at .5 volt, leaving 2.5 volts
to be accounted for by the initial energy of emission. Compton, Lilly
and Olmstead' found t'hat the arc could strike in helium at x8.5 volts,
while its radiation potential is 2o.g volts; an additional energy of 2 volts
must, therefore, come from the initial velocities. In the case of mercury

vapor Hebb 3 maintained an arc at g.a volts and we have maintained it at
r.8 volts, requiring on the average 3 volts to make up the minimum

potential for cumulative ionization. In all three cases tungsten 61aments

were used, and the fact that the differences are of the same order of
magnitude shows that they are characteristic of tungsten rather than that

' Wood and Okano, Phil. Mag. , 34, p. j:77, I9I7.
' Loc. cit.
' Loc. cit.
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of the gases used. Where platinum filaments have been used, the arcs
have not been obtained at voltages much below the theoretical value.
This is to be expected since platinum cannot be heated so hot nor can
such a copious electron emission be obtained.

PART II. EFFEcT QF LIQUID SURFAcE QN ARcING VQLTAGE.

First APParatns.

Fig. 6.

H aving studied the phenomena with liquid mercury very close to the
cathode, we proceeded to investigate them with the metal at various

distances from it. The apparatus in its first form consisted of a straight
tungsten iilament (2o mil) with a coaxial

cylindrical nickel anode, enclosed in a bulb
, r made of G7o2P glass. There was a reservoir

')~ filled with mercury at a distance of 7 cm. from

the cathode. To the main bulb was con-

nected a coil of several turns of small glass

tubing r8o cm. in length and 5 mm. in diam-

eter. At the end of this long coil was pro-

p i,~ vided a second reservoir with the mercury
s f

surface standing beside and at the same

height as that in the first. Thence connec-
(t.) (o)

ptg

( tion was made to the diffusion pump. The
whole was heated by two electric heaters with

the heating currents so adjusted as to keep

the parts which contained no liquid mercury always at a temperature

about xoo degrees higher than that of the reservoirs, the reason being to
prevent any condensation from taking place in these regions.

The electric connections and the necessary precautions preceding

the experiments have been fully described in Part I. The procedure

consisted in making observations with liquid mercury in both reservoirs,

and then, other conditions being identical, repeating them with no

liquid mercury in the main bulb. Owing, however, to the fact that we

used large filament currents (from z8 to 34. amperes) with somewhat

inadequate leads, and a long pumping system, it was very difficult to
maintain a good vacuum for the length of time sufficient to enable us

to take a continuous set of readings without impairing the filament. Ac-

cordingly, we set the applied voltage at a definite value and observed

the striking of the arc by the indication of a sudden jump of the micro-

ammeter needle when the filament current was turned on. After one

reading had been taken, the filament current was turned off. to enable
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any impurities (which were probably traces of water vapor from the
glass near the leads) to be carried away by the pump. When the vacuum
again became good, observation was made at some other definite applied
voltage; and so forth. By adjusting the accelerating field by very small

steps, we were able to determine the lowest striking voltage for a given

vapor pressure and filament temperature under fairly good vacuum
conditions.

RESULTS WITH FIRST APPARATUS.

Table II. shows the results obtained with this apparatus. The values
given in (a) and (b) under the heading "striking voltage" were averages

TABLE II.

Temperature
of

Reservoirs
o' C.

Vapor
Pressure

in
mm.

Striking Voltage (Mean)
Measured to the Middle of

FIlament.

(a).

Difference
between

(a) and (b)
(Volts).

IIO. . .
II2
II5
II9
I20
I2I. . .
I22
I23. . . . . . . . . . . .
I25. . . . . . . . . . , .
I27. . . , . . . . . . . .
I29. . . . . . . . . . . .
I30 e ~ ~ ~ ~ ~ ~ ~ ~ ~

I35. . . . . . . . . . . .
I37
I38. . . . . . . . . . . .

.48
~ 53
;62
.76
.8o
.82
.87
.9I

I.oo
I.09
I.I4
I.24
I 54
I.67
I 74
232

5 59
525
5.20

505

537

5 I5

5 I75
5.20
5.40

6.65
6.25
6.95
6.90
6.52
6.45
6.85
6.3
6.86
6.5o
6.55
6.7o
6.4o

6.3o
6.3o

Mean. . . . . .
l

I.o6
I.oo
I 75

I.20

I.I3

I.IO
0.90
I.2I

(a) Distance between the liquid mercury and the cathode = 7 cm. ;

Filament current: 28—3o amperes.
(b) Distance between the liquid mercury and the cathode = i8o cm. ;

Filament current; 30—. 34 amperes.

of four or five readings for each temperature. Thus, out of more than
6o readings with vapor pressures ranging from .48 to 2.3z mm. , we
found no single instance of the elfect of g.9 volts in the case (b), which
differed from (a) only in the distance between the liquid mercury and the
cathode. In case (b) it was found impossible to produce the arc at
low voltages without using a somewhat hotter filament than in case (a),
as indicated below the table. This change favors the production of the
low voltage arc, so that we may say that the 4.9 volt arc did not occur in
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case (b) in spite of more favorable conditions as regards filament temper-
ature. 'The values in both cases represent definite minimum arcing volt-
ages which could not be diminished by further increase in the filament
temperature except by the relatively small amount due to increased
initial velocity of emission. It is true that the values of minimum

striking voltage in (a) and (b) do not represent the true values; they
merely set the lower limits beyond which the true values cannot go. For
the true values are obtained by adding to these values the mean initial

energy and a small fraction of half the potential. drop in the filament,
depending on the point of the filament to which the arc strikes. These
corrections are, however, small in comparison with the difference between
the values in the two cases, and are approximately the same for both
cases. Thus the difference between the two cases is a real one, and is

significant.
The mes. n difference between the two cases (t.2t volts) is almost

exactly equal to the difference (6.7 —5.5 = z.2 volts) which we would

expect if the 4.9 volt effect, due to ) 2536 resonance radiation, determines
the minimum arcing voltage in mercury vapor near the liquid surface
while the 6.7 volt effect, due to X ?849 resonance radiation, determines the
arcing voltage in vapor far removed from the liquid. In any case, we are
led to believe that the arcs in these two cases are produced by mercury
molecules which are in different conditions.

Second A pparatus.

With a view to confirming the preceding r'esults and throwing some

new light upon the problem, the following apparatus was adopted.

Fig. 7.

Distance of filament f from reservoir: 2 = 5 cm. , 8 = g5 cm. , C = 70 cm. ,
D = ro7 cm.

A coiled tungsten filament of five turns with a nickel anode plate
was enclosed in the main bulb A, whence connection to the pump was
made through a small glass tube of 3Io cm. in length. In its course at
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intervals specified below the diagram, were provided small reservoirs of
such design as to make easy the process of filling in and drawing out the-

liquid mercury. The one nearest the pump was the largest among them.
Before the whole was immersed in a paraffin oil bath, the mercury in all

the reservoirs was thoroughly boiled. When the whole apparatus was
immersed in the hot paraffin oil, to secure the desired vapor pressure,
an attempt was made to arrange the heating burners so as to produce
a slight temperature gradient to prevent the condensation of mercury
in any part of the system nearer to the electrodes than the nearest reser-
voir containing mercury. This was successful in every case except
Case 8, described below. The procedure consisted in taking in turn
readings with mercury in the reservoirs A, 8, C, and D; 8, C, and D; etc.
Great care was taken to clean mercury from the path leading from the
electrodes to the nearest filled reservoir, while keeping the succeeding
reservoirs full of mercury. The reason for keeping succeeding reservoirs
full was to prevent any rapid stream of mercury vapor from passing over
from the experimental reservoir, thus insuring approximately an equilib-
rium condition and a vapor pressure really characteristic of the tem-
perature. The difficulty mentioned above, of getting a good vacuum
after the filament current was turned on, was minimized by using a tung-
sten filament of lesser size and with larger leads.

Results with Second Apporatls.

Since we had found the effect of the liquid surface within a wide range
of vapor pressures, we confined ourselves now to the study of the relation
between the filament current and the striking voltage at some suitable
vapor pressures. The results were as follows.

Case A.—The distance between the liquid mercury in the reservoir A
and the cathode was 5 cm. Here no trace of the effect of 6.7 volts was
found; all effects were due to that of 4.9 volts. The relation between the
filament current and the striking voltage was linear, in conformity with
our previous results in Part f. See Fig. 8. A(i) is measured to the
negative end and A(2) to the middle of the filament. The difference
between the observed voltages and 5.5 volts is accounted for by initial
velocity of emission, as shown in Part I.

Case B.—The distance between the liquid mercury in the reservoir 8
and the cathode was 35 cm. Here the values of the striking voltage
at higher filament temperatures were only slightly higher than those in
Case A. The 4.9 volt arc was still prominent. After the readings had
been taken, it was found, however, that a trace of liquid mercury had
been left by mistake in the reservoir A and condensation had taken



place along the tube leading from the reservoir 8 to the cathode, indi-

cating that there had been a stream of mercury vapor in toward the elec-
trodes. The significance of this case will be discussed later. See Fig. 9.
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Case C.—The distance was increased to 7o cm. If we compare the
curves C(r) and C(2) in Fig. ro with A(r) and A(2) in Fig. 8, we see that
there was on the average a difference of 2.o volts in the values of the
striking voltage. Since in Case A we have positively identified the
effect of 4.9 volts, the production of arcs in Case C must be due to that
of a higher critical voltage, presumably 6.7 volts.

Case D.—A new tube leading from the main bulb to the reservoir D
was used, with a distance between the liquid mercury and the cathode
equal to to7 cm. The position of the main bulb was so tilted that no

liquid mercury could possibly enter or stay in it. At the end of Case C,
the filament was burned out and a new one was put in. Unfortunately,
it was a little too long, arid in consequence the potential drop across it was
rather large, which rendered the true values of the striking voltage a little
uncertain. But even in this case the experimental curves did set the
limits within which the true value at the highest temperature should lie.
The vacuum conditions in this case were particularly satisfactory. See
Curves D(z) and D(z) in Fig. ro.

In all these cases it has been brought out unmistakably that the striking
voltages, corrected for initial energy of electrons, all tend toward definite
minimum values as the highest filament temperature was approached.
This is especially evident when it is remembered that the arcing voltage,
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corrected for filament drop, lies between curves (t) and (2), Fig. 3, in all

these cases, and'is nearer curve (z) at lower temperatures and curve (r)
at the highest temperatures. When the liquid mercury was very near

the cathode, the limiting value was in the neighborhood of 5 volts. When

it was far removed, this was never below 6 volts. Another very notice-

able fact, which strengthens the belief that we are really dealing with two

different types of arc, is that, when near the liquid surface, the arc not

only struck at a lower voltage but would strike much more easily, i.e. ,

with lower filament temperatures and much less care regarding good
vacuum conditions, than when the liquid surface was remote.

The contrast between these two cases finds its expression also in the
curves in Figs. zr and c2. The changes between the striking and break-

ing voltages were reversible in both cases; but in one the arc struck
and broke at 6.z volts with less filament current and in the other at 7.5
volts with larger filament current. Voltages are given to the negative

end of the filament in both cases.
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Third A pparatus.

If there is still any doubt about the existence of two types of arc, the
following experiments will help to remove it. The apparatus was de-

signed to permit the attainment of the highest possible purity of mercury
vapor and greater flexibility in methods of testing. The first end was
attained by constructing the apparatus so that it formed of itself a dif-
fusion pumping system in which any impurities evolved in the region of
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the electrodes were automatically carried away toward the vacuum pump

by the motion of the mercury vapor. This is evident from the con-
struction shown in Fig. t3.

Two bulbs with identical electrodes
were connected by two equal pieces of

g glass tubing, so as to form a closed cir-
cuit. A water cooling jacket was pro-
vided near the connection to the pump,
as shown. The whole was enclosed in

an electrically heated asbestos oven so

arranged as to maintain a small upward

temperature gradient, thus preventing
~J QC

any condensation of mercury in the tubes
A or 8 or in bulb (2). Before making

gP.
observations the mercury was thoroughly
boiled, the glass parts well baked out
and the electrodes thoroughly glowed, aI

high vacuum being maintained by a two-
FIg. I3.

stage diffusion pump.
Observations of the striking and maintaining voltages of the arc were

made with various filament currents in the following four conditions:

(u) in bulb (r) in stagnant vapor (with the water-cooling system not
in operation); (b) in bulb (2) in stagnant vapor; (c) in bulb (z) in moving

vapor (with the water-cooling system in operation); (d) in bulb (2) in

moving vapor. In cases (u) and (b) the vapor pressure was the same.
In case (d) the vapor pressure would be about half that in case (c) owing

to the fall in pressure along the tube of moving vapor. This was com-

pensated very nearly by using a slightly higher temperature of the mer-

cury reservoir in case (d) than in case (c). Thus any difference between
the results in cases (c) and (d) cannot be attributed to difference in vapor
pressure, since the earlier experiments showed that the striking voltage
was practically constant over a considerable range of pressures. These
four cases were tried with tubes A and 8 of Too cm. length and g mm.

diameter, and again "with tubes of 5o cm. length and r cm. diameter.
Experiments were tried at various temperatures of the mercury reservoir

between 130' and x5o' C.

Results mitk Tkird Apparatus.

The results entirely confirmed those with the first two types of appa-
ratus. Table III. is an example, taken with tubes A and 8 of zoo cm.
length and stagnant vapor, cases (I) and (2).
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TABLE III.

I9

Filament
Current

(Amperes) .

Striking Voltage
to Negative End

of Filament.
Difference
between

(a) and (b)
(Volts).

Maintaining Volt-
age to Negative

End of Filament.

(b).

Difference
between

(a) and (b).

I3. . . . . . . . .
I4. . . . . . . . .
I5. . . . . . . . .
I6. . . . . . . . .
I7
I8. . . . . . . . .

72
6.7
6.I
59
5.7
55

855
7.90
7 77
7 20
7.00
6.7o

I 35I.20
I.67
I.30
I.30
I.20

Mean = I.33

5.I
3.8
32
3.I
3.0
3.0

5.8
43
3.85
3.67
3 57
33

0.7
0.5
o 75

~ o 57
o 57
0.30

~Mean =o.56

The average difference between the striking voltages in the two cases
was x.33 volts, agreeing well with the suggested theoretical difference of
z.2 volts. The difference between the maintaining voltages was less,
and is probably not significant.

Results practically identical with those above were obtained in the
moving vapor in tubes A and 8 of too cm. length and in stagnant vapor
with tubes of 5o cm. length. In moving vapor with tubes of 5o cm.
length a small liquid surface effect was shown in the current-voltage
curve of bulb (2). This suggests that the apparatus may be modified

to permit measurement of the life period of the abnormal mercury mole-

cules which originate at the surface of evaporation. Such an investi-
gation can not be included in the present paper.

DrscITssrox.

The question arises as to whether the difference between the values of the
striking voltage in these two cases may not be attributed to impurities.
For, one argues, if mercury vapor diffuses from the bulb containing the
electrodes, this vapor will carry out any impurities which may be given
off in the bulb, and thus create a better vacuum in case the liquid is
placed under and very near the cathode. On the other hand, if the
liquid is far away, these foreign gases would hinder the production of a
good vacuum in the arcing space, and, therefore, a higher potential would
be required in order to produce the arc. We have direct experimental
evidence to show that this objection is unfounded. In the first place,
the distribution of mercury reservoirs was such as to preclude any con-
siderable motion of mercury vapor in the first two types of apparatus, as
previously pointed out. In the second place, we found by experience
that, with mercury very close to the cathode, it was exceedingly easy to



20 I'. T. YA O.

get the 4.9 volt arcs at low voltages, even when the vacuum was not very
good. But, if the liquid surface was far away, a slightest trace of im-

purities rendered the production of the 6.7 volt arc difficult, and the 4.9
volt arc was never obtained. In the third place, we have the Case 8 with

the second apparatus where the indication was such as to show that the
direction of the stream of mercury vapor was from the distant reservoir into
the arcing space, and if there were any impurities they must drift along
that direction and tend to be retained in the bulb. Yet the 4.9 volt arc
appeared just the same. This fact alone suffices to remove the objection
quite apart from the numerical agreement with the theoretical values.
Finally, in the third apparatus, conditions for removal of impurities
were ideal.

Another suggested criticism is that, if we were working with mercury
molecules in an abnormal state, the liquid surface ought to have no in-

Huence as soon as equilibrium has been established. But it must be
remembered that the molecule of a freshly distilled vapor remains in

its abnormal state only for a short interval, during which it is more

capable of absorption of radiation, which in turn renders it easily ionized

by direct electronic impacts. This condition is fulfilled when the liquid
surface and the filament are very close to each other. If they are far
apart, then by the time it reaches the arcing space the molecule has al-

ready returned to its normal state, or to a state in which it will not so
readily (if at all) absorb the resonance radiation X 2536; hence a higher

potential must be applied, probably high enough to stimulate the X ?849
radiation. The question whether, or to what relative extent, ) 2536
will be absorbed by the vapor in a tube containing no liquid mercury
is important, and should be investigated, as has been pointed out by
Professor Wood. '

Closely related may be the work of McLennan and Shaver, ' who have
found. that, by the photographic method as well as by the use of thalofide

cells, non-luminous mercury vapor does not absorb radiation of the
wave-length ) IOI40. But if there are scarcely visible deposits of mercury
in the tube it shows marked absorption of this radiation. This may
account for the absorption of ) zor40 by non-luminous vapor observed

by Dearie. ' It would be interesting to study the absorption by a long
column of mercury vapor with the exciting light parallel to and grazing
the liquid surface as compared with the absorption at some distance
from the mercury surface, as Professor Compton once suggested.

Whatever may be the interpretation, it is now experimentally proved
' Loc. cit.
' McLennan and Shaver, Proc. Roy. Soc., Ioo, p. 200, I92I.
3 Dearie, Roy. Soc. Proc. , A, 92, p. 6o8, I9I6; 95, p. 280, I9I9.
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that there is a close relation between the production of arcs on the one

hand and the excitation of fluorescence and resonance radiation on the
other, in mercury vapor. These experiments also open the question

as to the origin of the spectral lines X 2536 and ) 1849. According to the
Quantum Theory, the resonance potential of 4.9 volts corresponds to
the first term of the combination triplet series rS —nzp~ and that of
6.7 volts to the first line of the principal singlet series zS —rnI'. And

according to the Bohr theory it means that the line X 2536 is emitted
when the electron falls from the rp2 orbit to the 1S orbit, and when it
falls from II' to IS the line ) I849 is emitted. In the light of our ex-

periments these lines seem to originate from different entities. The
suggestion, ' that diatomic molecules may come out from a freshly dis-

tilled vapor and account for the fluorescence is, apart from lack of chem-

ical evidence, not supported by the positive ray spectrum of mercury,
nor is it in accord with Bohr's theory of radiation. These experiments,
therefore, suggest more problems than they attempt to solve, and it is
to be hoped that further investigation along these lines may throw some

light on the problems. For the fact that X z536 and ) 1849 belong to
series having identical convergence limits and the fact that there is only
one ionization potential, zo.4 volts, makes it very unlikely that there are
really two different entities. The most plausible explanation in the light
of present knowledge seems to be that there is some slight influence

either due to arrangement of internal electrons or to inHuence of neigh-

boring molecules which increases the probability of ionization along the
rS —mp2 path as compared with the iS —mI' path in freshly distilled

vapor, but that this influence does not appreciably affect the potential
energy of the electron in the rS state. In other words, the direction
or size of the force on the electron may differ while the energy does not.
This is, of course, dynamically possible.

In conclusion, I wish to express my sincere thanks to Professor K. T.
Compton, who suggested this research and under whose direction it was

carried out.
PALMER PHYSICAL LABORATORY,

PRINCETON' NEW JERSEY~

August I4., I922.

' J. S. Van der Lingen and R. W. Wood loc. cit.


